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MIT News: Getting Quantum  
Dots to Stop Blinking

A team of chemists at MIT supported by the 
Army Research Office through the Institute 
for Soldier Nanotechnologies has come 
up with a way to control the unwanted 
blinking of quantum dots without requiring 
any modifications to their formulation or 
manufacturing process. By targeting a 
quantum dot with a beam of mid-infrared 
laser light for an infinitesimal moment — a 
few trillionths of a second — the blinking is 
eliminated for a relatively long period, tens of 
billions of times longer than the laser pulse.

[Image courtesy of MIT Research Team]

Caltech: Transforming  
Materials with Light

Imagine windows that can easily transform 
into mirrors, or super high-speed computers 
that run not on electrons but light. These 
are just some of the potential applications 
that could emerge from recent work in 
optical engineering at Caltech supported 
by the Army Research Office through the 
Solid State Physics Program.

[Image courtesy of Cal Tech, David Hsieh 
Laboratory]

Duke: The Surprising Structural Reason 
Your Kitchen Sponge is Disgusting

Researchers at Duke University supported 
by the Army Research Office through the 
Biomathematics Program have uncovered a 
basic but surprising fact: your kitchen sponge 
is a better incubator for diverse bacterial 
communities than a laboratory Petri dish. 
But it’s not just the trapped leftovers that 
make the cornucopia of microbes swarming 
around so happy and productive, it’s the 
structure of the sponge itself.

[Image courtesy of Duke University, Andrea 
Weiss, Zach Holmes, and Yuanchi Ha]
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Chapter 1

ARO Mission and 
Investment Strategy

The mission of the U.S. Army Combat Capabilities Development Command Army 
Research Laboratory’s Army Research Office (ARO) focuses on creating and directing 
scientific discoveries to ensure the technological superiority of the future Army. 
This chapter provides an overview of ARO’s unique mission, investment strategy, 
and organizational structure.

This background image of water bed sediment was captured by Taylor Perron and 
Eric Deal during research related to “Grain Shape Effects in Bed Load Sediment 
Transport” on page 128.
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Message from 
the Director

his is an exciting time for the Army Research Office (ARO), a directorate of the U.S. Army 
Combat Capabilities Development Command (DEVCOM) Army Research Laboratory 

(ARL). During 2022, ARL strengthened our scientific research and business practices and fully 
integrated our intramural and extramural foundational research efforts to a competency-based 
alignment to deliver to the Army fundamentally advantageous science-based change when it 
needs it most. 

Working with our partners across the foundational research ecosystem, ARL creates and exploits 
scientific knowledge for the Army through a three-pronged approach of leading-edge extramural 
and intramural research programs and innovative research business operations. ARO represents 
the extramural arm, harnessing intellectual capital of the world’s research organizations.

We direct academic institutions, nonprofit organizations, state and local governments, foreign 
organizations, foreign public entities, and large and small businesses to advance the state of 
science and redefine the frontiers of what is possible.

In ARO Year in Review, our annual report for fiscal year 2022, we celebrate and reflect on what 
we have achieved together with our extramural and intramural communities and share the 
most promising scientific opportunities in our foundational research competencies that will 
generate new capabilities and protections for our Soldiers.

During 2022, scientists we funded built upon a legacy of innovation, for example: 

• “Optical microcavity arrays for high-speed beamforming and precision sensing” research 
performed at the Massachusetts Institute of Technology by Prof. Christopher Panuski (page 79);

• “Adaptive decision-making in complex physical scenarios” research performed by an Institute 
for Soldier Nanotechnologies research team (page 37);

• “Learning to compose data-driven models with knowledge” research performed at the 
University of Texas at Austin by Prof. Atlas Wang (page 142). 

These research efforts, supported by ARO, will fuel innovation and enable crucial future Army 
technologies and capabilities.

By engaging with the extramural community, we meet people who have new ideas, invest in 
those ideas, and create new capabilities for the Army. The value we place on these partnerships 
can never be overstated.

Our commitment to diversity, equity, and inclusion continues to push ARL and our partners 
toward teams that are elite in talent, representative of the nation that we serve, and that embody 
a culture of inclusivity and equity.

Together, we continue to adapt, identify, and pursue opportunities to advance the most promising 
scientific discoveries that will operationalize science for transformational overmatch. We will 
continue to do what we’ve done for more than 70 years: bring science to the Soldier.

Dr. Barton H. Halpern
Director, Army Research Office 

DEVCOM Army Research Laboratory
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Who We Are and What We Do
The Army Research Office (ARO) is part of the Army Futures Command (AFC), U.S. Army Combat Capabilities Development 
Command (DEVCOM), Army Research Laboratory (ARL), the Army’s sole foundational research laboratory. Founded in 1951 and 
based in Research Triangle Park, North Carolina, ARO comprises more than 100 scientists, engineers, and support staff who 
manage the Army’s extramural research program to create new and innovative scientific discoveries that will enable crucial 
capabilities and ensure technological superiority of the future Army.

ARO MISSION
The mission of ARO is to create and direct scientific discoveries for revolutionary new Army capabilities, drive science to develop 
solutions to existing Army technology needs, accelerate the transition of basic research, educate and train the future Army scientist 
and engineering workforce, create technological superiority for U.S. Forces, and prevent adversary technological surprise.

ARO serves as the Army’s principal agent for the planning, organization, selection, and management of extramural basic research 
in response to Army-wide requirements in the following scientific disciplines: chemical sciences, computing sciences, electronics, 
life sciences, materials science, mathematical sciences, mechanical sciences, network sciences, and physics. ARO utilizes the 
vast intellectual capital of the world’s research organizations to accomplish the following:

 ►  Drive science to develop unprecedented Army capabilities and solutions to existing Army technology needs.

 ►Conceive of and exploit scientific opportunities for knowledge products.

 ►Leverage science and technology (S&T) to both create and prevent technological overmatch.

 ►Create and strengthen the partnerships among academia, industry, and government.

 ►Educate and train the future science and engineering workforce for the Army and DoD.

 ►Accelerate the transition of basic science research.

ARO aims to generate new scientific discoveries and innovative advances by funding high-risk, high-payoff research opportunities, 
principally at universities, but also with large and small businesses. These efforts support and drive the realization of the 
Army Functional Concepts, ARL Competencies, and the Essential Research Programs (ERPs). The results of these efforts are 
transitioned to the Army research and development community, industry, or academia to ensure technological superiority of 
our Soldiers, the Army, and the Nation.

ARO INVESTMENT STRATEGY
ARO executes its mission through a long-range investment strategy designed to generate cutting-edge scientific discoveries 
that address the expanding range of present and future operational challenges, ultimately ensuring land force overmatch. 
The ARO research portfolio consists principally of extramural academic research efforts including Single Investigator efforts, 
University Affiliated Research Centers, and specially tailored outreach programs. ARO Program Managers competitively select 
and fund basic research proposals from educational institutions, nonprofit organizations, and private industry. Each program 
has its own objectives and set of advantages as described further in Chapter 2.

ARO’s investment strategy represents the longest-range Army view for scientific discovery. These investments target disruptive 
new technology, with system applications often 20-30 years away. This investment directly supports the ARL-wide research 
strategy, which is organized into 11 Competencies. Current areas of emphasis are also designated by ARL’s ERPs, which aim 
to address particular technology gaps for the current and future Army. Additionally, ARO programs and research areas are 
aligned with the research priorities set within the DoD: the Army Modernization Priorities, the Army Functional Concepts, and 
the Assistant Secretary of Defense for Research and Engineering S&T Priorities.

While the ARL Army Research Directorate (ARD) is the primary user of the results generated through ARO’s research programs, 
ARO also supports research of interest for all the DEVCOM Centers, the U.S. Army Corps of Engineers, the U.S. Army Medical 
Research and Development Command, and other Army Commands and DoD agencies. The coordination of the ARO extramural 
research program and joint proposal monitoring with ARL ARD, DEVCOM Centers, and other Army organizations ensures a 
highly productive and cost-effective Army research effort.
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COORDINATION FOR PROGRAM DEVELOPMENT AND MONITORING
To ensure complementary investment strategies, ARO’s extramural research programs are formulated in concert with the DEVCOM Centers and the 
ARL-wide strategy (in addition to other Army Commands and DoD agencies).

This coordination includes, but is not limited to, the following:

DEVCOM CENTERS

Armaments Center (DEVCOM AC)

Army Research Laboratory (DEVCOM ARL)

Aviation and Missile Center (DEVCOM AvMC) 

Chemical Biological Center (DEVCOM CBC)

Command, Control, Computers, Communica-
tions, Cyber, Intelligence, Surveillance, and 
Reconnaissance Center (DEVCOM C5ISR)

DEVCOM Analysis Center (DAC)

Ground Vehicle Systems Center (DEVCOM GVSC)

Soldier Center (DEVCOM SC)

ARL DIRECTORATES

Army Research Office (ARO) Army Research Directorate (ARD) Research Business Directorate (RBD)

ARL COMPETENCIES

Biological and Biotechnology Sciences

Biological-related disciplines, including synthetic 
biology, biological materials, biological/
abiological interfaces and biological effect

Electromagnetic Spectrum Sciences

Novel approaches to sensing and operating 
across the entire electromagnetic (EM) environ-
ment; counter-sensing across the EM spectrum; 
protection from EM effects; emerging concepts 
for RF, radars, and electronic warfare (EW)

Energy Sciences

Science of mechanical and electrical power gen-
eration, storage, conditioning, and distribution; 
energy conversion; and emerging concepts for 
lasers, directed energy (DE), and DE protection 
and propagation

Humans in Complex Systems

Multi-disciplinary non-medical approaches to 
understand and modify the potential of humans 
situated in and interacting within complex social, 
technological, and socio-technical systems

Mechanical Sciences

Science of novel mechanics, mechanisms, and 
control to enable manned/unmanned ground 
and air vehicle concepts

Military Information Sciences

Underpinning sciences, physical autonomy, and 
enablers required to provide timely, mission-
aware information to humans and systems at 
speed and scale for all-domain and coalition 
operations

Network, Cyber, and
Computational Sciences

Sciences to enable and ensure secure resilient 
communication networks for distributed 
analytics in Multi-Domain Operations

Photonics, Electronics, 
and Quantum Sciences

Materials (and related manufacturing methods) 
and devices intended for achieving photonic, 
electronic, and quantum-based effects

Sciences of Extreme Materials

Materials and related manufacturing methods 
focusing on mechanical response and perfor-
mance extremes, including active, adaptive, 
and flexible/soft materials; novel manufacturing 
science for energetic materials

Terminal Effects

Sciences and applied research of weapon–target 
interactions

Weapons Sciences

Internal, transitional, and external ballistics; 
launch, flight, control, and navigation of guided 
weapons and aerial systems; development of 
novel weapon concepts
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ARO ORGANIZATIONAL STRUCTURE
The organizational structure of ARO mirrors the department structure found in many research universities. ARO’s structure is aligned to the 
11 ARL Competencies, with outreach activities managed through the Cross-Competency Program Integration — Technology Integration and 
Outreach Office, and organization-wide support provided by the Office of the Deputy Director (Figure 1).

ARO Director
Executive Fellow

Executive Assistant

Legal Counsel

Military Deputy/ 
International Programs

Office of the 
Chief Scientist

Senior Research Scientist
Physical Sciences

Senior Research Scientist
Interdisciplinary

Extramural Competency 
Investments

Biological and 
Biotechnology Sciences

Electromagnetic 
Spectrum Sciences

Energy Sciences

Humans in Complex 
Systems

Mechanical Sciences

Military Information 
Sciences

Network, Cyber, and 
Computational Sciences

Photonics, Electronics, 
and Quantum Sciences

Terminal Effects

Sciences of Extreme 
Materials

Weapons Sciences

Cross-Competency 
Program Integration

Technology Integration 
and Outreach

Office of the 
Deputy Director

Administrative 
Management

Information 
Management

Financial Execution

Figure 1. ARO’s organizational structure.
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ARO Staff 

OFFICE OF  

THE DIRECTOR

OFFICE OF THE DIRECTOR
Dr. Barton H. Halpern | Director

Mr. Mark Walsh, Esq. | Legal Counsel

Ms. Patricia Killmer | Executive Assistant

Ms. Kelly Rasmussen | Executive Fellow

OFFICE OF THE CHIEF SCIENTIST
Dr. David Stepp | Chief Scientist

Dr. Jennifer Ciezak | Science Integration Officer

Dr. Gregory Lieberman | Science Integration Officer

Dr. Dawanne Poree | Science Integration Officer

Dr. Imee Smith | Science Integration Officer

SENIOR RESEARCH SCIENTISTS
Dr. Stephen Lee | Senior Research Scientist

Dr. Peter Reynolds | Senior Research Scientist

INTERNATIONAL PROGRAMS
LTC Andrew Scruggs | Military Deputy, Program Manager

Ms. Denisse Szmigiel | Program Manager, Americas Region

EXTRAMURAL 

COMPETENCY 

INVESTMENTS

EXTRAMURAL COMPETENCY INVESTMENTS
Dr. Robert Mantz | Principal Deputy

Mr. Anthony Wong | Technical Assistant

Ms. Liza Wilder | Administrative Specialist

Ms. Debbie Brown | Administrative Specialist

BIOLOGICAL AND BIOTECHNOLOGY SCIENCES
Dr. Valerie Martindale | Competency Co-lead & Branch Chief

Dr. Meaghan Pimsler | Technical and Core Mission Support

Dr. Bob Kokoska | Program Manager, Microbiology

Dr. Micheline (Mimi) Strand | Program Manager, Genetics

Dr. Stephanie McElhinny | Program Manager, Biochemistry, Center for Synthetic Biology

Dr. Elizabeth King-Doonan | Program Manager, Environmental Chemistry

ELECTROMAGNETIC SPECTRUM SCIENCES
Dr. Joe Qiu | Competency Co-lead & Branch Chief

ENERGY SCIENCES
Dr. Hugh De Long | Competency Co-lead & Branch Chief

Mr. Justin Smith | Technical and Core Mission Support

Dr. Michael Gerhold | Program Manager, Optoelectronics 

Dr. James Burgess | Program Manager, Institute for Collaborative Biotechnology, Institute for Soldier 
Nanotechnologies

HUMANS IN COMPLEX SYSTEMS
Dr. Frederick Gregory | Competency Co-lead & Branch Chief

Dr. Gregory Ruark | Technical and Core Mission Support

Dr. Albena Ivanisevic | Program Manager, Biotronics 

Dr. Edward Palazzolo | Program Manager, Social & Cognitive Networks

Dr. Virginia Pasour | Program Manager, Biomathematics

Dr. Frederick Gregory (currently Dr. Chou Hung) | Program Manager, Neurophysiology of Cognition
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ARO Staff 

EXTRAMURAL 

COMPETENCY 

INVESTMENTS

MECHANICAL SCIENCES
Dr. Julia Barzyk (Acting) | Competency Co-lead & Branch Chief

Dr. Julia Barzyk (currently Dr. Jamin Rager) | Program Manager, Earth Materials & Processes

Dr. Dean Culver | Program Manager, Complex Dynamics and Systems 

MILITARY INFORMATION SCIENCE
Dr. Purush Iyer | Competency Co-lead & Branch Chief

Dr. Sue Kase | Technical and Core Mission Support

Dr. Robert St. Amant | Program Manager, Knowledge Systems, Institute for Creative Technologies

Dr. Derya Cansever | Program Manager, Multi-Agent Network Control

Dr. MaryAnne Fields | Program Manager, Advanced Learning Intelligent Cyber Physical Systems

Dr. Robert Martin | Program Manager, Modeling of Complex Systems

Dr. Hamid Krim (currently Dr. John Hyatt) | Program Manager, Information Processing and Fusion

NETWORK, CYBER, AND COMPUTATIONAL SCIENCES
Dr. Joseph M. Coyle (Acting) | Competency Co-lead & Branch Chief

Dr. Venkateswara Dasari | Technical and Core Mission Support

Dr. Paul Yu | Program Manager, Information Assurance

Dr. Robert Ulman | Program Manager, Wireless & Hybrid Communications Networks

Dr. Radhakrishnan Balu | Program Manager, Computational Mathematics

PHOTONICS, ELECTRONICS, AND QUANTUM SCIENCES
Dr. Paul Baker | Competency Co-lead & Branch Chief

Dr. Jamin Rager | Technical and Core Mission Support

Dr. Tania Paskova | Program Manager, Electronic Sensing

Dr. Sara Gamble | Program Manager, Quantum Information Sciences

Dr. James Joseph | Program Manager, Modern Optics

Dr. T. R. Govindan | Program Manager, Quantum Computing

Dr. James Harvey | Program Manager, Solid State Physics

Dr. Paul Baker (currently Dr. Margaret Shea) | Program Manager, Atomic & Molecular Physics

SCIENCES OF EXTREME MATERIALS
Dr. Chakrapani (Pani) Varanasi | Competency Co-lead & Branch Chief

Dr. Andrew Brown | Technical and Core Mission Support

Dr. Evan Runnerstrom | Program Manager, Materials Design

Dr. Michael Bakas | Program Manager, Synthesis & Processing of Materials

Dr. Dawanne Poree | Program Manager, Polymer Chemistry

Dr. James Parker | Program Manager, Reactive Chemical Systems

TERMINAL EFFECTS
Dr. Bryan Love | Competency Co-lead & Branch Chief

Dr. Denise Ford | Program Manager, Solid Mechanics

Dr. Daniel Cole | Program Manager, Mechanical Behavior of Materials

WEAPONS SCIENCES
Dr. Joseph Myers | Competency Co-lead & Branch Chief

Dr. Govind Mallick | Technical and Core Mission Support

Dr. Jack Edwards | Program Manager, Fluid Dynamics

Dr. Ralph Anthenien | Program Manager, Energetics Basic Research Center
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ARO Staff 

CROSS-

COMPETENCY 

PROGRAM 

INTEGRATION

OFFICE OF 

THE DEPUTY 

DIRECTOR

ADMINISTRATIVE MANAGEMENT
Mr. Rich Freed | Extramural Staff Director

Ms. Wanda Wilson | Administrative Officer & Talent Management

Ms. Peggy Lee | Facility Management

INFORMATION MANAGEMENT
Mr. Kevin Rappold | Chief, Information Management Branch

Mr. James Ward | Corporate Information System

Ms. Carla Davis | Corporate Information System

CROSS-COMPETENCY PROGRAM INTEGRATON
Dr. Lisa Troyer | Principal Deputy 

Dr. Kelby Kizer | Technical Assistant

Ms. Sarah Zinkan | Administrative Specialist

Dr. Jennifer Becker | Associate Deputy, Research, Policy, and Plans

Mr. John McConville | Program Manager, University Affiliated Research Centers (UARCs)

Dr. Larry Russell | Program Manager, University Research Initative (URI) Program

OFFICE OF THE DEPUTY DIRECTOR
Dr. Randy Zachery | Deputy Director

Mr. Tylar Temple | Technical Assistant

TECHNOLOGY INTEGRATION & OUTREACH
Mr. Michael Caccuitto | Associate Deputy

Dr. Imee Smith | Program Manager, Small Business Technology Transfer (STTR) Program

Ms. Ivory Chaney | Program Manager, Educational Outreach

Ms. Nicole Fox | Program Manager, Small Business Innovation Research (SBIR) and STTR programs

Ms. Patricia Huff | Program Manager, Historically Black Colleges and Universities and Minority-Serving 
Institutions (HBCU/MI)

Dr. Brian Ashford | Branch Chief, ARO Financial Execution Branch

Mr. Michael Bochenek | Management Analyst

Mr. Richard Black | Management Analyst

Ms. Janelle Cato | Management Analyst

Ms. Carla Chandler | Accountant

Ms. Christine Doss | Management Analyst

Ms. Michelle Goff | Management Analyst

Mr. Anthony Johnson | Budget Analyst

Mr. Dustin Johnston | Management Analyst

Ms. Mesha Tyree | Management Analyst

FINANCIAL EXECUTION
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Chapter 2

Program Descriptions 
and Funding Sources

ARO implements its investment strategy through research 
programs and initiatives that have unique objectives and 
eligibility requirements. The visions, objectives, and funding 
sources of these programs are presented in this chapter.

This background image is from “Optical Microcavity Arrays for 
High-Speed Beamforming and Precision Sensing” on page 80.
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Program Descriptions and Funding Sources
ARO pursues a variety of investment strategies to meet its mission to create and direct scientific discoveries for revolutionary new Army 
capabilities. ARO, as part of ARL, is a critical provider of fundamental discoveries in support of all ARL Competencies and Essential 
Research Programs (ERPs). ARO implements its investment strategy through research programs and initiatives that have unique 
objectives and eligibility requirements. The visions, objectives, and funding sources of these programs are presented in this chapter.

The selection of proposal topics, proposal evaluation, and project monitoring are organized within ARO Competencies according to 
scientific discipline (refer to Chapter 1, Figure 1). Each Competency devises a research strategy and develops topics to be included in 
the ARO Core Broad Agency Announcement (BAA; see Appendix [online only]). Researchers are encouraged to submit white papers 
and proposals in areas that support a Competency’s objectives. The ARO Competencies are not confined to only funding research 
in the academic departments that align with their names; they have the flexibility to find and fund the most promising research 
to advance their mission regardless of the academic department pursuing a particular research idea. Further, research topics that 
may align with more than one ARO program may be co-managed across Competencies in order to advance the interdisciplinary 
basic research needs of the broader scientific community.

Overview of Program Funding Sources
ARO oversees and participates in the topic generation, proposal solicitation, evaluation, and grant and contract monitoring of 
programs funded through a variety of DoD agencies, as described in the following subsections.

ARMY FUNDING

The Army funds the majority of the extramural basic research programs managed by ARO. These include the following:

• The ARO Core Research Program, funded through the Army’s basic research funds

• Three University Affiliated Research Centers (UARCs)

• The ARO Core Historically Black Colleges and Universities and Minority-Serving Institutions (HBCU/MI) Program

• Three Foundational Research Centers

• The University Research Initiative (URI), which is overseen by the Office of the Secretary of Defense (OSD), and is divided into 
three component programs:

 · Multidisciplinary University Research Initiative (MURI)

 · Presidential Early Career Award for Scientists and Engineers (PECASE)

 · Defense University Research Instrumentation Program (DURIP)

ARO also participates in the Army-wide Small Business Innovation Research (SBIR) Program and manages the Small Business 
Technology Transfer (STTR) Program. In contrast to the basic research programs managed by ARO, the SBIR and STTR Programs 
focus primarily on feasibility studies leading to prototype demonstration of technology for specific applications.

OSD FUNDING

The programs managed or supported by ARO that are funded by OSD include the following:

• The Research and Educational Program (REP) for HBCUs/MIs

• National Defense Science and Engineering Graduate (NDSEG) Fellowships

• High School Apprenticeship and Undergraduate Research Apprenticeship Programs

These activities are mandated by the DoD’s Chief Technology Office, the Office of the Under Secretary of Defense for Research 
and Engineering (OUSD[R&E]). ARO has been designated by OUSD(R&E) as the lead agency for the implementation of REPs for 
HBCUs/MIs activities on behalf of the tri-service research offices—ARO, the Air Force Office of Scientific Research (AFOSR), and 
the Office of Naval Research (ONR).

EXTERNAL FUNDING SOURCES

In addition to the Army and OSD funds that directly support ARO’s mission, ARO is in the unique position to also leverage funds 
from other stakeholders. These funds come from a variety of sources including other Army (e.g., U.S. Army Corps of Engineers 
[USACE], U.S. Army Medical Research and Development Command [USAMRDC], and U.S. Special Operations Command [SOCOM]) 
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and broader DoD (e.g., ONR, AFOSR, Defense Advanced Research Project Agency [DARPA], and Defense Threat Reduction Agency 
[DTRA]) organizations. While the investment strategy for leveraged funds is comparable to the investment strategy for other ARO 
programs, these funds often support programs with basic research needs identified by the stakeholder. As such, the external 
funding landscape is fluid and can change on an annual basis depending on the specific research needs of the stakeholder and 
technology transition opportunities made possible by ARO Program Managers.

Overview of Program Descriptions
ARO Core Research Program
The ARO Core Research Program represents the primary or “core” mechanism ARO uses to solicit and execute long-term basic 
research that will lead to critical new or enhanced capabilities for the future Army. Within the ARO Core Research Program, research 
proposals are sought from educational institutions, nonprofit organizations, and commercial organizations for basic research in 
the physical, engineering, and information sciences.

SINGLE INVESTIGATOR (SI) PROGRAM

The goal of the SI Program is to pursue the most innovative, high-risk, and high-payoff ideas in basic research. Research proposals 
within the SI Program are received throughout the year in a continuously open, worldwide BAA solicitation. The grant awards in 
the SI Program typically support one or more faculty members plus graduate students and/or postdoctoral researchers for up to 
3 years. The short grant cycle allows approximately one-third of the extramural portfolio to be reinvested into new or advancing 
areas each year, which provides the Army with a dynamic method for rapidly investing or divesting in research.

EARLY CAREER PROGRAM (ECP)

The objective of the ECP, formerly the Young Investigator Program (YIP), is to attract outstanding, early career university faculty 
to Army-relevant research questions, to support their research, and encourage their teaching and research careers. Exceptional 
ECP projects may be considered for the prestigious PECASE.

SHORT-TERM INNOVATIVE RESEARCH (STIR) PROGRAM

The objective of the STIR Program is to explore high-risk, proof-of-concept ideas within a 9-month time frame. Research proposals 
are sought from educational institutions, nonprofit organizations, or private industry. If a STIR effort produces promising results, 
the investigator may be encouraged to submit a proposal for longer-term funding options, such as an SI Program award.

CONFERENCES, WORKSHOPS, AND SYMPOSIA SUPPORT (CF) PROGRAM

The CF Program provides funding for organizing and facilitating scientific and technical conferences, workshops, and symposia. 
Through this program, ARO supports and conducts scientific and technical meetings that facilitate the exchange of scientific 
information relevant to the long-term basic research interests of the Army and help define research needs, thrusts, opportunities, 
and innovation.

RESEARCH INSTRUMENTATION (RI) PROGRAM

The RI Program is designed to improve the capabilities of U.S. institutions of higher education to conduct research and educate 
scientists and engineers in areas important to national defense by providing funds to purchase instrumentation in support of new 
research capabilities. The RI Program represents a small percentage of the total funds ARO invests in new research capabilities, 
with the majority of instrumentation support awarded through the DURIP.

INTERNATIONAL PROGRAM

The International Program is part of ARO’s comprehensive approach to ensure that Army basic research funds are used to 
support the scientists who are best suited to drive high-risk, high-payoff Army-relevant research. The research areas that make 
up the International Program were identified as areas where the forerunners of the field were located in institutions outside 
the United States and thus had fewer collaborative opportunities with existing Army and DoD programs. In FY20, ARO placed 
the management of the International Program under the Military Department (MILDEP) for unity of command. The MILDEP 
collaborated with the DEVCOM Forward Elements and DEVCOM Global Technology Office to better align the international 
community with the Army’s basic research portfolio. 
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University Research Initiative (URI) Program
The URI Program is managed by the tri-service research offices (ARO, AFOSR, and ONR), and oversight comes from the Basic 
Research Office of OUSD(R&E). Each service has significant flexibility and discretion in how the individual projects are monitored, 
while OUSD(R&E) is responsible for the overall direction.

MULTIDISCIPLINARY UNIVERSITY RESEARCH INITIATIVE (MURI) PROGRAM

The MURI Program supports research efforts that require a large and highly collaborative multidisciplinary research team. This 
process can ultimately hasten the transition of basic research findings to practical applications and help to train students in science 
or engineering in areas of importance to the DoD. Therefore, the MURI Program supports teams whose research efforts intersect with 
more than one traditional discipline. These awards are typically funded at $1.25M per year for 3 years with an option for 2 additional 
years. The efforts are expected to promote eventual transition to Army applications by enabling rapid research and development 
(R&D) breakthroughs. Selection of Army research topics and the eventual awards are reviewed and approved by OUSD(R&E) under 
a formal acquisition process. The full list of all ARO-managed MURI efforts that were active in FY22 are described in Chapter 4.

Seven proposals were selected across seven MURI topics to be FY22 new starts. The corresponding MURI topic and ARO topic 
author(s) (and Competency) are listed followed by the selected proposal, lead principal investigator (PI), and lead organization:

MURI Topic MURI Author Competency Selected Proposal Lead PI Lead Organization

Connectivity 
and Transport 
in Disordered 
Hyperuniform 
Networks

Dr. Evan Runnerstrom, 
Dr. Robert Ulman 

Sciences of 
Extreme Materials; 
Network, Cyber, 
and Computational 
Sciences

Transport in Disordered 
Hyperuniform Systems 
and Networks

Dr. Salvatore 
Torquato

Princeton University

Uncovering 
the Underlying 
Neurobiological 
Mechanisms of 
Cognitive Fatigue

Dr. Virginia Pasour,  
Dr. Frederick Gregory 

Humans in Complex 
Systems; Biological 
and Biotechnology 
Sciences

Understanding and 
Predicting Cognitive 
Fatigue across Multiple 
Time Scales, Distinct 
Aspects of Cognition, 
and Different Individuals 
with Multiscale Whole 
Cortex Models

Dr. Daniel Forger University of 
Michigan

Bio-architected 
Responsive Materials 
with 3D Nanoscale 
Order

Dr. Stephanie 
McElhinny,  
Dr. Evan Runnerstrom 

Biological and 
Biotechnology 
Sciences; Sciences 
of Extreme Materials

3D Nanomaterial 
Architectures with 
Programmable 
Reconfiguration States 
and Functions

Dr. Oleg Gang Columbia University

Topological Seeds of 
Complex Response in 
Materials

Dr. Joe Myers,  
Dr. Dan Cole

Sciences of 
Extreme Materials; 
Network, Cyber, 
and Computational 
Sciences; 
Mechanical 
Sciences

Programming 
Multistable Origami and 
Kirigami Structures via 
Topological Design

Dr. Katia 
Bertoldi

Harvard University

Irregular Metamaterial 
Networks

Dr. Dan Cole,  
Dr. Derya Cansever 

Terminal Effects; 
Network, Cyber, 
and Computational 
Sciences; Sciences 
of Extreme Materials

Disorder Engineering: 
A Geometry-Enhanced 
Network Theory for 
Irregular MET Materials 
(GENT-MET)

Dr. Chiara 
Daraio

California Institute of 
Technology

Electrobiology: 
Electronic Control 
of Biological 
Communication

Dr. Albena Ivanisevic,  
Dr. Micheline Strand

Humans in Complex 
Systems; Biological 
and Biotechnology 
Sciences

Faster, More Efficient, 
and Hybrid Computation 
in Microbial 
Bioelectronic Systems

Dr. Caroline  
Ajo-Franklin

Rice University

Gut-Neuronal 
Signaling through 
Polymeric Mucin via 
Chemical Probes and 
Imaging

Dr. Dawanne Poree,  
Dr. Robert Kokoska

Biological and 
Biotechnology 
Sciences

Mucin-mimetic 
Interventions to 
Modulate the Gut-Brain 
Axis

Dr. Katharina 
Ribbeck

Massachusetts 
Institute of 
Technology
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The following seven topics were selected in FY22 and constitute the ARO portion of the FY23 MURI BAA.

TOPIC ARO Topic Author Competency ARO Topic Author Competency Lead Organization

Integrated Bio-Hybrid 
Actuators

Dr. Stephanie 
McElhinny

Biological and 
Biotechnology 
Sciences

Dr. Evan Runnerstrom Sciences 
of Extreme 
Materials

Princeton University

Neuro-Inspired 
Distributed Deep 
Learning (NIDDL)

Dr. MaryAnne Fields Military Information 
Sciences

Dr. Frederick Gregory Humans in 
Complex 
Systems

University of Michigan

Chemical and Microbial 
Indicators of Permafrost 
Degradation from 
Changes in Climate

Dr. Liz King-Doonan Biological and 
Biotechnology 
Sciences

Dr. Robert Kokoska Biological and 
Biotechnology 
Sciences

Columbia University

Dynamically Tunable 
and Enhanced Thermal 
Conductivity in 
Polymeric Materials

Dr. Dawanne Poree Sciences of Extreme 
Materials

Dr. Pani Varanasi Sciences 
of Extreme 
Materials

Harvard University

The Stranger Within: The 
Ecology of the Brain

Dr. Micheline Strand Biological and 
Biotechnology 
Sciences

Dr. Frederick Gregory Humans in 
Complex 
Systems

California Institute of 
Technology

Control Theory for 
Novel Quantum Error 
Correction

Dr. Derya Cansever Military Information 
Sciences

Dr. Sara Gamble Photonics, 
Electronics, 
and Quantum 
Sciences

Rice University

Emergent Refractory 
Behaviors in Earth and 
Extraterrestrial Materials

Dr. Dan Cole Terminal Effects Dr. Julia Barzyk Mechanical 
Sciences

Massachusetts 
Institute of Technology

PRESIDENTIAL EARLY CAREER AWARD FOR SCIENTISTS AND ENGINEERS (PECASE) PROGRAM

The PECASE is the highest honor bestowed by the Army to extramural scientists and engineers at the outset of their independent 
research careers. The award recognizes investigators who show exceptional potential for leadership at the cutting edge of 
fundamental basic research. Awarding of the PECASE is based on two important criteria: (1) innovative research at the frontiers 
of science and technology that is relevant to the mission of the Army, and (2) community service demonstrated through scientific 
leadership, education, and outreach. Each award averages $200K per year for 5 years.

DEFENSE UNIVERSITY RESEARCH INSTRUMENTATION PROGRAM (DURIP)

The DURIP supports the purchase of equipment that augments current university capabilities or develops new capabilities to 
achieve cutting-edge defense research. In FY22, the Army awarded 33 grants totaling $6.5M, with an average award of $196K.

University Affiliated Research Centers (UARCs)
The UARCs are strategic, Army-sponsored, DoD-designated research organizations at universities. The UARCs were formally 
established in May 1996 by OUSD(R&E) to advance DoD long-term goals by pursuing cutting-edge basic research and maintaining 
core competencies in specific domains beneficial to the DoD. Collaborations among the UARCs and the educational and research 
resources available at the associated universities can enhance the ability of the UARCs to meet the long-term goals of the DoD.

ARO is the primary sponsor for two UARCs and co-manages a third:

• The Institute for Soldier Nanotechnologies (ISN), located at the Massachusetts Institute of Technology (MIT)

• The Institute for Collaborative Biotechnologies (ICB), located at the University of California, Santa Barbara, with MIT and the 
California Institute of Technology (Caltech) as academic partners

• The Institute for Creative Technologies (ICT), located at the University of Southern California. In contrast to the ISN and ICB, 
the ICT is co-managed between ARO and DEVCOM Soldier Center (SC), where ARO is responsible for managing basic research 
efforts and DEVCOM SC is responsible for managing applied efforts.
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Small Business Innovation Research (SBIR) and Small Business 
Technology Transfer (STTR) Programs
Congress established the SBIR and STTR Programs in 1982 and 1992, respectively, to provide small businesses and research 
institutions with opportunities to participate in government sponsored R&D. The purpose of these programs is to (1) stimulate 
technology innovation, (2) use small business to meet federal R&D needs, (3) foster and encourage participation by socially and 
economically disadvantaged small business concerns in technological innovation, and (4) increase private sector commercialization 
of innovations derived from federal R&D, thereby increasing competition, productivity, and economic growth. The STTR Program 
has the additional requirement that small business must partner with universities, federally funded R&D centers, or other nonprofit 
research institutions to develop and transition ideas from the laboratory to the marketplace.

The SBIR and STTR Programs are overseen by OUSD(R&E). Numerous organizations participate in the DoD’s SBIR Program including 
the Army, Navy, Air Force, DARPA, SOCOM, DTRA, Missile Defense Agency (MDA), National Geospatial Intelligence Agency (NGA), 
and Chemical Biological Defense (CBD) Program. The Army-wide SBIR Program is managed at DEVCOM Headquarters, which 
enables ARO to participate in both the Army-wide SBIR Program as well as SBIR Programs supported by other organizations across 
the DoD. The Army-wide STTR Program is managed by ARO. The STTR Program at ARO coordinates participation of nine Army 
Components and Commands and invests in all Army Modernization Priorities. In addition to ARL participation through ARO, other 
participating components include DEVCOM AvMC, DEVCOM AC, DEVCOM C5ISR, DEVCOM CBC, DEVCOM SC, DEVCOM GVSC, 
USACE, and USAMRDC.

Each year, the Fundamental SBIR Program and STTR Program develop a set of topics that represent the DoD’s anticipated technology 
needs and opportunities to use Army-funded discovery to drive innovation. Subject-matter experts at ARO often participate in 
this process by developing topics for publication in the DoD SBIR and STTR BAAs. Small businesses can then submit proposals 
to specific topics listed in the BAAs, which are competitively selected for funding. The SBIR and STTR Programs fund proposals 
through a three-phase process. Phase I is the point of entry into the program and involves a feasibility study that determines the 
scientific, technical, and commercial merit, and feasibility of a concept. Phase II represents a major R&D effort, culminating in 
a well-defined deliverable prototype (i.e., a technology, product, or service). Phase II awardees are competitively selected from 
Phase I awardees who submitted a Phase II proposal. Phase II awardees may then be selected to receive additional funds as an 
invited Sequential Phase II or Phase II Enhancement (SBIR only). Phase III represents the commercialization of the product.

In Phase III, the small business or research institute is expected to obtain funding from the private sector and/or non-SBIR/STTR 
government sources to develop products, production, services, R&D, or any combination thereof into a viable product or service 
for sale in military or private-sector markets.

Title Lead Topic Author Competency
ARO FY22 SBIR Topics n.a. n.a. n.a.

ARO FY22 Army STTR 
Topics

Mapping Strain in Composite Materials using Terahertz 
Metamaterials

Joe Qiu
Electromagnetic Spectrum 
Sciences

High-Temperature, Low-Voltage Operation Avalanche 
Photodetectors (APD) in the Extended Short Wavelength 
Bands

Tania Paskova
Photonics, Electronics, and 
Quantum Sciences

Rapid Optimization and Trade Space Framework for Adapting 
Aero-Structures

Daniel Cole Terminal Effects 

High-Fidelity Design Tools for Electromagnetic Scattering 
Over Hypersonic Vehicles

Joseph Myers Weapon Sciences

Chip-scale Directed Energy with Single-Mode Laser Beam 
Combining

Michael Gerhold Energy Sciences 

Terahertz Radar-on-Chip Joe Qiu
Electromagnetic Spectrum 
Sciences

Agile Machine Learning in Dynamic Environments for 
Complex Event Processing

Purush Iyer
Military Information 
Sciences

Solid Oxide Fuel Cell CPOX Reforming of Biogas Hugh Delong Energy Sciences 

Thermal Lensing-Free Chalcogenide Windows James Joseph
Photonics, Electronics, and 
Quantum Sciences

Canine VO
2
Max Measurement System Stephen Lee Army Research Office

Explainable AI for Complex Decision Making for Command 
and Control in MDO

J. Coyle
Network, Cyber, and 
Computational Sciences

ARO FY22 STTR Phase I 
Contract Awards

Protective Nanostructured Coatings for Engine Fuel Systems 
(21-RD-327)

Michael Bakas
Sciences of Extreme 
Materials

Protective Nanocrystalline Coating to Enable Consistent 
Superlubricity

Michael Bakas
Sciences of Extreme 
Materials

Automated Subscale Ballistic Test Platform Daniel Cole Terminal Effects 
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Title Lead Topic Author Competency
Automated Multi-Cell Laser-Driven Ballistic Test Device Daniel Cole Terminal Effects 

Fast, Frequency-Agile, Stimuli-Responsive, and Tunable 
(FAST) Optical Filters

Evan 
Runnerstrom

Sciences of Extreme 
Materials

Broadband Optical Attenuator via Amplified Free Carrier 
Absorption

Evan 
Runnerstrom

Sciences of Extreme 
Materials

Optically-Pumped, Low-Noise, High-Power Semiconductor 
Optical Amplifiers

Michael Gerhold Energy Sciences 

Dilute Waveguide SOAs for High Power and Low Noise 
Applications

Michael Gerhold Energy Sciences 

Millimeter-wave MIMO Radar for UAS Tracking Robert Ulman
Network, Cyber, and 
Computational Sciences

Millimeter-wave MIMO Counter-UAV Detection, Classification 
and Tracking Radar

Joe Qiu
Electromagnetic Spectrum 
Sciences

Counter-UAS Novel Testbed and Enhanced Radar (CoUNTER) Joe Qiu
Electromagnetic Spectrum 
Sciences

Portable Quantum Dot Electroluminescent (QDEL) Light 
Sources for Point of Care Photodynamic Treatment of Deep 
Wound MDR Infections

Stephen Lee Army Research Office

Improved Technology to Treat Drug-Resistant Bacterial 
Infections

Stephen Lee Army Research Office

Antimicrobial Photodynamic Wound Dressings Stephen Lee Army Research Office

A Long Durability and High Power SOFC Stack for Portable 
Power Sources

Hugh DeLong Energy Sciences 

High Power Density Solid Oxide Fuel Cell Systems Hugh DeLong Energy Sciences 

Radar for Accelerated Breaching of Concrete Structures 
(RABCS)

Dawanne Poree
Sciences of Extreme 
Materials

Multi-Mode Concrete Scanner Dawanne Poree
Sciences of Extreme 
Materials

Nondestructive Concrete Characterization System Dawanne Poree
Sciences of Extreme 
Materials

Coherent PCSEL Arrays for Chip-Scale Directed Energy Michael Gerhold Energy Sciences 

High-Power Chip Scale Coherent Laser Array Michael Gerhold Energy Sciences 

High-Power Single-Mode Photonic Integrated Circuit for 
Coherent Beam Combining

Michael Gerhold Energy Sciences 

Rapid Aeroservoelastic Design Framework for Morphing 
Unmanned Aerial Systems (RADMUAS)

Daniel Cole Terminal Effects 

Software for Parallelized Analyses and Rapid Optimization 
(SPARRO)

Daniel Cole Terminal Effects 

Rapid Optimization and Trade Space Framework for Adapting 
Aero-Structures

Daniel Cole Terminal Effects 

Fast Startup, Fuel Flexible CPOX System for SOFC Hugh DeLong Energy Sciences 

Compact, Low-Cost, Biogas Reformer for 3 kW SOFC Power 
Generator

Hugh DeLong Energy Sciences 

P22-073 NeuroPlex++ Purush Iyer
Military Information 
Sciences

Agile Machine Learning in Dynamic Environments for 
Complex Event Processing

Purush Iyer
Military Information 
Sciences

High-Temperature Low-Voltage APD Material for Army 
Extended SWIR Applications

Tania Paskova
Photonics, Electronics, and 
Quantum Sciences

Thin-absorber AlInAsSb APDs for Low-Noise and Low-
Voltage e-SWIR Photodetection

Tania Paskova
Photonics, Electronics, and 
Quantum Sciences

High-Fidelity Design Tools for Electromagnetic Scattering 
Over Hypersonic Vehicles

Joseph Myers Weapon Sciences

Time-Accurate Modeling for Hypersonic Morphing Vehicles Joseph Myers Weapon Sciences

Mapping Strain in Composite Materials using Terahertz 
Metamaterials

Robert Ulman
Network, Cyber, and 
Computational Sciences

TORCH (Terahertz Observant Radar on Chip with 
High-definition)

Robert Ulman
Network, Cyber, and 
Computational Sciences

Canine VO2Max Measurement System Tyrone Jones n.a.

Canine Non-Invasive Respiratory Monitoring Apparatus Tyrone Jones n.a.

MIXTAPE: Middleware for Interactive XAI with Tree-based AI 
Performance Evaluation

J. Coyle
Network, Cyber, and 
Computational Sciences
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Title Lead Topic Author Competency
Versatile and Interpretable System Explanations for AI in 
Multi-Domain Operations (VISION)

J. Coyle
Network, Cyber, and 
Computational Sciences

Sifter: Explainable AI for Improved Multi-Domain Operation 
Wargaming

J. Coyle
Network, Cyber, and 
Computational Sciences

New Chalcogenide Glasses for Thermal Lensing-Free 
Windows

James Joseph
Photonics, Electronics, and 
Quantum Sciences

Mapping Strain in Composite Materials using Terahertz 
Metamaterials

Joe Qiu
Electromagnetic Spectrum 
Sciences

Thermal Lensing-Free Chalcogenide Windows James Joseph
Photonics, Electronics, and 
Quantum Sciences

ARO FY22 SBIR Phase II 
Contract Awards

Probabilistic Genotyping Software for Mixture Deconvolution 
of Next Generation Sequencing Data

Virginia Pasour
Humans in Complex 
Systems

Scalable Process for Novel Nanomaterials with Infrared 
Filtering Properties (21-RD-289)

James Parker
Sciences of Extreme 
Materials

Safe, High Temp 6T Lithium ion Batteries for the Next 
Generation Combat Vehicle

Hugh DeLong Energy Sciences 

Mid-wave infrared PIC-based coherent beam combining Michael Gerhold Energy Sciences 

ARO FY22 STTR Phase II 
Contract Awards

Mixed-Signal Analog Circuit Simulator for Multi-Scale 
Resolution

Tylar Temple n.a.

Revolutionary RF Circuit Simulator for New Electronic Design 
and Analysis Capabilities

Tylar Temple n.a.

300W PCFC Fuel Cell System Hugh DeLong Energy Sciences 

Photonic Tensor Accelerator for High-Efficiency Neural 
Network Processing

Michael Gerhold Energy Sciences 

Innovating Cryo-CMOS PDKs and ICs Joe Qiu
Electromagnetic Spectrum 
Sciences

Development of an Autonomous Off-Road Ground Vehicle 
Simulator

Govind Mallick Weapon Sciences

HASEL Artificial Muscles for Human-Scale Robotics Govind Mallick Weapon Sciences

Physical Monitoring to Improve Warfighter Performance Frederick Gregory
Humans in Complex 
Systems

Advanced Monolithic 3D ion trap for Quantum Sensing and 
Information Processing

TR Govindan
Photonics, Electronics, and 
Quantum Sciences

Additive Manufacturing of Thermoset Polymers Using 
Projection-based Stereolithography

Dawanne Poree
Sciences of Extreme 
Materials

Cost Effective Linear-ROMP Dawanne Poree
Sciences of Extreme 
Materials

Iodide for the Treatment of Influenza and Other Stresses Micheline Strand
Biological and 
Biotechnology Sciences

Isogeometric Mesh Generation and Deformation for Fluid-
Structure Interaction Problems in Mobility Applications

Govind Mallick Weapon Sciences

ARO FY22 STTR 
Sequential Phase II 
Contract Awards

Circuit Integration for Robust Quantum Information 
Technology Scalability (CIRQuITS)

TR Govindan
Photonics, Electronics, and 
Quantum Sciences

Mitigation of Ransomware Paul Yu
Network, Cyber, and 
Computational Sciences

Monolithic MWIR QCL platform for beam combining Michael Gerhold Energy Sciences 

Remote Disablement of s-UAS via Novel Directed Energy 
Payload

Joe Qiu
Electromagnetic Spectrum 
Sciences

ARO FY22 SBIR Phase III 
Contract Awards

Wearable Warfigher Health Monitoring System FY22 Program 
- SBIR Phase III

Stephen Lee Army Research Office

ARO FY22 STTR Phase III 
Contract Awards

n.a. n.a. n.a.
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Historically Black Colleges and Universities and  
Minority-Serving Institutions (HBCU/MI) Program
ARO (CORE) HBCU/MI PROGRAM

Academic institutions classified as HBCUs/MIs may submit proposals to the core ARO BAA, as for any other institutions, and are 
evaluated and selected according to the same evaluation criteria and process established for all proposal submissions to the ARO 
Core Research Program BAA. In FY22, ARO supported 98 agreements with 39 HBCUs/MIs—30 of which were new agreements in 
FY22—receiving over $19.5M in FY22 funding. The core ARO HBCU/MI research grants awarded in FY22 are listed, with the project 
title followed by the PI performing organization, ARO PM, and corresponding scientific Competency:

Title PI Organization PM Competency

Topology and Emergence with Ultracold Atoms and 
Molecules

Vito Scarola Virginia Tech Margaret Shea Photonics, Electronics, 
and Quantum Sciences

Using Uncertainty Quantification and Machine 
Learning Techniques to Study the Evolution of Odor 
Capture

 Yanyan He University of North 
Texas

Virginia Pasour Humans in Complex 
Systems

Enhancing Electro-Optic Coupling in Novel 
Ferroelectrics for Quantum Transduction

Christian Van 
de Walle

University of California, 
Santa Barbara

Pani Varanasi Sciences of Extreme 
Materials

High Frequency Seismic Waves Generated by 
Shearing Granular Flow

Emily Brodsky University of California, 
Santa Cruz

Julia Barzyk Mechanical Sciences

Coupled Thermomechanical-Oxidative Degradation 
in High-Temperature Ceramic Matrix Composites

Aditi 
Chattopadhyay

Arizona State 
University

Denise Ford Terminal Effects 

Iontronic Control of Vmem and Bioelectric 
Communication in Bacteria

Marco Rolandi University of California, 
Santa Cruz

Albena 
Ivanisevic

Humans in Complex 
Systems

Nanoelectric Interrogation of Extracellular 
Processes

Lane Baker Texas A&M University Albena 
Ivanisevic

Humans in Complex 
Systems

Localized Interfacial Dielectric Properties of 
Layered Ternary Polymer and 2D Materials 
Heterostructures

Nihar Pradhan Jackson State 
University

Joe Qiu Electromagnetic 
Spectrum Sciences

2022-2023 HU Interdisciplinary STEM Conference 
on Mathematical Biology: Modeling and Analysis

Abdul-Aziz 
Yakubu

Howard University Virginia Pasour Humans in Complex 
Systems

Request for Conference/Symposium Funding: 
American Association for Crystal Growth and 
Epitaxy, Biological Crystallization, and Self-
Assembly

David Kisailus University of California, 
Irvine

Stephanie 
McElhinny

Biological and 
Biotechnology Sciences

ARO Special Programs: Conference and Symposia 
Grants (Modern Optics) Support for ATTO VIII: 
The 8th International Conference on Attosecond 
Science and Technology

Luca Argenti University of Central 
Florida

Sara Gamble Photonics, Electronics, 
and Quantum Sciences

Annual Science of Team Science (SciTS) 
Conference

Stephen Fiore University of Central 
Florida

Edward 
Palazzolo

Humans in Complex 
Systems

Multifunctional Polymer Nanocomposites with 
Mechanically Activated Fluorescence

Matthew 
Green

Arizona State 
University

Dawanne Poree Sciences of Extreme 
Materials

Electric Field Polarization on Heteroatoms Doped 
Carbon Nanomaterials and Their Electrocatalytic 
Properties

Guang-Lin 
Zhao

Southern University 
and A&M College

Hugh DeLong Energy Sciences 

Trapped Matter-Wave Interferometry in Floquet-
Sculpted Band Structures

David Weld University of California, 
Santa Barbara

Margaret Shea Photonics, Electronics, 
and Quantum Sciences

Infrared Photodetectors with Dirac Semimetals 
[ii(3): Electronic Sensing]

Susanne 
Stemmer

University of California, 
Santa Barbara

Tania Paskova Photonics, Electronics, 
and Quantum Sciences

Causal Modeling of Affective Polarization Gabriel 
Terejanu

University of North 
Carolina at Charlotte

Robert St. 
Amant

Military Information 
Sciences

Cognitive Models and Strategies for High-
Performance Human-AI Teams

Francesco 
Bullo

University of California, 
Santa Barbara

Edward 
Palazzolo

Humans in Complex 
Systems

Mathematical Sciences (1) Modeling of Complex 
Systems: Exact Performance of Certain Commonly 
Considered Quantum Correction Codes with a 
General Noise Channel

Chaobin Liu Bowie State University Radhakrishnan 
Balu

Network, Cyber, 
and Computational 
Sciences
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Title PI Organization PM Competency

Detecting Chemical Changes to the Environment 
Using Polarimetry

Robert 
Loughman

Hampton University Elizabeth King-
Doonan

Biological and 
Biotechnology Sciences

IRS-Aided Radar: Foundations, Fundamental Limits, 
and Algorithms

Mojtaba 
Soltanalian

University of Illinois 
Chicago

Hamid Krim Military Information 
Sciences

Role of Compressibility on Crossflow Separation 
and Vortex Asymmetry on Slender Axisymmetric 
Bodies at High Angles of Incidence

Rajan Kumar Florida A&M University Jack Edwards Weapons Sciences

Tunable Broadband Photodetectors Based on 2D 
Heterostructures

Fei Yan North Carolina Central 
University

Tania Paskova Photonics, Electronics, 
and Quantum Sciences

Computing using Exciton-Polaritons in 2D 
Materials; Research Topic Area: Electronics

Vinod Menon City University of New 
York (CUNY)

Michael Gerhold Energy Sciences 

The Effect of Phosphate and Calcium on the 
Electrochemical Measurement of Lead-Ions in 
Water

Dominic 
Gervasio

University of Arizona Elizabeth King-
Doonan

Biological and 
Biotechnology Sciences

Context Learning for Security Srikanth 
Krishnamurthy

University of California, 
Riverside

Paul Yu Network, Cyber, 
and Computational 
Sciences

Dilute Nitride GaAsSbN Nanowires-Based High-
Speed Near-Infrared Photodetectors

Shanthi Iyer North Carolina A&T 
State University

Tania Paskova Photonics, Electronics, 
and Quantum Sciences

Enabling Data Driven Communications in Terahertz 
Bands

Imtiaz Ahmed Howard University Robert Ulman Network, Cyber, 
and Computational 
Sciences

Novel Approaches in the Separation of Florida’s 
Rare Earth Element Resources

Jamel Ali Florida A&M University Julia Barzyk Mechanical Sciences

Structure–Property Relationships of Novel Electronic 
Functional Materials using Contactless Probing

Biswadev Roy North Carolina Central 
University

Pani Varanasi Sciences of Extreme 
Materials

HBCU/MI RESEARCH CENTERS OF EXCELLENCE PROGRAM

In FY22, ARO continued funding three HBCU/MI Research Centers of Excellence. The focus of the HBCU/MI Research Centers of 
Excellence Program is to advance innovative basic research leading to potential technology development in areas of strategic 
importance to the Army. Awards have 5-year periods of performance, with one each in the information, engineering, and physical 
sciences, supporting Army, AFC, and DEVCOM goals to broaden the performer base and diversify the research ecosystem. Centers 
were competitively selected and awarded to the University of the District of Columbia (HBCU), Florida International University 
(MI), and University of Illinois Chicago (MI). FY22 investment in this initiative totaled $1.3M ($448 for one HBCU, $877K for two 
MIs). Listed below are the new Centers of Excellence:

• Center of Excellence for Acoustic and Seismic Sensing of Urban Environments at the University of the District of Columbia, Prof. Max 
Denis, University of the District of Columbia; Dr. Julia Barzyk, Materials Science (Competencies: Mechanical Sciences; Military 
Information Sciences)

• The Forensic Investigations Network in Digital Sciences (FINDS) Research Center: A proposal for development of advanced digital 
forensic research by networked HBCUs/MIs for the Department of Defense, Prof. Sundararaj Iyengar, Florida International University; Dr. 
Paul Yu, Network Sciences (Competencies: Military Information Sciences; Network, Cyber, and Computational Sciences)

• A Multidisciplinary Research Center of Excellence – EXEED, Prof. Russell Hemley, University of Illinois Chicago; Dr. James Parker, 
Chemical Sciences (Competency: Sciences of Extreme Materials)

DOD RESEARCH AND EDUCATIONAL PROGRAM (REP) FOR HBCUs/MIs
ARO has administered the REP on behalf of OUSD(R&E) since 1992. Under this program, qualifying institutions are able to submit 
proposals to compete for basic research and equipment grants. The REP aims to enhance research capabilities of HBCUs and 
MIs and strengthen their education programs in science, technology, engineering, and mathematics (STEM) disciplines that are 
relevant to the defense mission.

In FY22, 60 equipment grants totaling $28.5M were made to 12 HBCUs, 29 MIs, and 2 Tribal Colleges and Universities. 
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Education Outreach Program
NATIONAL DEFENSE SCIENCE AND ENGINEERING GRADUATE (NDSEG) FELLOWSHIP PROGRAM

The DoD NDSEG Fellowship Program is a tri-service research office (ARO, AFOSR, ONR) program administered by AFOSR, designed 
to increase the number of U.S. citizens trained in disciplines of science and engineering important to defense goals. NDSEG is a 
highly competitive fellowship awarded to U.S. citizens who have demonstrated a special aptitude for advanced training in science 
and engineering, and intend to pursue a doctoral degree in a scientific discipline of interest to the military. The NDSEG Fellowship 
lasts for 3 years and provides full tuition, a monthly stipend, a travel budget for professional development, and health insurance.

NDSEG Fellows are selected following a merit-based evaluation of the applicant’s academic records, recommendations, GRE 
scores, and technical applications. ARO PMs serve as reviewers for applications and mentors for selectees in their areas of expertise. 

In FY22, ARO selected 55 NDSEG Fellows who began their fellowships in fall 2022.

The High School Apprenticeships and Undergraduate Apprenticeships are managed by the Army Education Outreach Program 
(AEOP) STEM Outreach Office at DEVCOM Headquarters and administered by ARO.

Name Discipline Title of research/topic Doctoral Institution

Usamma Amjad Cognitive, Neural, and 
Behavioral Sciences

Dopaminergic Mechanisms Underlying Sequence Learning University of Pittsburgh

Nathan Baker Cognitive, Neural, and 
Behavioral Sciences

Belief Contagion in Social Networks – Understanding the 
Spread of (Mis)Information 

Michigan State University

Nicholas Balasus Geosciences Using Machine Learning to Improve Global Monitoring of 
Atmospheric Methane

Harvard University

James Bantis Civil Engineering Regional City-Wide Performance-Based Earthquake 
Engineering for Tall Buildings in Very Soft Soil Regions

Stanford University

Joseph Beckett Mechanical Engineering Machine Learning Driven Constitutive Modeling using 3D Full-
field Measurements of Damaged Materials 

University of Michigan

Jonah Botvinick-
Greenhouse

Mathematics (1) Learning Dynamical Systems from Invariant Measures 
(2) Stochastic Attractor Reconstruction with Conditional 
Normalizing Flows

Cornell University

Maria Bruce Chemical Engineering Kinetic Study of Ti4+/Ti3+ Redox Pair for Flow Battery 
Applications

Washington University in 
St. Louis

Dana Byrne Materials Science and 
Engineering

Defect Engineering 2D Hexagonal Boron Nitride using 
Electron and Ion Beam Methods

University of California, 
Berkeley

Abigail Carbone Materials Science and 
Engineering

Investigating the Atomic Structure and Defects of Organic–
Inorganic Perovskite Solar Cells Using Electron Microscopy

Stanford University

Victoria Cinnater Chemistry Molecules as Quantum Devices: Generating Two-Spin 
Systems through the CISS Effect

Duke University 

Alex Cohen Chemical Engineering Machine Learning for Materials Discovery Massachusetts Institute 
of Technology

Spencer Compton Computer and 
Computational Sciences

Learning Structure from Data with Statistical and Information-
Theoretic Algorithms

Stanford University

Pamala Dayley Cognitive, Neural, and 
Behavioral Sciences

Trust Perception of Groups University of California, 
Los Angeles

Ryan DeBoskey Aeronautical and 
Astronautical Engineering

Experimental and Numerical Investigation of Turbulent 
Effects on Solid-Gas Coupling in Solid-Fuel Ramjets

North Carolina State 
University

John Dickenson Chemistry Production of Hypohalous Acids and Their Use as Facilitating 
Agents for Fuel Forming Reactions

University of North 
Carolina at Chapel Hill

Yasha Ektefaie Biosciences Understanding Generalization of Genome to Phenome Models Harvard Medical School

Eliana Feygin Materials Science and 
Engineering

A Crystallographic Approach for Investigating and Designing 
Novel Polycrystal Shape-Memory Ceramics

Massachusetts Institute 
of Technology

Kyra Fitz Biosciences Using Conservation Genomic Methods to Understand 
Connectivity, Adaptation, Preservation of Intraspecific 
Genetic Diversity, and Range Shifts in Marine Fish

Rutgers University

Zachary Fralish Computer and 
Computational Sciences

Rational Pro-drug Design Powered by Machine Learning Duke University

Lantana Grub Biosciences Elucidating the Role of mtDNA 6mA in C. Elegans Vanderbilt University



ARO IN REVIEW 2022  |  22

Name Discipline Title of research/topic Doctoral Institution

Dane Grundvig Mathematics Optimization under Uncertain Function and Gradient 
Information

Rice University

Kyle Gulshen Physics Robust, Fast, and Accurate Quantum Gate Estimation for 
Metrology and Algorithmic Applications

California Institute of 
Technology

Bryan Habas Mechanical Engineering Flip and Land – Rapid Autonomous Perching on Dynamic 
Surfaces with Arbitrary Orientations

Pennsylvania State 
University

Nathan Hadland Geosciences Evaluating the Survival and Spread of Microorganisms in 
Basaltic Deserts 

University of Arizona

Ashton Hattori Electrical Engineering Integrated-Photonics-Based Architectures for Polarization-
Gradient and EIT Cooling of Trapped Ions

Massachusetts Institute 
of Technology

Tanner Henson Biosciences Enabling High-throughput Generation of Neuroprotective 
Extracellular Vesicles using a Cell-free Synthetic Biology 
Approach

University of California, 
Davis

Broderick Johnson Chemistry Room-Temperature Ferroelectric Nanocrystals of Self-
assembling Small Molecules and Polymers

Northwestern University

Morgan Jones Materials Science and 
Engineering

Glide and Cross-Slip Behavior of the bcc 
Ta0.2Nb0.2Hf0.2Zr0.2Ti0.2 Refractory Multi-principal 
Element Alloy at High Temperatures

University of California, 
Santa Barbara

Satya Kent Geosciences Quantitative Stable Isotope Probing to Investigate Taxa-
specific Methane Dynamics in Forest and Marsh Ecosystems 
of the Future

Northern Arizona 
University 

Daniel Klawson Electrical Engineering Integrated Optical MEMS for Scalable Trapped Ion Quantum 
Computing 

University of California, 
Berkeley

Pranav Lalgudi Biosciences Molecular and Neural Mechanisms of Physiology Stanford University

Luke Langford Materials Science and 
Engineering

Understanding Interfacial Stability in Nonequilibrium Self-
Assembly

University of California, 
Berkeley

Andrew Lesh Civil Engineering Biopolymer Solidification of Soil for Construction in Austere 
Terrestrial and Extraterrestrial Environments

Stanford University

Elizabeth Lineberry Chemistry Solar-driven Co-enzyme Regeneration on a Biomimetic SiNW 
Photocathode for CO2 Fixation

University of California, 
Berkeley

Duncan Madden Electrical Engineering Mitigation of Compensation for Mutual Coupling in Phased-
Array Systems

University of Michigan

Calder Miller Physics Controlled Interactions between Ultracold KRb Molecules in 
Two Dimensions

University of Colorado 
Boulder

Yuki Osumi Chemistry Implementing Defected MOFs in Lithium-Sulfur Batteries for 
Improved Ionic Conductivity

Johns Hopkins University

Evan Palmer Computer and 
Computational Sciences

Enabling Safe Multi-agent Robotic Collaboration in Non-
stationary, Uncertain Environments

Oregon State University

Caitlin Patterson Physics Understanding Superconductivity in Few-Layer Graphene 
Systems 

University of California, 
Santa Barbara

Madelyn Payne Materials Science and 
Engineering

Simulation and Imaging of Deformation Mechanisms in High-
Entropy Alloys for Extreme Temperature Applications

University of California, 
Berkeley

Christopher Presley Mechanical Engineering Ultrasound Directed Self-Assembly of User-Specified, Non-
periodic Patterns of Particles Dispersed in a Fluid Medium

Virginia Tech

Gregory Reimonn Chemical Engineering Decoupled Water Content and Charge Density for the Design 
of Next-Generation Vanadium Redox Flow Battery Ion-
Exchange Membranes

University of Michigan

Andrew 
Rouditchenko

Computer and 
Computational Sciences

Learning to Connect Vision, Sound, and Text in Videos Massachusetts Institute 
of Technology

Vanessa Rubien Aeronautical and 
Astronautical Engineering

Numerical Simulation of Shock Waves, Turbulent Boundary 
Layers, and Flexible Structures with Thermal Coupling

University of Southern 
California

Shreya Shankar Computer and 
Computational Sciences

Toward Observability for Production Machine Learning 
Pipelines

University of California, 
Berkeley

Eric Stewart Mechanical Engineering Electro–Chemo–Mechanical Modeling and Simulation of 
Polymer Electrolyte Devices and Microsystems

Massachusetts Institute 
of Technology

Sanjay 
Subramanian

Computer and 
Computational Sciences

Data-efficient Training of Video Models via Pre-trained 
Language Models

University of California, 
Berkeley
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Name Discipline Title of research/topic Doctoral Institution

Aaron Tasset Biosciences Investigation of Novel Nanomaterials for Genetic Delivery to 
Neurons for Treatment of Neurological Disorders 

University of Texas at 
Austin

Amanda Toledo 
Barrios

Aeronautical and 
Astronautical Engineering

Mesoscale Mechanics of Granular Media for Modeling Tire-/
Track-Terrain Interaction

California Institute of 
Technology

Sarah Torhan Civil Engineering The Power of Resources: Evaluating the Impact of 
Environmental Change and Human Values on Decision-
Making to Achieve Food–Energy–Water (FEW) Security across 
Scales

Pennsylvania State 
University

Saranya 
Vijayakumar

Computer and 
Computational Sciences

Creating Behavioral Features from Logical Clauses for 
Malware Detection

Carnegie Mellon 
University

Gabrielle Wink Mechanical Engineering Investigation of Mammalian Spatial Planning Using 
Naturalistic Predator–Prey Interactions

Northwestern University

Eric Wolf Physics Properties of the Imbalanced Unitary Fermi Gas Massachusetts Institute 
of Technology

Matthew Yeh Physics Electro-Optic Control of Single Photons Harvard University

Alexa Zytnick Biosciences Identification of a Novel Biosynthetic Pathway for a 
Lanthanide-Chelator in Methylorubrum Extorquens AM1

University of California, 
Berkeley

HIGH SCHOOL APPRENTICESHIPS AND UNDERGRADUATE APPRENTICESHIPS 

The High School Apprenticeships fund the STEM apprenticeships of promising high school juniors and seniors to work in university-
structured research environments under the mentorship of ARO-sponsored PIs or their senior research staff. In FY22, awards 
provided 37 students with research experiences at 20 universities in 16 states. Six of the universities were HBCUs/MIs. ARO 
invested approximately $68K into the FY22 effort, and the AEOP contributed matching funds.

The Undergraduate Apprenticeships fund STEM apprenticeship of undergraduates to work in research groups under the mentorship of 
ARO-sponsored PIs or their senior research staff. In FY22, awards provided 44 students with research experiences at 30 universities 
in 21 states. Eleven of the universities were HBCUs/MIs. ARO invested approximately $136K into the FY22 effort, and the AEOP 
contributed matching funds.

LOCAL AND VIRTUAL OUTREACH

15

5

5

14

2
10

9

11

8
1 1

Competencies Represented in FY22 Apprenticeship Awards 

Biological and Biotechnology Sciences

Electromagnetic Spectrum Sciences

Energy Sciences

Humans in Complex Systems

Mechanical Sciences

Military Information Sciences

Network, Cyber, and Computational Sciences

Photonics, Electronics, and Quantum Sciences

Sciences of Extreme Materials

Terminal Effects

Weapons Sciences

Competencies Represented in FY22 Apprenticeship Awards

The education Outreach Program also works with local organizations to coordinate opportunities for ARO to participate in 
community STEM events. These programs reach kindergarten through high school students, teachers, the general public, and 
other researchers through activities including career fairs, informal science activities, workshops, and seminars.

The following is a snapshot of the outreach opportunities that ARO participated in during FY22. 
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NC SCIENCE AND ENGINEERING FAIR (NCSEF)

NCSEF is an exhibition of scientific projects prepared and presented by students of all ages under the guidance of their teachers 
and with the help of other persons interested in the science topic. The event concludes in a competition where winners may 
potentially progress to compete at national and international science and engineering fairs.

NDSEG FELLOWSHIP 3RD ANNUAL CONFERENCE

The NDSEG conference specifically hosts Fellows in an effort to better connect them to their DoD mentors and sponsors. This 
information and networking event showcases DoD research as well as the research currently conducted by select Fellows.

TRIANGLE STUDENT RESEARCH COMPETITION

ARO technical PMs serve as judges for graduate-level student poster sessions, largely in the Materials Science and Electrochemistry 
disciplines. Judges provide feedback to the students as well as share Army research interests as it relates their research. In 
addition to providing judges for the conference, an ARL/ARO/AEOP booth is set up to share information about Army research 
interests, Army S&E careers, and availability of Army graduate-level scholarships and awards.

NC MASTERS AND PH.D. CAREER FAIR

DoD graduate-level scholarships and awards (Science, Mathematics, and Research for Transformation [SMART] and NDSEG) 
and ARL employment opportunities are showcased. The fair is an opportunity to gain visibility for Army research interests, 
collect resumes/CVs, conduct brief screening interviews, and build relationships with candidates to meet DoD hiring goals. 

HIGH SCHOOL APPRENTICESHIPS/UNDERGRADUATE APPRENTICESHIPS SITE VISITS

Meet with current participants to observe their daily research activities, ensure program objectives are met, introduce participants 
to other AEOP opportunities, showcase DoD STEM careers, and connect other AEOP participants on the same campus.

2022 STARWARD STEM EXPO

The STARward STEM Expo is the culminating event for the STARward STEM Design Challenge that includes student presentations 
of project-based learning (PBL) work, demonstrations by STEM industry experts, and the announcement of the winning student 
design challenge experiments to be launched to the International Space Station. The event is open to students, families, 
educators, and other supporters of STEM education in the Cumberland County, North Carolina, region.

Foundational Research Centers
Army Research Office launched three foundational centers. The centers focus on areas of strategic importance to U.S. national 
security. They bring together universities, research institutions, companies, and individual scholars and support multidisciplinary 
and cross-institutional projects addressing specific topic areas determined by the Department of the Army.

ARMY CENTER FOR SYNTHETIC BIOLOGY 

The Army Center for Synthetic Biology seeks to increase the Army’s intellectual capital in synthetic biology and improve its ability 
to address future challenges. The Center aims to promote basic research in specific areas of synthetic biology and facilitate 
multidisciplinary collaborations between university and Army researchers, thereby accelerating advances in predictive design 
for the field of synthetic biology, as well as supporting the future researchers of the Army and Department of Defense. The Center 
funds research at universities across the nation, and the resulting discoveries will enable future capabilities for the warfighter 
by reducing the logistics footprint, securing the supply chain, and reducing warfighter burden. (POC: Dr. Stephanie McElhinny)

ARMY ULTRA-WIDE BANDGAP RF ELECTRONICS CENTER 

Army Ultra-wide Bandgap RF Electronics Center seeks to generate the foundational knowledge in solid-state physics, device 
structures, integrated circuit design, materials discovery and development, and physics-based machine learning needed to 
enable the next generation of RF electronics with unprecedented power, bandwidth, frequency agility, and size-weight-and-power 
requirements. The Center will provide the Army with a new ability to create advanced RF technologies across its modernization 
priorities for robust multi-domain operations in highly contested electromagnetic environments. (POC: Dr. Joe Qiu)

ARMY ENERGETICS BASIC RESEARCH CENTER 

The Army Energetics Basic Research Center seeks to increase the Army’s intellectual and human capital for energetic materials 
basic research and improve its ability to address future scientific challenges. The center aims to generate knowledge in novel 
energetic materials that may be exploited to develop and deliver new materials for tailorable effects, materials with higher energy 
density, and materials for high specific impulse propellants. These will lead to new technologies for enhanced effects on target 
and longer range ensuring Army battlefield dominance in Multi-Domain Operations. (POC: Dr. Ralph Anthenien)
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Scientific Services Program (SSP)
The SSP was established by ARO in 1957 and is currently administered and 
managed for ARO through the Edmond Scientific Company (headquartered 
in Alexandria, Virginia). This program provides a rapid means for the Army, 
DoD, OSD, and other federal government agencies to acquire the scientific 
technical analytical services of scientists, engineers, and analysts from 
small and large businesses, colleges and universities, academics working 
outside their institutions, and self-employed persons not affiliated with 
a business or university. Annual assistance is provided through the 
procurement of short-term, engineering and scientific technical services 
in response to user-agency requests and funding. Through the SSP, these 
individuals provide government sponsors with scientific and technical 
results and solutions to problems related to R&D by conducting well-defined 
studies, analyses, evaluations, interpretations, and assessments in any 
science and technology area of interest to the government.

The SSP awards tasks in a wide variety of technical areas, including 
mechanical engineering, computer sciences, life sciences, chemistry, 

materials science, and military personnel recruitment/retention. In FY22, five 
new SSP tasks were awarded with four modifications to the scope and/or 
funding of ongoing tasks. A summary of agencies served under this program 
and the corresponding number of FY22 new SSP tasks is provided in Table 1.

Sponsoring Organization 
SSP 
Tasks 

OTHER U.S. ARMY 

Combined Arms Support Command 
(CASCOM)

1

U.S. Army Aeromedical Research 
Laboratory

1

TOTAL: OTHER U.S. ARMY 2

OTHER DoD 

Air Force Agency for Modeling and 
Simulation 

1

Washington Headquarters Services – 
Sustainment Environmental

1

OUSD(A&S) Operational Energy 1

TOTAL: OTHER DoD 3

TOTAL FY22 New SSP Tasks 5

Table 1. FY22 New Tasks for SSP.

Defense Established Program to Stimulate Competitive Research 
(DEPSCoR)
As part of the FY22 defense appropriations bill, Congress tasked the Basic Research Office with managing DEPSCoR. DEPSCoR is 
a capacity-building program designed to strengthen the research infrastructure at institutions of higher education in underutilized 
states and territories. 

The authorization legislation for DEPSCoR included a formula to 
determine which states/territories are eligible for the program based 
on the level of DoD science and engineering R&D funds that were 
obligated to institutions of higher education within a state/territory 
over a 3-year average. Thirty-four states, the Commonwealth of Puerto 
Rico, Guam, and the U.S. Virgin Islands were eligible to participate in 
FY22 DEPSCoR (Figure 1).

The Basic Research Office anticipates approximately $15 million in 
total funding will be made available to fund approximately 25 awards 
up to $600,000 (total cost) each. Each award will be funded up to 
$200,000 (total cost) per year for 3 years in the form of a grant. The 
awards will be made across the Services, with seven of those awards 
expected to be made to ARO-led topics.

The lead topic author and corresponding Competency are listed with each topic:

1. Solid State Electronics and Electromagnetics, Dr. Joe Qiu; Electromagnetic Spectrum Sciences

2. Electrochemistry, Dr. Hugh De Long; Energy Sciences

3. Mechanical Behavior of Materials, Dr. Dan Cole; Terminal Effects

4. Synthesis and Processing of Materials, Dr. Michael Bakas; Sciences of Extreme Materials

5. Atomic and Molecular Physics, Dr. Margaret (Meg) Shea; Photonics, Electronics, and Quantum Sciences 

To meet the directives outlined by Congress, the Basic Research Office hosted several outreach events at DEPSCoR-eligible 
universities including the University of Arizona, University of South Dakota, and West Virginia University. The events served to 
raise awareness of the Basic Research enterprise, encourage increased participation in the DoD’s initiatives to support national 
security functions, and facilitate dialogue between PMs and attendees. 

Figure 1. States and territories 
eligible to participate in FY22 
DEPSCoR (in yellow)
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STEM HIGHLIGHT

Kaitlyn Szekerczes: Army Educational Outreach 
Program Undergraduate Apprenticeship Alum

Tell us about yourself. How did you get involved with the Army 
Educational Outreach Program (AEOP)?

My name is Kaitlyn Szekerczes. I’m originally from northern Maryland 
and just completed my fourth year at the University of Maryland, 
Baltimore County (UMBC). In 2021 I had the opportunity to spend 
the summer conducting research at George Washington University’s 
(GWU’s) Department of Physics in Washington, D.C., through AEOP’s 
Undergraduate Apprenticeship Program. As the child of military 
parents, I was interested in learning more about the various internship 
and research opportunities offered through the Department of Defense. 
After exploring everything available, the AEOP caught my interest!

How has your AEOP experience helped further your STEM journey?

I spent the summer of 2021 working in a research lab alongside GWU 
physics Prof. Andrei Afanasev, as well as a GWU graduate student, and 
two high school students. Our collaborative team worked on different 
projects that laddered up to one research goal. It was awesome to 
be one puzzle piece of a bigger picture. Lab research is a different 
kind of teamwork that I had never experienced before, so it was very 
exciting to be a part of it and learn more about the process, which will 
be instrumental in my future research aspirations. 

Not only did my AEOP undergraduate apprenticeship give me an 
opportunity to conduct actual research alongside a mentor, but I 
was also able to coauthor a paper that was published this February 
in the Journal of Physics Communication, titled “Electromagnetic 
Vortex Topologies from Sparse Circular Phased Arrays.” Having this 
publication experience already under my belt will be invaluable moving 
forward. In the future, I plan to attend graduate school and continue 
to pursue more research opportunities. 

Do you have any advice for someone considering pursuing STEM?

I would encourage anyone interested in STEM to feel empowered to 
take an internship or apprenticeship position, even if you don’t have 
prior knowledge or experience in the specific field. I guarantee it will 
be an impactful and irreplaceable learning experience. And even if 
you’re hesitant about doing research, go for it! You will learn so much.

With my AEOP apprenticeship, I had the opportunity to explore a field of 
research that was really different from my astrophysics observational 
research at UMBC. Although I had a lot to learn, the research was 
so interesting, and I had the support of a great mentor and research 
team to work with me.

CHAPTER 2  
PROGRAM DESCRIPTIONS AND FUNDING SOURCES
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Summary of ARO Funding and Program Actions
The following is a summary of funding and program actions for FY22. The majority of the reported 
statistics refer only to mission-driven funds (not externally leveraged funds).

FY22 Funding Actions
PMs receive white papers throughout the year and discuss 
the topic ideas with potential investigators to identify how the 
proposed research could align with program vision and Army 
needs. Approximately one-fourth of the white papers received 
by ARO PMs from academic institutions are submitted as formal 
full proposals.

Notes: These numbers refer to new-start proposals in basic research categories: SI, 
STIR, ECP/YIP, HBCUs/MIs, MURI, and DURIP. The data does not include support 
by externally leveraged funds. Data Source: ARO New Starts in FY22 Report.

1,297
White papers received in FY22

317
Proposals received in FY22

278
Total new agreements awarded 
following a competitive 
peer-review process

 

31
Agreements 
awarded  
to HBCUs/MIs

6
Agreements awarded 
through the Early 
Career Program

Where ARO Funding Comes From
ARO is funded primarily from the Army and OSD. ARO funding totaled 
$259 million in FY22. The majority of funding that ARO receives from 
the Army is categorized as either 6.1 basic research or R&D basic 
research, and is carried in the Army’s Research, Development, Test 
& Evaluation (RDT&E) account. Additional sources of Army funding 
are provided by Congressional Additions. The amount and intended 
use of Congressional Additions can vary year to year. ARO is also 
in the unique position to leverage funds from other stakeholders 
including (but not limited to) DARPA, DTRA, ONR, AFOSR, USACE, 
and USAMRDC.

MISSION FUNDS

$180M

$57M

$22M

 Army RDT&E for Basic Research

 Army RDT&E Other

 Congressional Additions for FY22

INTERNAL & EXTERNAL FUNDS

External 
Stakeholder 

Funds

$350M

$259M

Total  
Mission 
FundsNotes: Totals may not add correctly due to rounding. Data Source: ARO General 

Fund Enterprise Business System (GFEBS) Status of Funds Report (30 September 
2022).

Where ARO Funding Goes
ARO pursues a variety of different research programs and initiatives 
that have unique objectives and eligibility requirements. The ARO 
Core Research Program is the largest extramural funding program 
and is organized as a function of the scientific discipline. The other 
ARO programs and initiatives also tend to align with the Core Research 
Program scientific disciplines as PMs participate in topic formulation, 
proposal selection and award monitoring throughout the organization.

WHERE ARO MISSION FUNDING GOES

5.4%

10.5%

2.3%

0.8%

33.9%

22.2%

24.9%

 ARO Core Research Program

 Congressional Addition for Basic 
Research

 University Research Initiative 
(URI) Program

 University Affiliated Research 
Centers (UARCs)

 Small Business Technology 
Transfer (STTR) Programs

 Small Business Innovation 
Research (SBIR)

 HBCUs/MIs Program

Notes: Totals may not add correctly due to rounding. Data Source: ARO GFEBS 
Status of Funds Report (30 September 2022).
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How ARO Funding is Awarded
Of all of the agreements that are currently active, 84% percent of support from ARO goes to institutions 
of higher education. The remaining awards go to private industry, including small businesses and non-
profit institutions; federal, state, and local governments; and federally funded research centers. In FY22, 
481 individual organizations received support from ARO, 98 of which were designated as HBCUs/MIs.

ARO awarded funds as standard grants, cooperative agreements and contracts. Cooperative agreements 
are specialized grants that are used to enable substantial involvement from DoD agencies. Contracts 
are used to acquire products and services for DoD use, including research.

481
Total Grants

249
Awards going to  
U.S. institutions of  
higher education

98
Awards going  
to HBCUs/MIs

50
Awards going to  
International institutions  
of higher education

AGREEMENTS AWARDED IN FY22

 Grants  Contracts  Cooperative 
Agreements

10%

13% 77%

Notes: Totals may not add correctly due to rounding. 
Data does not include people supported by externally 
leveraged funds. Data Source: ARO Active Agreement 
Count in FY22 Report.

ARO’s Commitment to Capacity Building for the Nation 
The Nation must be prepared for a world dependent on science, technology, engineering, and 
mathematics (STEM) capabilities. Investment in U.S. institutions, researchers, and students from 
all sectors of society ensures that the Nation will maintain technological overmatch. Further, 
identifying and supporting international organizations at the cutting edge of S&T ensures that 
the United States remains the leader in the global scientific enterprise.

6,783
Total people directly supported 
by ARO 

1,871
Faculty

Notes: Data does not include people supported by externally leveraged funds. Data Source: ARO Research Performance Progress Report (RPPR) Participant Counts in FY22 Report.

596
Other Professionals

1,129
Postdoctoral Fellows

2,523
Graduate Students

664
Undergraduate and 
High School Students
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Chapter 3

Success Stories
This chapter provides a brief summary of the ARO Success 
Stories in FY22, organized by ARL Competency and the 
associated Program Manager or other ARO staff. Each Success 
Story represents fundamental studies that will also impact one 
or more of the DEVCOM ARL Competencies.

This background image is from success story “Learning 
Riemannian Metrics for Continuous Dynamics from Population 
Samples” on page 148. 
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Success Story
Associated
ARO PM/POC

Pg# SEM PE&QS MIS BBS HCS NC&CS TE WS EMSS ES MS

Words from a Senior Scientist

Thoughts on Intelligent Systems Research Sadler, Brian 33

Biological and Biotechnology Sciences

Gene Editing Renders Mosquitoes Infertile and Makes Human 
Targets Invisible to Them, Thus Reducing the Spread of Disease Burgess, James 35

Adaptive Decision-Making in Complex Physical Scenarios Burgess, James 37

Small but Mighty: Nanobiocatalytic Systems for the 
Inactivation and Biotransformation of Explosive Molecules

King-Doonan, 
Elizabeth 39

Needle in a Haystack: Real-Time Deconvolution of Complex 
Chemical Matrices

King-Doonan, 
Elizabeth 42

Microbial Dormancy – Computing a Return to Life Kokoska, Robert 44

Share and Share Alike – Evolution of Cooperative Behaviors in 
Microbial Communities under Feast-and-Famine Conditions Kokoska, Robert 46

Mitochondrial Integrity and Warfighter Readiness Strand, Micheline 48

First Sequencing of Cricetomys Ansorgei Strand, Micheline 49

Ribosome-Mediated Polymerization of Nonnatural 
Pyridazinone Bonds McElhinny, Stephanie 51

A Stretchable Molecular Composite of 2D-Layered Materials 
and Tandem Repeat Proteins McElhinny, Stephanie 53

Electromagnetic Spectrum Sciences

Deep Learning Approach to Wireless Chip Design Qui, Joe 56

Using Electricity to Find Materials That Can Learn Qui, Joe 58

Chalcogenide Perovskite Materials with Extraordinary 
Physical Properties Varanasi, Chakrapani 61

Scanning Ultrafast Electron Microscopy to Image Non-
equilibrium Hot-Carrier Dynamics in Novel Materials Varanasi, Chakrapani 63

Energy Sciences

Nanophotonic Scintillators for Sensitive and Efficient X-ray 
Imaging Burgess, James 65

Acoustic Fibers and Fabrics Burgess, James 67

New Fundamental Insights into Plasmonic Photocatalysis Dillon, Robert 69

Catalyzing High Potential Redox of Inert Molecules De Long, Hugh 72

Triple Conducting Oxides for Electrochemical Energy 
Conversion and Storage De Long, Hugh 74

Anti-Resonant Hollow Core Fibers for High Power 
Delivery Gerhold, Michael 77

Optical Microcavity Arrays for High-Speed Beamforming 
and Precision Sensing Gerhold, Michael 79

Sciences of Extreme Materials

Low-Hysteresis Shape-Memory Ceramics Bakas, Michael 82

Defining Ultrasonic Conditions for Producing Advanced 
Materials Bakas, Michael 83

Small but Mighty: Nanobiocatalytic Systems for the 
Inactivation and Biotransformation of Explosive Molecules Parker, James 85

Development of Metal-Organic Framework Fiber-based Solid-
State Catalyst for Degradation of Chemical Warfare Agents Parker, James 87

Toward Molecular Data Storage in Synthetic Polymers: New 
Chemical Tools to Synthesize and Characterize Sequence-
Defined Polymers

Poree, Dawanne 90

Ribosome-mediated Polymerization of Non-
natural Pyridazinone Bonds Poree, Dawanne 92

Sustained ARO Investments in Cephalopod Research Yield 
New Dual-Use Pigments for the Army Runnerstrom, Evan 94

ARO Investments in Self-Assembly Enable Additive 
Manufacturing at the Nanoscale Runnerstrom, Evan 97
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Success Story
Associated
ARO PM/POC

Pg# SEM PE&QS MIS BBS HCS NC&CS TE WS EMSS ES MS

Words from a Senior Scientist

Words from a Senior Scientist Everitt, Henry 99

Humans in Complex Systems

Adaptation in Human–Agent Teams Boothe, David 103

Network-Based Methodologies Accelerate Neural Prediction 
and Sensitivity to State Transitions Garcia, Javier 106

Understanding Brain Waste Clearance as a Pathway for 
Enhancing Cognitive Performance Gregory, Frederick 108

RF Bioelectronics: Noninvasive Measurement and Control of 
Bacterial Bioelectricity Ivanisevic, Albena 111

Biotronic Control of Bioelectric Communication in Bacteria Ivanisevic, Albena 113

Leveraging Mind–Body–Community Connections to Reduce 
Alcohol Abuse Palazzolo, Edward 115

Developing Research Infrastructure to Strengthen  
Socio-Cognitive Security for Combating Misinformation  
and Deviant Connective Action

Palazzolo, Edward 117

Training Biophysical Thalamocortical Models to Play Games 
Through Biologically Realistic Reinforcement Learning Rules Pasour, Virginia 119

A “Shotgun” Approach to Genome-Level Predictive Models Pasour, Virginia 123

Mechanical Sciences

Spatial Variability in Aeolian Abrasion Barzyk, Julia 126

Grain Shape Effects in Bed Load Sediment Transport Barzyk, Julia 128

What We Can Still Learn from Latched Spring-Masses Culver, Dean 130

From Data-Driven Operator Theoretic Schemes to Prediction, 
Inference, and Control of Systems Culver, Dean 132

Military Information Sciences

Computation and Statistics in High-Dimensional Problems of 
Autonomy Cansever, Derya 134

Regaining Control in Reinforcement Learning Cansever, Derya 135

Online Meta-Learning for Continuous Adaptation in Multitask 
Settings Fields, MaryAnne 137

Knowledge-Guided Scene Graph Generation and Reasoning 
for Visual Understanding Fields, MaryAnne 139

Learning to Compose Data-Driven Models with Knowledge Krim, Hamid 142

Foundations of Deep Learning Krim, Hamid 144

Physics-Based Bayesian Inverse Problems via Deep 
Generative Priors Martin, Robert 146

Learning Riemannian Metrics for Continuous Dynamics from 
Population Samples Martin, Robert 148

Constructive Decision Theory St. Amant, Robert 151

Toward Transparent Machine Perception Systems St. Amant, Robert 153

Network, Cyber, and Computational Sciences

Neural Networks for Quantum-State Characterization Success Kirby, Brian 156

A Wideband Transmitter Based on Signal Segmentation Myers, Joseph 159

Development of an Autonomous Off-Road Ground Vehicle 
Simulator Myers, Joseph 161

Distributed Communications, Computation, and Caching Over 
Wireless Networks Ulman, Robert 163

Ultra-low Latency Communications in Multi-Hop Wireless 
Networks Ulman, Robert 165

Building the Foundations of Autonomous Cyber Defense Yu, Paul 166

Building the Scientific Foundations for Provably Secure 
Machine Learning Yu, Paul 168
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Photonics, Electronics, and Quantum Sciences

Sub-centimeter Gravimetry with a Spatially Multiplex Optical 
Lattice Clock Baker, Paul 170

Long-lived Bell States in an Optical Tweezer-Array Clock Baker, Paul 172

Novel Quantum Computing Architectures: Optical Parametric 
Oscillators in the Quantum Regime Gamble, Sarah 175

High-Temperature and Tunable Quantum Magnetic Materials Harvey, James 179

Optically Induced Magnetic Fields Joseph, James 182

Non-Hermitian Metasurfaces Joseph, James 184

Demonstration of Diamond Nuclear Spin Gyroscope Malinovsky, Vladimir 186

Engineering Light-Matter Interactions for Quantum Sensing Paskova, Tania 189

Bandgap and Impact Ionization Engineering for Ultra-Low-
Noise Avalanche Photodetectors Paskova, Tania 191

Terminal Effects

Lung Tissue Mechanics and Injury Under Dynamic Loading Clayton, John 194

Novel Properties of Pressure-Activated 2D Materials Cole, Daniel 197

Guided Energy Absorption with Crumpled Polymer Sheets Cole, Daniel 199

High-Pressure Deformation Mechanisms in Lightweight 
Structural Alloys Ford, Denise 201

Extreme Mechanical Behavior of Hierarchical Materials Ford, Denise 202

Weapons Sciences

Launch of the Energetics Basic Research Center Anthenian, Ralph 204

Three-Dimensional Flow Physics and Acoustics of Small-
Scale Rotors Edwards, Jack 206

Microscale Experiments for Developing Novel Energetic 
Materials Gottfried, Jennifer 209

Technology Integration and Outreach Office

Increasing Outreach to Trusted Partners Chaney, Ivory 212

High School and Undergraduate Apprentices Tackle Quantum 
Problems Chaney, Ivory 213

New Technology to Mitigate Ransomware Attacks Fox, Nicole 214

The Forensics Investigations Network in Digital Sciences 
Research Center of Excellence Huff, Patricia 216

Advances in the Scalability and Engineering of Metal-Organic 
Frameworks Smith, Imee 218

Algorithms for the Initialization of Dismounted Navigation 
Systems Smith, Imee 219

Words from a Senior Scientist

On-Demand Synthesis of Target Materials in Biological Cell-
Like Multiple-Component Capsules Karna, Shashi 221

Flexible Magnets for Wearable Devices Karna, Shashi 222

Two-dimensional van der Waals Heterostructures as Source for 
New Light and Electromagnetic Shielding Karna, Shashi 222
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WORDS FROM A SENIOR SCIENTIST

Dr. Brian M. Sadler
Senior Research Scientist 
for Intelligent Systems
Dr. Sadler is focused on foundational holistic multidisciplinary 
science leading to intelligent systems for decisive overmatch. 
This includes unmanned aerial vehicle (UAV)/unmanned ground 
vehicle (UGV) swarms, integrated secure networks, geometric 
and semantic reasoning, and human–machine decision making. 
These build upon multi-agent intelligent system architectures 
that learn to perceive, communicate, and act collaboratively 
to achieve resilient team performance. 

Dr. Sadler is an elected ARL Fellow and Life Fellow of the 
Institute of Electrical and Electronics Engineers (IEEE), has 
been a distinguished lecturer for the IEEE Signal Processing 
and the IEEE Communications Societies, and has served as an 
editor for nine journals in signal processing, communications, 
and robotics. He received two Best Paper Awards from the 
IEEE Signal Processing Society, three Army Research and 
Development Awards, the ARL Award for Science, the 
Commander’s Award for Civilian Service, and the Presidential 
Rank Award.

Dr. Sadler obtained his B.S. and M.S. degrees from the 
University of Maryland, College Park, and his Ph.D. degree 
from the University of Virginia, Charlottesville, all in Electrical 
Engineering. 

Thoughts on Intelligent Systems Research

Developing intelligent and autonomous systems requires a research 
portfolio that is far-ranging across scientific disciplines. Advances in 
artificial intelligence and machine learning (AI/ML) have resulted in 

rapid progress on previously intractable problems, and this builds on tech-
nology convergence and miniaturization trends over the past few decades. 
Advances in computing and curated big data-collection enabled ML experi-
ments at the size and complexity needed to fully realize the benefit of various 
processing architectures. Concurrently, advances in microelectronics, sensors, 
and actuators have enabled increasingly sophisticated combinations of 
perception, networking, human interaction, and control on smaller physical 
platforms. Consequently, there is now a rich tapestry of research around in-
telligent systems that spans AI/ML, mechanics and aeronautics, networking, 
human–machine collaboration, electromagnetics, energy, and other areas. 

To accommodate the many disciplines and systems complexity, ARL has 
adopted an enterprise model to maintain awareness, support, and collabo-
ration across all these areas. Broadly stated, ARL’s goal is to accelerate the 
generation of knowledge and understanding of how the Army will fight, de-
fend, and protect with intelligent systems through focused research, situated 
experimentation, and establishment of intelligent systems technologies. 

The ARL enterprise interweaves extramural and intramural efforts, 
smoothly combining 6.1 and 6.2, and leading to sophisticated modeling 
and experimentation. Extramural engagement includes ARO grants to 
individual principal investigators (PIs) and to focused multidisciplinary 
groups. ARL scientists and engineers (S&Es) use collaborative alliances and 
agreements to work directly with academics and industry, including both 
6.1 and 6.2. These feed ARL experimentation in autonomy and other areas. 

The coordinated diversity of the enterprise is a great strength of our approach. 
Diversity fosters innovation and enhances problem-solving. Diversity of ideas, 
people, disciplines, research business models—these lead to technological 
advantage. By embracing research diversity within the enterprise, we build a 
research portfolio that encourages independent ideas, demands interdisciplin-
ary activity, and seizes on promising opportunities for experimental sprints. 

ARL’s extramural engagement with the world’s leading academic and 
industry partners is primarily based on two business models: grants and 
collaborative agreements. Grants, administered by ARO program managers 
(PMs), provide a traditional and unfettered approach to science through 
single PI and up to Multidisciplinary University Research Initiative (MURI) 
consortia awards. The PMs inform and are informed by ARL S&Es who assist 
with evaluation, overall program goals, and MURI topic selection. And 
although they are not required to do so, ARO-funded PIs often collaborate 
with ARL S&Es in various ways, such as the variety of ARL summer intern 
programs. The United States federally funded grant system has for decades 
unlocked an amazing treasure of foundational advances in all phases of 
science and engineering, and this ARO 2022 Year in Review describes an 
important focused slice across one year and one agency. The reader can 
note that many of the research programs and projects described in this 
review are foundational to future intelligent systems. ARO single PI and 
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MURI grants are a highly effective time-proven way to explore new high-
risk—but potentially high-payoff—ideas, and to lay the foundation on 
which further advances may follow. 

Collaborative agreements, competitively administered by ARL S&Es 
(and often advised by ARO PMs), provide a flexible framework for close 
collaboration between extramural partners and the ARL intramural 
program. ARO PMs provide independent assessments of collaborative 
programs and identify gaps that may be addressed within the enterprise 
as grants or collaborative agreements. Since its inception in 1992, ARL 
has pioneered the use of small and large collaborative partnerships whose 
benefits are manyfold. Defining and working on relevant problems in close 
collaboration with academics lead to advances in course curricula that 
are focused on key areas, and collaboration with students gives rise to 
onboarding of new Ph.D.’s into government service at ARL. This invigorates 
and accelerates ARL intramural programs with unprecedented speed, 
often in rapidly emerging areas where hiring may be otherwise difficult 
due to heightened commercial activity. 

The enterprise approach harmonizes the many aspects of intelligent 
systems’ research and development. In the past, ARL research projects 
often centered on component technology. Today, we focus more and 
more on adding intelligence into systems. Technology convergence 
leads to research with integrated complex platforms, such as robots or 
software-defined networks. Even a small battery-powered UGV or UAV may 
incorporate sensing and perception, networking, navigation, reasoning, 
and collaboration with other platforms. 

The advent of the ML era has provided a new algorithmic toolbox that is used 
across practically all of ARL research and is especially enabling for intelligent 
and autonomous systems. The use of data-driven learning to develop highly 
nonlinear algorithms, most prominently realized with connectionist neural 
networks, bypasses previous roadblocks in algorithm derivation. However, 
while powerful ML software packages are readily available for the next data 
set, we lack axiomatic derivation and predictive performance theories, and 
must learn from experience what works and what doesn’t. This stands in 
sharp contrast with some traditional Army applications that use man-made 
signals, such as radar and communications, where precise parametric signal 
descriptions are combined with stochastic noise and interference models 
that lead to highly accurate statistical analysis and performance bounds, 
and these enable optimal system designs. 

The upshot is that progress with intelligent systems requires spiral exper-
imentation, and here the enterprise approach is essential. ARL UAV/UGV 
software and hardware test-beds provide the framework for modular intel-
ligent systems architectures that build on success and enable controlled 
testing of new algorithms and modules. ARL uses sprints by engaging in 
relatively short (typically 2- to 3-year) collaborative agreements that may 

focus on a promising approach to some particular system component and 
lead to rigorous trials in an ARL system test-bed. The extramural partner 
works with ARL to develop the appropriate algorithm and then define 
and carry out joint experiments. In some cases, simulations in a realistic 
3D test-bed environment may be called for, especially for scenarios that 
aren’t easily carried out in current test platforms. 

In addition to sprints, larger and longer-term collaborative consortia are 
established to sustain group focus on intelligent system development, such 
as multi-agent autonomy, distributed sensing and processing at the edge, 
and human–machine teamwork. These progress through biannual program 
plans, with built-in flexibility for PI entry/exit, evolving collaborations, 
joint experiments, and detailed periodic reviews with feedback from 
Army centers as well as the Office of the Secretary of Defense and other 
DoD agencies. DEVCOM development centers offer road maps that help 
steer projects toward relevant research products and transition. These 
collaborative consortia also provide a flexible contractual vehicle for 
supplemental research tasks, with ARL or other agency sponsorship. 

There are many new research gaps and questions related to intelligent sys-
tems. Learning theory is an important area where foundational theoretical 
analysis is needed. As we better understand learning and the use of data, 
we seek to break the dependence on big data and find ways to learn rapidly 
by, for example, exploiting prior knowledge and memory. Intelligent system 
architectures are seemingly intuitively obvious based on a functional view 
of neurology, but the closer one looks, the more complex they seem. Just as 
basic convolutional neural networks were bio-inspired, so we are motivated 
to see if the combination of ML and neuroscience may lead to new bio-in-
spired system architectures, and once again bypass the lack of axiomatic 
system derivation. As we identify promising architectures, we also seek 
better methods and tools for systems evaluation and study of trade-offs. 
Ultimately, if an autonomous system faces safety-of-life scenarios, then 
we must have highly reliable methods for test and evaluation providing 
reasonable guarantees, and exhaustive testing in every scenario does not 
appear to be sufficient even when it is somewhat possible. 

The new frontiers of intelligent system research include multi-agent learn-
ing and collaborative behaviors, reasoning that combines geometric and 
semantic information, human-machine interaction in a natural and intuitive 
way (i.e., language), fast and verifiable derivation of complex plans and me-
chanical controls from simple statements of commander’s intent, advanced 
reasoning over possible complex and uncertain courses of action, embodied 
intelligence, unified learning theories that include levels of intelligence and 
bounded rationality, integrated intelligent cyber-secure networks, materials 
and processing for extremely low-power AI computing, and inverse learning 
and adversarial engagement. These, and much more, are already under 
study across the ARO and ARL intelligent systems enterprise. 

By embracing research diversity within the enterprise, we build a research portfolio 

that encourages independent ideas, demands interdisciplinary activity, and seizes on 

promising opportunities for experimental sprints.
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BIOLOGICAL AND BIOTECHNOLOGY SCIENCES

INSTITUTE FOR COLLABORATIVE BIOTECHNOLOGIES

Dr. James Burgess
Program Manager

Dr. Burgess completed 
his undergraduate stud-
ies at Longwood Univer-
sity, receiving his B.S. in 
Chemistry. He earned 
his Ph.D. in Chemistry 
from Virginia Common-
wealth University in 

1997 before serving as a postdoctoral re-
search associate at Ames Laboratory, a U.S. 
Department of Energy’s National Labora-
tory administered by Iowa State University. 
He joined ARO in 2019 following faculty 
appointments at Case Western Reserve 
University and Augusta University, where 
he served as Chair of the Department of 
Medical, Laboratory, Imaging, and Radiolog-
ic Sciences in the College of Allied Health 
Sciences.

Current Scientific Objectives
The core research goals of the Army’s Institute for Collaborative Biotechnologies (ICB) 
University Affiliated Research Center (UARC) are to understand and control biological 
processes and to use or adapt them for novel technologies that enhance Warfighter 
capabilities and performance. Within the Systems and Synthetic Biology research 
focus, there are four interrelated research themes: understanding biological networks 
and circuits, biological synthesis strategies, spatial and temporal dependences in 
biological systems, and manipulation of cellular behaviors. These projects engineer 
novel biological pathways that can be used to synthesize strategic materials, to provide 
high-sensitivity sensing and monitoring, and to optimize the Warfighters’ microbiome. 
Within ICB Biologically Enabled Materials research focus, there are three core research 
themes: biochemical syntheses of new materials, biotic-abiotic interactions and 
interfaces, and integration of biological components in materials that function under 
abiotic conditions. These target new capabilities for portable energy applications, 
point-of-need syntheses of strategic materials, and lightweight, functional materials 
for signature management. Within ICB Cognitive Neuroscience research focus, the 
overarching research theme is to investigate core components of human cognition that 
are essential for successful performance in complex environments. Specifically, the 
projects consider the fundamental challenges a Soldier faces in real-world operational 
planning, navigating, decision making, and sustaining task prioritization and situational 
awareness as information complexity and stress escalate.

SUCCESS STORY 

Gene Editing Renders Mosquitoes Infertile and Makes 
Human Targets Invisible to Them, Thus Reducing the Spread 
of Disease
Research funded through the Army’s ICB used CRISPR/Cas9 gene editing to render male Aedes aegypti 
mosquitoes infertile and also to create mosquitoes that are no longer capable of visually recognizing their 
human targets but are not blind. Since mosquitos spread the viruses that cause potentially deadly diseases 
such as Zika, dengue fever, and yellow fever to Soldiers and civilians, this research provides powerful new 
tools for controlling the spread of tropical diseases. 

CHALLENGE
The most widely used strategy to control insect-
borne disease is to repel them. DEET, the most 
commonly used repellent worldwide, was developed 
in 1944 for use by the U.S. Army. While it remains 
the most effective repellent, it has important 
limitations. DEET is not very potent. Therefore, the 
typical concentrations used are between 20% and 
100%. Furthermore, it has to be reapplied every few 
hours, so it does not offer full protection at night, 
unless it is reapplied. There are also health concerns, 
as DEET can be an irritant and can cause headaches 
and burning eyes. DEET is also an effective solvent 
and dissolves many types of synthetic fabrics, which 

restricts its utility. Despite the limitations of DEET, 
no better repellents have been discovered during the 
nearly 80 years since DEET was developed. 

Insect vector-borne disease compromises the de-
ployment and readiness of Army personnel in many 
overseas locations, especially in the tropics, and 
this problem continues since there are no effective 
vaccines for any of the diseases spread by the 
mosquito, Aedes aegypti (Figure 1). Two key sci-
entific challenges are to identify new genetic 
mechanisms for control of mosquito populations 
that spread diseases and to understand how to 
limit the attractiveness of people as targets to 
mosquitoes. 

Figure 1. The mosquito Aedes aegypti (Peter Allen,
University of California, Santa Barbara).

This success was made possible by:

Dr. Aura Gimm, Program Manager; 
Biomolecular Materials, Materials 
Sciences and Engineering Division, 
Office of Basic Energy Sciences 

Dr. James Burgess; Energy Sciences, 
ARO

Citations:

Zhan, Y. et al. Curr. Biol. 31, 4180 
(2021).

Chen, J. et al. Proc. Natl. Acad. Sci. 
USA 118, e2105075118 (2021).

Alonso San Alberto, D. et al. Nat. 
Commun. 13, 555 (2022).
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nearly 80 years since DEET was developed. 

Insect vector-borne disease compromises the de-
ployment and readiness of Army personnel in many
overseas locations, especially in the tropics, and
this problem continues since there are no effective
vaccines for any of the diseases spread by the
mosquito, Aedes aegypti (Figure 1). Two key sci-
entific challenges are to identify new genetic
mechanisms for control of mosquito populations
that spread diseases and to understand how to
limit the attractiveness of people as targets to
mosquitoes.

Figure 1. The mosquito Aedes aegypti (Peter Allen, 
University of California, Santa Barbara).

ACTION

University of California Prof. Craig Montell was 
originally selected for ARO funding under the 2019-
2021 ICB cooperative agreement by ICB Program 
Manger Aura Gimm in the Fall of 2018. Based on 
his strong research productivity and high-profile 
publication record, Dr. Burgess recommended to 
the ICB Technical Assessment Board that Montell 
should receive continuation funding under the 
2022-2023 ICB cooperative agreement. 

RESULT

Only female mosquitoes bite and spread disease-
causing pathogens. An actively pursued approach 
for reducing mosquito populations is the sterile 
insect technique (SIT). This approach involves 
inundating a local population of female mosquitoes 
with sterile males. If the females mate with the 
sterile males first, it renders the females sterile, 
since the females effectively mate only once. 
However, the sterile males that have been used 
for SIT have been created by irradiation, which has 
a fitness cost relative to other male mosquitoes 
who have not been exposed to radiation. Prof. 
Montell’s team used CRISPR/Cas9 to develop the 
first genetically induced sterile male mosquitoes. 

Since the genetic mutation only effects sperm 
production, there was no other collateral damage 
to the male’s fitness. The ability to produce sterile-
yet-fit male mosquitoes offer hope to increase the 
efficacy of the sterile insect technique and reduce 
insect-borne disease in local environments, such 
as around Army bases. 

Prof. Montell’s ICB-supported research has also 
resulted in genetically engineered mosquitoes that 
are no longer capable of visually recognizing host 
targets, but that are not blind. By using CRISPR/
Cas9 gene editing, the research team mutated two 
genes that encode rhodopsins expressed in the 
eyes of Aedes aegypti. Using cage and wind-tunnel 
assays, it was determined that the double mutants 
had no vision-guided target attraction although they 
still exhibited normal phototaxis, odor-tracking, and 
CO2-induced target seeking. This work represents 
the first genetic perturbation of vision in mosquitoes 
and indicates that vision-guided target attraction 
by Aedes aegypti depends on two highly related 
rhodopsins. 

Finally, Prof. Montell and collaborators have found 
that CO2 induces a strong attraction to specific 
spectral bands, including those that humans per-
ceive as orange and red. Sensitivity to orange and 
red correlates with mosquitoes’ strong attraction 
to the color spectrum of human skin, which is dom-
inated by these wavelengths (Figure 2).

wild-type
Aedes aegypti

opsin1, opsin2
mutant

CO2-induced visual attraction

CO2 plume

CO2 plume

no visual attraction

wild-type
Aedes aegypti

opsin1, opsin2
mutant

CO2-induced visual attraction

CO2 plume

CO2 plume

no visual attraction

Figure 2. Elimination of vision-guided target attraction in the mosquito Aedes aegypti using CRISPR/Cas9 
gene editing (Curr. Biol. 31, 4180 [2021]). 

WAY AHEAD

The ability to produce sterile yet fit male mosquitoes 
offers hope to increase the efficacy of the sterile 
insect technique and reduce insect-borne disease 
in local environments, such as around Army bases. 
Insights gained from the research results obtained 
by Prof. Craig Montell and his collaborators could 
potentially lead toward modification of Army 
uniforms so that they are able to better shield IR 
radiation at specific wavelengths and reduce the 
ability of mosquitoes to target Soldiers. 

ARL Competencies:

Biological and Biotechnology Sciences

Results

• Created infertile yet fit male mos-
quitoes for control of Aedes aegyp-
ti populations using CRISPR/Cas9 
gene editing.

• Discovered the first genetic pertur-
bation in the mosquito Aedes ae-
gypti that eliminated vision-guided 
target attraction, making humans 
“invisible.”

Anticipated Impact

The anticipated impact of these ICB 
basic research results will likely be 
seen within Army research programs 
at the DEVCOM Soldier Center and the 
Army’s Walter Reed Army Institute of 
Research. 
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Adaptive Decision-Making in Complex Physical Scenarios
This foundational work in Cognitive Neuroscience at the Army’s ICB is focused on adaptive complex 
decision-making and planning in dynamic physical environments. This work integrates rigorous measures 
of performance, brain activity, and physiology and will inform efforts enhancing individual performance 
as well as the performance of shared human–agent interfaces.

CHALLENGE

Mission-critical decision-making is an amalgam of 
sense making, prior experience, habits, knowing 
what is feasible, and recognizing what is costly. The 
interactions between these factors are omnipresent 
when choices are made in the real world, but they 
are lost in the rarified tasks typically employed in 
cognitive neuroscience experiments. With that 
discrepancy in mind, the primary challenge in this 
work has been to develop a theoretical approach to 
real-world decision-making that takes into account 
the interaction between effortful planning, efficient 
heuristics, selection amongst alternatives, and an 
appraisal of physical ability.

ACTION

In 2019, ISN Program Manager, Dr. James 
Burgess, sponsored an ISN research team to 
explore new basic science directions in support 
of nanocomposite fibers for functional fabrics. Dr. 
Burgess’s proactive leadership of the ISN research 
program has resulted in the discovery of these new 
functional fibers alluding to uniforms that can aid in 
tactical decision-making by listening and reporting 
and monitoring physiological vital signs without 
added weight and power burdens. 

RESULT

This effort began by completing brain mapping 
studies of value-driven decision-making under 
high and low stakes (Shapiro et al., 2020). Whereas 
prior research had considered rewards and losses as 
two ends of the same continuum, this work pitted 
rewards against real costs (either electric shocks 
or minutes of effortful exercise). This methodology 
allowed for the identification of brain regions that 
integrate value and costs and showed for the first 
time that these same areas of the brain are also 
critical for overcoming ambivalence, when the 
certainty of an optimal choice is reduced. 

In a frequency-tagged electroencephalography 
(EEG) study, which was performed in collaboration 
with Dr. Javier Garcia of ARL, it was found that eval-
uation of a current reward offer (and not cost) is 
conditioned by prior subjective value, mediated by 
implicit orientation processes. In multiple studies 
measuring the recruitment of the sympathetic ner-

vous system, which is a network of nerves that en-
ables activation of the human body’s “fight-or-
flight” response, it was demonstrated that this 
system is specifically engaged under conditions of 
a deteriorating environment or context (Dundon et 
al., 2020). This sympathetic nervous system re-
cruitment is regulated by the same cortical areas 
in the human brain that sustain value-based deci-
sions and drive-motivated behavior (Dundon et al., 
2021). These results hold promise for the develop-
ment of biometric devices that are able to track a 
Warfighter’s implicit appraisal of their current sit-
uation and surroundings (Figure 3). 

Figure 3. Maj. Lazaro Oliva Jr. shows the potential 
effects of a tactical decision to other 1st Cavalry 
Division planners while conducting the Tactical 
Wargaming Analysis Model, 8 Nov 2018. (Source: 
https://www.dvidshub.net/image/4898367/1st-
cav-planners-play-games-improve-mission-
planning-skills’ Photo by Maj. Joseph Payton, 
Headquarters, 1st Cavalry Division Public Affairs).

This work also investigated how heuristics are 
used to inform human decision-making in complex 
environments (Dundon et al., 2022). Critically, the 
tasks performed captured action proficiency in 
determining rewards. Those test subjects adopting 
a heuristic strategy preserved broad decisional 
advantages over those using a forward simulation 
strategy. In addition, use of heuristics was shown 
to align with greater action proficiency. Using 
multi-voxel pattern analysis, the neural systems 

This success was made possible by:

Dr. Robert Kokoska; Biological and 
Biotechnology Sciences, ARO

Dr. Aura Gimm; Program Manager, 
Biomolecular Materials, Materials 
Sciences and Engineering Division, 
Office of Basic Energy Sciences 

Dr. James Burgess; Energy Sciences, 
ARO

Citations:

Shapiro, A. D. et al. PLoS ONE. 15(2), 
e0225617 (2020).

Dundon, N. M. et al. Cogn. Affect. 
Behav. Neurosci. 20(4), 730 (2020).

Dundon, N. M. et al. Front. Behav. 
Neurosci. 15, 615796 (2021).

Dundon, N. M. et al. bioRxiv, 
2022.04.01.486746v2 (2022).

Cieslak, M. et al. Nat. Methods. 18, 
775 (2021).
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supporting heuristic and forward simulation strategies were identified with magnetic 
resonance imaging (MRI). Working with our long-term Army collaborator Dr. Jean 
Vettel, improvements have been made to MRI image analysis, including an integrative 
platform (QSIPrep) for preprocessing and reconstructing diffusion-weighted magnetic 
resonance imaging data, which has become the primary method for noninvasively 
studying the organization of white matter in the human brain (Cieslak et al., 2021).

The experiments involving choice and action selection also provided an opportunity to 
characterize the neural substrates of sequential action planning and for on-line route 
correction. This has resulted in the development of novel modeling methods that com-
bine hierarchical reinforcement learning and dynamic programming with MRI identified 
key regions that support real-time updating of route planning (Figure 4).

Figure 4. Contrasts of decisions and 
confidence conditions. Contrasts of 
response magnitudes from the commit 
phase of confident > ambivalent 
trials (purple) were observed in the 
ventromedial prefrontal cortex (vmPFC) 
and were stronger for confident trials 
than ambivalent trials. (Source: Shapiro, 
A. D. et al. PLoS ONE. 15(2), e0225617 
(2020). https://doi.org/10.1371/journal.
pone.0225617.g005.) 

WAY AHEAD

This research program involves the development of laboratory tasks that capture 
some of the complexity and dynamics of mission planning and execution that are 
relevant to Army operations. The work focuses on the hard trade-offs between 
physical capabilities, costs, and rewards. The modeling aims to understand the 
degree to which the human relies on prior biases or habits while flexibly adapting 
to new conditions. Critically, it is now possible to identify individualized mechanisms 
that can be supported by human–agent teaming strategies. To develop a research 
program that is Army relevant, Drs. Jean Vettel and Javier Garcia will continue to 
contribute to the design of EEG experiments involving frequency tagging. In parallel, 
the research program will continue to draw upon the expertise of our Army collaborator 
Dr. Tad Brunyé (DEVCOM Soldier Center) in heuristic route planning to refine the 
experiments to be able to further characterize individual differences in planning 
strategies and to design a task that can manipulate planning biases within a given 
participant. 

This success was made possible by:
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ARL Competencies:

Humans in Complex Systems

Results

• Developed planning task and
computational methods, which
distinguish between three differ-
ent planning and decision-making 
strategies that people employ to 
solve real-world problems.

• Identified brain regions that inte-
grate value and costs, and showed 
for the first time that these same 
areas are also critical for overcom-
ing ambivalence when the certain-
ty of an optimal choice is reduced.

• Demonstrated the sympathetic
nervous system is specifically en-
gaged under conditions of a dete-
riorating environment.

• Created a high-performance, auto-
mated, and highly accurate pipeline 
for analyzing all commonly used
types of diffusion brain scans to fa-
cilitate large-scale, multicenter anal-
yses of human brain connectivity.

Anticipated Impact

Ultimately, these efforts will impact 
how we develop strategies to improve 
training in the domain of mission 
planning and execution. They are 
also foundational for developing ef-
fective man–machine interfaces that 
capitalize on shared decision-making 
coupled with physical demands.
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BIOLOGICAL AND BIOTECHNOLOGY SCIENCES

ENVIRONMENTAL CHEMISTRY

Dr. Elizabeth (Liz) King-Doonan
Program Manager

Dr. King-Doonan completed her undergraduate 
studies at Boston University, receiving her B.S. 
in Marine Sciences in 2012. She trained as a bio-
geochemist at Oregon State University, receiv-
ing her Ph.D. in Earth, Ocean, and Atmospheric 
Sciences in 2017. She came to ARO in 2019 as 
the Program Manager for the Environmental 
Chemistry Program.

Current Scientific Objectives
The Environmental Chemistry Program provides a complete and 
practical understanding of transport, degradation, and reaction 
processes for chemical threats and other compounds of military 
interest. The goal of the research is to enable unprecedented 
detection, prediction, manipulation, and mitigation strategies in 
complex environmental matrices. The program will identify high-
impact fundamental research opportunities in three main areas:

1| Achieve understanding of the structure and reactivity of
chemicals in multiphase environments, where reactions 
and transport processes occur between the solid, liquid, 
and gaseous phases. If successful, this knowledge will 
mitigate the impact of attacks or natural disasters by 
enabling accurate assessment of chemical transport, and 
thus rapid response by future Army forces. 

2| Develop cutting-edge analytical and experimental
approaches to discern compounds of interest in complex 
environments that, if successful, will enable new 
capabilities for the detection and source partitioning of 
biological and chemical threats. 

3| Determine how dynamic and extreme climate conditions
alter the speciation, partitioning, transformation, 
and recovery of chemical compounds and resources. 
If successful, this information will enable the Army 
to overcome critical knowledge gaps that limit our 
understanding of the magnitude of extreme weather events 
and their effect on environmental security.

SUCCESS STORY 

Small but Mighty: Nanobiocatalytic Systems for the 
Inactivation and Biotransformation of Explosive Molecules
This ARO-funded initiative is developing a framework for the biotransformation of insensitive munitions in 
complex environmental media. This technique will inform the ability to engineer biological nanomaterials 
with enhanced stability and efficacy and provide the Army with new strategies for rapidly degrading 
chemical threat agents.

CHALLENGE

Explosive materials are energetic compounds that 
have the potential to accumulate in environmental 
reservoirs including soil, water, and biota. These 
explosives enter the environment through military 
activities and conflict, manufacturing, and 
dumping. The most common explosive materials 
are 2,4,6-trinitrotoluene (TNT), nitroglycerine (NG), 
hexahydro-1,3,5-trinitro-1,3,5-triazine (RDX), and 
octahydro-1,3,5,7-tetranitro- 1,3,5,7-tetrazocine 
(HMX). Once released into terrestrial environments, 
these compounds are responsible for adverse 
carcinogenic and mutagenic effects in humans, 
flora and fauna, fisheries, and livestock. Given the 
health and environmental implications, it is critical 
to develop strategies to degrade explosive materials 
rapidly and efficiently. 

Bioremediation has been identified as a promising 
method for transforming explosive materials into 
innocuous products. Because explosives are organic 
materials, they can be mineralized into valuable 
metabolic compounds through enzymatic reactions. 
Thus, by identifying the enzymes responsible for 
explosive degradation, there is potential to lever-
age these pathways to rapidly mitigate explosive 
contamination in environmental systems. However, 
there are several knowledge gaps that hinder the 
ability to efficiently biotransform explosive materi-
als. First, microbial degradation is a relatively slow, 
inefficient process that requires high concentrations 
of enzymes and/or explosive compounds to be effec-
tive. Second, it is well-documented that explosives 
interact with other components of soil and water 
(e.g., organic matter). These interactions (1) make 

This success was made possible by:
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it difficult for microorganisms to access and degrade 
the explosive compound and (2) lead to the forma-
tion of toxic intermediate products not predicted in 
experimental studies. Overcoming these knowledge 
gaps requires an interdisciplinary approach whereby 
the biological pathway responsible for degradation is 
identified and optimized for efficiency under a range 
of environmental conditions, and the thermodynam-
ics and kinetics of explosive degradation reactions 
are quantified within a complex soil matrix.

ACTION

Dr. King-Doonan recognized that advancing the 
limits of biotransformation under “natural 
conditions” required an interdisciplinary effort that 
paired biotechnology with environmental chemistry. 
In 2020, through discussions with Ms. Denisse 
Szmiegel, a Program Manager for the Americas 
Region in ARO’s International Division, Dr. King-
Doonan learned of collaborative research conducted 
by Prof. Roberto Parra-Saldivar, a Research Professor 
in Biotechnology at Tecnológico de Monterrey in 
Mexico, and researchers at DEVCOM Armaments 
Center (AC) from 2017 to 2019, to characterize 
laccase enzymes collected from white-rot fungi 
native to Mexico (Pycnoporus sanguineus) as a 
potential catalyst for the inactivation and 
degradation of explosives (Figure 1). 

Dr. King-Doonan and Ms. Szmiegel organized a 
seminar to learn more about Prof. Parra-Saldivar’s 
work with researchers at DEVCOM AC. Prof. Parra-
Saldivar presented his successful technique for 
isolating laccase enzymes from P. sanguineus 
and demonstrated the degradation of TNT and 
NG into nontoxic intermediate products. However, 
challenges with the stability of the laccase enzyme 
prevented successful application in soil and aqueous 
environments. 

D1 D1

D2 D2

D3 D3

Figure 1. Ribbon representation of the 3D structure of PsLacI (A) and PsLacII (B) (laccase enzymes) from 
white rot fungi (Pycnoporus sanguineus) (Orlikowska et al., 2018).

It became clear in subsequent discussions with Prof. 
Parra-Saldivar and DEVCOM AC that more research 
was required to fully realize the potential of laccase 
as a biotransformation tool for explosive materials. 
First, research was required to optimize the stability 
of laccase in soil environments. An emerging 
innovation in biotechnology is the nanobiocatalyst 
(NBC) system, which would require assembling 
the laccase enzyme onto a nanomaterial carrier 
with the goal of sheltering the enzyme against 
the interfering soil matrix environment, thereby 
increasing the stability (and lifetime) of the 
process. There are several NBC systems capable 
of stabilizing laccase, but the efficacy of these 
systems has not been quantified for environmental 
conditions relevant to contaminated soils. Second, 
interactions of NBC systems with the soil matrix 
are completely unexplored despite how important 
those interactions are in determining the enzymatic 
degradation rate of explosives. 

Given the importance of NBC systems to the 
success of this research, Dr. King-Doonan reached 
out to Dr. James Parker, ARO’s Reactive Chemical 
Systems Program Manager, who had an interest in 
understanding nanostructured chemical systems 
for hazardous materials management. Dr. Parker’s 
program had a specific interest in understanding 
how chemical and biological moieties behaved 
and reacted with surfaces and at interfaces. 
Because of the relevance of the NBC systems to 
both programs’ interests, Drs. King-Doonan and 
Parker strategically partnered and invited Prof. 
Parra-Saldivar to submit a proposal advancing 
his work on laccase NBC systems for explosive 
material degradation. The proposed effort would 
last for 3 years and focus on (1) developing NBC 
systems and characterizing their catalytic capacity 
for biotransformation and inactivation of explosive 

ARL Competencies:

Biological and Biotechnology Sciences

Sciences of Extreme Materials

Results

• Developed a novel strategy for in-
corporating enzymes into nano-
biocatalytic systems, potentially 
enabling enhanced biotransforma-
tion for remediation of chemical 
hazards in complex environments. 

• Demonstrated that these nano-
biocatalytic systems could be de-
signed to biotransform explosive 
materials, offering a new route for 
explosive degradation.

A B



41  |  ARO IN REVIEW 2022

molecules; (2) identifying the degradation 
pathways for TNT and NG; and (3) determining 
the role of pH, ionic strength, and soil type on 
biotransformation potential of each system. 

RESULT

In 2021, Prof. Parra-Saldivar focused on developing 
the techniques for enzyme immobilization using NBC 
systems. This effort culminated in a review article 
published in the International Journal of Biological 
Macromolecules highlighting the advantages and 
disadvantages of several techniques capable of 
immobilizing laccase (Alvarado-Ramirez et al., 
2021). 

In 2022, Prof. Parra-Saldivar’s research team 
identified three laccase immobilization methods 
that exhibited the greatest stability and lowest cost 
for potential applications: (1) entrapment, (2) hybrid 
nanoparticles, and (3) metal organic frameworks. 
Prior research has shown that entrapment is the 
simplest method of enzyme immobilization and 
consists of enmeshing the laccase enzyme into a 
polymer matrix or a nanofiber (Figure 2). The 
immobilized laccase retains its structure but can 
suffer from diffusive loss during operation due to 
weak interactions between the polymer and the 
laccase enzyme. Hybrid nanoparticles and metal 
organic frameworks tend to have greater stability 
and catalytic activities because of their high surface 
area and tunable pore volumes, though with the 
disadvantage that their structural features and 
dimensions can be difficult to reproduce. 

The team advanced this knowledge by investigating 
the catalytic capacity for biotransformation of TNT 
and NG. Focusing on entrapment, the matrix-based 
procedure resulted in the complete biotransforma-
tion of TNT over a period of nine, 4-day cycles (i.e., 
36 days). The rate of biotransformation increased 
as the number of cycles increased, which suggests 
that entrapment enhances laccase efficiency over 
time due to the gradual release of the enzyme. 
However, the same experiment using NG did not 
yield any biotransformation, which indicates that 
the nanoscale structure of the entrapped laccase 
prevents the NG molecule from interacting with 
the enzyme. This was quite an unexpected result 
given that preliminary results using free laccase 
enzymes biotransformed NG at a rate of 83%. This 
observation highlights how characterizing the NBC 

microenvironment is critical to understanding the 
reaction kinetics and degradation routes for each 
enzyme-explosive pair. 

WAY AHEAD

Prof. Parra-Saldivar is working to further develop 
his NBC systems to characterize the catalytic 
capacity for hybrid nanoparticles and metal organic 
frameworks. Over the next year, Prof. Parra-Saldivar 
will characterize the reactivity and toxicity of 
intermediate products and identify the route of 
biotransformation for each NBC system of interest. 
In these environmental studies, Prof. Parra-Saldivar 
will identify the microenvironment of each NBC 
system and the reaction kinetics for TNT and NG 
present in bulk soil, soil leachate, and soil sludge 
over a range of pH and oxygen conditions and soil 
types. These results will provide critical insights 
into the interaction of NBC systems with explosive 
materials in complex matrix environments.

In 2022, Prof. Parra-Saldivar presented preliminary 
results during ARL’s Biological and Biotechnology 
Sciences Seminar. This led to a series of conver-
sations with another ARL performer, Prof. Maciej 
Maselko at Macquarie University in Australia, in-
terested in the use of animals as the engineered 
system for the expression of microbial enzymes 
to degrade environmental pollutants. As a result 
of these collaborative meetings, Dr. King-Doonan, 
Dr. Parker, and Profs. Parra-Saldivar and Maselko 
have begun to discuss longer-term research efforts 
that focus on expanding the understanding of NBC 
systems to other pollutants of interest such as 
fuels, plastics, heavy metals, and pharmaceutical 
compounds. 

Laccase
+

Polymeric
solution

High
voltage

Figure 2. Entrapment of laccase by electrospinning 
nanofiber technique (Alvarado-Ramirez et al., 
2021).

Anticipated Impact

This research is expected to allow 
for rapid and precise degradation of 
explosive materials that have been 
released into soil, water, and biota. 
This breakthrough is expected to 
enable leap-ahead technologies for 
remediating a wide range of existing 
environmental hazards, as well as 
limit Soldier exposure to chemical, 
biological, radiological, nuclear, and 
explosive threats.
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SUCCESS STORY 

Needle in a Haystack: Real-Time Deconvolution of Complex 
Chemical Matrices
The ARO Environmental Chemistry Program identified and supported research focused on a key challenge 
in environmental monitoring: decoupling signals arising from a target analyte from signals of interfering 
chemicals and varying geochemical factors. These insights will guide the development of high throughput 
sensors to detect toxic or environmentally damaging chemicals in complex geochemical matrices for 
enhanced sensing capabilities.

CHALLENGE

Deployable sensors are essential for monitoring 
chemical threats. While traditional analytical 
instrumentation—the gold-standard in chemical 
detection—is often limited by size, on-site 
operability, and the requirement for well-trained 
specialists, deployable sensors have the potential to 
provide portable, distributed, and inexpensive insight 
into the chemical inventory of an environment. 
Recent advances in sensors have revolutionized 
the ability to monitor the fate of emerging 
contaminants, to create models of transport, and 
to formulate treatment plans. Despite these recent 
achievements, current sensors can be plagued with 
challenges related to sensitivity and operability. 
Sensors often incorporate a selector that recognizes 
a target analyte. In complex environments—surface, 
waste, ground, and drinking water—the milieu of 
co-occurring organic and inorganic compounds 
may interfere with the selector, rendering the 
sensor nonfunctional. Moreover, many sensors are 
designed at liquid–solid interfaces, which are prone 
to (bio)fouling, hysteresis, and sensitivity to variable 
conditions. 

A burgeoning area of research focuses on measuring 
interactions at liquid–liquid interfaces to generate 
sensing responses that are not sensitive to the 
challenges inherent to liquid-–solid interfaces. 
While some research has focused on liquid–liquid 
interfaces for materials engineering, the role of 
these emulsions for sensing of target analytes in 
complex matrices is virtually unexplored.

ACTION

In 2020, Dr. King-Doonan learned about the full 
potential of fluid materials during the ARO Chemical 
Sciences Principal Investigator review, where Prof. 
Lauren Zarzar presented on her research advancing 
predator-prey interactions between emulsified 
droplets (see “Chasing Droplets: Predator–Prey 
Interactions,” 2020 ARO Year in Review). Dr. 
King-Doonan identified a scientific opportunity 
for the Army to explore novel strategies for 
chemical sensing that overcame the traditional 

challenges of sensors operating at solid–liquid 
interfaces. In support of this goal, she recognized 
the unique advantages of reactive complex 
emulsions (RCEs), colloidal particles composed 
of two immiscible liquids that exhibit dynamic 
morphological properties in response to their 
chemical environment. 

The potential for RCEs to be sensitive to a suite of 
chemical compounds provides an opportunity to 
explore whether the morphological changes 
exhibited by the RCEs can be applied to chemical 
detection and identification. In 2021, Dr. King-
Doonan encouraged Prof. Suchol Savagatrup, a new 
Prof. at the University of Arizona, to submit a white 
paper on this subject. Prof. Savagatrup spent his 
postdoctoral fellowship studying RCEs through an 
environmental lens. He believed that he could 
leverage the unique chemical–morphological–
optical proper ties of RCEs such that their 
fluorescence patterns would be correlated to their 
morphology, and thus the chemical compounds 
interacting with the RCE at the liquid–liquid 
interface (Figure 3).

Figure 3. Schematic diagram of the RCE sensing 
mechanism. When PFAS are not present, RCEs 
exhibit dispersed fluorescent emission. The addition 
of PFAS decreases the emulsion interfacial tension 
and alters the droplet morphology. The curvature 
of the H-oil/F-oil interface focuses the fluorescent 
emission (adapted from Trinh et al., 2022).

Prof. Savagatrup proposed to develop this novel 
technique to sense per- and poly-fluoroalkyl 
substances (PFAS), a class of toxic “forever 
chemicals” released during manufacturing and 

ARL Competencies:

Biological and Biotechnology Sciences

Military Information Sciences

Sciences of Extreme Materials

This success was made possible by:

Dr. Liz King-Doonan; Biological and 
Biotechnology Sciences, ARO 

Citations:

Trinh et al. ACS Sens. 107 (2018).



43  |  ARO IN REVIEW 2022

military activities that are highly persistent in the 
environment. A major challenge for PFAS research 
is how to better and more efficiently detect and 
measure PFAS in the air, water, soil, and fish and 
wildlife. By determining the sensitivity of the liquid–
liquid interface to PFAS adsorption and desorption 
kinetics and varying geochemical factors, Prof. 
Savagatrup would be able to develop RCE “chemical 
fingerprints” that could be combined with machine-
learning algorithms for real-time pattern recognition 
and chemical detection.

RESULT

In 2022, Prof. Savagatrup’s research team 
published the first case study establishing the 
framework for RCE PFAS sensing in ACS Sensors 
(Trinh et al., 2022). The proof of concept focused 
on discriminating between common hydrocarbon 
surfactants and PFAS. The ability to distinguish 
between these two compounds is critical because 
most PFAS-contaminated sites will contain complex 
chemical matrices that may also contain naturally 
occurring surfactants or other industrial, non-PFAS 
surfactants. The team designed an RCE that was 
composed of two oils, one hydrocarbon based 
(H-oil) and one fluorocarbon based (F-oil; see 
Figure 3). Hydrocarbon-based surfactants (e.g., 
nontoxic, biological compounds) were observed to 
preferentially locate at the H-oil, and fluorocarbon-
based surfactants (e.g., PFAS) were observed to 
preferentially locate at the F-oil. The difference in 
interfacial tension—the force of attraction between 
the molecules at the interface of two fluids—
between H-oil and F-oil was shown to directly relate 
to the presence of surfactants having a greater 
preference for H-oil or F-oil.

Next, Prof. Savagatrup established the framework 
for PFAS detection. The RCEs were designed with a 

dye capable of fluorescence that was embedded 
only in the F-oil. Thus, any time the morphology of 
the RCE changed due to PFAS, the emission intensity 
of the fluorescent dye changed as well. However, 
the emission intensity of the RCE would remain in 
its neutral state if only hydrocarbon surfactants 
were present. The research team observed that the 
difference in the emission response could provide 
the discriminating power necessary to distinguish 
PFAS from hydrocarbon surfactants (Figure 4). With 
that, the relationship between emission intensity 
and PFAS concentration was established!
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Figure 4. Responses of emissive droplets 
to fluorinated surfactants vs. anionic, 
nonionic, and cationic hydrocarbon 
surfactants. The red symbols represent 
PFAS and the blue symbols represent 
hydrocarbon surfactants (adapted from 
Trinh et al., 2022). 

WAY AHEAD

The research team plans to continue to pursue the 
potential utility of RCE sensors in complex chemical 
matrices. In the next year, Prof. Savagatrup will 
establish the relationship with emission sensitivity 
over a range of different environmental parameters 
such as pH, ionic strength (salinity), and other 
interfering chemical compounds. Experiments 
will be designed using synthetic groundwater to 
represent the most complex environment where 
PFAS monitoring is critical. Concurrently, the 
team will explore designing RCEs with fluorescent 
responses for these environmental parameters, 
with the goal of creating interfacial tension 
“fingerprints” that can correct for interfering 
geochemical signals. The array of fluorescent 
signals will eventually be used to generate a 
machine-learning algorithm capable of real-time 
pattern recognition of interfacial tensions, and thus 
chemical sensing. Army researchers in the DEVCOM 
Chemical Biological Center have expressed interest 
in this research. Potential future collaborative 
efforts will be sought to transition key knowledge 
products toward the development of novel models 
of deployable, array-based fluid material sensing.  

Results

• Developed a new forensics strate-
gy for detecting chemical threats
using fluid materials, overcoming 
several challenges related to pas-
sive, real-time sensing.

• Demonstrated that the interfacial 
tension of liquid–liquid interfaces 
could be measured with a high fi-
delity to discern PFAS from natu-
rally occurring surfactants. 

Anticipated Impact

If successful, this work will enable a 
fundamental understanding of how 
analytes behave at complex inter-
faces and how geochemical param-
eters affect interfacial behaviors. 
The resulting fluid-based chemical 
sensors will have several potential 
applications of interest to the Army, 
including contact-free threat moni-
toring in austere environments and 
sense-and-respond capabilities in 
complex or contaminated fluids. 
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BIOLOGICAL AND BIOTECHNOLOGY SCIENCES

MICROBIOLOGY PROGRAM

Dr. Robert Kokoska
Program Manager

Dr. Kokoska completed his under-
graduate studies at Villanova Uni-
versity, receiving his bachelor’s 
degree in Chemical Engineering in 
1978. He trained as a biochemist 
at Duke University, receiving his 
Ph.D. in Biochemistry in 1995. 

He came to ARO in 2006 as the 
Biochemistry Program Manager, has served as the 
University Affiliated Research Center Program Man-
ager, and has been the Microbiology Program Man-
ager since 2014. 

Current Scientific Objectives

1| Discover the dynamics and communication mechanisms that drive
robustness and function within bacterial communities that, if successful, 
will lead to the effective design of microbial-based platforms for on-
demand fielded material synthesis.

2| Develop and test experimental strategies to better understand the
physiology of complex microbial communities that, if successful, will 
provide reliable new platforms for the study of the human microbiome.

3| Identify and characterize microbial metabolic programming under harsh
environmental conditions that, if successful, will provide new approaches 
in the field of synthetic biology toward fielded living material systems.

SUCCESS STORY 

Microbial Dormancy – Computing a Return to Life
This study demonstrated that dormant bacterial spores, which cease to have any noticeable metabolic 
activity, can sense and compute environmental signals over time to resurrect from their dormancy, 
returning to life at just the right time. This discovery will help the Army develop effective strategies for 
improving the health and safety of the Warfighter by countering the effects of packaged food contaminated 
by spore-forming bacteria.

CHALLENGE

The ability of some bacteria to transition from a dor-
mant “lifeless” form to a phase where they are once 
again fully metabolically active remains one of the 
more curious mysteries in the field of microbiology. 
This dormancy, observed with spore-forming bacte-
ria, occurs under environmental conditions that are 
inhospitable to life, such as lack of water or essential 
nutrients. Spores can persist in this “dead zone” for 
thousands of years and come back to life (through 
germination) when conditions are more favorable. 
These life-inducing conditions typically include the 
presence of some food sources. In their dormant 
stage, bacterial spores have no noticeable signs of 
metabolism or energy production. This raises the 
question of just how does the spore make the deci-
sion to germinate? Can one identify mechanisms 
and means that require no cellular energy that can 
trip the programming of bacterial cells from a life-
less form to a fully functional phase where they can 
again grow and reproduce?

ACTION

In 2017, Dr. Kokoska attended a scientific review 
meeting at the Office of Naval Research, where he 
met and had scientific discussions with Prof. Ar-
thur Prindle, who had just started as a junior faculty 
member at Northwestern University. These discus-
sions led to an ARO Young Investigator award to Prof. 
Prindle to study the signaling mechanisms within 
biofilms of the spore-forming bacterium Bacillus 
subtilis. These proposals were an extension of the 
groundbreaking work that Prof. Prindle performed 
as a postdoctoral fellow in the laboratory of Prof. 
Gürol Süel at the University of California, San Diego 
(UCSD), on how the flow of potassium ions within a 
B. subtilis biofilm enables electrical communication 
within cells of the biofilm. Subsequently, with Dr. 
Kokoska’s knowledge of the importance of potas-
sium ions in controlling the activity of B. subtilis 
communities, Prof. Süel approached Dr. Kokoska 
with an idea for how a pre-existing electrochemical 
potential governed by the concentration of potas-
sium ions within B. subtilis spores could hold the

This success was made possible by:
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mechanistic clue to the timing and conditions that 
lead to a decision to germinate.

This led to an ARO Single Investigator award to Prof. 
Süel to test the role of potassium ions in the germi-
nation process. The studies performed under this 
award have thus far yielded remarkable results. First, 
Prof. Süel demonstrated that following a short pulse 
of nutrient only a small fraction of spores germinat-
ed; however, with successive pulses, a much greater 
fraction of cells germinated, suggesting that the first 
pulse sensitized the spores and appeared to move 
the cells closer to a germination threshold. Then, it 
was demonstrated that this conditioning relied on 
the ability of cells to take up potassium ions during 
the sporulation process and the presence of func-
tional potassium ion efflux channels in the mem-
branes of the cells. These observations suggested 
that a critical concentration of potassium within the 
cells maintained the sporulated state and that each 
successive pulse of nutrient passively released po-
tassium from the cell, getting the cells closer and 
closer to a threshold concentration of potassium that 
signals the cells to reemerge to life. Indeed, Prof. Süel 
further demonstrated that with each pulse of nutri-
ent, step-like changes in the electrochemical poten-
tial of the spores were observed and that differences 
observed in this electrochemical potential could be 
explained by differences in the initial concentration 
of potassium among the spores in the population 
(Figure 1). These data supported a model whereby 
changes in electrochemical potential provide a 
means for spores to integrate the effects of environ-
mental signals that promote germination over time, 
and do so without the need for any metabolic energy 
from the spores. 

Figure 1. Phase contrast microscopy image of B. 
subtilis spores. The electrochemical potential of 
each spore is depicted by a distinct color. Spores 
that are more opaque are closer to the germination 
threshold. (Courtesy of the Süel Lab; UCSD press 
release October 6, 2022.) 

RESULT

These exciting results were published in the October 
7, 2022, edition of Science. From this research, an 
integrate-and-fire mechanism is proposed whereby 
spores will integrate exposure to a nutrient that can 
promote germination over time through efflux of 
intracellular potassium ions. As these ions exit the 
spore, changes in the electrochemical potential 
drive the spore toward a threshold concentration of 
potassium, which then sets off the germination 
program in the cells (Figure 2). In this way, spores 
can be viewed as capacitors that store electrochem-
ical energy, which keeps spores from germinating 
too early; in essence, this integrative program de-
termines whether conditions are suitable to return 
to life from their dormant state. This programming 
is analogous to how neurons convey electrochem-
ical energy in the brain through action potentials. 
However, in contrast to neuronal signaling, the in-
tegrative steps that govern spore germination do 
not require any metabolic energy.

Integrate

Dormancy

K+Germinant
pulses

Time Germination
threshold

Germination

Fire

Figure 2. Depiction of the integrate-and-fire mech-
anism that controls the germination of B. subtilis 
spores. Over time, spores are exposed to intermittent 
pulses of nutrients that can lead to germination. With 
each successive pulse of nutrient, the spore passive-ly 
releases stored potassium ions. Once a threshold of 
intracellular potassium is reached, the spore is then 
programmed to fire into germination. (From Fig. 4I, 
Kikuchi, K. et al. Science 378, 43 (2022)).

WAY AHEAD

The DEVCOM Soldier Center has a long-standing in-
terest in spore biology due to concerns with spore 
contamination of packaged food supplies that are 
provided to the Soldier. In some instances, there are 
species of spores that are highly pathological; thus, 
spore contamination can compromise the health 
and safety of the Warfighter. As this study provides 
new insights into how spores return to life and can 
become infectious agents, new rational strategies 
can be developed to prevent germination of spores 
that could be present in food supplies. In addition, 
ARL has interest in the use of benign spore-forming 
bacteria (i.e., B. subtilis) as sensors that can detect 
the presence of environmental contaminants once 
the spore germinates. Knowing that B. subtilis utilizes 
an integrate-and-fire mechanism to return to life, 
strategies for engineering these spore-forming bac-
teria can be developed that will maintain and control 
the timing of a signal that senses the contaminant. 

ARL Competencies:

Biological and Biotechnology Sciences

Results

• Informed DEVCOM Soldier Center 
about concepts on how dormant 
spores program their return to life, 
which will advance Army efforts 
toward keeping the Soldier’s pack-
aged food supply safe from spore 
contamination. 

• Provided ARL with strategies for 
effective engineering of spores as 
reliable environmental sensing
sentinels and on-demand sources 
of biomaterial synthesis.

Anticipated Impact

The ability to understand how 
bacterial spores are programmed 
to return to life and to an active 
metabolic state will enable control 
of those spore species that are 
potentially harmful to the Soldier, and 
for more benign spore species, how 
these spores can be more reliably 
exploited for environmental sensing 
and synthesis of novel biomaterials 
that will benefit the Soldier.
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SUCCESS STORY 

Share and Share Alike – Evolution of Cooperative Behaviors in 
Microbial Communities under Feast-and-Famine Conditions
This study demonstrated that repeated cycles of feast and famine within a community of microorganisms 
drives diversification of the population into distinct cooperative sub-families that enhances survivability 
of the overall population during periods of starvation. These findings will provide the Army with strategies 
for effective in-field engineering of microbes that can sustain fluctuations of resources while maintaining 
a reliable biosensing or biosynthetic capacity. 

CHALLENGE

Within their native environments, microorganisms 
encounter stressors that challenge their ability to 
maintain their livelihood. These stressors include a 
lack of nutrients, the presence of toxic substances, 
and the presence of antibiotics or ionizing radiation. 
In the face of these environmental insults, nature 
has developed evolutionary strategies where sub-
populations of microbes genetically adapt to the 
presence of stressors; those cells that adapt can 
survive while those that do not adapt will die off 
from the population. Numerous studies have been 
documented that examine the genetic adaptation to 
persistent starvation within an environment where 
replenishment of nutrients is halted for periods of 
months to years. These studies have identified com-
mon genetic adaptations to this extreme stress that 
point to how the microbe will “do what it can” to hold 
off death. However, environmental microbes such as 
those found in aquatic and soil environments often 
do not experience these extremes in starvation; 
rather, there are periods of feeding that interrupt 
the starvation phases. The genetic adaptions to this 
intermittent stress are unknown and expected to be 
different compared to the adaptation to prolonged 
starvation; these adaptations should be beneficial 
during periods of famine, but not detrimental during 
periods of “feast.”

To understand the adaptation enabling survival 
during feast-or-famine stress, the primary challenge 
is to develop a properly controlled and viable 
“feeding regimen” for the microbial community and 
to have the means of examining specific genetic 
traits that change among the population during 
these feeding cycles.

ACTION

In 2019, Dr. Kokoska attended a review meeting that 
discussed results from an ARO Multidisciplinary 
University Research Initiative managed by Dr. 
Micheline Strand (Genetics Program Manager, ARO) 
and led by Prof. Michael Lynch (Arizona State 
University [ASU]) focused on Mechanisms of 
Prokaryotic Evolution. During that review meeting, 

Dr. Megan Behringer who was at that time a senior 
postdoctoral researcher in ASU’s Lynch Lab, 
presented their group’s findings working with feast-
or-famine incubations of Escherchia coli 
populations. The group found that there were in fact 
distinct patterns of adaptation, depending on the 
period of starvation; here, they compared 10 days 
vs. 100 days of starvation (Figure 3). 

Figure 3. Feast-or-famine strategies for assaying 
microbial evolution in response to periods of 
starvation. Microbial cultures are grown with 
enriched media and then a small amount of the 
culture is transferred to fresh media at different 
time frequencies. Depicted here are daily transfers 
(minimal resource limitation), re-feeding every 10 
days (intermediate resource limitation), and every 
100 days (extreme resource limitation) (Courtesy 
of Behringer Lab).

For prolonged extreme levels of starvation (100 
days), specific targets for alteration included genes 
that behave as global regulators of gene expression. 
For more moderate yet significant starvation periods 
of 10 days, patterns of growth emerged suggesting 
that different isolates within the community acted 
in a cooperative manner. Intrigued by this and 
through his participation in this review meeting, 
Dr. Kokoska learned from Dr. Behringer that she 
was to start her own laboratory as an Assistant 
Professor at Vanderbilt University in 2020 where 
her research would include a closer look at the 
specific genetic alterations that evolve in response 
to different periods of fluctuating resources. As Dr. 

This success was made possible by:

Dr. Robert Kokoska; Biological and 
Biotechnological Sciences, ARO

Dr. Micheline Strand; Biological and 
Biotechnological Sciences, ARO

Citations:

Behringer, M. et al. mBio. 13, 
e03467-21 (2022).

Dar, D. et al. Science. 373, 
eabi4882 (2021).
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Kokoska recognized that these types of studies 
were of interest to his ARO program’s interests in 
understanding microbial metabolic programming 
under harsh environmental conditions, Dr. Kokoska 
invited Dr. Behringer to submit an Early Career 
Program (ECP) grant application on this topic as 
a kick-start to her career as a young investigator.

Following the award of an ECP grant, working with 
the E. coli cultures that were starved in 10-day 
cycles, Prof. Behringer started to probe for the 
genes that were altered within this community and 
could become candidates for possible cooperative 
activity. In the time that Prof. Behringer started 
her research at Vanderbilt University, some major 
findings have led to our advancement of microbial 
adaptation for this intermediate starvation period. 
First, when examining the genetic alterations 
from an entire culture in several repeated parallel 
experiments, alterations (mutations) in the same 
genes were consistently showing up. This “parallel 
evolution” suggests that some form of positive 
selection is shaping these populations. These 
genes include those that are required to metabolize 
fatty acids (important for cell membrane function) 
and for metal scavenging (metals such as iron are 
needed for many cellular enzymatic reactions); in 
both cases, the mutations reduced the expression 
of genes critical for these processes. Subsequently, 
Prof. Behringer isolated specific clones from the 
population and demonstrated that the mutations 
in genes resulting in reductions in fatty acid 
metabolism were specific for one set of clones 
(i.e., “ecotype”), while the mutations in genes 
resulting in the reduction of metal scavenging 
activity were specific to an entirely different 
ecotype in the population. These observations have 
led to a “division-of-labor” model where there is 
cross-feeding between these ecotypes. Ecotype 
A, which exhibits reduced long-chain fatty-acid 
synthesis, relies on the presence of this activity 
from its partner (Ecotype B) to maintain viability 
(Figure 4). Reciprocally, Ecotype B, which lacks 
the needed activity for metal scavenging, relies on 
its neighbor (Ecotype A) to provide this function.

plsX

Phosphate,
Iron

Long-chain
fatty acids

fabH, fabD
entEBA, entS

Ecotype A

Ecotype B

micF

entS, entF
phoRB, phoU

pstSCAB

ompF

Figure 4. Schematic depicting proposed cross-feed-
ing between two subpopulations (ecotypes) of E. 
coli grown under 10-day cycles of starvation. In 
Ecotype A, mutations that reduce the expression 
of the fabH and fabD genes, which are required for 
fatty acid synthesis, are compensated by resources 
from Ecotype B. Reciprocally, the reduction in the 
ability of Ecotype B to sequester iron due to mutation 
in the entS gene is compensated by resources from 
ecotype A. (From Fig. 4E, Behringer M. et al., mBio 
13, e03467-21 (2022)).

RESULT

This fascinating result representing cross-feeding 
among a microbial population in response to in-
termittent starvation was published in May 2022 
in mBio. While it is not as extreme as prolonged 
periods of starvation, 10 days without replenished 
nutrients in a population still represents a significant 
stress that forces the cells in the population to re-
duce their own energy expenditures. This reduction 
comes in the form of mutations, which knock down 
gene functions that typically require a substantial 

amount of energy. So that the entire population 
benefits during this stressful energy-limited period, 
different subpopulations knock down different ener-
gy-intensive genes; what one subpopulation lacks 
can be compensated by public goods provided by a 
neighbor and vice versa. This can be thought of as a 
microbial bartering system that keeps everyone in 
the population thriving during times of limited re-
sources. Once times are better and feeding resumes, 
these population variants remain viable and are 
ready for the next cycle of starvation. Future studies 
will include whether there is a significant presence 
of “cheaters” within the starved population who can 
consume these public goods, but not contribute 
their own resources to the community. 

WAY AHEAD

This new working knowledge of how a community of 
microbes adapts to intermittent periods of starva-
tion can provide benefits for the intramural research 
performed within the ARL Biological and Biotechno-
logical Competency. As ARL has strategies in place 
to utilize microbes in resource-limited environments 
for a number of biosynthetic functions, these find-
ings will provide ARL research teams with a clearer 
picture of this evolutionary process and how specific 
targets for evolution may limit the use of designed 
microbial communities for specific applications 
within specific environments. In addition, cycling 
starvation strategies may also provide a means of 
preconditioning a culture of chassis microbes before 
it is “deployed” so that it can more readily adapt to 
a given stressful environment. 

ARL Competencies:

Biological and Biotechnology Sciences

Results

• Provided ARL with an under-
standing of genetic targets that
naturally evolve under conditions 
of intermittent starvation, which 
progressed research toward the re-
liable use of natural and synthetic
microbial communities for deploy-
able biosynthetic applications in 
hostile growth environments.

• Enhanced ARL’s synthetic biolo-
gy efforts by providing a potential 
protocol for preconditioning mi-
crobial communities toward en-
hanced survivability within any
environment that is challenging
to microbial survival.

Anticipated Impact

By understanding how communities 
of microorganisms respond to repeat-
ed periods of intermittent starvation 
through evolutionary programs that 
enable cross-feeding between sub-
populations, effective biotechnolog-
ical strategies can be developed for 
the sustainment of microorganisms 
within any challenging environment. 
This effective use of environmental 
microbiology can provide biosynthet-
ic capabilities that can protect the 
Soldier through the use of microbes 
to metabolize toxins and enhance 
Soldier performance by synthesizing 
Army-relevant biomaterials.
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BIOLOGICAL AND BIOTECHNOLOGY SCIENCES

GENETICS PROGRAM

Dr. Micheline Strand
Program Manager

Dr. Strand completed her under-
graduate studies at Oberlin Col-
lege, receiving a B.A. in Biology. 
She then worked in the biotech in-
dustry in Research Triangle Park, 
North Carolina, for several years 
before starting graduate school 
and receiving a Ph.D. in Genetics 

and Molecular Biology from the University of North 
Carolina, Chapel Hill. She completed a 5-year post-
doc at the National Institute of Environmental Health 
Sciences before coming to ARO to be the Genetics 
program manager. Her own research has focused on 
nuclear and mitochondrial DNA instability and mo-
lecular, genetic, and organismal responses to stress 
in Saccharomyces cerevisiae and Apis mellifera. 

Current Scientific Objectives

1| Identify, characterize, and understand fully the relationships and the
effects of prokaryotes and fungi on larger eukaryotes, including in 
eukaryotic organs traditionally considered to be sterile, and to determine 
whether this ecology can be manipulated to eliminate, alter, or modulate 
parasitic and detrimental relationships.

2| Develop the scientific foundation to be able to slow, prevent, mitigate, or 
reverse declines in mitochondrial integrity and function over time, and 
to control and modulate the effects of oxidative stress on eukaryotic 
organisms.

3| Identify, characterize, understand, and fully leverage the molecular and
genetic capabilities embedded in genetic variation, including large and 
small duplications, deletions, and rearrangements, and single nucleotide 
polymorphisms, as well as epigenetic variation within and between species.

4| Enable the Army to increase Warfighter performance and survival,
neutralize enemy threats, and serve as a force multiplier. 

SUCCESS STORY 

Mitochondrial Integrity and Warfighter Readiness
Mitochondria lose their integrity as humans age, and this loss of integrity results in reduced physical and 
cognitive performance capabilities in aged humans. This research represents a significant step forward 
in our understanding of the molecular causes of aging as well as a potential therapeutic approach to 
counteract mitochondrial-dependent declines in performance capabilities. 

CHALLENGE

The science of aging is still in its infancy. Although 
the Army is not particularly invested in gerontology 
research, age is definitely an Army concern. Would-
be Warfighters cannot join the Army if they are 
older than 35. Humans age too slowly to be good 
experimental subjects; in most cases it is faster, 
more efficient, and more ethical to do exploratory 
basic research in model organisms. This research 
is exploring the molecular biology of aging in 
Caenorhabditis elegans, which at a biochemical 
and molecular level is not profoundly different than 
humans. 

ACTION

Dr. Strand travelled to Europe in 2019 for a more 
in-depth examination of unpublished research by 
international scientists. She identified this research 
group as having expertise that could transform Army 

capabilities. Further discussions with the lead 
scientist led to a proposal that was then funded 
by ARL. 

RESULT

Prof. Timothy Etheridge and his scientific team 
at the University of Exeter are focused not on 
extending lifespan but rather on extending health 
span—the period in life when the individual is 
healthy and fully functional. The team determined 
that they could deliver very small doses of sulfur 
donors to the mitochondria and that this extended 
the healthy timespan of aging Caenorhabditis 
elegans. They further determined that these 
targeted sulfur donors extend health by slowing 
the age-associated decline in mitochondrial 
integrity seen in older Caenorhabditis elegans 
and Homo sapiens. They further determined that 
these effects could be observed in individuals that 
were treated as adults; infant or child treatment 

This success was made possible by:

Dr. Micheline Strand; Biological and 
Biotechnology Sciences, ARO 

Dr. Hollie Pietsch; DEVCOM-Atlantic

Citations:

Kikuchi, K. et al. Science. 378, 43 
(2022).

Anticipated Impact

If 50-year-olds had the energy of 
40-year-olds or if 40-year-olds had 
the energy of 30-year-olds, this
would have a major impact on Army 
capabilities. This research is a small 
but significant step toward extending 
peak performance capabilities of
humans as they age. Further work is 
required before this can be translated 
into an FDA-approved product to
extend the healthy high functioning 
period of Warfighters and civilians.
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is not necessary. These results also advance our 
understanding of mitochondrial degeneration 
because the intervention surprisingly does not 
reduce damage to the mitochondria by reducing 
free radicals but rather through improved 
peroxisome fatty acid oxidation. 

WAY AHEAD

Next steps are to conduct safety and efficacy trials 
in a second species and then in humans. If the data 
in other species continues to show both safety and 

efficacy, then the investigators will need to conduct 
human clinical trials to obtain U.S. Food and Drug 
Administration (FDA) approval. Such work would 
most likely be undertaken in collaboration with the 
biotech industry. The Army does not promote the 
use of medical interventions or supplements that 
have not been approved by the FDA. Functioning 
mitochondria are required for both cognitive and 
physical performance. If successful, this research 
will eventually extend the healthy, fully functional 
time of civilian and Warfighter lives. 

Figure 1. The effects on movement through aging in the life of Caenorhabditis elegans. Voluntary movement 
is used as a first measure of health and vitality. 

ARL Competencies:

Biological and Biotechnology Sciences

Results

• Delivered very small doses of sul-
fur donors to the mitochondria, 
extending the healthy timespan 
of aging Caenorhabditis elegans. 

• Demonstrated that these targeted 
sulfur donors extend health and 
improve the quality of life in aging 
organisms by slowing the age-as-
sociated decline in mitochondrial 
integrity seen in all multicellular 
animals including humans. 

• Advanced understanding of aging 
and maintenance of mitochondrial 
integrity, as this intervention sur-
prisingly does not reduce damage 
to the mitochondria by reducing 
free radicals but rather through 
improved peroxisome fatty acid 
oxidation.

SUCCESS STORY 

First Sequencing of Cricetomys Ansorgei
Scientific research initiated by ARL-ARO resulted in the first high-quality chromosome-scale genomic 
sequence of Cricetomys ansorgei, or pouched rat, revealing 22,671 protein coding genes, including 1571 
olfactory receptors. Functional enrichment analysis reveals genetics expansions specific to Cricetomys 
ansorgei are enriched for functions related to olfactory specialization. Publication of this reference-quality 
sequence lays the foundation for in-depth molecular and genetic research into this unique organism. 

CHALLENGE

Cricetomys ansorgei are recognized as a species 
with unique sensory and detection capabilities. 
Unlike canines, they are cost-efficient, easy to 
transport, and can explore areas too small for 
dogs to enter. Compared to rodents, they are long-
lived, very intelligent, and relatively fearless. As 
such, they provide a potential force multiplier 
for the Army to protect Warfighters and materiel 
against explosives and to identify other materiel 
of interest. This species is already used as a low-
tech reliable capability for finding mines in several 
African countries. 

ACTION

The program manager, in collaboration with 
scientists at West Point, initiated a fact-finding trip 

to eastern Africa several years ago. These animals 
were observed finding mines in live minefields in 
Mozambique with a sensitivity at least equal to dogs 
and machine-based detectors. Subsequently, the 
first U.S. breeding colony was established at Cornell 
University, and animals from this colony were also 
sent to two other Army collaborators for further 
research. 

RESULT

A group of scientists led by Prof. Alex Ophir at 
Cornell University established the first U.S.-
based breeding colony and used this colony for 
the first characterization of Cricetomys ansorgei 
reproduction. They subsequently established that 
Cricetomys ansorgei’s reproductive behavior is 
more like bees than rodents, with only one male 
and one female in a colony reproducing and the 

This success was made possible by:

Dr. Micheline Strand; Biological and 
Biotechnology Sciences, ARO

Dr. John Ringquist; U.S. State 
Department

Citations:

Bentz, E. J., & Ophir, A. G. Genomics 
114, 110521 (2022).
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other subordinate animals only providing child care 
and other support. This year Prof. Ophir’s group 
published the first high-quality annotated sequence 
of Cricetomys ansorgei. This provides the scientific 
community with the first genome-wide analysis of 
the evolutionary history and functional genomics of 
the pouched rat. This enabled the group to measure 
and publish the genome-wide functional enrichment 
of genetic expansions and contractions indicative 
of selective pressures and evolutionary trajectories 
specific to the pouched rat. 

WAY AHEAD

Collaborators at the University of Virginia are 
working to define the odor-detection threshold in 
this species and the influence of distractor odors in 
discrimination and learning, as well as determine 
the lowest detect limit of specific odors of interest 
when presented individually or in mixed odors. The 
Army is also collaborating with the U.K.’s Defence 
Science and Technology Laboratory to translate 
some of these results to canines to potentially 
accelerate and lower the cost of trained military 
detector dogs. 

Squirrel-related clade

~66MY*

Mouse-related clade

Nesomyidae

~18MY*

Muridae
~16MY*

Cricetidae
~15MY*

Thirteen-lined
ground squirrel
(Ictidomys 
tridecemlineatus)

Pouched rat
(Cricetomys 
ansorgei)

Brown rat
(Rattus 
norvegicus)

House mouse
(Mus musculus)

Syrian hamster
(Mesocricetus 
auratus)

Prairie vole
(Microtus 
ochrogaster)

C

Figure 2. Geographical distribution of C. ansorgei. (A) An 
example of typical pouched rat habitat, (B) the approximate 
range of the Southern pouched rat (in blue), and (C) the 
evolutionary distance between C. ansorgei and well-studied 
rodents. 

ARL Competencies:

Biological and Biotechnology Sciences

Results

• Discovered that the Cricetomys
ansorgei olfactory receptor genes 
have undergone extreme expan-
sions in recent evolutionary history 
and that they have one of the larg-
est olfactory receptor gene reper-
toires of any animal sequenced
so far. 

• Released the first published
high-quality annotated genome as-
sembly and evolutionary analysis, 
which lays the scientific foundation 
for a thorough characterization and 
understanding of high-sensitivity 
olfaction and is anticipated to lead
to new Army capabilities in sensing 
and detection. 

Anticipated Impact

Ultimately this work is anticipated 
to lead to the development of 
better sensors to enable detection 
of explosives and other materiel of 
interest before U.S. Warfighters are 
injured and/or before Army materiel 
is destroyed. 

B

A
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BIOLOGICAL AND BIOTECHNOLOGY SCIENCES

BIOCHEMISTRY PROGRAM

Dr. Stephanie McElhinny
Program Manager

Dr. McElhinny completed her 
undergraduate studies at 
Gannon University, receiving 
her B.S. in Chemistry in 1999. 
She trained as a biochemist 
at the University of North 
Carolina at Chapel Hill, re-
ceiving her Ph.D. in Biochem-

istry in 2004. She came to ARO in 2009 as the 
Program Manager for Biochemistry.

Current Scientific Objectives

1| Develop approaches to engineer and control mechanisms underlying
biomolecular specificity and regulation that, if successful, are anticipated 
to lead to novel biosensing reagents and responsive materials. 

2| Design self-assembled biomolecular architectures to support functional
organization of biological molecules that, if successful, are anticipated to lead 
to novel power and energy systems and on-site manufacturing capabilities.

3| Understand sequence–structure–property relationships in biological and
biohybrid materials that, if successful, are anticipated to lead to rationally 
designed materials with tailored properties.

SUCCESS STORY 

Ribosome-Mediated Polymerization of Nonnatural 
Pyridazinone Bonds
Researchers at Northwestern University, funded by ARL, have demonstrated that the ribosome, 
the molecular machine that produces protein polymers, can be engineered to perform a nonnatural 
polymerization reaction, which could expand the range of polymers that ribosomes can create and open 
the door for advances in synthetic biology and polymer science. Ribosomes normally link amino acids 
together into polymers called polypeptides and have been engineered to also link together chemically 
similar compounds like esters into polyesters. The team was able to show for the first time that it is 
possible for the ribosome to polymerize drastically different chemical bonds. These results indicate new 
directions for synthetic biology that may lead to new materials for sophisticated electronics, solar cells, 
and nanofabrication, all paramount for advancing Warfighter protection and performance.

CHALLENGE 

Synthetic biology aims to program biological 
systems to carry out useful functions and as 
a field has made meaningful progress toward 
biomanufacturing medicines, sustainable 
chemicals, and advanced fuels, as well as 
cellular diagnostics and therapies. At the core of 
these advances is the ability to control and tune 
the processes of transcription and translation, 
potentially offering access to nonnatural materials 
that cannot be made by any other means. As an 
example, the translation apparatus is the biological 
cell’s factory for protein synthesis. The ribosome, 
the molecular machine that polymerizes α-amino 
acids into proteins, is the catalytic workhorse of the 
translation apparatus. With protein synthesis rates 
of up to 20 amino acids per second at an accuracy 
of 99.99%, the extraordinary catalytic capacity of 
the translation machinery has attracted extensive 

efforts to engineer it to generate other polymers 
beyond natural proteins. While most efforts have 
focused on the site-specific incorporation of 
unnatural α-amino acids into proteins by the natural 
translation apparatus, the potential to engineer 
the ribosome to perform alternative chemistries, 
beyond the amide bond formation that was fine-
tuned through evolution, was virtually unexplored.

ACTION

In 2015, recognizing emerging advances in synthetic 
biology, and particularly the development of in vitro 
systems capable of modifying biological translation 
machinery, Drs. Poree (ARO) and McElhinny 
conceived of a Multidisciplinary University Research 
Initiative (MURI) topic focused on reengineering the 
translation machinery to accept and polymerize 
nonbiological monomers in a sequence-defined 
manner. Sequence-defined polymers (SDPs) are 
linear macromolecules whose chemical and physical 

This success was made possible by:

Dr. Stephanie McElhinny; Biological 
and Biotechnology Sciences, ARO 

Dr. Dawanne Poree; Sciences of 
Extreme Materials, ARO 

Citations:

Lee, J. et al. Nat. Commun. 13, 6322 
(2022).
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properties can be programmed with atomic-scale 
resolution. It has been impossible, so far, to produce 
finely tailored nonnatural SDPs (i.e., materials of 
defined atomic sequence, exact monodisperse 
length, and programmed stereochemistry), yet 
the development of synthetic routes toward these 
molecules promises technological breakthroughs 
in advanced functional materials, nanotechnology, 
electronics, and beyond. To achieve this ambitious 
goal, the MURI team, led by Prof. Michael Jewett 
(Northwestern University) proposed to develop 
novel cell-free biosynthetic platforms that enable 
the generation and evaluation of modified ribosomes 
and other translation factors in a noncellular, in vitro 
setting. This dramatically expands the ribosome 
design space accessible to the team, as ribosomes 
are essential for cell viability and only limited 
ribosome mutations are possible in cells. Over the 
course of this program, the team has made several 
notable advances in the development of a cell-free 
ribosome construction platform as well as analytical 
tools for single molecule characterization of SDPs. 
Most recently, in 2022 the team demonstrated for 
the first time that it is possible for the ribosome to 
polymerize drastically different chemical bonds 
beyond those naturally found in proteins. 

RESULT

Ribosomes have evolved to join α-amino acids 
together via amide bonds into proteins. However, 
prior work had demonstrated that the ribosome will 
accept a variety of monomer substrates beyond 
α-amino acids and can catalyze a few alternative 
bonds that are closely related to the amide bond, 
including esters, thioesters, and thioamides. Given 
this demonstrated plasticity of the ribosome, 
combined with the current working model of 
ribosome catalysis, which is based on entropy 
trapping, the research team hypothesized that a 

broader range of chemical bonds may be accessible 
using the ribosome as a catalyst. To explore this 
possibility, the team designed novel monomers 
with a nucleophilic hydrazine group in place of the 
natural α-amine group and paired this with a γ-keto 
ester monomer. The team surmised that coupling 
and rearranging activated hydrazines and γ-keto 
esters by the ribosome could produce six-membered 
heterocyclic rings called pyridazinones (Figure 1) in 
place of the natural amide bond that links α-amino 
acid monomers together in proteins. The team 
tested a series of hydrazino and γ-keto monomers 
and discovered that the ribosome could catalyze the 
formation of eight different pyridazinone bonds with 
a variety of monomer pairs at varying efficiency. To 
the research team’s knowledge, this was the first 
example of intramolecular cyclic structure formation 
catalyzed by the ribosome in vitro.

The research team then explored the ability of the 
ribosome to incorporate pyridazinone bonds at 
specific locations within a peptide polymer that 
was otherwise linked via natural amide bonds. The 
team was able to demonstrate ribosome catalyzed 
synthesis of peptide-hybrid polymers containing 
alternating pyridazinone and amide linkages in both 
an ABAB alternating sequence (where A represents 
the pyridazinone bond and B represents a natural 
amide bond) and an ABABAB alternating sequence 
(Figure 2). 

Figure 1. Ribosome-catalyzed formation of pyridazinone bonds in vitro. Genetic code reprogramming 
using the flexizyme system enables the acylation of noncanonical substrates with tRNA. Upon flexizyme-
mediated tRNA acylation of keto (orange) and hydrazino (green) activated esters, the programmed 
keto-tRNA (orange) and hydrazinyl-tRNA (green) were added to an in vitro transcription and translation 
platform using purified components and allowed to decode two consecutive codons programmed on an 
mRNA strand. The translation mixture produced a pyridazinone bond (pink). For comparison, the typical 
peptide bond (red) is shown on the right: Fx flexizyme, AG activating group, CME cyanomethyl ester, DNB 
dinitrobenzylester, and ABT amino-derivatized benzylthio ester.

WAY AHEAD

These results provide an impor tant first 
demonstration of alternative chemistry accessible 
by ribosome-catalyzed polymerization. Future work 
will aim to increase the efficiency of formation of 
these alternative bonds through engineering of 
the ribosome and to expand a broader spectrum 
of alternative bonds catalyzed by engineered 
translation machinery. 

ARL Competencies:

Biological and Biotechnology Sciences

Sciences of Extreme Materials

Results

• Demonstrated pyridazinone bond 
formation by the ribosome, ex-
panding the polymer structures
accessible via biological synthesis.

• Provided a framework for expan-
sion of ribosome-mediated synthe-
sis of nonbiological SDPs.

Anticipated Impact

These results indicate new directions 
for synthetic biology that may lead 
to new materials for sophisticated 
elec tronics,  solar  cells,  and 
nanofabrication; all paramount for 
the advancement of Warfighter 
protection and performance.
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Figure 2. Ribosomal synthesis of alternating copolymers with a pyridazinone backbone. (A) Monomers 
7 (yellow) and 6 (green) were charged to tRNAs by flexizyme and added to an in vitro transcription and 
translation reaction. The genetic template was designed to consecutively incorporate the monomers in 
an alternating fashion (ABAB- or ABABAB-type). The resulting peptide-pyridazinone hybrids were purified 
and characterized by MALDI-TOF mass spectrometry. (B) MALDI mass spectrum of the ABAB peptide 
(relative peak area: 14.8%) and its molecular structure, calculated mass: [M + H]+ = 1791; [M + Na]+ = 
1813. (C) MALDI mass spectrum of the ABABAB peptide (relative peak area: 16.9%) and its molecular 
structure, calculated mass: [M + H]+ = 2034; [M + Na]+ = 2056. Spectra are representative of n = 3 
independent experiments. 

SUCCESS STORY 

A Stretchable Molecular Composite of 2D-Layered Materials 
and Tandem Repeat Proteins
Researchers at Pennsylvania State University (PSU), funded by ARL, have focused on unlocking the link 
between protein sequence and biomaterial properties by studying the assembly of genetically engineered 
polymeric proteins inspired by squid ring teeth (SRT) with atomistically thin inorganic sheets to achieve 
mechanically compliant and ultra-tough materials. Although bare inorganic nanosheets are brittle, the 
team succeeded in designing flexible composites by adding the proteins, which resulted in composite 
materials with high stretchability and toughness. The mechanical properties of the composite materials 
can be optimized by controlling the molecular weight and extent of tandem repetition in the sequence 
of the proteins. The mechanical properties achieved in this work exceed the current state-of-the-art 
stretchability for layered composites by over a factor of three, demonstrating the promise of engineering 
materials with reconfigurable physical properties using biological molecules. 

CHALLENGE

Nature creates layered composite materials 
like bone and mother-of-pearl that become less 
sensitive to defects as they grow. This material 
resilience is due to the properties of the interface 
between the layers, which is difficult to measure 
experimentally in natural materials. Synthetic 
efforts have aimed to achieve materials that exceed 
the toughness of natural composites, with a focus 
on the interface between the different components 
of these composite materials. Specifically, a focus 

on assembling composites containing 2D materials 
like graphene and MXene aims to leverage the 
extraordinary mechanical properties that result 
from their nanocrystalline nature, with 2D materials 
consisting of a single or a few layered crystals. 
However, a major challenge for the assembly of 
composites stems from the random distribution of 
2D nanosheets within the matrix material, resulting 
from large interlayer distances and poor interfacial 
interactions between nanosheets and the matrix. 
These structural and compositional constraints 
lead to inefficient stress transfer between the 

This success was made possible by:

Dr. Stephanie McElhinny; Biological 
and Biotechnology Sciences, ARO 

Citations:

Vural, M. et al. Proc. Natl. Acad. Sci. 
U.S.A. 119, e2120021119 (2022).
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mechanically strong nanosheets. Identifying 
matrix materials that facilitate specific interfacial 
interactions with 2D crystals could help promote 
ordering of 2D crystals in composites, enhancing 
mechanical properties. 

ACTION

In 2015, Dr. McElhinny received a white paper from 
Prof. Melik Demirel (PSU) that was focused on SRT 
protein as a novel biomaterial. Prof. Demirel had 
demonstrated that natural SRT protein variants 
could be processed into a variety of different 
material forms—including films, foams, fibers, 
and colloids—and that these materials exhibited a 
variety of interesting material properties—including 
high mechanical strength, thermal conductivity, 
and adhesive properties. Most significantly, Prof. 
Demirel’s early results emphasized a key tenet 
of biology: that sequence dictates structure and 
function. He found that the material properties 
could be tuned based solely on the sequence 
of the SRT protein that he used to create the 
material. Dr. McElhinny recognized the potential 
of this intriguing natural protein to sample a vast 
material property landscape while exploring the 
fundamental relationship between the protein 
sequence, structure, and material properties, and 
encouraged Prof. Demirel to not limit his project to 
a single target material property. By creating large 
libraries of engineered nonnatural variants of SRT 
protein, Prof. Demirel could explore the material 
properties that become accessible when you control 
the sequence of the protein. This research would also 
enable correlation of resulting material properties 
to protein sequence, laying the foundation for the 
rational design of protein-based materials with 
targeted properties. 

RESULT

Prof. Demirel and his team successfully developed 
a protein engineering methodology that enabled 
the synthesis of libraries of SRT protein variants 
with controlled length, which was a key challenge 
for this effort. SRT proteins contain tandem repeat 
sequences, which are inherently challenging to 
manipulate using traditional genetic engineering 
tools because repetitive sequences are prone to 
unintended duplication or deletion. Using this novel 
methodology, the team surveyed large libraries of 
novel proteins created by assembling repetitive 
sequences from the SRT protein in different 
configurations, testing material properties including 
extensibility, stiffness, tensile strength, toughness, 
conductivity, optical transparency, and self-healing. 
From this analysis, in FY22 the team discovered that 
genetically engineered polymeric proteins inspired 
by SRT could be assembled with atomistically thin 

inorganic sheets to achieve stretchable and ultra-
tough composite materials. 

Although bare 2D inorganic nanosheets are brittle, 
the team succeeded in designing flexible compos-
ites by adding the SRT proteins as a matrix material, 
which resulted in composite materials with remark-
able mechanical stretchability and toughness. The 
team designed a tandem repeat (TR) protein matrix 
inspired from SRT proteins, which can form physical 
interfacial interactions with 2D nanosheets includ-
ing graphene oxide (GO) and Ti3C2Tx (MXene). The 
interfacial interactions between the proteins and the 
nanosheets facilitate formation of an ordered struc-
ture consisting of alternating layers of nanosheet 
and proteins (Figure 3A; nanosheets are represent-
ed in black/gray; proteins are represented in blue/
green). The team found that the use of SRT-inspired 
TR proteins as a matrix material enhances ulti-
mate tensile strength, fracture strain (elongation 
at break), and toughness in composite materials 
comprising TR protein and GO relative to bare GO 
(Figure 3C; compare red, green, and gray curves 
to blue curve). TR proteins with a higher number of 
tandem repeats resulted in stronger and tougher 
composites. For composites assembled from TR 
proteins and MXene, TR proteins help the compos-
ites maintain the ultimate tensile strength of a free-
standing MXene film, while drastically enhancing 
the fracture strain (Figure 3D, compare red, green, 
and gray curves to blue curve). The team found that 
the structural and compositional contributions of TR 
proteins to the mechanical properties of composites 
manifest themselves most strongly in composites 
assembled from TR proteins, GO, and MXene, specif-
ically when the number of tandem repeats is 7 or 11 
(Figure 3E, compare green and gray curves to blue 
curve). This composite material consisting of two 
distinct 2D crystal fillers and engineered proteins 
demonstrates a mechanical compliance of 59 ± 1% 
strain under tensile deformation (Figure 3G, orange 
circles) and exhibits a toughness value of 54.8 ± 2 
MJ/m3 (Figure 3H, orange circles). This remarkable 
value exceeds state-of-the-art nacre-like compos-
ites engineered from 2D crystals (Figure 3I and J, 
compare stars to squares, circles and triangles). 

The key difference between the TR protein matrix 
and other existing molecular templates used 
in composites is the ability of the TR proteins 
to orchestrate a microstructure consisting of 
alternating layers of 2D nanosheets and proteins, 
which are confined to several nanometers in 
thickness. This structure enables the composites 
to mimic deformation kinetics of natural nacre, 
making their mechanical properties impervious to 
structural flaws, while having a significantly lower 
filler fraction in comparison to nacre materials. The 
dimensions of the separating protein layers can be 

ARL Competencies:

Biological and Biotechnology Sciences

Sciences of Extreme Materials

Results

Generated a protein/2D nanosheet 
composite material with mechani-
cal properties exceeding the current 
state-of-the-art stretchability for lay-
ered composites by over a factor of 
three and a toughness that exceeds 
state-of-the-art nacre-like compos-
ites engineered from 2D crystals. 

Demonstrated the promise of engi-
neering materials with reconfigu-
rable physical properties using pro-
teins for Army applications.
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controlled systematically by altering the number 
of tandem repeats of the proteins. This introduces 
an additional design parameter relative to filler 
fraction for engineering of mechanical properties 
in these composites. These results were published 
in Proceedings of the National Academy of Sciences 
of the United States of America (PNAS) in July 2022. 

WAY AHEAD

These results illuminate the landscape of material 
properties that become accessible by going beyond 
proteins that exist in nature, using synthetic 
biology approaches. The remarkable mechanical 
stretchability and toughness of these composite 
materials, enabled by TR proteins, demonstrates 
the potential of biological materials to deliver novel 
material properties for future Army applications, 
including flexible circuit boards and wearable 

devices. Prof. Demirel’s synthetic biology approach 
accesses material properties that may be impossible 
to achieve through synthetic chemical approaches 
and is of significant interest to ARL researchers. Prof. 
Demirel visited the lab to discuss his research most 
recently in October 2022. In addition, Prof. Demirel’s 
team is focusing on scaling production of TR proteins 
for future prototyping and commercialization efforts 
through a small business, Tandem Repeat, that grew 
out of Prof. Demirel’s lab. In 2022, Tandem Repeat 
initiated scale-up efforts for TR proteins through 
an award from BioMADE, the DoD Bioindustrial 
Manufacturing Innovation Institute. This project will 
scale the upstream and downstream processes for 
producing Squitex, a sustainable, high-performance 
fiber made of TR proteins that yields superior 
mechanical, chemical, durability, and recyclability 
benefits when blended with natural fibers. 

Toughness (M
J/m

3)

60

Hybrid comp.

This study

Figure 3. Schematic illustration and images of 2D composites (A) before and (B) after tensile deformation. 
Stress-strain data of (C) graphene oxide/tandem repeat protein composites (GO/TR), (D) MXene/tandem 
repeat protein composites (MX/TR), and (E) graphene oxide/MXene/tandem repeat protein composites 
(GO/MX/TR). TR = tandem repeat proteins; n = number of repeat units of the tandem repeat sequence (n 
= 4, 7, or 11). (F) Ultimate tensile strength, (G) elongation at break (fracture strain), and (H) toughness of 
GO/TR, MX/TR, and GO/MX/TR composites as a function of reciprocal number of tandem repeats (1/n) of 
respective protein matrices. (I) Comparative graph for evaluating elongation at break and toughness of GO/
TR, MX/TR, GO/MX/TR, and existing composites of 2D materials as a function of density. (J) Comparative 
graph for evaluating elongation at break and toughness of GO/TR, MX/TR, GO/MX/TR, and existing 
composites of 2D materials as a function of ultimate tensile strength. 

Anticipated Impact

New stretchable and tough compos-
ite materials, with additional func-
tionality such as electrical thermal 
conductivity, are expected to enable 
robust and reliable flexible circuit 
boards, wearable devices, and other 
equipment for the Army that requires 
both strength and flexibility.
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ELECTROMAGNETIC SPECTRUM SCIENCES

SOLID-STATE ELECTRONICS AND ELECTROMAGNETICS

Dr. Joe Qiu
Program Manager

Dr. Qiu completed his un-
dergraduate studies at the 
State University of New York 
at Stony Brook, receiving his 
B.S. in Physics in 1991. He 
trained as a physicist at the 
State University of New York 
at Stony Brook, receiving his 

Ph.D. in Physics in 1997.

He came to ARL in 2008 as an electronics en-
gineer and then to ARO in 2013 as the program 
manager for Solid-State Electronics and Elec-
tromagnetics.

Current Scientific Objectives

1| Discover and create unique electromagnetic (EM) phenomena in solid-state 
materials and structures that require theoretical formulations beyond well-
established Maxwell’s equations that, if successful, will create new types 
of electrically tunable microwave/millimeter-wave (MMW)/terahertz (THz) 
devices. 

2| Create novel device concepts based on emerging phenomena in 
heterostructures and interfaces of engineered quantum materials that, if 
successful, will enable future electronic systems with significantly lower size, 
weight, and power and higher information processing capacity.

3| Develop novel EM structures to enable strong coupling with THz radiation 
(0.1-1.0 THz) and achieve efficient generation, manipulation, and detection of 
the aforementioned spectral range that, if successful, will potentially enable 
future beyond-5G wireless communications in this part of the EM spectrum.

SUCCESS STORY 

Deep Learning Approach to Wireless Chip Design
Army-funded researchers at Princeton University developed a method that uses deep learning to massively 
speed up the design of radio frequency (RF) chips for next-generation wireless systems. A paper authored 
by the researchers won the Best Advanced Practice Paper Award at the 2022 IEEE International Microwave 
Symposium, the flagship conference on RF and wireless technologies.

CHALLENGE

The traditional approach relies heavily on intuition, 
making it labor-intensive and expensive. The new 
approach exploits data-driven methods to virtually 
eliminate the need for highly specialized expertise—
slashing the most time-consuming aspects of the 
process.

ACTION

The Princeton University project began as part of 
a new multi-competency effort with Photonics, 
Electronics, and Quantum Sciences and Network, 
Cyber, and Computational Sciences: “Massively 
Distributed, Scaled and Synchronized RF 
Systems Enabled by Emerging Electronic and 
Photonic Materials and Devices.” Furthermore, it 
is also aligned with three key strategy areas for 
Electromagnetic Spectrum Sciences: (1) cognitive 
RF for congested spectrum, (2) distributed wireless 
systems, (3) MMW/THz EM phenomena.

RESULT

Deep learning and artificial intelligence (AI), in 
general, are advancing scientific discovery and 
technological inventions through the ability to 
extract inherently hidden features and map to 
output in a highly complex multidimensional space. 
Synthesis of EM structures with nearly arbitrary 
desired functional properties is an example of a high-
dimensional optimization space. In this study, the 
researchers employed deep convolutional neural 
network (CNN) to allow robust and rapid prediction 
of scattering properties of nearly arbitrary planar 
EM structures on a chip (Figure 1). Utilizing this, 
the work reported an MMW power amplifier (PA) 
using a 90-nm silicon–germanium (SiGe) integrated 
circuit process with a novel deep-learning-enabled 
inverse design of low-loss broadband output 
matching network that achieved a power-added 
efficiency (PAE) of 16%-24.7%, a saturation power 
of 16.7-19.5 dBm across a bandwidth of 30-94 GHz 

This success was made possible by:

Dr. Joe Qiu; Electromagnetic 
Spectrum Sciences, ARO

Dr. Romeo del Rosario; 
Electromagnetic Spectrum 
Sciences, ARL

Citations:

Liu, Z. et al. IEEE Microwave and 
Wireless Components Letters, 32, 6 
(2022).
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Figure 1. Concept and 
method of inverse de-
sign of PA, utilizing a 
deep CNN-based EM 
predictor, compared 
with the traditional tem-
plate geometry-based 
design method.

(103.2%), while supporting both single-carrier 
high-speed modulation and concurrent multiband 
multi-gigabits per second nonconstant amplitude 
modulation (Figure 2). The achieved bandwidth 
covers from 5G band up to W-band and is higher 
than all reported MMW silicon PAs, which have peak 
PAE greater than 20% and demonstrated for the 
first time concurrent multiband (i.e., triple-band) 
transmission with superior performance at multi-
gigabits per second.

The researchers, Prof. Kaushik Sengupta, associate 
professor of Electrical and Computer Engineering, 
and two PhD students, inverted the conventional 
design approach. They used the chip’s desired 
performance as their starting point, and the complex 
EM structures emerged through a fast optimization 
algorithm. Prior attempts to automate this design 
process were limited by time and resource-intensive 
simulations.

They showed that those simulations can be 
eliminated by a deep CNN model that predicts 

the performance of each complex structure from 
a single image of the structure. This opens a new 
searchable set of designs with an astronomical 
number of total configurations.

Figure 2. (a) PA schematic, (b) chip micrograph, and (c) small-signal measurement results.

WAY AHEAD

The researchers will explore using the machine 
learning design methodology to create EM structures 
that can achieve arbitrary spatio-temporal control 
and detection of EM fields. This will provide an 
opportunity to develop a technique for realizing 
massively distributed, scaled, and synchronized 
EM systems. Preliminary work by the principal 
investigator has demonstrated the capability to 
quickly and simultaneously locate multiple wireless 
nodes using integrated terahertz surfaces employing 
a spectrum-to-space mapping principle. Further 
networking and phase-synchronization of these 
nodes, particularly in large number, will require 
better understanding of the fundamental limits 
of proposed terahertz surfaces, especially those 
related to timing and stability. 

ARL Competencies:

Electromagnetic Spectrum Sciences

Results

• Won the Best Advanced Practice 
Paper Award at the 2022 IEEE 
International Microwave Sympo-
sium, the flagship conference on 
RF and wireless technologies.

• Published in the journal IEEE Mi-
crowave and Wireless Components 
Letters.

• Developed deep-learning-based 
design methodology to enable ro-
bust and rapid prediction of scat-
tering properties of nearly arbitrary 
planar EM structures on chip.

• Demonstrated for the first time 
concurrent multiband (triple-band) 
transmission with superior per-
formance at multi-gigabits per 
second in high-efficiency power 
amplifier with record bandwidth.

Anticipated Impact

These inverse design methods can 
open new design space for rapid EM/
circuit synthesis and, more impor-
tantly, untapped functionalities in RF/
MMW circuits and systems, which 
support the Network/Command, 
Control, Communications, and Intel-
ligence (C3I) Army Modernization 
Priority.
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SUCCESS STORY 

Using Electricity to Find Materials That Can Learn
Army-funded researchers at Purdue University demonstrated cellular-like learning in oxygen-deficient 
nickel oxide (NiOx) devices. Both habituation learning and sensitization response could be achieved in a 
single device by simply controlling the magnitude of the electric field.

CHALLENGE

Scientists attempting to create a new generation 
of supercomputers are looking for inspiration from 
the most complex and energy-efficient computer 
ever built: the human brain. In some of their initial 
forays into making brain-inspired computers, 
researchers are examining different nonbiological 
materials whose properties could be tailored to show 
evidence of learning-like behaviors. These materials 
could form the basis for hardware to be paired with 
new software algorithms to enable more potent, 
useful, and energy-efficient AI.

ACTION

Prof. Shriram Ramanathan (Purdue University), 
a world-leading export in Mott oxides, has been 
funded by ARO’s Solid-State Electronics and Elec-
tromagnetics Program to investigate correlated 
effects and transistor device concepts based on 
insulator-to-metal transition in these materials. In 
2016, Dr. Qiu held a workshop titled “Frontiers of 
Neuromorphic Electronics” at the University of Cali-
fornia, Los Angeles. Prof. Ramanathan was a speaker 
in the workshop. Although his talk focused on in-
sulator-to-metal transitions for artificial synapse 

Figure 3. Nonassociative learning in NiOx. (a) Schematic of a gene (DNA). (b) Habituation indicates a 
reduction in the response after repetitive exposure to stimuli. (c) Sensitization implies an increase in 
response with respect to the iterative stimulus. The positive/negative signs represent marked genes with 
respect to inputs (training). (d) Schematic of NiOx device architecture. The input training pulses were 
applied between the top (Pd) and bottom (Pt) electrode, which causes movement of oxygen vacancies 
depending on the amplitude of the pulses. (Inset) Optical image of an array of NiOx test chip. (e,f) Relative 
percentage change in resistance with respect to the training times when each training cycle was performed 
for 52 s with an interval of T = 8 s. The pulse width was kept constant to 500 ms with the amplitude of 
input pulses of E1 = 5 mV/nm for habituation (e) and 30 mV/nm for sensitization (f). (Inset) Triangular 
pulses used for measuring the change in resistance state. (Bottom panels) Square-shaped training pulse 
series applied to the device for the habituation and sensitization measurement.

This success was made possible by:

Dr. Joe Qiu; Electromagnetic 
Spectrum Sciences, ARO

Dr. Madan Dubey; Photonics, 
Electronics, and Quantum Sciences, 
ARL

Citations:

Mondal, S. et al. Adv. Intell. Syst. 4, 
2200069 (2022).
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applications, he also discussed privately with Dr. Qiu 
the potential of finding other correlated effects in 
Mott transition materials that could mimic biological 
intelligence. While much attention has been focused 
on creating artificial synapse for neuromorphic ap-
plications, mimicking other biological intelligence 
at the material level would be a new approach for 
neuromorphic electronics and AI and could lead to 
completely new computing architectures. Based on 
these discussions, Prof. Ramanathan was awarded a 
follow-on to investigate bio-mimicking intelligence 
effects in Mott-oxide materials.

RESULT

In a new study led by scientists from Purdue Uni-
versity, researchers exposed oxygen-deficient NiOx 
to brief electrical pulses and elicited two different 
electrical responses that are similar to learning (Fig-
ure 3). According to Prof. Ramanathan, the result is 
an all-electrically driven system that shows these 
learning behaviors. The research team used the 
resources of the Advanced Photon Source (APS), a 
U.S. Department of Energy (DoE) Office of Science 
user facility at DoE’s Argonne National Laboratory. 

The first response, habituation, occurs when the 
material “gets used to” being slightly zapped. The 
scientists noticed that although the material’s 
resistance increases after an initial jolt, it soon 
becomes accustomed to the electric stimulus. 
“Habituation is like what happens when you live near 
an airport,” said Prof. Fanny Rodolakis, a physicist 
and beam line scientist at APS. “The day you move 
in, you think ‘what a racket,’ but eventually you 
hardly notice anymore.” 

The other response shown by the material, sensi-
tization, occurs when a larger dose of electricity is 
administered. “With a larger stimulus, the material’s 
response grows instead of diminishing over time,” 
Prof. Rodolakis said. “It’s akin to watching a scary 
movie, and then having someone say ‘boo!’ from 
behind a corner—you see it really jump.” 

“Pretty much all living organisms demonstrate these 
two characteristics,” Prof. Ramanathan said. “They 
really are a foundational aspect of intelligence.” 

These two behaviors are controlled by quantum 
interactions between electrons that cannot be 
described by classical physics, and that help to 
form the basis for a phase transition in the material 
(Figure 4). “An example of a phase transition is a 
liquid becoming a solid,” Prof. Rodolakis said. “The 
material we're looking at is right on the border, 
and the competing interactions that are going on 
at the electronic level can easily be tipped one way 
or another by small stimuli.”

“Having a system that can be completely controlled 
by electrical signals is essential for brain-inspired 
computing applications,” Prof. Ramanathan 
said. “Being able to manipulate materials in this 
fashion will allow hardware to take on some of 
the responsibility for intelligence,” he explained. 
“Using quantum properties to get intelligence into 
hardware represents a key step towards energy-
efficient computing.” 

The difference between habituation and sensitization 
can help scientists overcome a challenge in the 
development of AI called the stability–plasticity 
dilemma. AI algorithms can often be too reluctant 
to adapt to new information. However, when they 
do adapt, they can often forget some of what they 

Figure 4. Mechanisms enabling cellular-like learning in oxygen-deficient NiOx. (a) Electrical resistivity 
with visual color change in NiOx films after annealing at different temperature. (b) (Bottom) Optimal 
resistive switching state in the as-prepared (AP) NiOx is essential for cellular-like learning. The resistance 
increases from 4.7 kΩ (pristine) to 5.2 kΩ for application pulse width of +30 mV/nm/0.5 s and decreases 
to 4 kΩ owing to the application of -30 mV/nm/0.5 s. The simulated curve follows the trends of switching 
characteristics. (Top) After the heat treatment at 450 °C/1 h, the device does not display any switching 
behavior due to the annihilation of oxygen vacancies. (c) s-SNOM second-harmonic amplitude images taken 
at laser wavelength of λ = 10.5 μm of NiOx samples prepared in 2% oxygen environment and annealed at 
different temperatures (as prepared: 350, 400, and 450 °C). (d) Oxygen peaks in core level measured by 
XPS for AP to 450 °C-annealed NiOx films, respectively. The oxygen peaks fit by three distinct components 
corresponding to lattice oxygen (OL) are cyan, oxygen vacancies (OV) violet, and hydroxide (OOH) yellow. 
(e) Stoichiometry of NiOx, where x denotes the ratio of oxygen to nickel. (f) Synchrotron x-ray diffraction 
of NiOx (111) peaks after annealing. Lattice constant expansion of ~0.19% is observed for AP NiOx over 
450 °C NiOx film. (g) Ex situ XANES-measured spectrum for AP NiOx and after annealing. The weight of 
the O K-edge peaks reduces (arrow direction) for AP NiOx, indicating a decrease of unoccupied state in O 
2p orbital with higher oxygen vacancies. (Inset) Zoomed peak intensity variation. (h) Normalized Ni K-edge 
XANES spectra of AP NiOx and 450 °C NiOx with pre-edge features in zoomed view (inset).
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Results

• Published in the journal Advanced 
Intelligent Systems.

• Demonstrated cellular-like nonas-
sociative learning in oxygen-defi-
cient NiOx devices. 

• Achieved both habituation learn-
ing and sensitization response in 
a single device by controlling the 
magnitude of the electric field. 

• Implemented device arrays to learn 
alphabets as well as demonstrated 
simulated algorithmic use cases in 
digit recognition.
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The first response, habituation, occurs when the 
material “gets used to” being slightly zapped. The 
scientists noticed that although the material’s 
resistance increases after an initial jolt, it soon 
becomes accustomed to the electric stimulus. 
“Habituation is like what happens when you live near 
an airport,” said Prof. Fanny Rodolakis, a physicist 
and beam line scientist at APS. “The day you move 
in, you think ‘what a racket,’ but eventually you 
hardly notice anymore.” 

The other response shown by the material, sensi-
tization, occurs when a larger dose of electricity is 
administered. “With a larger stimulus, the material’s 
response grows instead of diminishing over time,” 
Prof. Rodolakis said. “It’s akin to watching a scary 
movie, and then having someone say ‘boo!’ from 
behind a corner—you see it really jump.” 

“Pretty much all living organisms demonstrate these 
two characteristics,” Prof. Ramanathan said. “They 
really are a foundational aspect of intelligence.” 

These two behaviors are controlled by quantum 
interactions between electrons that cannot be 
described by classical physics, and that help to 
form the basis for a phase transition in the material 
(Figure 4). “An example of a phase transition is a 
liquid becoming a solid,” Prof. Rodolakis said. “The 
material we're looking at is right on the border, 
and the competing interactions that are going on 
at the electronic level can easily be tipped one way 
or another by small stimuli.”

“Having a system that can be completely controlled 
by electrical signals is essential for brain-inspired 
computing applications,” Prof. Ramanathan 
said. “Being able to manipulate materials in this 
fashion will allow hardware to take on some of 
the responsibility for intelligence,” he explained. 
“Using quantum properties to get intelligence into 
hardware represents a key step towards energy-
efficient computing.” 

The difference between habituation and sensitization 
can help scientists overcome a challenge in the 
development of AI called the stability–plasticity 
dilemma. AI algorithms can often be too reluctant 
to adapt to new information. However, when they 
do adapt, they can often forget some of what they 

have already learned. By creating a material that 
can habituate, scientists can teach it to ignore or 
forget unneeded information and thus achieve 
additional stability, while sensitization could train 
it to remember and incorporate new information, 
enabling plasticity. 

“AI often has a hard time learning and storing new 
information without overwriting information that 
has already been stored,” Prof. Rodolakis said. “Too 
much stability prevents AI from learning, but too 
much plasticity can lead to catastrophic forgetting.” 

One major advantage of the new study involved 
the small size of the NiOx device. “This type of 
learning had previously not been done in the current 
generation of electronics without a large number 
of transistors,” Prof. Rodolakis said. “This single 
junction system is the smallest system to date to 
show these properties, which has big implications 
for the possible development of neuromorphic 
circuitry.” 

The team used x-ray absorption spectroscopy to 
detect the atomic-scale dynamics responsible for 
the habituation and sensitization behaviors at the 
APS.

WAY AHEAD

Transition metal oxides with carefully prepared 
defect concentrations can be highly sensitive to 
electronic structure perturbations under moderate 
electrical stimulus and serve as building blocks for 
next-generation neuro-inspired computing hard-
ware. Emulating nonassociative learning has drawn 
substantial interest in brain-inspired computing and 
information processing as it is a fundamental form 
of learning. Habituation and sensitization learning 
are present in various organisms and are essential 
to enhance their survival. Nonassociative learning 
has been realized in traditional very-large-scale 
integration technology using a large number of 
transistors (~20) as well as other electronic com-
ponents. Mimicry of nonassociative learning using 
the single-resistive two-terminal oxide-based sol-
id-state device is promising to reduce circuit-level 
complexity. Prof. Ramanathan is actively pursuing 
new machine learning architecture that can utilize 
these novel devices. 

Figure 4. Mechanisms enabling cellular-like learning in oxygen-deficient NiOx. (a) Electrical resistivity 
with visual color change in NiOx films after annealing at different temperature. (b) (Bottom) Optimal 
resistive switching state in the as-prepared (AP) NiOx is essential for cellular-like learning. The resistance 
increases from 4.7 kΩ (pristine) to 5.2 kΩ for application pulse width of +30 mV/nm/0.5 s and decreases 
to 4 kΩ owing to the application of -30 mV/nm/0.5 s. The simulated curve follows the trends of switching 
characteristics. (Top) After the heat treatment at 450 °C/1 h, the device does not display any switching 
behavior due to the annihilation of oxygen vacancies. (c) s-SNOM second-harmonic amplitude images taken 
at laser wavelength of λ = 10.5 μm of NiOx samples prepared in 2% oxygen environment and annealed at 
different temperatures (as prepared: 350, 400, and 450 °C). (d) Oxygen peaks in core level measured by 
XPS for AP to 450 °C-annealed NiOx films, respectively. The oxygen peaks fit by three distinct components 
corresponding to lattice oxygen (OL) are cyan, oxygen vacancies (OV) violet, and hydroxide (OOH) yellow. 
(e) Stoichiometry of NiOx, where x denotes the ratio of oxygen to nickel. (f) Synchrotron x-ray diffraction 
of NiOx (111) peaks after annealing. Lattice constant expansion of ~0.19% is observed for AP NiOx over 
450 °C NiOx film. (g) Ex situ XANES-measured spectrum for AP NiOx and after annealing. The weight of 
the O K-edge peaks reduces (arrow direction) for AP NiOx, indicating a decrease of unoccupied state in O 
2p orbital with higher oxygen vacancies. (Inset) Zoomed peak intensity variation. (h) Normalized Ni K-edge 
XANES spectra of AP NiOx and 450 °C NiOx with pre-edge features in zoomed view (inset).

ARL Competencies:

Electromagnetic Spectrum Sciences

Anticipated Impact

Mott materials sensitive to electri-
cal excitations can serve as building 
blocks to explore features of evolu-
tionary biology for implementation 
in machine intelligence, which sup-
ports the Network/C3I Army Mod-
ernization Priority.
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ELECTROMAGNETIC SPECTRUM SCIENCES

PHYSICAL PROPERTIES OF MATERIALS

Dr. Chakrapani (Pani) Varanasi
Program Manager

Dr. Varanasi completed his M.S. in 
Materials Science and Engineering 
at the Indian Institute of Technol-
ogy (Kanpur, India), in 1990. He 
trained as a materials scientist 
at the University of Notre Dame, 
receiving his Ph.D. in Materials 
Science and Engineering in 1994. 

He came to ARO in 2009 as a Program Manager for 
Physical Properties of Materials and was promoted 
to Branch Chief, Materials Science Branch, in 2017, 
and currently serves as the Extramural Competency 
Co-Lead and Branch Chief for the Sciences of Extreme 
Materials Competency.

Current Scientific Objectives

1| Discover materials of novel compositions and structures with 
extraordinary physical properties (electronic, photonic, magnetic, and 
thermal) through a fundamental understanding of nucleation/ growth 
mechanisms, reaction kinetics, interface control, and composition/
structure control during top-down approaches that, if successful, will 
impact the Army’s transformational overmatch capabilities in the areas 
of sensing, communication, and power and energy, among others.

2| Develop extraordinary characterization techniques utilizing the latest 
technological developments to explore the functional properties of 
novel materials as well as develop an understanding of the influence 
of defects in materials on the functional properties to establish defect-
property correlations that, if successful, will play an important role 
to transform applications in sensing, communication, and power and 
energy, among others.

SUCCESS STORY 

Chalcogenide Perovskite Materials with Extraordinary 
Physical Properties 
New chalcogenide perovskite semiconductors have been synthesized that exhibit tunable opto-electronic 
properties, anomalous charge transport properties, and ultra-low thermal conductivity over a wide range 
of temperatures. These results were made possible due to collaborations by a principal investigator (PI) 
supported by a single investigator (SI) program with other PIs at different institutions, as well as by 
leveraging prior ARO Small Business Technology Transfer (STTR) investments elsewhere.

CHALLENGE

The modern information age has been made 
possible by sustained research and development 
of advanced materials for electronic and 
optoelectronic applications, par ticularly 
semiconductors. The workhorse materials of 
current information technology are materials such 
as silicon and compound semiconductors such 
as gallium arsenide, but emerging technologies 
require novel functionalities not seen in these 
semiconductors. A new class of materials called 
perovskite chalcogenides (PCs) have demonstrated 
a series of extraordinary physical properties such as 
electrical, optoelectronic, and thermal properties. 
First, PCs show tunable band gap from visible 
to infrared energies—specifically, their infrared 
responsivity can be useful for night vision and 
infrared detection applications. Additionally, some 
PCs exhibit abrupt electrical conductivity changes 
and very low glass-like thermal conductivities 

enabling potential for novel electrical switches with 
intrinsic device thermal insulation. New methods 
for thin-film growth of TMPCs and subsequent 
advanced materials characterization are required 
to understand how defects in this new class of 
materials affect physical properties.

ACTION

Dr. Varanasi has a thrust in his program to support 
novel ideas to discover new materials with unique 
properties. In that theme, he encouraged and 
supported an SI proposal from Prof. Ravichandran 
from the University of Southern California to explore 
chalcogenide perovskite materials in bulk and thin 
film form. While some of the bulk materials of this 
materials family were grown before, the electronic/
optoelectronic properties of these materials were 
not well studied or understood. In addition, thin films 
that would enable future low-power devices have 
never been processed. To grow these materials in 

This success was made possible by:

Dr. Chakrapani Varanasi; Sciences of 
Extreme Materials, ARO 

Dr. Marc Ulrich; Photonics, 
Electronics, and Quantum Sciences, 
ARO 
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thin film form, a deposition system such as a pulsed 
laser deposition (PLD) is required. By providing 
the PI with funds to acquire a PLD, Dr. Varanasi 
helped the PI to synthesize these materials in thin 
film form for the first time. With support from the 
Army, the PI synthesized best-in-class single crystal 
and thin films of chalcogenide materials, which 
helped initiate new collaborations with researchers 
from other institutions, such as the Massachusetts 
Institute of Technology, the California Institute of 
Technology (Caltech), and Oak Ridge National 
Laboratory. These collaborations have resulted in 
identifying unusual properties such as glass-like 
thermal conductivity. In addition, these materials 
have shown some initial indication of unique 
atomic scale polar textures that were not originally 
envisioned to be possible by the mechanisms 
currently understood in ferroelectric and magnetic 
materials. Dr. Varanasi has recommended this 
new materials platform to explore further as an 
alternate 3-year Multidisciplinary University 
Research Initiative (MURI) that is currently 
ongoing. In addition to a 5-year MURI to explore 
electrical skyrmions in oxide materials systems, 
this chalcogenide system is expected to provide 
complementary properties, as the mechanisms 
of formation of polar textures are quite different, 
and have interesting electrical and optoelectronic 
functionalities.

RESULT

Early experimental and computational results from 
this project found that single crystals of BaTiS3 
(grown by the PI) exhibit ultralow and glass-like 
thermal conductivity measured by time-domain 
thermoreflectance well above cryogenic tempera-
tures despite near-perfect lattice structure as ob-
served in electron microscopy (Figure 1). These 

experiments, combined with theory, establish the 
presence of sub-terahertz frequency atomic tun-
neling leading to the anomalous transport proper-
ties well above cryogenic temperatures. These re-
sults were published in Nature Communications. 

Figure 1. Comparison of measured thermal 
conductivity vs. temperature for BaTiS3 (green) 
against other materials.

A new family of nontoxic, highly crystalline 
chalcogenide perovskites with a band gap in the 
near-infrared and visible spectrum was discovered 
(Figures 2 and 3), combining strong optical 
absorption and dielectric response. These results 
were published in Physical Review Materials. 
These studies establish chalcogenide perovskites 
as highly polarizable semiconductors with 
attractive electrical, optoelectronic, and thermal 
functionalities.

Figure 2. Scanning transmission electron 
microscopy (STEM) of BaTiS3 single 
crystals along and across the c-axis 
showing highly crystalline nature.

ARL Competencies:

Electromagnetic Spectrum Sciences

Energy Sciences

Photonics, Electronics, 
and Quantum Sciences

Results

• Demonstrated through theory and 
experiments that new PCs may ex-
hibit unprecedented electronic, 
photonic, and thermal properties.

• Published in Nature Communica-
tions.
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Figure 3. Tunable band gap of chalcogenide perovskites 
from visible to near-infrared energies.

WAY AHEAD

Chalcogenide perovskites are attracting worldwide 
attention as researchers in Europe and Asia are 
starting to investigate their optoelectronic properties 
and applications following the promise shown by Dr. 
Ravichandran and other U.S.-based researchers. 
The next step will include understanding how we 
can harness these extraordinary physical properties 

for practical applications by tailoring the defects 
and microstructure of these materials, specifically 
advancing thin-film growth of chalcogenide 
perovskites using in situ Auger characterization 
methods developed with ARO STTR support. 
Further investments and collaborations with other 
DoD organizations and laboratories will be key to 
deploying chalcogenide perovskites in military and 
civilian applications. 

Anticipated Impact

Materials identified and synthesized 
in this effort demonstrate anomalous 
charge transport and ultra-low 
thermal conductivity, demonstrating 
that PCs are likely candidates for 
many DoD technologies for sensing, 
power and energy, electronics, and 
optoelectronics.

SUCCESS STORY 

Scanning Ultrafast Electron Microscopy to Image Non-
equilibrium Hot-Carrier Dynamics in Novel Materials
A unique characterization tool called a scanning ultrafast electron microscope (SUEM) with a capability 
to image hot-carrier dynamics in novel materials with combined nanometer spatial resolution and sub-
picosecond temporal resolution is developed. Charge carrier diffusion has been directly imaged in several 
novel materials such as cubic boron arsenide (BAs) with the only SUEM that is available at a U.S. university, 
resulting in the longest known value for persistent hot-carrier diffusion (over 200 ps) in a semiconductor, 
suggesting promising application of BAs for solar cells or photosensors. This work, reinforced by theoretical 
models, establishes SUEM as an experimental tool to quantitatively capture light-matter processes in 
emerging materials for advanced photodetector and photo-energy harvesting applications.

CHALLENGE

As modern microelectronic devices continue 
to shrink in size and are more densely packed, 
thermal management becomes an issue for device 
longevity and safety (e.g., a cell phone). Hot carriers 
in electronic devices describe the charge carrier 
density required for electrons and holes to overcome 
a potential barrier to break an interface state, which 
is important for the function of solid-state electronic 
devices. Cubic BAs are a promising semiconductor 
material, exhibiting improved charge mobility 
and a tenfold increase in thermal conductivity 
compared to silicon. However, direct measurements 
of photocarrier transport in cubic BAs have been 
elusive due to the small size of available high-quality 
samples that preclude conventional methods. Time-
resolved imaging of charge transport in this material 
and many others is possible at the picosecond 
timescale using SUEM, which is not possible with 
conventional electron microscopes. Understanding 
how hot carriers and phonons interact in 2D and 

thin-film semiconducting materials is important for 
materials selection and design of next generation 
photo-energy cells and photodetectors that are 
highly relevant to DoD network applications. 
However, a characterization tool to shed light on 
photocarrier dynamics beyond the optical diffraction 
limit at a U.S. university was not available prior to 
this effort.

In the Physical Properties of Materials program, 
Dr. Varanasi has a research thrust to develop ad-
vanced characterization techniques to understand 
the properties of emerging novel materials. During 
one of his visits to the University of California, San-
ta Barbara (UCSB) for an annual MURI review in 
2017, Dr. Varanasi met with a new faculty member, 
Prof. Bolin Liao. Prof. Liao discussed his ideas with 
Dr. Varanasi to build a one-of-a-kind instrument to 
study the hot-carrier dynamics in materials that 
was not existent in any university at that time. The 
late Prof. Ahmed Zewail at Caltech that Prof. Liao 
worked with as a postdoc originally initiated this 

This success was made possible by:

Dr. Chakrapani Varanasi; Sciences of 
Extreme Materials, ARO

Dr. Mark Spector; Office of Naval 
Research 
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work, but unfortunately passed away in 2016, and 
the efforts in this area were abruptly stopped. Prof. 
Liao moved to UCSB and was interested in rebuilding 
that instrument from scratch and adding additional 
features to improve the temporal/spatial resolution 
and signal-to-noise ratio. Although the risk was high 
for this project, the rewards were expected to be sig-
nificant, as such an instrument would help to shed 
light on understanding novel phenomena observed in 
materials. Dr. Varanasi encouraged Prof. Liao to sub-
mit a Defense University Research Instrumentation 
Program (DURIP) proposal to build this instrument 
as well as a Young Investigator Program (YIP) pro-
posal to conduct experiments to use this instrument. 
These timely investments of DURIP combined with 
a YIP and Prof. Liao’s group’s hard and innovative 
work have resulted in creating the only operational 
SUEM in a U.S. university. This instrument is being 
used to investigate several novel material systems. 
Prof. Liao’s group also assisted with efforts at San-
dia National Laboratories and Oak Ridge National 
Laboratory to set up their own SUEMs. 

RESULT

Researchers from Prof. Liao’s group at UCSB have 
built the only operational SUEM at a U.S. university 
and have imaged carrier transport in a variety of 
novel materials (e.g., MoS2, semiconducting 
polymer poly(3-hexylthiophene) (P3HT), cubic BAs 
single crystals). 

Unprecedentedly long, hot photocarrier diffusion 
was imaged in single crystal cubic BAs using SUEM 
(Figure 4). These BA crystals were developed under 
an Office of Naval Research MURI program (PM Dr. 
Mark Spector). This finding, along with the materi-
als’ high thermal conductivity and charge mobility, 
suggests that cubic BAs is a promising semicon-
ducting material for hot-carrier photo-energy cells 

and photodetectors. These results were published 
in Matter. Prof. Liao’s group is now a world leader in 
the development, modeling, and application of the 
SUEM technique. 

Figure 4. Schematic of photon-pump–electron-
pump SUEM technique (top) and selected time-
resolved images showing hot-carrier diffusion in 
cubic BAs (bottom).

A new type of homojunction termed a “band-bend-
ing junction” has been imaged using SUEM in MoS2 
(Figure 5). The highly passivated surfaces of 2D 
materials combined with vertical thickness chang-
es comparable to the characteristic electrostatic 
screening length result in this vertical band bending, 
which is important when considering geometrical-
ly inhomogeneous ultrathin optoelectronic devices. 
They also directly imaged the strain-induced mod-
ulation of electronic properties of P3HT, which is 
highly relevant to strain-engineering of organic 
electronic materials. These results were published 
in two papers in Nano Letters. 

Figure 5. Conceptual depiction of band-bending 
junction and its measurement using SUEM (top) 
and contrast images at various time delays after 
photoexcitation (bottom). The sample decreases in 
thickness counterclockwise from the bottommost 
outline (pink, green, blue). 

WAY AHEAD

Opportunities exist to push the boundary of the 
spatial and temporal resolutions of SUEM with new 
instrumentation and control development as well 
as to add new capabilities such as time-resolved 
electron backscattering diffraction. If successful, 
these developments would enable probing light-
matter interaction in emerging materials with 
even smaller feature sizes, such as 2D twisted 
moiré superlattices to provide new insights into 
photophysical processes in novel quantum materials 
with unprecedented combined spatial and temporal 
resolutions. Collaboration opportunities between 
the PI and scientists and engineers at ARL to exploit 
this new capability will be pursued. 

ARL Competencies:

Electromagnetic Spectrum Sciences

Photonics, Electronics, 
and Quantum Sciences

Results

• SUEM has revealed unusually long 
hot-carrier diffusion in cubic BA, a 
promising next-generation semi-
conductor material. 

Anticipated Impact

The development of a SUEM at a U.S. 
university has been shown capable of 
taking unprecedented tempo-spatial 
resolution images of carrier transport 
that further our understanding 
of such phenomenon in novel 
materials, which can be leveraged 
by the DoD for future technologies 
for photodetectors and photo-energy 
harvesting.
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ENERGY SCIENCES

INSTITUTE FOR SOLDIER NANOTECHNOLOGIES (ISN)

Dr. James Burgess
Program Manager

Dr. Burgess completed his undergraduate 
studies at Longwood University, receiving 
his B.S. in Chemistry. He earned his Ph.D. 
in Chemistry from Virginia Common-
wealth University in 1997 before serving 
as a postdoctoral research associate at 
Ames Laboratory, a U.S. Department of 
Energy National Laboratory administered 

by Iowa State University. He joined ARO in 2019 following 
faculty appointments at Case Western Reserve University 
and Augusta University, where he served as Chair of the 
Department of Medical, Laboratory, Imaging, and Radiologic 
Sciences in the College of Allied Health Sciences.

Current Scientific Objectives

1| Engage Army colleagues to dramatically improve the survivability 
and capabilities of Soldiers, their platforms, and their devices 
by exploring and extending the frontiers of nanotechnology 
through fundamental research that, if successful, may lead to 
revolutionary improvements in a wide array of existing equipment 
and the development of groundbreaking new equipment.

2| With the goal of performing world-class research, actively engage 
jointly with Army and industry partners to enable efficient 
transitioning of research that, if successful, will mature swiftly 
to the higher technology readiness levels suitable for applied 
research and development by Army labs, defense corporations, 
and spin-off companies.

SUCCESS STORY 

Nanophotonic Scintillators for Sensitive and Efficient X-ray 
Imaging
An ARO-funded ISN team has demonstrated for the first time nanophotonic scintillators. Nanophotonic 
scintillators integrate nanophotonic structures, patterned on the scale of an optical wavelength, with 
scintillators—materials that glow upon x-ray irradiation–promising orders of magnitude more sensitive 
x-ray detection (Figure 1) for applications in homeland security and nondestructive field inspection of 
explosives, as well as brighter, safer medical imaging.

Figure 1. X-ray scan taken with a traditional scintillator that 
contains a nanophotonic patch. The bright square corresponds 
to the more sensitive area patterned with a photonic crystal 
nanophotonic scintillator (at the scale of a few hundreds of 
nanometers), demonstrating a significant increase in image 
brightness.

CHALLENGE

“X-ray vision” is a long-standing dream of mankind, 
potentially allowing humans to reveal the insides of 
opaque objects. In fact, x-ray vision is already widely 
available in medical applications, nondestructive 
inspection, and homeland security, enabling the 
visualization and detection of tumors, defects, 
and homeland threats alike. Key to this family of 
technologies is the design of efficient and sensitive 
scintillators. Scintillators are materials that convert 
x-rays into light emission at desired frequencies, 
which then create the image required.

Nanophotonics, a field spearheaded by Massachu-
setts Institute of Technology (MIT) Profs. Marin 
Soljačić, Steven Johnson, and John Joannopoulos, 
allows one to control emission properties of ma-
terials by patterning them at the nanoscale. Con-
cepts in nanophotonics can be applied to control 
and enhance scintillation. However, scintillation is 

a complex, multi-physics process that requires the 
integration of x-ray scattering, microscopic elec-
tronic dynamics, and nanophotonics simulations in 
a single pipeline. The collaboration between Profs. 
Soljačić, Johnson, and Joannopoulos managed to de-
velop a theoretical framework to model and optimize 
scintillation in arbitrary nanophotonic scintillators, 
using Lorentz reciprocity in electromagnetics.

Another challenge in experimentally demonstrating 
nanophotonic scintillators that the researchers 
needed to overcome was that of fabricating na-
noscale structures directly in scintillator materials. 
To achieve this, the researchers used a large-scale 
focused-ion-beam lithography technique recently 
acquired by MIT.nano—MIT’s state-of-the-art, 
open-access, shared nanoscience and nanotech-
nology facility—enabling them to realize large-scale 
patterns of nanophotonic scintillators directly 
etched into x-ray scintillators (Figure 2).

Figure 2. Scanning electron micrograph image of the 2D 
photonic crystal structure etched into the surface of a 
conventional scintillator made of yttrium aluminum garnet. 
The spacing between neighboring holes is about 430 nm.

This success was made possible by:

Dr. James Burgess; Energy Sciences, 
ARO
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Nanophotonic Scintillators for Sensitive and Efficient X-ray 
Imaging
An ARO-funded ISN team has demonstrated for the first time nanophotonic scintillators. Nanophotonic 
scintillators integrate nanophotonic structures, patterned on the scale of an optical wavelength, with 
scintillators—materials that glow upon x-ray irradiation–promising orders of magnitude more sensitive 
x-ray detection (Figure 1) for applications in homeland security and nondestructive field inspection of 
explosives, as well as brighter, safer medical imaging.

a complex, multi-physics process that requires the 
integration of x-ray scattering, microscopic elec-
tronic dynamics, and nanophotonics simulations in 
a single pipeline. The collaboration between Profs. 
Soljačić, Johnson, and Joannopoulos managed to de-
velop a theoretical framework to model and optimize 
scintillation in arbitrary nanophotonic scintillators, 
using Lorentz reciprocity in electromagnetics.

Another challenge in experimentally demonstrating 
nanophotonic scintillators that the researchers 
needed to overcome was that of fabricating na-
noscale structures directly in scintillator materials. 
To achieve this, the researchers used a large-scale 
focused-ion-beam lithography technique recently 
acquired by MIT.nano—MIT’s state-of-the-art, 
open-access, shared nanoscience and nanotech-
nology facility—enabling them to realize large-scale 
patterns of nanophotonic scintillators directly 
etched into x-ray scintillators (Figure 2).

Figure 1. X-ray scan taken with a traditional scintillator that 
contains a nanophotonic patch. The bright square corresponds 
to the more sensitive area patterned with a photonic crystal 
nanophotonic scintillator (at the scale of a few hundreds of 
nanometers), demonstrating a significant increase in image 
brightness.

Figure 2. Scanning electron micrograph image of the 2D 
photonic crystal structure etched into the surface of a 
conventional scintillator made of yttrium aluminum garnet. 
The spacing between neighboring holes is about 430 nm.

ACTION

In 2019, ISN Program Manager, Dr. James 
Burgess, sponsored an ISN research team 
to explore new basic science directions in 
support of photonic materials for imaging 
and radiation detection more broadly. 
Dr. Burgess’s proactive leadership of 
the ISN research program has resulted 
in the discovery of these new scintillation 
materials. This science discovery has 
opened interest in pursuing a battlefield-
deployable medical imaging system to 
save lives by cutting diagnostic times. 

RESULT

Current approaches to improving 
scintillation consist solely of improving 
the quality of existing materials or 
synthesizing new materials with 
brighter scintillation. However, the 
team of researchers from the Army’s 
ISN at MIT introduced (Roques-
Carmes et al., 2022) an innovative 
and fundamentally different approach 
based on integrating a nanophotonic 
structure into the scintillator material. 
The creation of spatial inhomogeneities 
on the nanoscale enables unique control 
and modulation of the light emission 
properties of the material. 

This novel framework enables, for the 
first time, a new class of x-ray detectors 
with more than a tenfold enhancement in 
efficiency. The promise of this technology 
is to make higher-quality x-ray images, 
for instance to detect tumors at a much 
earlier stage without exposing patients 
to large amounts of radiation, and 
allowing for a much smaller potentially 
portable device, or to see the insides 
of manufactured objects with greater 
accuracy and precision. A detector 
prototype was developed by the team, 
and applications to high-resolution, 
low-dose medical imaging are being 
considered as future steps.

WAY AHEAD

A goal of advancing these materials is to create low-power, low-weight, small x-ray systems for medical 
diagnostics at unprecedented sensitivity ISN plans continued testing of a prototype system, and a DEVCOM 
transition partner will be identified. Success in developing the x-ray detection device will represent exciting 
advances in providing the Army with a fieldable device, potentially saving lives on the battlefield. 

ARL Competencies:

Electromagnetic Spectrum Sciences

Photonics, Electronics, 
and Quantum Sciences

Biological and Biotechnology Sciences

Results

• Demonstrated improvement to 
scintillator efficiency by at least 10 
times and potentially 100 times by 
incorporating nanoscale features to 
the scintillator’s surface.

• Led to dramatic increases in x-ray 
image brightness, decrease in a 
subject’s exposure to x-rays, or both.

• Achieved through the develop-
ment of a theory and framework 
for nanophotonic scintillation that 
could lead to improvements in other 
systems in which high-energy radi-
ation/surface interactions are key.

Anticipated Impact

This advanced materials work prom-
ises utility of x-ray imaging that is 
brighter and thus more sensitive as 
well as being less harmful due to 
the reduced radiation needed to im-
age the body. The final system will 
be smaller and lighter than current 
systems and thus will be amenable 
to battlefield or nearer battlefield 
scenarios.
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SUCCESS STORY 

Acoustic Fibers and Fabrics
An ARO-funded ISN team has created the world’s first acoustic fabric that can be used to detect sound from 
a myriad of sources. Incorporated into future military uniforms, these lightweight fabrics would be able 
to perform a variety of functions, including sensing and triangulating sound sources—such as identifying 
the type and location of a drone, the source of incoming small-arms fire, and the acoustic characteristics 
of a heartbeat—thus, helping improve Warfighter lethality and health.

CHALLENGE

Fabrics are traditionally used to reduce sound; 
draperies hang to prevent echoes, and rugs deaden 
footsteps. ISN research led by MIT Profs. Yoel Fink 
and John Joannopoulos has explored ways to look 
beyond these conventional fabric roles, extending 
material properties to make fibers more functional. 
In looking for ways to make sound-sensing fabrics, 
the team took inspiration from the human ear. 

Audible sound travels through air as slight pressure 
waves on the order of one ten-millionth of an 
atmosphere. When these waves reach the ear, an 
exquisitely sensitive and complex organ called the 
tympanic membrane—commonly known as the 
eardrum—uses a circular layer of fibers to translate 
them into mechanical vibrations. The vibrations 
travel through small bones into the inner ear, where 
the cochlea converts the waves into electrical 
signals that are processed by the brain. The ISN 
team, working with Dr. Reed Hoyt of the U.S. Army 
Research Institute of Environmental Medicine 
(USARIEM), sought to create a fabric “ear” that 
would detect sound while also being soft, durable, 
and comfortable. 

Research led to three important realizations. First, 
the fabric would need to incorporate stiff fibers to 
convert sound waves into vibrations. Second, the 
team would need to design a fiber that could bend 
with the fabric and produce an electrical current in 
the process. Third, fibers would need to be sensitive 
to displacements of just a few nanometers—the 
magnitude of the mechanical waves generated by 
audible sound—and capable of converting them 
into electrical signals.

ACTION

In 2019, ISN Program Manager, Dr. James Burgess, 
sponsored an ISN research team to explore new 
basic science directions in support of nanocom-
posite fibers for functional fabrics. Dr. Burgess’s 
proactive leadership of the ISN research program 

has resulted in the discovery of these new func-
tional fibers alluding to uniforms that can aid in 
tactical decision-making by listening and reporting 
and monitoring physiological vital signs without 
added weight and power burdens. 

RESULT

 It is important to recognize the unique role that 
sound plays in providing situational awareness, 
assessing human physiology, and increasing 
Warfighter effectiveness. Motivated by the ubiquity 
of fabrics and their unparalleled proximity to the 
human body, a team of researchers from the Army’s 
ISN at MIT and USARIEM investigated (Yan et al., 
2022) whether fabrics could serve as efficient sound 
collectors to detect and process audible signals, 
maintaining operation when human hearing cannot.

Inspired by the auditory system, a resilient fabric 
(Figure 3) was developed that operates as a sensitive 
microphone while retaining traditional qualities of 
fabrics, such as machine-washability and draping. 
It can also safely operate well outside the regions 
where human hearing is challenged. 

Woven into the fabric is a thermally drawn com-
posite piezoelectric fiber that converts mechanical 
vibrations to electrical signals. Key to the fiber sen-
sitivity is an elastomeric cladding that concentrates 
the mechanical stress in a piezocomposite layer 
with an extraordinary piezoelectric charge coeffi-
cient. With the fiber subsuming less than 0.1% of 
the fabric by volume, a single fiber draw enables 
tens of square meters of fabric microphone. 

To demonstrate some of the different applications 
that could employ this new technology, the re-

Figure 3. (a,b) Fibers that are tens of meters long 
can be integrated into fabrics directly during the 
weaving process. (c–e) Multiple fibers arranged in an 
array can detect the direction of the sound source. 
We demonstrate this using two fibers woven into a 
shirt—in a draped state (i.e., not under tension)—to 
detect the angle of arrival of an impulse of sound. 
The fibers accurately detected the angle of a sound 
source 3 m away within 1°.

This success was made possible by:

Dr. James Burgess; Energy Sciences, 
ARO

Dr. Reed Hoyt; Chief, Biophysics 
& Biomedical Modeling Division, 
USARIEM

Citations:

Yan, W. et al. Nature 603, 616-623 
(2022).

Chu, J. MIT News (March 16, 2022).
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Inspired by the auditory system, a resilient fabric 
(Figure 3) was developed that operates as a sensitive 
microphone while retaining traditional qualities of 
fabrics, such as machine-washability and draping. 
It can also safely operate well outside the regions 
where human hearing is challenged. 

Woven into the fabric is a thermally drawn com-
posite piezoelectric fiber that converts mechanical 
vibrations to electrical signals. Key to the fiber sen-
sitivity is an elastomeric cladding that concentrates 
the mechanical stress in a piezocomposite layer 
with an extraordinary piezoelectric charge coeffi-
cient. With the fiber subsuming less than 0.1% of 
the fabric by volume, a single fiber draw enables 
tens of square meters of fabric microphone. 

To demonstrate some of the different applications 
that could employ this new technology, the re-

search team constructed three prototypes: a woven 
shirt with dual acoustic fibers capable of measur-
ing the precise direction of an acoustic impulse, a 
pair of two fabrics working as sound emitters and 
receivers to establish bidirectional communica-
tions, and a shirt that auscultates cardiac sound 
signals (Figure 4).

Figure 4. Incorporated into 
clothing, the fiber can detect 
important vital signs from 
the wearer, such as heart rate 
and breathing rate.

WAY AHEAD

A goal of developing these nanostructured fibers 
is to couple the larger focus of the future digital 
uniform that will generate and harness its own 
power for computation of sensor data that is also 
on fiber/fabric. The hearing fibers are a critical 
piece of this larger architecture, in part because 
acoustic sensing by the uniform would allow for 
more significant ear-hearing protection and hearing 
loss associated with battlefield noise.  

Figure 3. (a,b) Fibers that are tens of meters long 
can be integrated into fabrics directly during the 
weaving process. (c–e) Multiple fibers arranged in an 
array can detect the direction of the sound source. 
We demonstrate this using two fibers woven into a 
shirt—in a draped state (i.e., not under tension)—to 
detect the angle of arrival of an impulse of sound. 
The fibers accurately detected the angle of a sound 
source 3 m away within 1°.

ARL Competencies:

Photonics, Electronics, 
and Quantum Sciences

Biological and Biotechnology Sciences

Humans in Complex Systems

Results

• Demonstrated nanostructured fi-
ber with the composition required 
for converting acoustic pressure 
fluctuations into electrical signals 
while having the processing char-
acteristics needed for being woven 
into fabrics.

• Provided proof of concept for Sol-
dier uniforms that can hear and 
report for tactical awareness. 

• Demonstrated the sensitivity re-
quired to monitor the heartbeat and 
pulse rate of the Soldier wearing a 
fiber-equipped field jacket. 

Anticipated Impact

This advance in nanostructured fibers 
for creation of functional fabrics is a 
first step in providing lightweight and 
low-power consumption in monitoring 
Soldier vital signs and also providing 
tactical awareness in terms of acous-
tic sensing and reporting in this case.
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ENERGY SCIENCES

FUNDAMENTALS FOR ALTERNATIVE ENERGY: PLASMONIC INTERFACES

Dr. Robert Dillon
Project Lead

Dr. Dillon completed his undergraduate studies at the University 
of North Carolina at Charlotte, receiving his B.S. in Chemistry 
and B.A. in Philosophy in 2006. He trained as a physical chemist 
at the University of California, Riverside, receiving his Ph.D. in 
Physical Chemistry in 2013. He came to ARL as an Oak Ridge 
Associated Universities postdoctoral scholar in 2017. He is 
now a chemist within the Energy Sciences Competency, and 
co-principal investigator of the Plasmonic Interfaces Program. 

He is also an associate adjunct professor at the University of California, Riverside.

Dr. Jonathan Boltersdorf
Project Lead

Dr. Boltersdorf earned his B.S. in Chemistry at James Madison 
University in 2011. He studied solid-state chemistry of metal 
oxide photocatalysts at North Carolina State University, receiv-
ing his Ph.D. in Inorganic Chemistry in 2016. He continued his 
research as an Oak Ridge Associated Universities postdoctoral 
fellow at ARL in 2016, working on lithium-ion hybrid superca-
pacitors for high-power and moderate-energy density. He is 
now a civilian chemist within the Energy Sciences Competency 

and co-principal investigator of the Plasmonic Interfaces Program, focusing on 
plasmonic nanocatalysts to enhance chemical fuel utilization and generation. 

Current Scientific Objectives
This research program seeks to understand 
how plasmonic light-absorbing materials can 
enhance energy conversion reactions of fuels 
that are relevant to the Warfighter. The first phase 
of the program explores the fundamentals of the 
photothermal process, targeting and harnessing 
the emerging dynamics of photoexcited 
states in plasmonic nanocatalysts to tailor 
the interfaces for enhancing chemical energy 
conversion. The second phase of the effort 
identifies the most relevant chemical reactions 
for plasmonic photothermal enhancement and 
maximizing its effect on them. Discovering 
plasmonic nanomaterials that can selectively 
drive localized energy-intensive conversion of 
ubiquitous resources provides a pathway for 
industrial-scale processes to be realized on the 
nanoscale for portable applications. If successful, 
this program will allow researchers to create and 
understand the materials and processes whereby 
light enhances energy conversion device 
functionality in terms of critical technology 
metrics (size, weight, cost, energy density, 
reliability, life, etc.).

SUCCESS STORY 

New Fundamental Insights into Plasmonic Photocatalysis
ARL researchers devised a new straightforward methodology for elucidating and quantifying plasmonic 
photocatalytic mechanisms leading to demonstrations of the prevalence of the photothermal mechanism 
to intensify chemical reactions. The understanding that the photothermal mechanism is the prevalent 
one is a disruptive result that refutes many of the assumptions regarding this class of photocatalysts and 
paves the way for new approaches to use plasmonics in Warfighter-relevant chemistry, such as near-point-
of-need alternative fuel synthesis and efficient power generation across multiple scales.

CHALLENGE

The primary challenge of this work is establishing a 
fundamental understanding of the photomechanics 
by which plasmonic nanoparticles catalyze a given 
chemical reaction. Photocatalytic applications of 
plasmonic nanoparticles frequently utilize similar 
peripheral materials and device architectures as 
dye-based systems for photo-energy conversion 
and, presumably for this reason, are often assumed 
to function the same way as their well-studied dye-
based analogs. However, whereas dye-sensitized 

systems readily exhibit clear observables indicating 
a photoinduced electron-transfer mechanism, 
plasmonic systems do not. In this work, examining 
photo-enhanced ethanol electrooxidation as a model 
system, the principal investigator devised a novel 
series of experiments and analyses, from ultrafast 
to quasi-steady-state time scales, to identify the 
mechanism behind plasmonic photocatalysis.

ACTION

ARO Program Managers (PMs) Drs. Robert Mantz, 
Ralph Anthenien, and Hugh DeLong have supported 

This success was made possible by:

Dr. Robert Dillon; Energy Sciences, 
ARL 

Dr. David Baker; Energy Sciences, 
ARL 

Dr. Christopher M. Waits; Energy 
Sciences, ARL 

Dr. Jonathan Boltersdorf; Energy 
Sciences, ARL

Citations:

Dillon, R. J. et al. ACS Appl. Nano 
Mater. 4, 12, 13196-13205 (2021).
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multiple programs and been actively involved in 
initiatives to investigate and utilize plasmonic 
photochemistry for nearly a decade. Through 
ARO’s maintaining and encouraging intramural ARL 
involvement in these efforts, ARL investigator Dr. 
Dillon identified conflicting photophysics and a gap 
in the photomechanistic understanding of plasmonic 
photocatalysts: although it is widely accepted that 
photoexcitation of plasmonic nanoparticles results 
predominantly in the creation of localized heat, the 
notion of plasmonic photothermal heating as the 
impetus for photocatalysis is frequently discounted 
in favor of unproven charge-transfer mechanisms. 

RESULT

Dr. Dillon led a study that examined photo-enhanced 
ethanol oxidation via plasmonic gold nanoparticles, 
evaluating the role of three proposed photocatalytic 
mechanisms: (1) resonant energy transfer, (2) 
electron transfer, and (3) photothermal surface 
heating (Figure 1). The gold plasmonic nanoparticles 
were grown on transparent fluorine-doped tin oxide 
glass substrates via a pulsed electrochemical 
reduction technique developed specifically for the 
study. With this method, the investigators avoided 
a synthesis involving the inclusion of ligands 
and surfactants that would later interfere with 
photocatalysis, while also avoiding photoactive 
substrates (e.g., TiO2) that would complicate 
interpretation of the results. 

Figure 1. Summary of the photophysics for plas-
monic gold. From the ground-state nanoparticle 
on the left, photoexcitation creates an oscillation 
of surface electrons—a.k.a., the surface plasmon 
resonance (SPR). Upon creation, the SPR immedi-
ately begins to decay. Energy- and electron-transfer 
mechanisms must take place rapidly, otherwise the 
system ultimately relaxes thermally.

The minimalistic sample system designed by the 
investigators allowed them to immediately eliminate 
plasmonic resonant energy transfer as a possible 
mechanism. Resonant energy transfer is, among 
other factors, dependent on the energetic overlap of 
the donor and acceptor. Apart from the gold nanopar-
ticles, which are pink and absorb green light, the 
other materials and reagents involved in the reaction 
were selected in part for their transparency in the 
visible spectrum. As a result, none were suitable 

energy acceptors for resonant energy transfer from 
the photoexcited plasmonic gold nanoparticles.

To evaluate photoinduced electron transfer versus 
photothermal heating mechanisms, ultrafast tran-
sient absorption spectroscopy was used to examine 
the immediate aftermath of photoexcitation, and 
in-situ photomodulated chronoamperometry was 
used to probe the slow reaction dynamics. Ultrafast 
spectroscopy experiments on the gold nanoparti-
cles showed rapid relaxation on the picoseconds 
timescale, whereas in the chronoamperometry 
experiments, when the light source is abruptly 
terminated, the photocurrent persisted for sec-
onds. Together these two observations ruled out 
photoinduced electron transfer as the origin of the 
photocurrent. Simply put, transfer of electrons is 
only possible for the duration of the photoexcited 
state; and, given that the photocurrent persists for 
orders of magnitude longer than the lifetime of the 
plasmonic excited state, one cannot attribute its 
origin to photoinduced electron transfer.

The rapid relaxation of the electronic state of plas-
monic nanoparticles is the result of electron-phonon 
coupling that culminates in surface heating. Photo-
thermal heating is used in various phototherapies, 
photoacoustics, imaging techniques, and other 
applications. Its role in photocatalysis has proven 
controversial, however. Dr. Dillon endeavored fur-
ther to identify the hallmarks of photothermal en-
hancement, inventing a new methodology to iden-
tify and quantify its presence. Constructing a high 
time-precision photoelectrochemical test station, 
he created a system to perform photomodulated 
cyclic voltammetry experiments to isolate the pho-
tocurrent dynamics from the dark chemistry. Plots 
of the photocurrent for ethanol oxidation are shown 
in Figure 2a. From this new analysis, the wavelike 
nature of the photocurrent is readily apparent; the 
rise and decay of each wave can be fit to simple 
single exponential functions, with identical time 

ARL Competencies:

Energy Sciences

Results

• Identified that plasmonic photo-en-
hanced ethanol electrooxidation 
occurs via a photothermal mech-
anism.

• Created a straightforward and ro-
bust methodology for elucidating
and quantifying competing plas-
monic photocatalytic reaction
mechanisms.
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constants observed for the rise and decay (Figure 
2b). Dr. Dillon noted that the symmetric response 
of the photocurrent rise and decay is identical to 
the thermal response observed for illuminated plas-
monic nanoparticles in the literature. The simplicity 
of this response can be leveraged to identify other 
contributions to the photocurrent; for example, if 
present, photoinduced electron transfer, which often 
manifests in a square-wave response, would be most 
apparent at the illumination onset and end points 
(Figure 2c). The ARL technique performed over the 
entirety of a voltammetry experiment shows that the 
magnitude of the photocurrent distinctly resembles 
the original dark electrochemical voltammogram 
(Figure 2d). Essentially, at voltages where the dark 
reaction is minimal, the photocurrent is proportion-
ally small and vice versa—where the dark current 
peaks, so too does the photocurrent. This final ob-
servation shows how photothermal heating yields 
a proportional reaction enhancement; but more 
importantly, it demonstrates just how dependent 
the photocurrent is on the underlying dark current. 
In literature studies of plasmonic photocatalysis, 
changes in photocurrent magnitude are frequently 
touted as evidence for electron transfer and other 

schemes, whereas a simpler explanation is that the 
dark reaction has changed and thus so has the pho-
tocurrent. The results of this study were published 
in ACS Applied Nano Materials.

Figure 2. (a) Ethanol oxidation photocurrent traces isolated from the underlying dark current, (b) time 
constants from fitting the photocurrent rise and decay to single exponential functions, (c) simulated 
photocurrent with photoinduced electron transfer and photothermal contributions, and (d) plot of the 
photocurrent magnitude vs. potential.

WAY AHEAD

The usefulness of the fundamental insight into 
the photomechanics of plasmonic photocatalysis 
gained from this study cannot be understated. 
Plasmonic photocatalysts have been inserted into 
numerous applications finding some success that 
is sometimes attributed to unproven photoinduced 
electron-transfer mechanisms. In conclusively 
identifying the hallmarks and the dominance of 
the photothermal pathway, ARL researchers and 
ARO PMs are much more informed as to what 
plasmonic nanoparticles can and cannot do. Due to 
this study, ARL research efforts on plasmonics have 
pivoted accordingly, focusing now on characterizing 
plasmonic photothermal heating and the extent 
to which it can be utilized to enhance Warfighter-
relevant chemical reactions, such as efficient power 
generation across multiple scales and synthesis of 
alternative fuels near the point of need to reduce 
reliance on fuel resupply. 

Anticipated Impact

The methodology established by this 
work will accelerate research in plas-
monic photochemistry in its ability 
to reveal the fundamental photome-
chanics of how absorption of light by 
plasmonic chromophores can drive 
chemical processes and devices.
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ENERGY SCIENCES

ELECTROCHEMISTRY

Dr. Hugh C. De Long
Program Manager

Dr. De Long serves as the 
Army’s key scientific pro-
fessional for extramural 
basic research in Energy 
Sciences primarily by 
executing grants with 
universities throughout 
the country and in lead-

ing the directions of ARL’s Energy Sciences 
Competency. In 1990 he received a Ph.D. in 
Physical Chemistry from the University of 
Wyoming. In 2006 he was inducted as an Air 
Force Research Laboratory Fellow; in 2007 
he was inducted as a Fellow of the American 
Association for the Advancement of Science; 
and in 2011 he was inducted as a Fellow of 
the Electrochemical Society. Dr. De Long is 
Co-lead of ARL’s Energy Sciences Competen-
cy, Chief of the Chemical Sciences Branch, 
and Program Manager of Electrochemistry.

Current Scientific Objectives

1| Design tailorable electrolytes based on new polymers and ionic liquids to study
the selective transport of species in heterogeneous charged environments 
such as polymer electrolytes. This thrust is also exploring new methodologies 
and computational approaches that, if successful, will aid in predicting and 
understanding electrolyte behavior, enabling advanced power storage and 
generation devices that provide greater energy capacity with lower weight for 
the Soldier, and enabling advanced sensors, protective gear, and fuel cells. 

2| Understand how the electrode or electrocatalyst material and morphology affect 
electron transfer and electrocatalysis. The program aims to enable tailoring 
of electrodes and electrocatalysts at a molecular level, and to discover new 
spectroscopic and electrochemical techniques for probing surfaces and species on 
those surfaces that, if successful, will enable synthesis, oxidation, and reduction 
of Army-relevant materials and energy systems.

3| Explore and understand electrochemistry between electrons that have been
generated by atmospheric plasma, surface plasmon, or pulsed radiolysis, and 
solution species, including photoelectrochemistry. The goals are to remove 
interfacial effects and drive new reactions that take advantage of the electron 
energies and distributions that, if successful, will enable the creation of novel 
materials including new optical materials for rapid and resilient communication 
and computation capabilities for the Army network.

SUCCESS STORY 

Catalyzing High Potential Redox of Inert Molecules
These new classes of fluorinated catholytes open new opportunities to tailor the fluoride bond activity and 
defluorination reaction pathways at molecular structure level, providing a new platform for the design of 
high-voltage, high-energy lithium (Li) primary batteries.

CHALLENGE

The major goal of this research effort is to 
understand the origins of large overpotentials 
upon reduction of fluorinated reactants of interest 
for high-energy Li primary battery catholytes. 
Their group previously developed a Li-gas battery 
chemistry based on the cathode reduction of 
sulfur hexafluoride (SF6) gas dissolved in organic 
electrolyte, which yields an eight-electron reduction 
reaction with a theoretical voltage of 3.67 V vs. Li/
Li+. Yet, the obtained voltages in practice are less 
than 2.7 V vs. Li/Li+, indicating large overpotentials. 
This work aims to identify the fundamental origins 
that limit the reduction potential of the fluorinated 
reactants, and to design electrochemical systems 
with high attainable energy.

ACTION

In 2018, Dr.  Rober t  Mantz (former ARO 
Electrochemistry and Electrocatalysis Program 
Manager) was looking to develop high-capacity 
batteries for the Army thereby reducing the weight 
of the power system. He encouraged professors 
through discussions to submit what papers along 
these lines. Dr. Mantz received a white paper from 
Prof. Betar Gallant at the Massachusetts Institute 
of Technology (MIT) that focused on understanding 
the origins of large overpotentials upon reducing 
fluorinated reactants of interest for high-energy Li 
primary battery catholytes. Dr. Mantz encouraged 
Prof. Gallant to develop this concept into a multi-
pronged study to experimentally, computationally, 
and analytically characterize this phenomenon 

This success was made possible by:

Dr. Robert A. Mantz; Energy 
Sciences, ARO

Dr. Hugh C. De Long; Energy 
Sciences, ARO

Citations:

Gao, H. & Gallant, B. M. Nat. Rev. 
Chem. 4, 566-583 (2020).

Gao, H. et al. Batter. Supercaps. 4, 
1771-1780 (2021).

Gao, H. et al. Proc. Nat. Acad. Sci. 
119, e2121440119 (2022).
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in the context of the influence of electrolyte 
composition and electrode material selection on 
the nonaqueous double-layer capacitance, potential 
of zero charge (PZC), degree of charge, and resulting 
reduction potential of SF6 (outer-sphere approach 
to catalysis) while exploring candidate redox-
active compounds with the potential to function 
as heterogeneous electrocatalysts. Prof. Gallant 
submitted a full proposal based on the discussions 
with Dr. Mantz in 2018, and a Single Investigator 
grant was awarded in 2019.

Dr. De Long took over managing the program, 
and Prof. Gallant’s grant, in 2021. Dr. De Long 
recognized the potential to form the fundamental 
understanding of how these multielectron species 
can impact the capacity of the battery. At issue here 
is that the theoretical developed a Li-gas battery 
chemistry based on the cathode reduction of SF6 
gas dissolved in organic electrolyte, which should 
yield an eight-electron reduction reaction with a 
theoretical voltage of 3.67 V vs. Li/Li+. Instead, the 
obtained voltages in practice are less than 2.7 V vs. 
Li/Li+, indicating large overpotentials. Therefore, 
there was a need to focus on understanding why 
this was occurring. The first attempt was to look at 

catalysts other than carbon cathodes which might 
be able to un-pin the electrode potential, accessing 
higher reduction potentials of SF6. This attempt 
was unsuccessful. Additionally, difficulties were 
encountered in measuring distinct double layer 
capacitances and PZC given the strong sensitivity 
of high-surface area catalyst materials to surface 
effects (defects, handling protocol, etc.), which 
dominate the impedance response needed to 
determine the target parameters, making it 
challenging to obtain consistent results. As a result, 
they switched focus to another aspect affecting 
the redox potential: the extended structure of the 
redox-active molecule itself.

RESULT

Figure 1. Graphic design of Li–R–Ph–SF5 battery.

Figure 2. Handles to tailor voltage and capacity by 
changing substitution on the ring. 

The previous findings suggested that the 
overpotentials of SF6 are kinetic in nature, which 
can be attributed to the symmetric structure of S6+ 
where octahedrally coordinated F− ligands shield 
the redox-active S6+ center and hinder activation 
of the S−F bond. Therefore, subsequent research 
activities pursued molecular design of an S6+ like 
analogue reactant with lower structural symmetry, 
which was achieved by substituting one F− ligand 
with other electron-withdrawing functionalities. 
Successful development of new SF6-like reactants, 
the family of pentafluorosulfanyl arenes (R–Ph–
SF5), can be made into liquid catholytes at room 
temperature. Figure 1 illustrates a graphic design 
of the proposed battery structure using the R-Ph-
SF5 construct. The concentrations of these 
reactants can reach 4-5 M in DMSO, substantially 
higher than dissolved-gas SF6 (2 mM under 1 atm 
of headspace pressure); hence, the kinetics can be 
significantly improved and practical energy metrics 
can be attained. These reactants also have 
significant safety advantages compared to Li-SOCl2 
primary batteries (another primary battery 
technology using catholytes) due to their low 
volatility and corrosivity; their safety is similar to 
conventional battery electrolytes (already used in 
the main industry leader, Li-CFx batteries). The 
program team examined the discharge mechanism 
of these reactants in detail using a broad array of 
spectroscopy techniques including solid, liquid, and 
gas analysis, and gained insight into the conversion 
mechanism. The leading reactant, NO2-Ph-SF5, 
was found to undergo an eight-electron discharge 
reaction (similar to SF6) yielding LiF and reduced 
sulfur species as products, with no harmful gases 
(e.g., NOx) evolved. The cells moreover show good 
shelf stability and low voltage delay upon start or 
re-start. A 4 M catholyte achieved 861 mAh/gLFR-
3 and 1195 Wh/kg (electrodes+electrolyte weight 
basis = “sub-stack”) when discharged on carbon 
cathodes in Li cells at 50 °C, which is already 

competitive with the leading commercial primary
battery Li–CFx (≤1000 Wh/kg) on the same weight
basis and at the same temperature. Further
hybridization of the liquid catholyte with solid CFx 
cathodes yielded a 20% increase in gravimetric
energy compared to CFx, with a projected gain of
~50% or more possible with further work. These
gains are remarkable given that Li primary battery 
chemistries in use today were developed ~40 years
ago, have undergone limited further advancement,
and are believed to be matured.

The team focused on developing additional liquid
fluorinated reactant (LFR) redox molecules based
on C–F bonds to extend the family of high-energy
catholytes. They examined the molecular structure
design requirements to facilitate high degree of
defluorination in perfluoroalkyl groups (RF,
-CnF2n+1), which are normally considered inert
(like SF6). Figure 2 clearly illustrates the change in
cell voltage in relation to a Li/Li+ anode where the 

#e-/molecule varies with modification. In separate
work, they discovered that activity is unlocked by
incorporating a heterosite “fuse” such as iodine (R 
= I), which facilitates electron transfer down the
carbon chain, accessing up to 8/13 F per molecule 
(480 mAh/g). While this shows that multiple C–F
bonds can be electrochemically accessible with
proper molecular structure design, an unwanted
side reaction intrinsic to the structure led to
premature deactivation.

WAY AHEAD

Working with Prof. Timothy Swager at MIT, they
designed an improved “fuse” (ring structure) and
alkene “linker” that retains electronic conjugation 
to the fluorinated tail through deep discharge to
possibly achieve 15/17 F reacted per molecule,
resulting in 680 mAh/g. They are working to
increase concentrations to greater than 2 M,
where Li batteries using these catholytes can have
competitive energy to Li–CFx batteries. 

ARL Competencies:

Energy Sciences

Results

• Developed new family of pentaflu-
orosulfanyl arenes.

• Found that the reactants have sig-
nificant safety advantages com-
pared to Li-SOCl2 primary batter-
ies due to their low volatility and
corrosivity; their safety is similar to
conventional battery electrolytes.

• Demonstrated that the cells show 
good shelf stability and low voltage 
delay upon start or re-start.

• Demonstrated remarkable gains
given that Li primary battery chem-
istries in use today were developed
~40 years ago, have undergone
limited further advancement, and 
are believed to be matured. 
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competitive with the leading commercial primary 
battery Li–CFx (≤1000 Wh/kg) on the same weight 
basis and at the same temperature. Further 
hybridization of the liquid catholyte with solid CFx 
cathodes yielded a 20% increase in gravimetric 
energy compared to CFx, with a projected gain of 
~50% or more possible with further work. These 
gains are remarkable given that Li primary battery 
chemistries in use today were developed ~40 years 
ago, have undergone limited further advancement, 
and are believed to be matured.

The team focused on developing additional liquid 
fluorinated reactant (LFR) redox molecules based 
on C–F bonds to extend the family of high-energy 
catholytes. They examined the molecular structure 
design requirements to facilitate high degree of 
defluorination in perfluoroalkyl groups (RF, 
-CnF2n+1), which are normally considered inert 
(like SF6). Figure 2 clearly illustrates the change in 
cell voltage in relation to a Li/Li+ anode where the 

#e-/molecule varies with modification. In separate 
work, they discovered that activity is unlocked by 
incorporating a heterosite “fuse” such as iodine (R 
= I), which facilitates electron transfer down the 
carbon chain, accessing up to 8/13 F per molecule 
(480 mAh/g). While this shows that multiple C–F 
bonds can be electrochemically accessible with 
proper molecular structure design, an unwanted 
side reaction intrinsic to the structure led to 
premature deactivation.

WAY AHEAD

Working with Prof. Timothy Swager at MIT, they 
designed an improved “fuse” (ring structure) and 
alkene “linker” that retains electronic conjugation 
to the fluorinated tail through deep discharge to 
possibly achieve 15/17 F reacted per molecule, 
resulting in 680 mAh/g. They are working to 
increase concentrations to greater than 2 M, 
where Li batteries using these catholytes can have 
competitive energy to Li–CFx batteries. 

Figure 1. Graphic design of Li–R–Ph–SF5 battery.

Figure 2. Handles to tailor voltage and capacity by 
changing substitution on the ring. 

Anticipated Impact

These new classes of fluorinated 
catholytes open new opportunities 
to tailor the fluoride bond activity and 
defluorination reaction pathways at 
the molecular structure level, provid-
ing a new platform for the design of 
high-voltage, high-energy Li primary 
batteries.

SUCCESS STORY 

Triple Conducting Oxides for Electrochemical Energy 
Conversion and Storage
These triple conducting oxides, or TCOs, have the potential to dramatically increase the performance and 
functionality of a range of DoD-relevant electrochemical energy conversion devices including fuel cells, 
electrolyzers, permeation membranes, and electrochemical membrane reactors.

CHALLENGE

The goal of this project was to understand 
the scientific principles of a novel class of 
electrochemically active oxide materials that 
simultaneously conduct protons, oxygen ions, 
and electron holes (or electrons) and to use these 
insights to develop new high-performance materials 
of this type for electrochemical energy conversion 
applications. Very little is presently known about 
the basic properties and electrochemical behavior 
of TCOs. Thus, the work carried out in this project 
aimed to address this issue by developing a scientific 
foundation for the study of TCOs. This effort had 
three major goals. (1) Identify chemical principles 
for the compositional design of TCO materials. (2) 
Develop techniques to reliably separate the proton, 
oxygen-ion, and electronic conduction contributions 
in TCO materials. The difficulty in unambiguously 
separating the contributions from three mobile 
charge carriers makes it difficult to study existing 
TCO materials in detail or to rapidly identify new 
ones. (3) Clarify the basic reaction mechanisms 
occurring in TCO-based fuel cell cathodes. Protonic 

ceramic fuel cell cathodes (or electrolyzer anodes) 
represent one of the most promising initial 
applications for proton/oxygen-ion/electron-hole 
based TCOs. In particular, they offer the chance to 
lower the viable operating window of these devices 
to unprecedented temperatures (<400 °C compared 
to >700 °C today). 

ACTION

In 2018, Dr. Robert Mantz (former ARO Electrochem-
istry and Electrocatalysis Program Manager) was 
looking to develop fuel cells for the Army, reducing 
their weight yet allowing them to utilize existing 
fuels in the power system. He encouraged professors 
to submit white papers along these lines. Dr. Mantz 
received a white paper from Prof. Ryan O’Hayre at 
the Colorado School of Mines that focused on un-
derstanding triple-conducting oxides as electrode 
materials. Dr. Mantz encouraged Prof. O’Hayre to 
develop this concept into a multi-pronged study to 
experimentally, computationally, and analytically 
characterize the electrode composition and elec-
trode material reactivity while trying to separate 

This success was made possible by:

Dr. Robert A. Mantz; Energy 
Sciences, ARO

Dr. Hugh C. De Long; Energy 
Sciences, ARO
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the contribution from proton, oxygen-ion, and elec-
tronic conduction in these materials. Prof. O’Hayre 
submitted a full proposal based on discussions with 
Dr. Mantz in 2017, and a Single Investigator grant 
was awarded in 2018.

Dr. De Long took over managing the program, 
and Prof. O’Hayre’s grant, in 2021. Dr. De Long 
recognized the potential of this topic to form the 
basis of fuel cell electrodes since they seem to be 
resistive to normal degradation processes of other 
electrode materials in solid oxide fuel cells. This 
work became the foundation of the expansion of 
ARL’s work in this area, and it is now the focus of a 
Small Business Technology Transfer project utilizing 
the material.

RESULT 

The team successfully identified critical structural 
and chemical factors and trade-offs that determine 
the overall transport characteristics of TCOs. Briefly, 
they determined the following: (1) High symmetry 
(i.e., cubic) structures are generally beneficial to the 
mobility of all three charge carriers in a TCO. (2) For 
hopping to result in conduction, the concentration 
of multi-valent transition metals (TMs) must 
be above the bond percolation threshold; this is 
calculated to lie between 15% and 29%, a range 
supported by experiment. (3) A-site ordering in 
perovskites that contain more than one A-site 
species has a beneficial effect on oxygen transport 
and hydration. (4) To maximize conductivity of 
each type, a material should ideally have ordered 
A-site occupancy with disorder on the B-site and

anion sublattices. (5) Electronegativity of both the 
cations and anions influences metal–oxygen (M–O) 
bond energy and oxygen-site basicity, which can 
significantly affect charge transport. Thus, lowering 
M–O bond energy by increasing average cation or 
anion electronegativity may enhance transport of 
all three carriers. (6) Thus, cation electronegativity 
in a material can simultaneously enhance and deter 
different aspects of the overall conductivity through 
opposing effects on the mobility and concentration 
of each charge carrier.

They developed a unique solid-state combinatorial 
electrochemical screening test station and protocol, 
which, when coupled to machine learning models, 
enabled rapid discovery of new TCO compositions 
and informed their chemical understanding of 
the factors controlling TCO performance. The 
combinatorial screening approach involved 
developing an automated electrochemical 
impedance spectroscopy (EIS) measurement 
system, which enabled automated testing of 
combinatorial TCO electrode libraries, coupled to 
a novel hierarchical Bayesian impedance analysis 
software package, which they also developed. The 
team was able to collect and analyze thousands 
of impedance spectra across hundreds of distinct 
compositions. This allowed them to identify new 
promising high-performance TCO formulations that 
were predicted to be higher performing than the 
current known composition (Figure 3). Furthermore, 
through the application of machine learning to 
their large combinatorial data set, they were able 
to develop a deeper understanding of the specific 
chemical factors leading to high TCO performance.

Figure 3. Combinatorial approach for discovery, quantification, and fundamental analysis of TCO materials. 
Automated chemical, structural, and electrochemical characterization from hundreds of distinct TCO 
compositions result in greater than 3000 EIS spectra. Automated impedance modeling and machine 
learning applied to the EIS data lead to the identification of a Co-rich compositional region predicted to 
provide optimal TCO performance and suggest the key underlying chemical factors that contribute to 
TCO performance.

ARL Competencies:

Energy Sciences

Results

• Successfully deployed high-per-
formance BCFZY-based TCO elec-
trode materials in a variety of elec-
trochemical device applications of 
potential relevance for DoD, includ-
ing a reversible fuel cell/electrolysis 
cell. 
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The team developed an isotopically labeled tracer 
exchange methodology to quantify the proton and 
oxygen ion contributions to transport in the BCFZY 
TCO system. Their tracer exchange studies allowed 
them to separate the proton, oxygen-ion, and 
electronic contributions to transport (project goal 
2) and to also identify the potential rate-limiting 
mechanism for the oxygen reduction reaction/
oxygen evolution reaction in this system (project 
goal 3). Surprisingly, and contrary to prevailing
expectations in the community, they found that
oxygen activation, rather than water activation,
is rate limiting, and thus the highest-performing 
TCO compositions are those that favor oxygen-ion 
transport over proton transport. Proton diffusion 
and proton surface exchange are at least 100-1000 
times faster than oxygen-ion diffusion and oxygen 
surface exchange under comparable conditions. 
They concluded that too much proton transport is 
in fact counterproductive, as it leads to deactivation 
of active sites for oxygen activation by surface
hydrogen (H) and hydroxide (OH) species. Based 
on this conclusion, they identified cobalt (Co)-rich 
BCFZY7111 as the potentially best-performing TCO

composition in the BCFZY space as it shows the 
highest combination of oxygen surface exchange 
and oxygen-ion diffusion (Figure 4). Performance 
testing validated their conclusion, showing 
unambiguously that Co-rich BCFZY7111 offers 
significantly higher electrochemical performance 
compared to alterative compositions.

WAY AHEAD

To guide the design and use of TCO cathodes for fuel 
cells, basic insight into the fundamental reaction 
processes occurring on these materials is needed. 
It is likely that the reaction processes occurring on 
TCO cathodes will deviate significantly from those 
observed for classical high-temperature solid-
oxide fuel cell cathodes. Presently, only four or five 
examples of TCO materials have been identified—
all are based on the perovskite, double-perovskite, 
or the perovskite-related Ruddlesden-Popper 
structure. Although the chemical and structural 
variations between these examples suggest a large 
space for further discovery, chemical principles for 
the formulation of new TCO compositions have yet 
to be articulated. 

Figure 4. Validation of the optimal performance predictions for Co-rich BCFZY7111. Electrochemical cell 
studies of iron (Fe)-rich BCFZY1711, equimolar BCFZY4411, and Co-rich BCFZY711 confirm the predictions 
from their combinatorial screening and isotope tracer exchange experiments that performance should 
increase with increasing Co content. Consistent with the combinatorial experiments, they find that Co-rich 
BCFZY leads to an ~11 times decrease in polarization resistance (~11 times increase in electrochemical 
activity) and as a result leads to an ~3 times increase in fuel cell performance.

Anticipated Impact

Using the BCFZY4411 TCO electrode 
composition, the team synthesized a 
coke and sulfur-resistance protonic 
ceramic fuel cell for use under a va-
riety of fuels. Coking and sulfur intol-
erance are two of the most important 
hurdles to overcome to make a fuel 
cell using these electrode materials 
viable for field use.
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ENERGY SCIENCES

OPTOELECTRONICS

Dr. Michael Gerhold
Program Manager

Dr. Gerhold complet-
ed his undergraduate 
studies at Purdue 
University, receiving 
a B.S. in Electrical 
Engineering in 1992 
and an M.S. in Elec-
trical Engineering in 

1994. He received his Ph.D. in Electri-
cal Engineering from the University of 
Michigan in 1999. He came to ARO in 
1999 as the Program Manager for Op-
toelectronics. 

Current Scientific Objectives
This project seeks to develop and exploit experimental diagnostics for characterizing novel 
energetic materials using milligram quantities – i.e., pre-screening tools for evaluating 
interesting candidate materials prior to scale-up and conventional testing. Currently we 
have 2 main focus areas:

1| Explore the limits of low-energy and high-speed optoelectronics to assess ways to 
surpass the performance of conventional electronics or consider hybrid integrated 
microsystems of the two that, if successful, will accomplish much faster and higher-
performance computing on mobile platforms with limited power supplies.

2| Advance photonics capabilities through exploration of high-intensity radiation
generation within microscale systems that, if successful, will enable chip-scale 
photonic light sources from UV to mid-IR based upon novel materials, diffractive 
optical techniques for beam combining and shaping and active control aimed at 
Army surveillance, sensing, and communications.

SUCCESS STORY 

Anti-Resonant Hollow Core Fibers for High Power Delivery
Researchers at the University of Central Florida’s College of Optics and Photonics (UCF-CREOL) 
have developed optical fibers that can transmit significantly higher levels of coherent laser power 
without spatial or temporal distortions to the beam. Directed energy (DE) system designs and 
usefulness on Army platforms will be improved by the use of the delivery fibers. 

CHALLENGE

The first challenge would be to utilize the idea of 
hollow core light confinement in an optical fiber to 
transmit light without distortions while achieving 
low enough loss for extremely high-power handling. 
Our second challenge would be to achieve low 
bending losses for small radii to enable the use of 
the fibers in architectures both for power delivery 
and for coiled fiber lasers that use gasses in the 
core for optical gain. 

ACTION

Dr. Gerhold’s work in the field of fiber lasers and 
optical fibers accelerated when he became the 
lead ARO point of contact for DE in 2008. Through 
relationships with researchers that he developed 
by managing programs with the DoD’s Directed 
Energy Joint Technology Office (DE-JTO), he co-
organized a workshop in October 2010 on “Next 
Generation Optical Fiber Technology” that hosted 

pioneering researchers from the United Kingdom 
and United States. The presentations made by Prof. 
Jonathan Knight (University of Bath) and others 
laid the groundwork for Multidisciplinary Research 
Initiative (MRI) awards made by ARO in cooperation 
with DE-JTO. These awards included one to Prof. 
Amezcua-Correa at UCF-CREOL, where the anti-
resonant hollow core fibers were first pursued in the 
United States. Although this work began as a minor 
thrust to a broader initiative on photonic crystal 
fiber lasers, the fruit of this program enabled two 
follow-on projects both enabled by Congressional 
add-on funding in 2017 and 2019. This unique 
work is outside the current focus area of ARO’s 
Optoelectronics Program.

RESULT

The result of the 5-year effort has been somewhat 
astounding. Even though UCF-CREOL attained only 
a small fraction of the funding of their competitors 

This success was made possible by:

Dr. Michael Gerhold; Energy 
Sciences, ARO
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in the United Kingdom and China, they have, to a 
significant degree, already caught up. For the primary 
focus on optical propagation loss, they have recently 
achieved sub-decibel per kilometer power losses and 
measured high-power delivery at kilowatt power 
levels. Some results were presented at the Directed 
Energy Professional Society’s annual meeting (Cooper 
et al., 2022a); however, even better results were 
achieved after that meeting (Cooper et al., 2022b). 
In fact, Prof. Amezcua-Correa’s group was the first to 
clearly demonstrate the prospect of optical fibers for 
high-power fiber delivery, which is now showing the 
potential for achieving greater than 95% delivery of 
kilowatt-level signals across 250 m. These fibers can 
do this without degrading the beam, making it useful 
for engineering DE systems in new ways. Both remote 
power delivery across large platforms and the use of 
these fibers for improved DE system designs of 
multi-100 kW systems are foreseen. Such fibers 
become even more useful when losses caused by 
bending can also be reduced. Recent work by this 
group has shown that double nesting of the anti-
resonant microstructures vastly improves the ability 
to coil the fibers without losses (Wang et al., 2021). 
Examples of this type of fiber are shown in Figure 1.

Figure 1. Recent power delivery result from 
UCF-CREOL through anti-resonant hollow core 
fibers (AR-HCFs). (A) 920-W CW with a 1-kW IPG 
Photonics source through a single ring AR-HCF. 
(B) 731-W CW with the same 1-kW IPG Photonics 
source through a nested fiber, or “NANF.” (C)
88-MW peak fs pulse power with a 125-MW IPG 
Photonics source.

WAY AHEAD

The next steps are to attempt to measure higher power 
levels through collaborative work with the Air Force 
Research Laboratory (AFRL). Further higher power 
levels may require additional funding from agencies 
like DE-JTO. However, a more basic research direction 
is warranted for other application areas. Notably, the 
fibers are useful and possibly transformative for higher 
bandwidth, lower-latency data communications, 
especially relevant to optically based sensing. 
This direction is foreseen because of the much 
wider spectral bandwidths the fibers have for low-
loss propagation, such as up to around 1-micron 
transmission windows. These wide bandwidth fibers 
can be used to transmit whole images at the speed 
of light. And although the bandwidth of a particular 
fiber may be less than desirable in some cases, 
research on fiber designs is showing promise for 
enhanced propagation with similarly low losses on 
both sides of the near-IR spectrum. Namely, blue-
green, or visible wavelengths, and mid-IR bands both 
show promise for important uses of these fibers with 
further investigation. Novel design paradigms are 
also being envisioned that could enable even lower 
losses across all spectral bands. Beyond that, there 
are many prospects for studying such fibers as gas 
laser conduits or ultra-short pulse generators. Another 
workshop to explore the possibilities and show off the 
advances may be in order. 

ARL Competencies:

Energy Sciences

Electromagnetic Spectrum Sciences

Photonics, Electronics, 
and Quantum Sciences

Results

• Demonstrated kilowatt-level
high-power fiber delivery for la-
ser-DE applications.

• Developed near state-of-the-art
propagation loss anti-resonant
hollow core fibers near 1-µm wave-
lengths. 

• Displayed potentially ultra-com-
pact coiling for novel high-power 
mid-IR, gas-filled AR-HCF lasers
based on nested designs.

• Observed designs for beyond state-
of-the-art low-loss for AR-HCFs in 
wavelength bands from visible to 
mid-IR.

Anticipated Impact

Optical fibers based on anti-
resonant hollow core designs were 
demonstrated to have ultra-low loss 
with large cores capable of delivering 
kilowatts or more of CW power 
over significant distances without 
reducing beam quality. Use of such 
fibers for DE systems is foreseen, 
along with applications to sensing, 
communications, and imaging.
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SUCCESS STORY 

Optical Microcavity Arrays for High-Speed Beamforming and 
Precision Sensing
An international collaboration of researchers led by Dr. Christopher Panuski in Prof. Dirk Englund’s 
Quantum Photonics Group at the Massachusetts Institute of Technology (MIT) has developed a new class 
of programmable optical surfaces to enable gigahertz-rate beamformers and optical sensors operating 
at their fundamental limits.

CHALLENGE

The information density of optical signals is remark-
able (able to carry the world’s Internet through an 
approximate hair-diameter glass aperture) yet cur-
rently inaccessible. The requisite high-speed, ener-
gy-efficient, compact manipulation of multimode 
optical signals—central to future technologies 
ranging from brain imaging to quantum control—
remains an open challenge. Despite active research 
in metasurfaces, optical phased arrays, and pro-
grammable photonics, the “ideal” spatial light mod-
ulator (SLM) required for this task has remained an 
open goal in optical science. To overcome the fun-
damental limitations of existing liquid crystal- and 
micromirror-based spatial light modulators, the 
MIT-led collaboration developed a novel technology 
featuring programmable, fabrication-tolerant opti-
cal microcavity arrays (Figure 2).

Figure 2. Artist’s representation of the PhC-
SLM demonstrated by the Englund group and 
collaborators. Blue light from a high-speed micro-
LED array controls the emission of each PhC cavity 
in the fabricated device (gray), enabling high-speed 
steering of a reflected infrared beam (red).

ACTION

Dr. Gerhold was aware of Prof. Englund’s active 
photonic crystal research due to previous 
interactions in which ARO-funded surface plasmon-
based photonic crystal (PhC) research based on 
graphene. While that work suffered from surface 
passivation issues, such as dangling bonds of 
etched holes in the graphene, the ideas Prof. 
Englund presented while visiting ARO in 2019 
were based on silicon PhCs and thus not limited 
by this problem. Prof. Englund highlighted how 
the consideration of using optical pumping to 
achieve high-speed programmable optics at the 
wavelength scale may be transformative. His 
approach, built on experience from his graduate 
school research at Stanford University, was based 
on photonic crystal microcavities. A careful analysis 
of the risk involved—which may have deterred 
other potential supporting agencies—led to ARO’s 
program approval, spurring the development of an 
international collaboration that would ultimately 
produce several state-of-the-art technology 
demonstrations. 

RESULT

The collaboration discovered and developed an SLM 
capable of near-complete control of every degree 
of freedom (DoF) of an optical field filtered in space 

and time by an array of optical resonators. 
Specifically, they were able to control light reflected 
from their “programmable photonic surface” at the 
wavelength-scale within nanoseconds with ultra-
low, femtojoule-order switching energies. This work 
is the result of an intensive 5-year, highly 
interdisciplinary collaboration between research 
groups at MIT (project lead), AFRL (silicon photonics 
design and testing), the Rochester Institute of 
Technology (wafer preparation), the University of 
Strathclyde Institute of Photonics (optoelectronic 
control), the State University of New York’s AIM 
Photonics foundry (new wafer-scale photonic crystal 
fabrication process), Applied Nanotools, Inc. 
(electron-beam lithography for prototype devices), 
and Flexcompute, Inc. (theory/simulation). 

To demonstrate the ideal device, the team 
combined inverse-design, wafer-scale fabrication 
(Figure 3), holographic tuning, and all-optical 

Figure 3. Full-wafer PhC fabrication in the AIM Photonics/SUNY 300-mm foundry process. A wafer (inset)
contains 64 complete reticles (dashed white box) each comprising millions of inverse-designed PhC cavities.

This success was made possible by:

Dr. Michael Gerhold; Energy 
Sciences, ARO

Mr. Stephen Fantone; The Hertz 
Foundation, Elizabeth and Family 
Fellowship
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and time by an array of optical resonators.
Specifically, they were able to control light reflected
from their “programmable photonic surface” at the
wavelength-scale within nanoseconds with ultra-
low, femtojoule-order switching energies. This work
is the result of an intensive 5-year, highly
interdisciplinary collaboration between research
groups at MIT (project lead), AFRL (silicon photonics
design and testing), the Rochester Institute of
Technology (wafer preparation), the University of
Strathclyde Institute of Photonics (optoelectronic
control), the State University of New York’s AIM
Photonics foundry (new wafer-scale photonic crystal
fabrication process), Applied Nanotools, Inc.
(electron-beam lithography for prototype devices),
and Flexcompute, Inc. (theory/simulation). 

To demonstrate the ideal device, the team
combined inverse-design, wafer-scale fabrication
(Figure 3), holographic tuning, and all-optical

Figure 3. Full-wafer PhC fabrication in the AIM Photonics/SUNY 300-mm foundry process. A wafer (inset) 
contains 64 complete reticles (dashed white box) each comprising millions of inverse-designed PhC cavities.

control techniques to demonstrate nanosecond- 
and femtojoule-order spatial light modulation 
(Panuski et al., 2022). The key advances include 
the following: 

1. An inverse-design method that allowed the
researchers to discover a new generation of
optical microcavities for diffraction-limited
beamforming with 10× improvement in directivity 
over existing designs. This technique solves a
recurring issue with optical resonators: storing 
light requires emission to be eliminated, which 
effectively de-couples the device from free-space 
optical fields. The team’s optimized photonic
crystal cavities, however, act as resonant
“optical antennas” with near perfect free-space 
coupling into a diffraction-limited vertical beam. 
This satisfies a key requirement for complete
optical control and enables high-performance 
resonant beamforming. This cavity design breaks 
a paradigm in nanophotonic cavities that small 
mode volume (V) must come with large beam 
divergence: we show that high-quality factor
(Q), small V, and low beam divergence are all
simultaneously possible. 

2. Through a closed-loop process of theory,
semiconductor foundry fabrication, and
automated testing of hundreds of thousands of 
devices, Prof. Englund’s team developed scalable 
manufacturing of photonic crystal systems. They 
developed a 300-mm, full-wafer foundry process
specifically optimized for fabricating arrays with 
ultra-high-finesse photonic crystal microcavities. 

The resulting devices combine their cavity’s 
record directivity with a normalized quality-to-
mode-volume ratio Q/V≈4×10^6 that is among 
the highest-ever demonstrated for any optical 
cavity.

3. Dr. Panuski and collaborators invented a fully
automated, parallel “holographic trimming”
technique that aligns microcavities with
picometer precision. Previous beam steering
approaches have avoided high-Q resonators since 
aligning the resonances to a common operating 
wavelength requires a scalable, precise, and low-
loss trimming technique—a previously unsolved 
challenge. The team’s automated holographic 
trimming method uses structured laser
illumination to grow thermal oxide on selected 
devices in parallel, resulting in a picometer-order 
wavelength uniformity between 64 wavelength-
scale microcavities with a mean Q>10^5.
Remarkably, this record uniformity corresponds 
to sub-atomic length-scale structural uniformity 
between each device. 

4. From first-principle considerations of the
“ideal SLM,” the collaboration proposed and
demonstrated a control system that eliminates 
metal wiring. By applying emerging “multimodal 
visible light communications” technology to
control each microcavity, this approach avoids 
electrical interference and scale limits (wires for 
every device in a 2D array of area A cannot always 
be routed through the perimeter, which scales as 
√A). We specifically show that high-speed μLED 

ARL Competencies:

Energy Sciences

Electromagnetic Spectrum Sciences

Photonics, Electronics, 
and Quantum Sciences

Results

• Realized a record-bandwidth 2D
spatial light modulator.

• Developed a fully automated and
commercially supported fabri-
cation process for wafer-scale
photonic crystals (enabled by the 
DoD’s AIM Photonics initiative).

• Measured wavelength-scale optical 
cavity-based sensors operating at 
the fundamental thermal noise
limit for the first time.
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arrays, an active research topic for augmented 
and virtual reality displays, enable high-speed, 
low-power control over coherent optical circuits.

This novel approach wed the latest advances in 
incoherent and coherent optics to open a previously 
inaccessible regime of programmability. The 
technology enables near-complete spatial and 
temporal control of an optical signal (outperforming 
t h e  a s s o c i a te d  b a n d w i d t h s  of  p rev i o u s 
demonstrations by over an order of magnitude 
(Figure 4), thereby approaching the fundamental 
limits of programmable optics and unveiling entirely 
new directions in optical science. 

Figure 4. A graphical review of 
previous liquid crystal (LC), mi-
cro-electro-mechanical system 
(MEMS), and electro-optic (EO) 
driven SLMs reveals an observed 
trade-off between modulation 
bandwidth, ω

s
, and the control-

lable field of view, Ω
s
=λ2/Λ

x
Λ

y
 (as

set by the pixel pitch Λ relative to 
the wavelength of operation λ). The 
void of compact high-speed mod-
ulator arrays limits demonstrated 
spatiotemporal bandwidths (the 
combination of spectral and spatial 
bandwidths, i.e., ν=Ω

s
ω

s
). The PhC-

SLM invented in this program offers 
near-complete control over optical 
fields with an order of magnitude 
larger spatiotemporal bandwidth 
than previous techniques. 

Operated in reverse, the team’s device constitutes 
a high-spatial-resolution focal plane array sensor. 
Surprisingly, they discovered that the associated 
sensitivity was ultimately dictated by statistical 
temperature fluctuations (Panuski et al., 2020). 
In response, they produced a theoretical and 
experimental characterization of the resulting 
fundamental thermal noise limits for microcavities, 
derived their impact on proposals for room-
temperature optical quantum computing, and 
introduced noise cancellation techniques to 
enable continued development in quantum optical 
measurement, precision sensing, and low-noise 
integrated photonics.

Transitioning these basic technologies to the 
Warfighter holds promise for high-bandwidth, 
steerable, concealed optical communications; on-
demand, adaptive control of DE sources; as well as 
high-speed photodetectors for laser-based sensing 
applications.

WAY AHEAD

These record-setting demonstrations unveil a num-
ber of applications beyond the reach of current 
methods, including high-definition, high-frame-rate 
holographic displays; compact device integration 
via direct transfer printing of the cavity arrays onto 
a high-bandwidth micro-LED display; 3D optical 
addressing and imaging by combining on-demand 
micro-LED control with the co-developed static tun-
ing methods; large-scale programmable unitary 
transformations for universal linear optics proces-
sors; focal plane array sensors for high-spatial-res-
olution readout of refractive index perturbations in 
imaging applications from endoscopy to bolometry 
and quantum-limited super resolution; optical neural 
network acceleration via low-power, high-density 
unitary transformation of free-space optical inputs; 
and high-speed adaptive optics enabling free-space 
compressive sensing, deep-brain neural stimula-
tion, and real-time scattering matrix inversion in 
complex media. Many of these efforts are already 
underway.  

Anticipated Impact

When scaled, the demonstrated 
fast, efficient, and small-pitch opti-
cal beamformer will directly impact 
a variety of existing fields and could 
unveil entirely new avenues of re-
search. Real-time imaging through 
scattering media, ultra-dense optical 
interconnects, high-rate LiDAR, tun-
able meta-surfaces, optical neural 
networks, topological photonics, and 
large-scale control of atomic ensem-
bles for quantum science are a few 
envisioned applications that illustrate 
the diversity of foreseeable uses.
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SCIENCES OF EXTREME MATERIALS

SYNTHESIS AND PROCESSING OF MATERIALS PROGRAM

Dr. Michael Bakas
Program Manager

Dr. Bakas obtained his Ph.D. in 2006 
in Materials Science Engineering from 
Rutgers University and did research on 
armor materials and their processing 
at the Idaho National Laboratory for 8 
years. He has been the Program Man-
ager for Synthesis and Processing of 
Materials for 6 years.

Current Scientific Objectives

1| Discover new material options for the Army by exploring the
mechanisms of phase transformations to discover new metastable 
and nonequilibrium material phases that could provide a level of 
performance beyond current material options. 

2| Lay the technical foundation for new and novel processing
approaches that can create materials with capabilities beyond 
the current state of the art.

SUCCESS STORY 

Low-Hysteresis Shape-Memory Ceramics
A grant supported by the Synthesis and Processing of Materials Program recently published results 
demonstrating the most reversible shape-memory transformation observed thus far in ceramic materials. 
This lays a technical foundation for future high-performance ceramics that could potentially mitigate 
damage via shape-memory transformation. 

CHALLENGE

Shape-memory materials can often mitigate or 
reverse damage by undergoing a martensitic phase 
transformation, making them potentially useful 
for high-temperature applications such as aircraft 
engines. While metallic alloys can undergo this 
transformation, ceramic materials fracture or fail 
from the shear stress inherent to the transformation. 
Designing a composition that could survive the 
shape-memory transformation would require 
balancing multiple factors to minimize the strain 
of transformation, almost impossible to achieve 
via Edisonian methods. 

ACTION

Dr. Michael Bakas and the Sciences of Extreme 
Materials Competency Co-lead, Dr. Chakrapani 
Varanasi, secured Congressional funding for a 
proposal from Prof. Schuh (Massachusetts Institute 
of Technology [MIT]) in 2021. Prof. Schuh’s 
approach was to use computational methods to 
identify compositions that balance four key factors 
to minimize the strain of transformation to enable a 
viable shape-memory ceramic, ZrO2 (Figure 1). This 
proposal was set up as a cooperative agreement 
between MIT and ARL Sciences of Extreme Materials 
Competency scientist Dr. Victoria Blair to facilitate 
the transfer of the computational approach to ARL 
for the future design of shape-memory ceramics. 

RESULT

The MIT grant focused on balancing four different 
factors by adding aluminum (Al) and titanium (Ti) 
dopants to the known shape-memory ceramic 
ZrO2. To determine the optimal composition, 
it was necessary to calculate the influence of 
additional doping on the interface between the 
two phases, the volume mismatch between the 
two phases, the solid solubility for the dopants, 
and the transformation temperature (Ms). Using 
machine learning methods, various compositions for 
the ZrO2 ceramic were determined and fabricated. 
The resulting samples were subjected to the 
shape-memory transformation, and the potential 
reversibility of the transformation (hysteresis) was 
determined. The data indicated that the materials 
were the most reversible shape-memory ceramics 
observed to date and were so significant that the 
results were published in Nature (Pang, 2022). 

WAY AHEAD

The grant will continue to perform work, optimizing 
the composition with additional dopants besides 
Al and Ti to further improve the reversibility of 
the shape-memory ceramic. The methodology 
will be transferred to ARL so that the principles 
established can be applied to the development of 
new shape-memory ceramic materials for Army 
applications. 

This success was made possible by:

Dr. Michael Bakas; Sciences of 
Extreme Materials, ARO 

Dr. Chakrapani Varanasi; Sciences of 
Extreme Materials, ARO 

Dr. Ernest Chin; Sciences of Extreme 
Materials, ARL

Dr. Victoria Blair; Sciences of 
Extreme Materials, ARL

Citations:

Pang, E. L. Nature. 610, 491-495 
(2022). 
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Figure 1. (a) Plot of various com-
positions and their corresponding 
factors, Ms, interface factor (λ2), 
volume difference between the 
two phases (ΔV/V), and the solu-
bility limit. (b) Corresponding mi-
crostructures of the ZrO2 ceramic 
doped with the corresponding 
composition.  

ARL Competencies:

Sciences of Extreme Materials

Results

• Demonstrated a ZrO2 composi-
tion that suffers minimal damage 
during the shape-memory trans-
formation.

• Results published in Nature, cur-
rently the highest impact scientific 
journal. 

Anticipated Impact

The demonstration of this shape-
memory ceramic indicates it will be 
possible to make practical shape-
memory ceramics in the future. 
This could lead to actuators and 
damage-resistant materials capable 
of operating at high temperatures. 

SUCCESS STORY 

Defining Ultrasonic Conditions for Producing Advanced 
Materials
Grants supported by the Synthesis and Processing of Materials Program have increased scientific 
understanding of ultrasonic interactions and leveraged those interactions to produce composites and 
materials with specific properties.

CHALLENGE

While ultrasonic waves have been utilized for 
welding and consolidation in the past, there has 
often been little fundamental understanding or 
control over the process. Current understanding 
of how ultrasonic waves influence such material 
processing conditions is lacking and often relies 
on postprocessing analysis to interpret these 
influences. Further experimental understanding 
of ultrasonic wave interactions is required for 
the creation of accurate predictive tools. If the 
underlying interactions are properly understood, it 
would be possible to leverage ultrasonic agitation for 
low-temperature consolidation of materials and for 
producing advanced composites. This would require 
in situ experimental observations of the interactions 
that occur during ultrasonic agitation and solving 
the complex mathematics governing the acoustic 
interactions that occur. 

ACTION

Dr. Bakas funded three projects focused on better 
understanding the nature of ultrasonic interactions 
in a structural material, identifying the resulting 
influence on the material, and utilizing those 
interactions to create composite materials. One 
project (Prof. Zachary Cordero, MIT) was focused on 
understating the ultrasonic consolidation process 
when applied to metallic powders, another (Prof. 
Bart Raeymaekers, University of Utah) was focused 
on creating advanced polymer composites utilizing 
ultrasound, and the last (Prof. Arvind Agarwal, 
Florida International University) was focused on 
creating metallic composites. 

RESULT

The University of Utah project had in previous years 
solved the mathematics governing ultrasonic 
interactions and demonstrated the ability to create 
specific arrangements of particles in water. 

t
c
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Figure 2. Images of the shear jamming regime, where copper particles form an interconnected structure 
that eventually transitions into powder consolidation.

This success was made possible by:

Dr. Michael Bakas; Sciences of 
Extreme Materials, ARO 

Citations:

Ward, A. A. et al. J. Mech. Phys. 
Solids. 167, 105011 (2022).

Niendorf, K. et al. Compos. B. Eng. 
223, 109096 (2021).

Paul, T. et al. Mater. Sci. Eng. A. 
809, 140970 (2021).
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CHALLENGE

While ultrasonic waves have been utilized for
welding and consolidation in the past, there has
often been little fundamental understanding or
control over the process. Current understanding
of how ultrasonic waves influence such material
processing conditions is lacking and often relies
on postprocessing analysis to interpret these
influences. Further experimental understanding
of ultrasonic wave interactions is required for
the creation of accurate predictive tools. If the
underlying interactions are properly understood, it 
would be possible to leverage ultrasonic agitation for
low-temperature consolidation of materials and for
producing advanced composites. This would require
in situ experimental observations of the interactions
that occur during ultrasonic agitation and solving
the complex mathematics governing the acoustic
interactions that occur. 

t
c
= 0.5 s =0.74 1s =0.95 2s =1
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Figure 2. Images of the shear jamming regime, where copper particles form an interconnected structure 
that eventually transitions into powder consolidation.

Recently, they published the first attempt to use 
this method to create a practical composite 
material. Using ultrasound, the University of Utah 
group created alignment of sliver-coated fibers to 
create conductive paths (Figure 3) in a polymer 
matrix. The degree of conductivity was dependent 
on the nodes created by the ultrasonic waves and 
the weight fraction of the fibers (Niendorf et al., 
2021). The result demonstrated how the resulting 
aligned fibers created a conductive path. This is an 
important result, as short fibers are much more 
amenable to composites processing than the long 
fibers that would normally be required. This would 
make fabrication of certain advanced composite 
materials much more viable. The Florida 
International University grant demonstrated that 
ultrasonic waves could be used to uniformly disperse 
boron nitride (BN) nanotubes in an Al melt. This 
improved the quality of the Al by removing the gas 
porosity (Paul et al., 2021). Without the ultrasound 
agitation, the BN nanotubes agglomerated into 
clusters that did not provide grain refinement. The 
ultrasonic waves enabled uniform dispersion of the 
BN fibers, refining the grains in the Al and providing 
uniform reinforcement. This demonstrates that 
ultrasound could be utilized to disperse nonmetallic 
reinforcement such as BN in metallic melts, 
enabling the future creation of advanced metallic 
composite materials. 
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Figure 3. Demonstration of the influence of 
increasing alignment probability (pα) on the 
conductive fibers, demonstrating stronger 
connections at higher pα, eventually creating a 
conductive path. 

WAY AHEAD

The work at MIT will continue and advance the 
field’s understanding of ultrasonic consolidation.  
Prof. Cordero should be introduced to the ARL 

nanomaterial group to enable the transition of this 
method to the consolidation of difficult metallic 
nanoscale materials. The ability of the University 
of Utah’s ultrasonic alignment method should 
be transitioned to new composite materials 
through Small Business Technology Transfer-type 
opportunities and industry transitions. 

ARL Competencies:

Sciences of Extreme Materials

Results

• Published papers in multiple jour-
nals, which provided experimental
proof that ultrasonic approaches 
could be used for reproducible ma-
terials processing. 

• Created new metallic and poly-
mer composite materials, taking 
advantage of the unique benefits
ultrasonic methods enable.

Anticipated Impact

These grants lay the foundation for 
creating (1) low-cost and advanced 
polymer composites by enabling 
easy alignment of more readily 
available and easy-to-process short 
fibers and (2) advanced metallic 
composites by enabling dispersion of 
fiber reinforcement in metallic melts. 
The ultrasonic consolidation could 
potentially be used as an alternative 
to high-temperature sintering for the 
consolidation of highly refractory 
materials or materials that cannot 
be properly mixed using thermal 
processes. 
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SCIENCES OF EXTREME MATERIALS

REACTIVE CHEMICAL SYSTEMS PROGRAM

Dr. James Parker
Program Manager

Dr. Parker completed undergraduate studies 
at Marquette University, receiving his B.S. in 
Chemistry in 1993. He worked in industry for 
one year at the Aldrich Chemical Company as a 
chemist in the pilot plant. In 1994, he enrolled 
at the University of Mississippi, where he trained 
as a physical chemist, studying spectroscopy, 
chemical reaction dynamics, and molecular 

electronic structure theory, receiving a Ph.D. in Physical Chemistry 
in 1999. He was a National Research Council Postdoctoral Fellow 
at the U.S. Naval Research Laboratory from 2000 to 2001, and 
from 2002 to 2003 he was a Postdoctoral Fellow at the NASA/
Goddard Space Flight Center. As a professor, he taught chemistry at 
Valdosta State University and was a principal research investigator 
for atmospheric chemistry at the Midwest Research Institute. Dr. 
Parker has been a Program Manager at ARO since 2009.

Current Scientific Objectives

1| Understand the kinetics and mechanisms of reactions
occurring at surfaces and interfaces, and develop 
new methods that, if successful, will achieve precise 
control over the structure and function of chemical and 
biological molecules on surfaces (to include adsorption, 
desorption, and the catalytic processes occurring at 
surfaces and interfaces as well as at the interface between 
nanostructures and biomolecules) and generate advanced 
materials.

2| Impart multifunctional, stimuli-responsive, and dynamic
behavior to completely synthetic molecular and 
chemical systems (to include design and development 
of nanostructured scaffolds and sequential catalytic 
systems) and explore their properties, capabilities, and 
functionality that, if successful, will lead to self-assembled 
and supramolecular structures and methods for controlling 
assembly in different environments.

SUCCESS STORY 

Small but Mighty: Nanobiocatalytic Systems for the 
Inactivation and Biotransformation of Explosive Molecules
This ARO-funded initiative is developing a framework for the biotransformation of insensitive munitions in 
complex environmental media. This technique will inform the ability to engineer biological nanomaterials 
with enhanced stability and efficacy and provide the Army with new strategies for rapidly degrading 
chemical threat agents.

CHALLENGE

Explosive materials are energetic compounds that 
have the potential to accumulate in environmental 
reservoirs including soil, water, and biota. These 
explosives enter the environment through military 
activities and conflict, manufacturing, and dumping. 
Once released into terrestrial environments, these 
compounds are responsible for adverse carcinogenic 
and mutagenic effects in humans, flora and fauna, 
fisheries, and livestock. Given the health and 
environmental implications, it is critical to develop 
strategies to degrade explosive materials rapidly 
and efficiently. 

Bioremediation has been identified as a promising 
method for transforming explosive materials into 
innocuous products. Explosives can be mineralized 
into valuable metabolic compounds through 

enzymatic reactions, and identification of the 
enzymes responsible for explosive degradation 
has potential to rapidly mitigate explosive 
contamination in environmental systems. 
However, there are several knowledge gaps that 
hinder the ability to efficiently biotransform 
explosive materials. First, microbial degradation 
is a relatively slow, inefficient process that 
requires high concentrations of enzymes and/or 
explosive compounds to be effective. Second, it 
is well-documented that explosives interact with 
other components of soil and water (e.g., organic 
matter). These interactions (1) make it difficult for 
microorganisms to access and degrade the explosive 
compound and (2) lead to the formation of toxic 
intermediate products not predicted in experimental 
studies. Overcoming these knowledge gaps requires 
an interdisciplinary approach whereby the biological 

This success was made possible by:

Dr. Elizabeth King-Doonan; Biological 
and Biotechnology Sciences, ARO 

Dr. James Parker; Sciences of 
Extreme Materials, ARO

Ms. Denisse Szmiegel; ARO 
International Division

Dr. Pamela Sheehan; DEVCOM AC

Citations:

Orlikowska et al., Int. J. Biol. 
Macromol. 107 (2018).

Alvarado-Ramirez et al., Int. J. Biol. 
Macromol. 181 (2021).
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pathway responsible for degradation is identified 
and optimized for efficiency under a range of 
environmental conditions, and the thermodynamics 
and kinetics of explosive degradation reactions are 
quantified within a complex soil matrix.

ACTION

Dr. Elizabeth King-Doonan, ARO’s Environmental 
Chemistry Program Manager, recognized that 
advancing the limits of biotransformation under 
“natural conditions” required an interdisciplinary 
effort that paired biotechnology with environmental 
chemistry. In 2020, through discussions with Ms. 
Denisse Szmiegel, a PM for the Americas Region in 
ARO’s International Division, Dr. King-Doonan 
learned of collaborative research conducted by Prof. 
Roberto Parra-Saldivar, a Research Professor in 
Biotechnology at Mexico’s Tecnológico de 
Monterrey, and researchers at DEVCOM Armaments 
Center (AC) from 2017 to 2019, to characterize 
laccase enzymes collected from white-rot fungi 
native to Mexico (Pycnoporus sanguineus) as a 
potential catalyst for the inactivation and 
degradation of explosives (Figure 1). 

Figure 1. Ribbon representation of the 3D structure 
of PsLacI (a) and PsLacII (b) (laccase enzymes) 
from white rot fungi (P. sanguineus) (Orlikowska 
et al., 2018).

Dr. King-Doonan and Ms. Szmiegel organized 
a seminar to learn more about Prof. Parra-
Saldivar’s work with researchers at DEVCOM 
AC. Prof. Parra-Saldivar presented his successful 
technique for isolating laccase enzymes from P. 
sanguineus and demonstrated the degradation 
of 2,4,6-trinitrotoluene (TNT) and nitroglycerine 
(NG) into nontoxic intermediate products. However, 
challenges with the stability of the laccase enzyme 
prevented successful application in soil and aqueous 
environments. 

Follow-on discussions with Prof. Parra-Saldivar and 
DEVCOM AC confirmed that more research was 
required to fully realize the potential of laccase as 
a biotransformation tool for explosive materials. 
First, research was required to optimize the stability 
of laccase in soil environments. An emerging 
innovation in biotechnology is the nanobiocatalyst 
(NBC) system, which would require assembling 

the laccase enzyme onto a nanomaterial carrier 
with the goal of sheltering the enzyme against 
the interfering soil matrix environment, thereby 
increasing the stability (and lifetime) of the 
process. There are several NBC systems capable 
of stabilizing laccase, but the efficacy of these 
systems has not been quantified for environmental 
conditions relevant to contaminated soils. Second, 
interactions of NBC systems with the soil matrix 
are completely unexplored despite how important 
those interactions are in determining the enzymatic 
degradation rate of explosives. 

Given the importance of NBC systems to the 
success of this research, Dr. King-Doonan reached 
out to Dr. James Parker, ARO Reactive Chemical 
Systems PM, who had an interest in understanding 
nanostructured chemical systems for hazardous 
materials management. Dr. Parker’s program had 
a specific interest in understanding how chemical 
and biological moieties behaved and reacted with 
surfaces and at interfaces. Because of the relevance 
of the NBC systems to both programs’ interests, Drs. 
King-Doonan and Parker strategically partnered 
with and invited Prof. Parra-Saldivar to submit 
a proposal advancing his work on laccase NBC 
systems for explosive material degradation. The 
proposed effort would last for three years and focus 
on (1) developing NBC systems and characterizing 
their catalytic capacity for biotransformation and 
inactivation of explosive molecules; (2) identifying 
the degradation pathways for TNT and NG; and (3) 
determining the role of pH, ionic strength, and soil 
type on the biotransformation potential of each 
system. 

RESULT

In 2021, Prof. Parra-Saldivar focused on developing 
the techniques for enzyme immobilization using 
NBC systems. This effort culminated in a review 
article published in the International Journal of 
Biological Macromolecules (Orlikowska et al., 2018) 
highlighting the advantages and disadvantages of 
several techniques capable of immobilizing laccase. 

In 2022, Prof. Parra-Saldivar’s research team 
identified three laccase immobilization methods 
that exhibited the greatest stability and lowest cost 
for potential applications: (1) entrapment, (2) hybrid 
nanoparticles, and (3) metal organic frameworks 
(MOFs). Prior research has shown that entrapment 
is the simplest method of enzyme immobilization 
and consists of enmeshing the laccase enzyme into 
a polymer matrix or a nanofiber (Figure 2). The 
immobilized laccase retains its structure but can 
suffer from diffusive loss during operation due to 
weak interactions between the polymer and the 
laccase enzyme. Hybrid nanoparticles and MOFs 

ARL Competencies:

Sciences of Extreme Materials

Biological and Biotechnology Sciences

Results

• Developed a novel strategy for in-
corporating enzymes into nano-
biocatalytic systems, potentially 
enabling enhanced biotransforma-
tion for remediation of chemical 
hazards in complex environments. 

• Demonstrated that these nano-
biocatalytic systems could be de-
signed to biotransform explosive 
materials, offering a new route for 
explosive degradation. 
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tend to have greater stability and catalytic activities 
because of their high surface area and tunable pore 
volumes, though with the disadvantage that their 
structural features and dimensions can be difficult 
to reproduce. 

The team advanced this knowledge by investigating 
the catalytic capacity for biotransformation 
of TNT and NG. Focusing on entrapment, the 
matrix-based procedure resulted in the complete 
biotransformation of TNT over a period of nine, 
four-day cycles (i.e., 36 days). The rate of 
biotransformation increased as the number of 
cycles increased, which suggests that entrapment 
enhances laccase efficiency over time due to 
the gradual release of the enzyme. However, 
the same experiment using NG did not yield 
any biotransformation, which indicates that the 
nanoscale structure of the entrapped laccase 
prevents the NG molecule from interacting with 
the enzyme. This was quite an unexpected result 
given that preliminary results using free laccase 
enzymes biotransformed NG at a rate of 83%. This 

observation highlights how characterizing the NBC 
microenvironment is critical to understanding the 
reaction kinetics and degradation routes for each 
enzyme-explosive pair. 

Laccase
+

Polymeric
solution

High
voltage

Figure 2. Entrapment of laccase by electrospinning 
nanofiber technique (Alvarado-Ramirez et al., 
2021).

WAY AHEAD

Prof. Parra-Saldivar is working to further develop 
his NBC systems to characterize the catalytic 
capacity for hybrid nanoparticles and MOFs. Over 
the next year, Prof. Parra-Saldivar will characterize 
the reactivity and toxicity of intermediate products 
and identify the route of biotransformation for each 
NBC system of interest. In these environmental 
studies, Prof. Parra-Saldivar will identify the 
microenvironment of each NBC system and the 
reaction kinetics for TNT and NG present in bulk 
soil, soil leachate, and soil sludge over a range of pH 
and oxygen conditions and soil types. These results 
will provide critical insights into the interaction of 
NBC systems with explosive materials in complex 
matrix environments.

In 2022, Prof. Parra-Saldivar presented preliminary 
results during ARL’s Biological and Biotechnology 
Sciences Seminar. This led to a series of 
conversations with another ARL performer, Prof. 
Maciej Maselko at Macquarie University in Australia, 
interested in the use of animals as the engineered 
system for the expression of microbial enzymes to 
degrade environmental pollutants. As a result of 
these collaborative meetings, Drs. King-Doonan 
and Parker and Profs. Parra-Saldivar and Maselko 
have begun to discuss longer-term research efforts 
that focus on expanding the understanding of NBC 
systems to other pollutants of interest such as 
fuels, plastics, heavy metals, and pharmaceutical 
compounds. 

Anticipated Impact

This research is expected to allow 
for rapid and precise degradation of 
explosive materials that have been 
released into soil, water, and biota. 
This breakthrough is expected to 
enable leap-ahead technologies for 
remediating a wide range of existing 
environmental hazards, as well as 
limit Soldier exposure to chemical, 
biological, radiological, nuclear, and 
explosive threats.

SUCCESS STORY 

Development of Metal-Organic Framework Fiber-based Solid-
State Catalyst for Degradation of Chemical Warfare Agents
This collaborative effort between ARO and DEVCOM Chemical Biological Center (CBC) led to the 
development of a composite fabric that can deactivate both biological threats, such as the virus that 
causes COVID-19, and chemical threats, such as warfare agents. The new fabric’s functionality comes 
from a zirconium-based metal-organic framework (Zr-MOF) integrated within the fibers. MOFs are a class of 
hybrid nanostructures with high surface areas and internal spaces for binding target compounds, making 
them excellent candidates for capturing molecules of interest. This work opens the door to a novel, versatile 
material that could potentially be adapted for integration in uniforms, face masks, or other systems to 
protect the Soldier from chemical and biological threats. 

CHALLENGE

Chemical warfare agents (CWAs) are a threat to 
global health and security with organophosphate-

based nerve agents being among the most toxic 
chemicals known to humanity. Catalysts capable 
of rapid detoxification of CWAs into less-toxic 
species for stockpiles and that may be integrated 

This success was made possible by:

Dr. James Parker; Sciences of 
Extreme Materials, ARO

Dr. Gregory Peterson; DEVCOM CBC

Citations:
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into personal protective equipment (PPE) would be 
a leap-ahead step toward real-world applications. 
MOFs have extremely high porosity and rich 
structural chemical diversity and have drawn 
interest as protective materials against harmful 
gases and CWAs. However, MOFs are typically 
precipitated as a fine powder from reaction 
solutions, making them difficult to apply to real-
world textiles for PPE usage. Finding novel routes 
for incorporating MOFs onto textiles and other fiber-
based materials while remaining catalytic for long 
periods and in harsh environmental conditions is a 
challenge for DoD-relevant applications.

ACTION

To address this challenge, Dr. James Parker 
strategically supported research led by Dr. Omar 
Farha of Northwestern University to investigate 
the design rules needed to access hydrochemically 
stable MOFs with various functionalities and 
diverse topologies using water as a solvent at 
room temperature. Development of a water-based 
approach to MOF synthesis represents a significant 
step as it would enable a more facile route to 
MOF-based hybrid materials, such as enzyme/
MOF composites and MOF/fiber composites that 
are relevant to DoD needs in chem–bio threat 
protection. Of particular interest was an approach 
to enable Zr-MOFs as these materials contain 
phosphotriesterase-like Lewis-acidic clusters 
that are efficient in the catalytic hydrolysis of 
organophosphorus-based CWAs.

RESULT

In 2019, the research team reported a template-free, 
scalable, and aqueous solution-based strategy to 
incorporate Zr-MOFs (MOF-808) onto polyester 
fibers. This method resulted in a dense and 
continuous MOF coating on the entire fiber with a 
tunable mass fraction of MOF. Most exciting, the 
MOF-polyester fibers exhibited the highest rates of 
hydrolysis for dimethyl methylphosphonate (DMNP) 
and GD for any MOF-based composites reported to 
date. Efforts then focused on exploring the 
generality of the synthetic strategy to other types 
of fibers. This fiscal year, an amine-based hydrogel 
integrated with Zr-MOFs as an active composite for 
the hydrolysis of chemical warfare nerve agents (VX 
and GD) and their simulants (DMNP) was developed. 
The synthetic strategy to create a MOF-808/
hydrogel composite was extended to seven other 
Zr-MOF/hydrogel composites to investigate 
composition-dependent catalytic activity in the 
hydrolysis of nerve agents VX and GD and less toxic 
simulant DMNP, the latter catalytic hydrolysis 
reaction is illustrated in Figure 3. 

Figure 3. Schematic illustration of a Zr-MOF/
hydrogel composite catalyst and the hydrolysis 
reaction scheme of DMNP.

The highest-performing composite, MOF-808/hy-
drogel, was also integrated onto cotton fibers using 
a facile dip-coating method to test the practicality 
of the hydrogel composite for protective wear. Hy-
drolysis conversion of a nerve-agent simulant 
achieved 72% and 99% after 1 and 10 min, respec-
tively, for MOF-808/hydrogel composite. The initial 
half-life was less than 1 min with 6 mol% MOF cat-
alyst loading, making this solid-state hydrolysis 
composite two orders of magnitude better than 
previously reported MOF-808/linear PEI composite 
(half-life >1.6 h). Comparisons of the conversion 
percentages to the other synthesized Zr-MOF/hydro-
gel composites determined that the MOF-808/hy-
drogel catalyst performed the best due to the lower 
connectivity of the Zr node in the structure allowing 
more active metal sites, the high density of amine 
functional groups in the hydrogel regenerates cat-
alytic sites, and the trapped water in the hydrogel 
facilitates the hydrolysis. When applied to the cotton 
fibers, conversion of nerve-agent simulant demon-
strated a half-life of 1 min and a 99% conversion 
after 15 min. This reported catalytic activity for hy-
drolysis surpasses all previously reported fibrous 
MOF composite materials, even those with volatile 
liquid bases. Coated cotton fibers left in a sealed 
vial for 3 months performed consistently with im-
mediate bench testing, and when the fibers were 
washed with water for 0.5 h the conversion stayed 
at 82% even after 15 min. This research, published 
in Chem Catalysis , demonstrates that MOF/hydrogel 
fibrous composites are ripe for further optimization 
and implementation into PPE, such as masks and 
cloths. The Northwestern University research team 
realized the promising results of MOF/hydrogel com-
posite-based catalysis strategies for breaking down 

ARL Competencies:

Sciences of Extreme Materials

Photonics, Electronics, 
and Quantum Sciences

Results

• An amine-based hydrogel integrat-
ed with Zr-MOFs formed active de-
toxification catalysts.

• The MOF/hydrogel composites
integrated onto fiber detoxified
nerve-agents under ambient con-
ditions.

• Multifunctional MOF/fiber compos-
ite loaded with iodizing chlorine 
demonstrated rapid biocidal ef-
fects against E. coli and S. aureus 
bacteria, the SARS-CoV-2 virus,
and selective degradation of mus-
tard gas within minutes.
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CWAs may potentially be altered to destroy live 
pathogens, such as the SARS-CoV-2 virus. To explore 
this, multifunctional and regenerable N-chlorine 
based biocidal and detoxifying textiles using a robust 
Zr-MOF (UiO–66–NH2) as a chlorine carrier were 
investigated. Biocidal activity of the N–Cl modified 
Zr-MOF coating resulted from the slow release of 
active chlorine through the pores of the MOF when 
it is in contact with pathogens (Figure 4). Active 
chlorine is generated when water from the surround-
ings hydrolyzes the N–Cl to form HClO. The porosity 
of the MOF allows for diffusion and slow release of 
active chlorine as the surface chlorine is consumed. 
The fibrous composite showcased rapid biocidal 
activity against both Gram-negative (E. coli) and 
Gram-positive (S. aureus) bacteria with up to a 7-log 
reduction within 5 min for each strain and 5-log re-
duction of SARS-CoV-2 within 15 min. The multi-
functionality of the active chlorine-loaded MOF-fiber 
composite was exhibited by also degrading sulfur 
mustard and its chemical simulant CEES (2-chloro-

ethyl ethyl sulfide) with half-lives of less than 3 min. 
The potential for this versatile MOF-based fibrous 
composite design further demonstrates the rare feat 
for a material to protect against biological and chem-
ical threats. The composite material is scalable, as 
it only requires basic textile processing equipment 
currently used by industry. When incorporated into 
a face mask, for example, the material should be 
able to work both ways: protecting the mask wearer 
from virus in their vicinity as well as protecting indi-
viduals who encounter an infected person wearing 
the mask.

UiO-66-NH2 growth

Multifunctional UiO-66-NH-Cl coating =Cl =N =H
C

onsum
ing

B
leaching

PET

Toxic
mustard gas

Live pathogens

Dead pathogensDead pathogensNon-toxic
product

Figure 4. Schematic illustration of Chlorine-loaded UiO–66–NH2/PET composite and the regenerable 
biocidal and detoxifying function.

WAY AHEAD

Research efforts will continue to explore the 
development of different MOF-based fiber systems 
and explore their diffusion, selectivity, and reactivity 
with organophosphorous compounds. The research 
team will also continue to collaborate with DEVCOM 
CBC to study the efficacy of these materials against 
threat agents. 

Anticipated Impact

Foundational atomic-level under-
standing of MOF-based frameworks 
for the destruction biological and 
chemical threats may lead to un-
precedented PPE for the Army and 
the public. 
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SCIENCES OF EXTREME MATERIALS

POLYMER CHEMISTRY PROGRAM

Dr. Dawanne Poree
Program Manager

Dr. Poree completed her undergraduate 
studies at Nicholls State University, re-
ceiving her B.S. in Chemistry in 2004. 
She trained as a polymer chemist at 
Tulane University, receiving her Ph.D. 
in Chemistry in 2010. 

She came to ARO in 2011 as a contrac-
tor to support the Polymer Chemistry 

Program and was hired as the Program Manager in 2014. 

Current Scientific Objectives

1| Develop new approaches for synthesizing polymers with precisely
defined microstructure and composition that, if successful, will 
enable a deeper understanding of how molecular structure impacts 
overall polymer material properties and will facilitate the design 
of polymers with properties of choice. 

2| Devise strategies to control polymer assembly and responsive
behavior at the molecular level that, if successful, will render 
complex materials with programmed and precisely defined 
functions.

SUCCESS STORY 

Toward Molecular Data Storage in Synthetic Polymers: New 
Chemical Tools to Synthesize and Characterize Sequence-
Defined Polymers
This ARO initiative led to the development of a novel method to encode encryption keys into a polymer 
that was hidden in the ink of a handwritten letter, demonstrating the feasibility of reliably encoding data 
in the molecular structure of plastic-like materials. This effort further demonstrated the ability to read the 
encrypted message using a sequential depolymerization method combined with liquid chromatography 
and mass spectrometry to decipher the encoded message. This work represents a significant step forward 
in the synthesis and characterization of sequence-defined synthetic polymers, which is expected to have 
wide-ranging future applications such as synthetic enzymes and scaffolds for molecular encoding and 
data storage.

CHALLENGE

Biological polymers, such as DNA and proteins, 
display a wide variety of advanced functions such 
as information storage, self-replication, and signal 
transduction. These functions are largely dictated by 
the biopolymers’ precise building block sequence, 
which gives these materials the ability to fold 
into higher-ordered structures that dictate their 
properties and functions. The ability to translate 
this level of sequence control to synthetic, non-
natural polymers, which have a much wider range 
of monomeric building blocks, would represent a 
significant scientific and technological advance. 
However, we lack viable synthetic tools for enabling 
molecular-level sequence control in synthetic 
polymers. Additionally, there is also a paucity 
of characterization methods for molecular-level 
sequence characterization. 

ACTION

Enabling sequence-defined polymers (SDPs) is the 
“holy grail” of modern polymer science. Achieving 
these materials would enable the greatest possible 
control over macroscopic properties and would, in 
essence, bring synthetic materials into the realm of 
biological functions, rendering advanced materials 
capable of serving as synthetic enzymes for 
catalysis, scaffolds for molecular encoding and data 
storage, nanoelectronics, self-healing materials, and 
much more. Recognizing the potential implications 
of these materials for future Army applications, Dr. 
Dawanne Poree began strategically investing in 
research focused on novel synthetic strategies 
to enable SDPs as well as in novel methods for 
sequence characterization. She specifically targeted 
a research effort at the University of Texas at Austin 
to develop an innovative sequencing platform to 
enable both the synthesis of SDPs and a built-in 

This success was made possible by:

Dr. Dawanne Poree; Sciences of 
Extreme Materials, ARO
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sequencing capability for rapid and robust sequence 
characterization.

RESULT

In 2020, the researchers demonstrated a new class 
of chemically “sequenceable” urethane-based 
SDPs. Using solution-phase and solid-phase 
synthesis approaches, urethane monomers were 
assembled into oligomers/polymers in a monomer-
by-monomer sequence. Most interestingly, because 
these polymers have a terminal β-alcohol, they can
undergo a triggered intramolecular cyclization event 
that iteratively deconstructs the polymer in an 
immolative, head-to-tail fashion in the presence of 
base and heat. This offers a unique opportunity for 
polymer sequencing. The research team combined 
this sequential depolymerization method with liquid 
chromatography (LC) and mass spectrometry (MS) 
and demonstrated this as a viable approach for rapid 
and robust characterization of this class of oligomer/
polymers (Figure 1). The team also developed an 
algorithm to automate the read-out process. When 
executed, the algorithm provides the monomers in 
the order in which they appear in the oligomer/
polymer, thus producing the sequence.

A B

C

Figure 1. Sequencing of sequence-defined 
oligourethane and analysis by LC/MS. (A) 
Sequencing of polymer sequence-defined 
oligourethane in 2.5:1 MeOH/H2O with K3PO4. 
Reaction was heated to 70 °C in a microwave reactor 
and (B) sampled at the delineated time intervals 
by LC/MS. (C) Progress of the reaction plotted as 
percent composition of each oligomer vs. time. 

Recognizing that the combination of precision 
synthesis and rapid characterization provided a 
unique “write-and-read” digital polymer platform, 
the team sought to explore the feasibility of this 
platform for encoding and decoding molecular 
information. As a proof of concept, the team used 
an algorithm to convert a Jane Austen quote into a 
series of hexadecimal digits that were then encoded 
into (18) 10-monomer-long sequence-defined 
o l i g o u r e t h a n e s .  T h e  tea m’ s  s e q u e n ti a l 
depolymerization technique was employed for 
sequencing, and the sequenced data was then fed 
into decoder software that assigned the molecules 
to their corresponding hexadecimal characters. The 
team succeeded in reproducing this with complete 
accuracy. The message was also independently 
decoded by an unaffiliated party to demonstrate 

fidelity of the approach. This fiscal year, the 
researchers extended this work to successfully 
encode a 256-bit encryption key into the SPDs. To 
achieve this,  the team first generated a 
256-character-long binary key that could encrypt
and decrypt text files when entered into an
algorithm. They then encoded the key into (8)
1 0 - m o n o m e r - l o n g  s e q u e n c e - d e f i n e d
oligourethanes. The oligourethanes were designed 
such that only the middle eight monomers held the 
key, and the two end monomers acted as
placeholders for synthesis and decoding. The
decoding placeholder was a unique, isotopically 
labeled “fingerprint” monomer in each sequence, 
indicating where each polymer’s encoded
information fit in the order of the final digital key. 
The researchers then mixed the eight polymers
together and used the sequential depolymerization 
method and LC/MS to determine the original
structures and the digital key. Finally, the
researchers developed an ink of the polymers, which 
they used to write a letter that they mailed to other
colleagues who didn’t know the encoded information 
(Figure 2). These scientists extracted the ink from 
the paper and followed the same sequential analysis 
to successfully reconstruct the binary key. They
entered the encryption key into the algorithm,
revealing a plain text file of The Wonderful Wizard 
of Oz. This work represents the most information 
stored in a single synthetic polymer sample and 
further demonstrates that molecular information 
encryption with SDPs is durable enough for real-
world applications.

Figure 2. A molecular encryption key was embedded 
in the ink (left) of a letter (right), which was mailed 
and analyzed to decrypt a file.

WAY AHEAD

This work demonstrated the remarkable potential 
of sequenced polymers for molecular data storage. 
Future research will focus on expanding the storage 
capacity and scaling of these materials to enable 
more advanced information content. The rapid 
characterization techniques also offer opportunities 
to explore the structure–property relationships of 
this class of materials. Collaborative efforts will be 
sought to transition key knowledge products toward 
the development of these novel materials for Army-
relevant applications. 

ARL Competencies:

Sciences of Extreme Materials

Results

• Developed a new class of chemi-
cally sequenceable SDPs. 

• Developed a sequential depolym-
erization method that, when com-
bined with liquid chromatography 
and mass spectrometry, is capable
of rapid, robust sequence charac-
terization.

• Demonstrated the first-ever use of 
self-immolative sequenced poly-
urethanes for storing and reading 
encoded information, representing
a promising new paradigm for mo-
lecular data storage. 

• Further demonstrated the ability 
for high-capacity data storage
(256 bit) in polymer-based ink,
representing the most information 
ever stored in a sequence-defined 
synthetic polymer. 

Anticipated Impact

This work highlights the types of 
advanced, high-performance mate-
rials that are possible through mo-
lecular-level sequence control in syn-
thetic polymers. It more specifically 
represents a significant step toward 
enabling SDPs for information stor-
age. As society continues to produce 
enormous amounts of data, the need 
for dense, durable, and cost-effec-
tive means of data storage will only 
grow, as will the need for more com-
plex encryption methods. This work 
represents an exciting innovation to 
address these challenges.
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SUCCESS STORY 

Ribosome-mediated Polymerization of Non-natural 
Pyridazinone Bonds
ARL-funded researchers at Northwestern University have demonstrated that ribosome, the molecular 
machine that produces protein polymers, can be engineered to perform a non-natural polymerization 
reaction. These reactions could expand the range of polymers that ribosomes can create and open the 
door for advancements in synthetic biology and polymer science. Ribosomes normally link amino acids 
together into polymers called polypeptides and have been engineered to also link together chemically 
similar compounds like esters into polyesters. The team was able to show for the first time that it is 
possible for the ribosome to polymerize drastically different chemical bonds. These results indicate new 
directions for synthetic biology that may lead to new materials for sophisticated electronics, solar cells, 
and nanofabrication—all paramount for advancement of Warfighter protection and performance.

CHALLENGE

Synthetic biology aims to program biological systems 
to carry out useful functions, and as a field has made 
meaningful progress toward biomanufacturing of 
medicines, sustainable chemicals, and advanced 
fuels, as well as cellular diagnostics and therapies. At 
the core of these advances is the ability to control and 
tune the processes of transcription and translation, 
potentially offering access to non-natural materials 
that cannot be made by any other means. As an ex-
ample, the translation apparatus is the biological 
cell’s factory for protein synthesis. The ribosome, 
the molecular machine that polymerizes α-amino
acids into proteins, is the catalytic workhorse of the 
translation apparatus. With protein synthesis rates 
of up to 20 amino acids per second at an accuracy of 
99.99%, the extraordinary catalytic capacity of the 
translation machinery has attracted extensive efforts 
to engineer it to generate other polymers beyond nat-
ural proteins. While most efforts have focused on the 
site-specific incorporation of unnatural α-amino acids 
into proteins by the natural translation apparatus, 
the potential to engineer the ribosome to perform 
alternative chemistries beyond the amide bond for-
mation, which was fine-tuned through evolution, was 
virtually unexplored.

ACTION

In 2015, recognizing emerging advances in syn-
thetic biology, and particularly the development 
of in vitro systems capable of modifying biological 
translation machinery, Drs. Poree and McElhinny 
conceived of a Multidisciplinary University Research 
Initiative (MURI) topic focused on re-engineering 
the translation machinery to accept and polym-
erize nonbiological monomers in a sequence-de-
fined manner. SDPs are linear macromolecules 
whose chemical and physical properties can be 
programmed with atomic-scale resolution. It has 
been impossible, so far, to produce finely tailored 
non-natural SDPs (i.e., materials of defined atomic 

sequence, exact monodisperse length, and pro-
grammed stereochemistry), yet the development of 
synthetic routes toward these molecules promises 
technological breakthroughs in advanced functional 
materials, nanotechnology, electronics, and beyond. 
To achieve this ambitious goal, the MURI team, led 
by Prof. Michael Jewett (Northwestern University), 
proposed to develop novel cell-free biosynthetic 
platforms that enable the generation and evaluation 
of modified ribosomes and other translation factors 
in a non-cellular, in vitro setting. This dramatically 
expands the ribosome design space accessible to 
the team, as ribosomes are essential for cell viability 
and only limited ribosome mutations are possible in 
cells. Over the course of this program, the team has 
made several notable advances in the development 
of a cell-free ribosome construction platform as well 
as analytical tools for single molecule characteri-
zation of SDPs. In 2022, the team demonstrated 
for the first time that it is possible for the ribosome 
to polymerize drastically different chemical bonds 
beyond those naturally found in proteins. 

RESULT

Ribosomes have evolved to join a-amino acids to-
gether via amide bonds into proteins. However, prior 
work has demonstrated that the ribosome will accept 
a variety of monomer substrates beyond a-amino 
acids and can catalyze a few alternative bonds that 
are closely related to the amide bond, including es-
ters, thioesters, and thioamides. Given this demon-
strated plasticity of the ribosome, combined with the 
current working model of ribosome catalysis that is 
based on entropy trapping, the research team hy-
pothesized that a broader range of chemical bonds 
may be accessible using the ribosome as a catalyst. 
To explore this possibility, the team designed novel 
monomers with a nucleophilic hydrazine group in 
place of the natural α-amine group and paired this 
with a g-keto ester monomer. The team surmised that 
coupling and rearranging activated hydrazines and 
g-keto esters by the ribosome could produce six-mem-

This success was made possible by:

Dr. Dawanne Poree; Sciences of 
Extreme Materials, ARO

Dr. Stephanie McElhinny; Biological 
and Biotechnology Sciences, ARO 
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bered heterocyclic rings called pyridazinones (Figure 
3) in place of the natural amide bond that links a-ami-
no acid monomers together in proteins. The team 
tested a series of hydrazino and g-keto monomers 
and discovered that the ribosome could catalyze 
formation of eight different pyridazinone bonds with 
a variety of monomer pairs at varying efficiency. To 
the research team’s knowledge, this was the first 
example of intramolecular cyclic structure formation 
catalyzed by the ribosome in vitro.

Figure 3. Ribosome-catalyzed formation of pyridazinone bonds in vitro. Genetic code reprogramming 
using the flexizyme system enables the acylation of noncanonical substrates with tRNA. Upon flexizyme-
mediated tRNA acylation of keto (orange) and hydrazino (green) activated esters, the programmed 
keto-tRNA (orange) and hydrazinyl-tRNA (green) were added to an in vitro transcription and translation 
platform using purified components and allowed to decode two consecutive codons programmed on an 
mRNA strand. The translation mixture produced a pyridazinone bond (pink). For comparison, the typical 
peptide bond (red) is shown on the right. Note: Fx = flexizyme, AG = activating group, CME = cyanomethyl 
ester, DNB = dinitrobenzylester, and ABT = amino-derivatized benzylthio ester.

The research team then explored the ability of the 
ribosome to incorporate pyridazinone bonds at 
specific locations within a peptide polymer that 
was otherwise linked via natural amide bonds. The 
team was able to demonstrate ribosome catalyzed 

synthesis of peptide-hybrid polymers containing 
alternating pyridazinone and amide linkages in both 
an ABAB alternating sequence (where A represents 
the pyridazinone bond and B represents a natural 
amide bond) and an ABABAB alternating sequence 

Figure 4. Ribosomal synthesis of alternating copolymers with a pyridazinone backbone. (A) Monomers 7 
and 6 were charged to tRNAs by flexizyme and added to an in vitro transcription and translation reaction. 
The genetic template was designed to consecutively incorporate the monomers in an alternating fashion 
(ABAB- or ABABAB-type). The resulting peptide-pyridazinone hybrids were purified and characterized 
by matrix-assisted laser desorption/ionization (MALDI) time-of-flight (TOF) mass spectrometry. (B) 
MALDI-TOF mass spectrum of the ABAB peptide (relative peak area: 14.8%) and its molecular structure, 
calculated mass: [M + H] + = 1791; [M + Na] + = 1813. (C) MALDI-TOF mass spectrum of the ABABAB 
peptide (relative peak area: 16.9%) and its molecular structure, calculated mass: [M + H]+ = 2034; [M + 
Na]+ = 2056. Spectra are representative of n = 3 independent experiments.

WAY AHEAD

These results provide an important first demon-
stration of alternative chemistry accessible by 
ribosome-catalyzed polymerization. Future work 
will aim to increase the efficiency of formation of 
these alternative bonds through engineering of the 
ribosome and to expand a broader spectrum of al-
ternative bonds catalyzed by engineered translation 
machinery. 

ARL Competencies:

Biological and Biotechnology Sciences

Sciences of Extreme Materials

Results

• Demonstrated pyridazinone bond 
formation by the ribosome, which 
expanded the polymer structures
accessible via biological synthesis.

• Provided a framework for expan-
sion of ribosome-mediated synthe-
sis of nonbiological SDPs.

Anticipated Impact

These results indicate new directions 
for synthetic biology that may lead 
to new materials for sophisticated 
electronics, solar cells, and nanofab-
rication, all paramount for advance-
ment of Warfighter protection and 
performance.
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SCIENCES OF EXTREME MATERIALS

MATERIALS DESIGN PROGRAM

Dr. Evan Runnerstrom
Program Manager

Dr. Runnerstrom com-
pleted his undergradu-
ate studies at Stanford 
University, receiving 
his B.S. in Materials 
Science and Engineer-
ing in 2009 and a M.S. 
in 2010. He trained as 

a materials scientist at the University of 
California, Berkeley, receiving his Ph.D. 
in Materials Science and Engineering in 
2016. 

He came to ARO in 2019 as the Manager 
for the Materials Design Program.

Current Scientific Objectives

The Materials Design Program pursues new smart materials concepts through high-impact 
fundamental science in self-assembly, reconfigurable materials, and computer-aided 
materials design. The long-term goal of the program is to effect scientific advances needed 
in self-assembly and soft materials to enable the creation of three-dimensional materials 
with arbitrary geometry and composition, functionality, and dynamic reconfiguration. 
If successful, this program will break free of the limitations of conventional top-down 
processing techniques (e.g., photolithography) and enable the realization of Army-relevant 
3D metamaterials; multifunctional materials; reconfigurable optics and electronics; and 
biomimetic shape-, color-, and texture-changing materials. 

1| Support basic research into the multiple physical and chemical forces at play
during directed bottom-up 3D assembly into superstructures incorporating multiple 
components. 

2| Support the design and synthesis of materials capable of reversible transformations,
as well as hierarchically structured materials. 

3| Leverage recent advances in machine learning, artificial intelligence, computational 
materials science, and other numerical approaches to solve difficult materials design 
problems in soft matter, self-assembly, and reconfigurable materials. 

SUCCESS STORY 

Sustained ARO Investments in Cephalopod Research Yield 
New Dual-Use Pigments for the Army
ARO has invested in basic research seeking to better understand and mimic the robust coloration 
mechanisms in cephalopod skin. As a result of this research, Prof. Leila Deravi of Northeastern University 
has transitioned fundamental results from the lab to the field and to the market. Not only is the Northeastern 
University team developing new bio-based paints for the Army’s next generation of hard and soft shelters, 
Prof. Deravi and a former graduate student have also started a cosmetics company to commercialize new 
bio-pigment-based topical formulations.

CHALLENGE

Cephalopods, like squid, cuttlefish, and octopus, 
are capable of extraordinarily complex, fast, and 
high-fidelity dynamic color-change and texture-
change in nature. To accomplish this, the skin of 
these organisms leverages local optical effects such 
as light sensing, light amplification, light scattering/
absorption, and local optoelectronic signaling within 
the skin. This color-changing effect has naturally 
been of extraordinary interest, both as an object 
for biological study and as an effect to mimic with 
synthetic systems; however, progress has been 
slow because of the complexity of these biological 
systems. 

ACTION

Former Materials Design Program Manager (PM), 
Dr. John Prater (retired), initiated a programmatic 
research thrust focused on self-assembly and 
bottom-up materials science in the early 2010s. 
As part of this program pivot, Dr. Prater served as a 
technical reviewer and Grants Officer Representative 
for a Defense Advanced Research Projects Agency 
(DARPA) program titled “Bioinspired Photonics” 
(DARPA PM: Dr. Viktoria Greanya). At the time, Dr. 
Leila Deravi was a postdoctoral scholar at Harvard 
University working on the project, and she met Dr. 
Prater, Dr. Charlene Mello, and Dr. Richard Osgood 
through the course of the research.

This success was made possible by:

Dr. Evan Runnerstrom; Sciences of 
Extreme Materials, ARO

Drs. Charlene Mello (retired) and 
Richard Osgood; DEVCOM SC

Dr. Mark Griep; Sciences of Extreme 
Materials, ARL

Dr. John Prater (retired); Materials 
Science, ARO

Dr. Viktoria Greanya; DARPA
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As an independent researcher, Prof. Deravi called Dr. 
Prater in 2014 to discuss a novel project aimed at 
understanding the interplay between dynamically 
changing nanostructure, small molecule bio-
pigments, and optical absorption and scattering in 
squid skin. Dr. Prater recognized how unique this 
was for the bio-photonics field—many scientists 
previously regarded chromatophore organs and 
bio-pigments within squid skin as simple, passive 
color filters. ARO awarded a 2-year seed grant 
titled “Molecular Contributions to Coloration in 
Cephalopod Chromatophores for Bio-inspired 
Photonic Systems.” At the beginning of the effort, 
Dr. Osgood invited Prof. Deravi to give a seminar at 
DEVCOM Soldier Center (SC), seeding a collaboration 
between the two researchers. With Dr. Prater’s 
assistance, this collaboration was formalized and 
an add-on to the grant was funded via the DEVCOM 
Environmental Quality Basic Research 6.1 Program. 

Dr. Runnerstrom worked to continue ARO’s support 
of this work under a FY19 Cooperative Agreement 
titled “Soft, reconfigurable photonic systems inspired 
by cephalopod chromatophores: a platform to study 
dispersed light sensing in squid.” With a new collab-
orator, Prof. Daeyeon Lee (University of Pennsylva-

nia), the team studied how light is sensed by and 
triggers changes in cephalopod skin; the team and 
created artificial chromatophore mimics that change 
color in the same way. Throughout the project, Dr. 
Runnerstrom worked to promote and amplify this 
collaboration and the importance of this research 
for the Army by working closely with ARL scientist 
Dr. Mark Griep. 

RESULT

Figure 1. Coloration in cephalopods and bio-mimetic materials. A) Hybrid polystyrene-Xanthommmatin 
materials with tunable color, hue, and saturation. B) Quantification of color chromaticity of PS-Xa materials. 
C) Diagram showing how the interplay between pigment, structural color, texture, and continuous
sensing and feedback contribute to changing visual appearance of cephalopod skin. These are necessary
components to design artificial cephalopod-mimicking materials.

The Army’s investment in Prof. Deravi’s research 
has led to several significant results, ranging from 
fundamental discoveries to applied research and the 
development of technology transitions. Under ARO 
grants, Prof. Deravi has unlocked new fundamental 
understanding of cephalopod pigments and chro-
matophores and is making steady progress toward 
achieving a synthetic system that fully mimics the 
coloration behavior of chromatophores. Prof. Deravi 
has published several notable papers in high-impact 
journals detailing new knowledge in bio-derived and 
bio-inspired pigments and chromatophore mimics:

• “Color Richness in Cephalopod Chromatophores 
Originating from High Refractive Index
Biomolecules,” published in Journal of Physical 

Chemistry Letters. In this joint publication, Prof. 
Deravi and Dr. Osgood extracted bio-pigments
from squid chromatophores to better understand
their molecular color-change mechanisms.
They were able to identify the pigment as
Xanthommatin (Xa) and fully characterize its
optical properties, such as refractive index. 

• “Natural Light-Scattering Nanoparticles Enable 
Visible through Short-Wave Infrared Color
Modulation,” published in Advanced Optical
Materials. In this joint publication, Prof. Deravi and
Dr. Osgood showed how chromatophore organs in
squid consist of Xa-based pigment nanoparticles,
which not only absorb light, but also contribute
significant specular (i.e., shiny) and diffuse (i.e., 
hazy) light scattering. 

• “Bidispersed Colloidal Assemblies Containing
Xanthommatin Produce Angle-Independent Pho-
tonic Structures,” published in Advanced Optical
Materials. In this joint publication, Profs. Deravi
and Lee designed hybrid color-changing materi-
als consisting of Xa bound to polystyrene (PS)
nanoparticles, finding that varying the relative
Xa/PS ratio, and the PS nanoparticle size, afford-
ed a rich color design space with tunable hue and
saturation (Figure 1A, 1B). 

• “Wearable Light Sensors Based on Unique Fea-
tures of a Natural Biochrome,” published in ACS 
Sensors. In this publication, Prof. Deravi demon-
strated the additional utility of Xa to function as 
a passive sensor useful for environmental health
monitoring. 

Importantly, these papers, among other publications
from Prof. Deravi’s group, demonstrated the
team’s ability to artificially synthesize Xa at
scale in the laboratory, rather than extracting
it from biological sources. This ability, and the
fundamental understanding of Xa built by Prof.
Deravi over several years, is now bearing fruit for
emerging Army coating technologies. Prof. Deravi’s
team, in collaboration with the Kostas Research
Institute at Northeastern University and DEVCOM
SC, is developing Xa-containing, bio-inspired
coatings and paints for hard and soft shelters. In
another applied research project under the Safer
Alternatives for Readiness Program, Prof. Deravi
and Dr. Osgood successfully delivered one pint of

Citations:

Kumar, A. et al. Adv. Optical Mater. 
6, 1701369 (2018). 

Lin, Z. et al. Adv. Optical Mater. 9, 
2100416 (2021). 

Wilson, D. J. et al. Matter 4, 2163-
2171 (2021). 
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“The Secret of a Squid’s Ability 
to Change Colors May Lie in an 
Unexpected Sparkle on Its Skin,” 
courtesy of News @ Northeastern.

Results

• Basic research investments into
how cephalopods achieve color-
ation yielded new understanding 
of how pigmentary and structural 
color cooperate to absorb, reflect, 
and scatter color.

• New understanding of the bio-pig-
ment Xanthommatin, and the abil-
ity to synthesize it chemically, led 
to research transitions for the Army 
in new coatings for shelters and
bio-based paint formulations.

• Multimillion-dollar startup out of
Northeastern University commer-
cialized bio-pigment-based cos-
metic formulations, demonstrating 
the dual-use utility of these ceph-
alopod-inspired materials.

• New cooperative agreement estab-
lished between Northeastern Uni-
versity, University of Pennsylvania, 
ARL, and DEVCOM SC to develop 
artificial cephalopod skin mimics.
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Chemistry Letters. In this joint publication, Prof. 
Deravi and Dr. Osgood extracted bio-pigments 
from squid chromatophores to better understand 
their molecular color-change mechanisms. 
They were able to identify the pigment as 
Xanthommatin (Xa) and fully characterize its 
optical properties, such as refractive index. 

• “Natural Light-Scattering Nanoparticles Enable 
Visible through Short-Wave Infrared Color
Modulation,” published in Advanced Optical
Materials. In this joint publication, Prof. Deravi and 
Dr. Osgood showed how chromatophore organs in
squid consist of Xa-based pigment nanoparticles, 
which not only absorb light, but also contribute 
significant specular (i.e., shiny) and diffuse (i.e., 
hazy) light scattering. 

• “Bidispersed Colloidal Assemblies Containing 
Xanthommatin Produce Angle-Independent Pho-
tonic Structures,” published in Advanced Optical 
Materials. In this joint publication, Profs. Deravi
and Lee designed hybrid color-changing materi-
als consisting of Xa bound to polystyrene (PS) 
nanoparticles, finding that varying the relative 
Xa/PS ratio, and the PS nanoparticle size, afford-
ed a rich color design space with tunable hue and 
saturation (Figure 1A, 1B). 

• “Wearable Light Sensors Based on Unique Fea-
tures of a Natural Biochrome,” published in ACS 
Sensors. In this publication, Prof. Deravi demon-
strated the additional utility of Xa to function as 
a passive sensor useful for environmental health 
monitoring. 

Importantly, these papers, among other publications 
from Prof. Deravi’s group, demonstrated the 
team’s ability to artificially synthesize Xa at 
scale in the laboratory, rather than extracting 
it from biological sources. This ability, and the 
fundamental understanding of Xa built by Prof. 
Deravi over several years, is now bearing fruit for 
emerging Army coating technologies. Prof. Deravi’s 
team, in collaboration with the Kostas Research 
Institute at Northeastern University and DEVCOM 
SC, is developing Xa-containing, bio-inspired 
coatings and paints for hard and soft shelters. In 
another applied research project under the Safer 
Alternatives for Readiness Program, Prof. Deravi 
and Dr. Osgood successfully delivered one pint of 

bio-pigment-based and environmentally safe paint 
that met required military specifications as a proof 
of concept. Finally, Prof. Deravi is also an academic 
partner on a Small Business Technology Transfer 
project (Biomimetic production of Xanthommatin 
Biopigment for Thermally Functional UAV Coatings), 
which is developing an environmentally safe coating/
paint for enhanced thermal management.

Prof. Deravi’s research has also led to commercial 
successes. With her PhD student Dr. Camille Martin, 
she cofounded Seaspire Skincare to commercialize 
bio-pigment-based topical formulations for skin-
care based on intellectual property developed at 
Northeastern University with support from ARO (U.S. 
Patent 11464719 B2, Cosmetic and dermatological 
compositions). The ability to produce Xa synthetical-
ly, rather than extracting from biological sources, is a 
critical market advantage and has helped Seaspire to 
raise over $4M in capital. This dual-use bio-pigment 
technology may also benefit the Army and DoD in 
the form of new, safer, and more comfortable face 
paint formulations for the Warfighter.

WAY AHEAD 

Recognizing the untapped potential for additional 
fundamental discoveries in this area, in late FY22 Dr. 
Runnerstrom solicited, reviewed, and awarded a new 
4-year cooperative agreement titled “Decoupling the 
particles, pigments, and proteins that enable sensing 
and signaling across chromatophores in cephalopod 
skin.” In this cooperative agreement, Profs. Deravi 
and Lee will continue their basic research focused 
on understanding the chromatophore sensory/dis-
play feedback loop and using this knowledge to build 
artificial cephalopod skin mimics (Figure 1C). The 
objective of this proposal is to investigate the 
molecular mechanisms that regulate light/color 
sensing, electronic/ electrochemical signaling, and 
color change in cephalopod chromatophores by using 
biomimetic systems built from combinations of soft 
synthetic materials and biological materials. Prof. 
Deravi will continue to collaborate with Dr. Osgood 
and build on the new collaboration with Dr. Griep to 
explore tech-transition opportunities to the Army. If 
successful, this project will lead to new understand-
ing of how specific biomolecules, nanostructures, and 
cell/organ membranes behave in nature, as well as 
new design rules for creating biomimetic synthetic 
systems capable of dynamic color changes. 

Figure 1. Coloration in cephalopods and bio-mimetic materials. A) Hybrid polystyrene-Xanthommmatin 
materials with tunable color, hue, and saturation. B) Quantification of color chromaticity of PS-Xa materials.
C) Diagram showing how the interplay between pigment, structural color, texture, and continuous
sensing and feedback contribute to changing visual appearance of cephalopod skin. These are necessary
components to design artificial cephalopod-mimicking materials.

ARL Competencies:

Sciences of Extreme Materials

Biological and Biotechnology Sciences

Anticipated Impact

Gaining new fundamental under-
standing of how cephalopods are 
capable of fast, dynamic, and highly 
accurate color change and environ-
ment mimicry is highly relevant to 
future Army technologies for Soldier 
protection. 
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SUCCESS STORY 

ARO Investments in Self-Assembly Enable Additive 
Manufacturing at the Nanoscale
The Materials Design Program has invested in basic research aimed at gaining precise control over the 
assembly of DNA and nanomaterials at length scales that are not accessible via conventional additive 
manufacturing or 3D printing.

CHALLENGE

Three-dimensional printing techniques offer 
the ability to fabricate complex, user-defined 
architected materials, but the size limits of top-
down 3D printing (100+ nm) prevent the ability to 
access the 10- to 50-nm range critical to achieve 
novel materials behaviors at the nanoscale, such as 
plasmonic resonance and achieving the theoretical 
maximum of strength vs. density. Self-assembly 
of nanomaterials like colloidal nanocrystals can 
access this length scale but lack the ability to 
achieve arbitrary shapes and geometries with the 
same precision and flexibility as 3D printing. Novel 
bottom-up additive manufacturing strategies that 
combine light- and DNA-mediated self-assembly 
techniques may offer a new route toward fabricating 
complex hierarchical materials at new length scales. 

ACTION

In FY17, Dr. John Prater and Dr. Dawanne Poree 
co-authored a Multidisciplinary University 
Research Initiative (MURI) topic titled “Additive 
3D Self-Assembly of Responsive Materials” to take 
advantage of emerging scientific opportunities in 
self-assembly, bottom-up materials processing 
techniques, and dynamic materials with stimuli-
responsive properties. One of the invited proposals, 
titled “Metamorphic Multiscale 3D Architectures 
from Programmable Nano-Components,” was 
submitted by Prof. Oleg Gang leading a MURI team 
based at Columbia University and City University 
of New York. While this proposal was ultimately 
not selected for a MURI award, it reviewed well 
and contained novel self-assembly ideas, such 
as light-directed assembly processes akin to a 
scalable “optical tweezers” technique, and DNA-
based 3D nanoparticle assembly. Seeing the 
potential for groundbreaking scientific discovery, 
Dr. Prater invited Prof. Gang, with co-principal 
investigator Prof. Michal Lipson, to submit a 
revised single-investigator proposal to investigate 
these processes. The objective of the proposal is 
to explore and demonstrate the feasibility of new, 
versatile methods for creating nanoscale materials 
incorporating complex multiscale architectures 
using a combination of light- and DNA-mediated 
self-assembly techniques. Dr. Prater and Dr. Varanasi 

initiated the process to secure funding for and award 
a grant to Columbia University for this Scientific 
Investigation (SI) proposal. 

Upon arriving at ARO in the Spring of 2019, Dr. 
Runnerstrom facilitated award execution and 
immediately scheduled a site visit to Columbia 
University to meet with Profs. Gang and Lipson 
and learn more about their research. This visit was 
productive, as it helped Dr. Runnerstrom better 
appreciate the value of DNA as a self-assembly 
building block and recognize that this work 
would enable new paradigms in self-assembly 
and responsive materials. Moreover, prior to the 
Columbia site visit, Dr. Runnerstrom had presented 
an invited talk titled “Opportunities and Trends in the 
Materials Design Program at ARO” and participated 
in a panel discussion at the 2019 International 
Mechanical Engineering Congress and Exposition. 
While at this conference, Dr. Runnerstrom engaged 
with academic and government researchers 
studying “architected materials”—hierarchically 
structured materials fabricated by 3D printing. 
Though top-down 3D printing techniques offer the 
ability to fabricate complex user-defined architected 
materials, the size limits of 3D printing (100+ nm) 
were then limiting the ability of researchers to 
access the 10- to 50-nm range critical for desired 
behaviors like achieving the theoretical maximum 
of strength vs. density. With this in mind, Dr. 
Runnerstrom recognized Prof. Gang’s ability to 
assemble DNA cages into architected materials with 
feature sizes at precisely this 10- to 50-nm range 
as a presage of groundbreaking new capabilities. 
Dr. Runnerstrom encouraged Prof. Gang to explore 
this bottom-up approach to architected materials.

RESULT

Under the current ARO grant, Prof. Gang is making 
steady progress toward achieving combined optical- 
and DNA-driven self-assembly of nanomaterials. 
Prof. Gang has published several notable papers 
in high-impact journals detailing new discoveries 
in DNA origami-based materials design and self-
assembly:

• “ D N A- a s s e m b le d  s u p e rco n d u c ti n g  3 D
nanoscale architectures,” published in Nature 
Communications. In this publication, Prof.

This success was made possible by:

Dr. Evan Runnerstrom; Sciences of 
Extreme Materials, ARO

Dr. Dawanne Poree; Sciences of 
Extreme Materials, ARO

Dr. Chakrapani Varanasi; Sciences of 
Extreme Materials, ARO

Dr. John Prater (Retired); Materials 
Science, ARO 

Citations:

“Making 3D Superconducting 
Nanostructures With DNA,” 
courtesy of Brookhaven National 
Laboratory Newsroom., https://
www.bnl.gov/newsroom/news.
php?a=117490.
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Gang demonstrated a new bottom-up approach 
to creating 3D architected superconducting 
materials. Using octahedral “DNA frames” as 
building blocks, the authors assembled 3D cubic 
superlattices, which they then used as a template 
to convert into a 3D silica scaffold, followed 
by coating with niobium metal. The resulting 
hierarchical niobium structure creates a 3D array 
of superconducting Josephson junctions (a type 
of quantum device), which could be useful for 
future quantum sensors or quantum information 
processing. Importantly, this paper demonstrated 
an important new capability for DNA origami to 
be used as a template for creating 3D structures 
of highly functional materials.

• “Resilient three-dimensional ordered architec-
tures assembled from nanoparticles by DNA,” and 
“Engineered Silicon Carbide Three-Dimensional 
Frameworks through DNA-Prescribed Assem-
bly,” published in Science Advances and Nano 
Letters, respectively. Building on the previous
report, these papers again demonstrated how 
DNA frames could be used as a template for ro-
bust and resilient 3D structures. Here, the authors 
converted 3D DNA-nanoparticle architectures 
into 3D silica and 3D silicon carbide frameworks, 
which can withstand the extreme conditions (e.g., 
temperatures above 1000 °C and stresses over 8 
GPa) present in potential future applications like 
hypersonic flight.

• “Three-dimensional visualization of nanoparticle
lattices and multimaterial frameworks,” pub-

lished in Science. Here, Prof. Gang and colleagues 
mapped out the individual positions of over 10,000 
DNA-templated, self-assembled nanoparticles 
using x-ray tomography. This newly demonstrated 
ability to image the real-space location of every 
gold nanoparticle withing a DNA lattice/scaffold 
allows for direct visualization of lattice defects 
like point defects, screw dislocations, surface 
reconstructions, and inclusions. Moreover, this 
now allows one to establish critical feedback 
loops between the accuracy and precision of the 
self-assembly process correlated to the resultant 
3D structure and overall functional properties (e.g., 
optical responses) of the 3D assembled materials.

WAY AHEAD

Prof. Gang will next work to demonstrate the re-
markable mechanical properties of the DNA-tem-
plated 3D superlattices, as their dimensions indeed 
place them close to the theoretical maximum 
strength vs. density curve. As these hierarchical 
structures also contain functional components, 
like gold nanoparticles, new opportunities present 
themselves to explore multifunctional materials, 
such as strong architected materials that change 
their optical properties under mechanical loads. 
Finally, Profs. Gang and Lipson are close to demon-
strating the ability to use light to direct the self-as-
sembly of these DNA frames into larger arrays, 
potentially unlocking the ability to self-assemble 
3D lattices of arbitrary composition at user-defined 
positions, which is a long-standing goal of the soft 
matter community. 

Figure 2. DNA-based bottom-up additive manufacturing. A) Schematic showing how the nanoparticle-
DNA frames are assembled and converted into an inorganic 3D superlattice. Below the schematic are 
electron micrographs showing the structure of the converted superlattice. B) Electron micrograph of 
a 3D structured niobium superconducting superlattice. C) Close-in view of niobium superlattice with 
accompanying schematic of the assembly motif. D) X-ray tomography data of a 10,000 nanoparticle 
superlattice assembled by DNA. E) Computer image of the relative locations of each nanoparticle generated 
from the tomography data.

ARL Competencies:

Biological and Biotechnology Sciences

Photonics, Electronics, 
and Quantum Sciences

Sciences of Extreme Materials

Results

• ARO workshop, MURI topic, and
down-scoped SI grant led to a new 
area of research combining DNA 
templating with optical tweezers to 
achieve bottom-up self-assembly 
of nanomaterials.

• Octahedral DNA frames discovered 
as nanoscale building blocks capa-
ble of self-assembling into hierar-
chical 3D structures with feature
sizes smaller than achievable with 
conventional 3D printing.

• This “bio-voxel” based bottom-up 
additive manufacturing approach 
enabled novel behaviors and
multifunctional properties at the 
nanoscale, such as 3D arrays of
superconducting Josephson junc-
tions and stiffness approaching the 
theoretical limit.

• First demonstration of the ability 
to image and map the locations of 
over 10,000 nanoparticles in a 3D 
DNA-templated array.

Anticipated Impact

Successfully discovering and de-
veloping novel routes to bottom-up 
self-assembly of functional nanoma-
terials directed by light and/or chem-
ical fields (i.e., DNA) will enable large 
area, scalable assembly of functional 
materials and materials systems like 
3D metamaterials, photonic crystals, 
and reconfigurable optics. These re-
search areas are potentially trans-
formative for critical Army and DoD 
technologies in areas such as Soldier 
protection, communications, sensing, 
and computing.



WORDS FROM A SENIOR SCIENTIST

Dr. Henry O. Everitt
Army Senior Technologist for Optical 
Sciences (2003-present)

ARO Program Manager (1991-2003)
Dr. Henry Everitt currently serves as the senior technolo-
gist (ST) for Optical Sciences at ARL-South, located at Rice 
University. From 2005 to 2021, he served in the same role 
at the Army’s DEVCOM Aviation & Missile Center (AvMC) at 
Redstone Arsenal, Alabama. From 2003 to 2005, he held 
the ST position of ARO chief scientist, from 2001 to 2003 
he served as chief of the ARO Physics Division, and from 
1991 to 2001 he was a program manager (PM) in the ARO 
Physics Division, where he managed programs in condensed 
matter physics, optics, and photonics, and created programs 
in nanotechnology and quantum information science.

Soon after I joined ARO as a PM in 1991, ARO held its 40th 
anniversary celebration at a hotel in downtown Durham, 
North Carolina. The symposium was packed with scien-

tific and Army luminaries, including several Nobel Prize winners 
who had been invited to speak about the critical role ARO 
played in their discoveries. Among the luminaries was Prof. 
Charles Townes, 1964 Nobel 
Prize winner in Physics (Fig-
ure 1). His invention of the 
laser was sponsored by the 
Joint Services Electronics 
Program (JSEP), a visionary 
program at 12 U.S. universi-
ties co-sponsored by ARO, 
the Office of Naval Research, 
and the Air Force Office of 
Scientific Research that for 
decades played a pivotal role 
in creating the electronic, 
optoelectronic, and integrat-
ed devices and circuits that 
have transformed modern 
society and warfare.

Figure 1. Prof. Charles Townes, 
speaking at ARO’s 40th anni-
versary celebration.

Townes gave a keynote address in which he praised the patience 
of ARO PMs who possessed the programmatic discretion re-
quired to give transformative ideas sufficient time and funding 
to reach full bloom. “Basic research happens through insights, 
through ‘ah-ha’ moments that are impossible to program on 
a schedule,” he said, “and you rarely can tell when, where, or 
how they will arise.” PMs must be visionaries, but the problem 
is that no one has perfect vision about the future. “If you think 
you’re seeing the horizon, you’re not.” He then recounted the 
numerous ways lasers are being used that no one anticipated 
when they were first invented. “The Army thought they’d be 
used like flashlights for illuminating targets. We never con-
ceived of their use for things like compact disks, fiber optical 
communications, even supermarket scanners.” He concluded 
by challenging PMs: “Since you can’t see the horizon with 
perfect clarity, make it your goal to know in which direction 
the sun will rise above the horizon.”

I was the beneficiary of that kind of ARO vision and patience. 
As a graduate student at Duke University in the 1980s, my 
thesis work was funded by grants from the ARO Physics 
Division to Prof. Frank De Lucia. Prof. De Lucia recognized 
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there was something wrong with the only terahertz frequency 
laser available at the time, the so-called “optically pumped far-
infrared laser” or OPFIRL. He had a hunch that these gas lasers 
were too large and would perform better if they were made 
small. ARO funding allowed us to build a compact laser and show 
that smaller was indeed better. But we didn’t understand why, 
so additional ARO funding allowed us to explore the molecular 
physics that governed the operation of these gas-phase 
lasers, develop new experimental techniques for measuring 
the molecular collision physics, then create numerical models 
that accurately reproduced that behavior so we could project 
how they would perform in large and small cavities.

We measured lots of data, and the models accurately repro-
duced those measurements, but they didn’t explain why the 
small laser worked better. In fact, the models seemed to confirm 
the conventional wisdom that larger lasers were better, even 
though we had shown experimentally that smaller was better! 
It was while I was struggling with this contradiction that my 
first scientific “ah-ha” moment happened. In an instant I real-
ized what we were missing: another mechanism, a well-known 
intra-molecular transfer process that everyone knew about but 

had never considered important for OPFIRL operation, dominat-
ed in small lasers. Once we added that additional process into 
our models, we confirmed our experimental observations and 
accurately predicted that small OPFIRLs would indeed operate 
better. That was the subject of my Ph.D. dissertation, all made 
possible by ARO funding.

This experience, followed by Prof. Townes’ keynote address, 
profoundly influenced me as I began my career as an ARO PM. 
How can an ARO PM create and sustain research grants capable 
of producing transformative innovation in basic research? The 
gold standard at ARO during those days was JSEP, which had 
been supporting transformative research for as long as ARO 
had existed. As the new PM for condensed matter physics, I was 
challenged to create two new initiatives: one in nanotechnology 
(a term that had recently been coined) and one in optical mate-
rials. To address the “horizon vision” problem, I was encouraged 
to organize workshops in which leading academic and Army 
experts would brainstorm about emerging scientific discoveries 
and how they may be shepherded and harnessed in support of 
the Warfighter. These workshops weren’t designed to provide 
answers; their goal was to craft critical questions that every-

Figure 2. The research objectives for photonic crystals/metamaterials/plasmonics, quantum computing, and the Institute for 
Soldier Nanotechnologies were guided by ARO workshops.
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one agreed were the right ones the community must answer 
if the field is going to move forward: “What are the remaining 
research challenges facing the field?” “What questions should 
research funding address first?” “What is a meaningful measure 
of success?” “If someone demonstrated _______, that would be 
a big step forward.”

Each workshop gave me the confidence, derived from this collec-
tive vision that was clearer than my own, to build new programs 
designed to answer the questions these workshops posed (Figure 
3). For example: 

• My first workshop in 1992 addressed the recent discovery of 
photonic crystals. The questions posed from that workshop 
led to numerous single investigator grants, Multidisciplinary 
University Research Initiatives, Defense Advanced Research 
Projects Agency (DARPA) programs, and recurring interna-
tional conferences, laying the foundation for future programs
in plasmonics and metamaterials. 

• A workshop in 1993 addressed how quantum phenomena at 
the nanoscale could harness coherent properties of electrons, 
rather than using their charge or spin, to perform unusual 
computations. That workshop was particularly timely because 
it occurred just before Peter Shor published an algorithm in 
1994 that would break public key encryption if run on a hy-
pothetical quantum computer. I immediately organized yet 
another workshop, held in early 1995, to ask how a quantum 
computer could be built. As a result of the research questions 
agreed upon by the world’s experts who attended the work-
shop, ARO partnered with the National Security Agency and 
DARPA to start the world’s first quantum computing program. 

• Following a series of workshops on nanotechnology in the 
1990s, a seminal workshop in 2001 asked what nanotech-
nologies would be needed to build novel materials from the 
ground up, with novel functionality built in so that the Warf-

ighter would never again have to choose what forms of pro-
tection to bring into battle. Could the needed protections be 
nanotechnology woven into the Warfighter’s uniform? Thus, 
the Institute for Soldier Nanotechnologies (ISN) was born, a 
University Affiliated Research Center created and established 
at the Massachusetts Institute of Technology (MIT) using a 
solicitation crafted from the questions agreed upon by the 
workshop participants. 

These initiatives have continued from their inception in the 1990s 
to today, and a measure of their success is that all these programs 
are ongoing. But beyond longevity, a more poignant measure of 
success is that so many other programs and PMs have taken over 
and expanded these programs—the obvious need for them has 
led to new insights and new opportunities for new applications 
never dreamed of at their inception. Townes was right. None of 
us saw the horizon, but through these workshops we discerned 
the right directions to guide us there. It was by engaging the right 
people and asking the right questions that these revolutionary 
transformations have occurred.

Which brings me back to where things started for me. The OPFIRL 
mystery was solved at just the wrong time. Interest in these 
lasers almost disappeared soon after our breakthrough because 
of two concurrent events: the advent of terahertz time domain 
sources from mode locked lasers (another innovation sponsored 
by ARO), and the need for compact, efficient sources (which 
even the “small” OPFIRL was not). Little happened with OPFIRLs 
between 1995 and 2015, but the seeds for solving both problems 
had been sown. 

• As an ARO PM, I served as the agent for a DARPA project led 
by Dr. Federico Capasso, then of AT&T Bell Laboratories, to 
develop solid-state infrared lasers. His 1995 invention of a 
compact, efficient source of infrared radiation, the quantum 
cascade laser (QCL), revolutionized the industry. During a 

If you think you’re seeing the horizon, you’re not.
Prof. Charles Townes, 1964 Nobel Prize winner in Physics
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site visit soon thereafter, I proposed to Dr. Capasso that we 
should try using one of his QCLs as the pump source for my 
OPFIRLs to replace the bulky carbon dioxide lasers I had 
previously used.

• Between 2005 and 2010, Frank De Lucia and I conceived of 
how we could turn the OPFIRL concept inside out as a new 
way to sense and identify trace atmospheric gases and toxins 
remotely. We published the original concept, then received 
Defense Threat Reduction Agency funding to explore this 
more thoroughly. The Army supported this work through Small 
Business Innovation Research contracts to build the needed 
pump laser and terahertz probes, plus ARO grants to a new col-
laborator, Prof. Martin Richardson of the University of Central 
Florida, to bring all these pieces together for outdoor testing 
at their laser test range facility. That work is underway today.

• Next, during a 2010 visit to labs at AvMC at Redstone Arsenal, 
ISN director John Joannopoulos of MIT proposed that we work 
together on a project to improve the efficiency of OPFIRLs 
using advanced modeling and novel photonic crystal resona-
tors. Working with several ISN graduate students and faculty 
between 2010 and 2020, we developed a comprehensive 
model of OPFIRLs and used it to identify optimal operating 
conditions for maximum efficiency.

• Finally, around 2017, I met with Prof. Capasso, now at Har-
vard, to revive our earlier conversation about using QCLs to 
pump OPFIRLs. Preliminary measurements using my original 
OPFIRL at Harvard proved promising, and the MIT ISN com-
prehensive OPFIRL model was finished, so ARO awarded a 
cooperative agreement to Harvard, enabling us to make an ef-
ficient compact terahertz laser source (Figure 3). Our success
was reported in Science in 2019, and a series of experimental 
and theoretical papers followed closely thereafter. A major 
laser company has just entered a Cooperative Research and 
Development Agreement with the Army to transition this 
success into a commercial product.

The OPFIRL has been a 40-year research passion of mine. This 
story is offered as an example of how the long-term vision and 
patience of ARO PMs produced transformative, leap-ahead 
technology. The applications of a compact, efficient OPFIRL are 
numerous—including high bandwidth, short-range covert com-
munications, remote sensing, laser spectroscopy, and high-res-
olution radar. But none of these applications were anticipated 
when the original work was done in the 1980s, and perhaps 
the most important application for OPFIRLs still hasn’t been 
discovered. As Prof. Townes said, “If you think you’re seeing the 
horizon, you’re not.” 

Figure 3. “Small” OPFIRL, pumped by a QCL, operating at 
Harvard by a graduate student from MIT ISN.
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HUMANS IN COMPLEX SYSTEMS

STRENGTHENING TEAMWORK FOR ROBUST OPERATIONS IN NOVEL GROUPS (STRONG)

Dr. David Boothe
Program Manager 

Dr. Boothe received a B.A. in Philosophy from the University of 
Maryland, College Park in 1989, and a Ph.D. in Computational 
Neuroscience from the Neuroscience and Cognitive Sciences 
Program, University of Maryland, in 2007. He did postdoctoral re-
search at the Rehabilitation Institute of Chicago and the Feinberg 
School of Medicine at Northwestern University. He is currently 
the program manager of the STRONG Collaborative Research 
Alliance at ARL. He specializes in human–machine teaming, 

neuro-inspired intelligent system design, and brain modeling and simulation. 

Dr. Katia Sycara
Principal Investigator 

Dr. Sycara is the Edward Fredkin Research Professor of Robotics in the School of Computer Science at Carnegie 
Mellon University (CMU) and the Director of the Laboratory for Advanced Robotics Technologies. She held the Sixth 
Century Chair in Computing (part time) at the University of Aberdeen (United Kingdom) from 2005 to 2015. She 
earned a B.Sc. in Applied Mathematics from Brown University, M.Sc. in Electrical Engineering from the University 
of Wisconsin, and a Ph.D. in Computer Science from the Georgia Institute of Technology specializing in Artificial 
Intelligence. She holds an honorary doctorate from the University of the Aegean (Greece). She is a Fellow of the 
Institute of Electronic and Electrical Engineers (IEEE), Fellow of the Association for the Advancement of Artificial 
Intelligence (AAAI), the recipient of the ACM/SIGART Agents Research Award, and the recipient of the Research 

Award of the Group Decision and Negotiation section of the Institute of Operations Research and the Management Sciences (INFORMS). 

Current Scientific 
Objectives
STRONG focuses directly on coordination 
and cooperation in human–agent teams via 
individualized and adaptive systems. The 10-
year program has a specific long-term goal 
to identify and implement the fundamental 
research necessary to develop individualized, 
adaptive technologies that, if successful, will 
promote effective teamwork in novel groups 
of humans and intelligent agents.

SUCCESS STORY 

Adaptation in Human–Agent Teams
Researchers at CMU demonstrated that individualized adaptive agents improve human–machine team 
performance using inverse reinforcement learning to identify human game play policies and develop 
matching policies that were complementary to improve performance in a gamified environment. Agents 
that were able to identify human game play strategies and select complementary strategies improved 
overall team performance above and beyond agents that performed well at the task individually or teams 
that required humans to adapt their gameplay to agent capabilities.

CHALLENGE

Typically, agents used in human–agent teams do 
not adapt in real time to their human teammates; 
rather, they are narrowly trained to perform a 
specific task within a given set of parameters, and 
their human teammates adapt to their pretrained 
behavior. Here, researchers showed that agents 

that identify the characteristics of their human 
teammates and adjust their behavior accordingly 
improve overall team performance. The agents that 
perform the best individually are not the agents 
that provide high team performance. In addition, 
this work shows the limitations of human adaptation 
to set agents’ behaviors when those behaviors do 
not work ergonomically with their human partners.

Figure 1. Average performance of human–agent teams. Solid blue line represents the learning curve of 
teams in the Adaptive condition, while the other two dashed lines represent random and fixed baseline, 
respectively. Shaded areas indicate one standard error from the mean. Red horizontal lines are the average
performance of agent–agent teams in self play as a reference. (a) Human bait–agent shooter. (b) Human
shooter–agent bait.

This success was made possible by:

Dr. David Boothe; Humans in 
Complex Systems, ARL

Dr. Katia Sycara; Carnegie Mellon 
University

Citations:

Li, H. et al. IEEE Trans. Hum Mach 
Syst. 51(6), 706-714 (2021).
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ARL Competencies:

ACTION

As the STRONG program manager, Dr. Boothe 
worked with CMU partners to focus their work on 
adaptive systems. In addition, much of this work 
occurred during the COVID-19 pandemic, which 
required a significant change of direction to using 
Mechanical Turk-type experiments. 

RESULT

Basic research shows the possibility of developing 
intelligent systems that will adapt to human intent 
on the future battlefield, leading to human–machine 
teams that are able to adapt to changing battlefield 

conditions. Such research will  allow for 
individualized technology development that will 
improve future human–machine team performance. 
Results show faster asymptotic response to maximal 
team performance with adaptive agents.

WAY AHEAD

The Internal/External research team will explore 
whether or not adaptive agents improve human 
machine teaming in more complex tasks, as well as 
whether or not adaptable agents can be developed 
that learn to coordinate with a human partner in 
real time. This work will transition to ARL’s Human 
Autonomy Teaming ERP. 

Figure 1. Average performance of human–agent teams. Solid blue line represents the learning curve of 
teams in the Adaptive condition, while the other two dashed lines represent random and fixed baseline, 
respectively. Shaded areas indicate one standard error from the mean. Red horizontal lines are the average 
performance of agent–agent teams in self play as a reference. (a) Human bait–agent shooter. (b) Human 
shooter–agent bait.

Figure 2. Frequency distributions of adaptive agent’s policy selection (inner circle) and human-type 
identification results (outer circle) among all human–agent teams. (a) Human bait–agent shooter. (b) 
Human shooter–agent bait.

Humans in Complex Systems

Results

• Human performers could eventual-
ly adapt to agents exhibiting fixed 
policies, achieving asymptotic per-
formance after many trials.

• Human performers were unable to 
effectively adapt to agents exhib-
iting random, variable policies, re-
sulting in lower team performance.

• When paired with an adaptive 
agent capable of continually es-
timating the human policy and 
adopting complementary behavior, 
human–agent teams were able to 
rapidly achieve a high level of team 
performance.

Anticipated Impact

Agents that adapt to individualized 
Soldier capabilities and strategies 
improve overall team performance.
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HUMANS IN COMPLEX SYSTEMS

TRANSLATIONAL NEUROSCIENCE

This research is a collaborative effort among ARL researchers and academics across several academic and government groups. 

Dr. Javier Omar Garcia
Branch Chief

Dr. Javier Omar Garcia is a Branch Chief and 
Neuroscientist with ARL, currently stationed at 
the NASA Ames Research Center and Stanford 
University. Dr. Garcia received his B.A. from Rice 
University in Cognitive Science and Psychology 
and his Ph.D. in Cognitive Neuroscience from 
the University of California, Irvine (UCI), with 
a predoctoral fellowship from the National In-

stitutes of Health (National Eye Institute), receiving the Ruth L. 
Kirschstein National Research Service Award. Postdoctoral work in 
computational multimodal imaging investigating attention and deci-
sion-making was carried out at UCI and the University of California, 

San Diego (UCSD). His relationship with ARL began as a joint post-
doctoral fellow with ARL and Syntrogi, Inc. (now Intheon) in 2014 
while officially joining ARL as a civilian employee in 2015. Using a 
variety of human neuroscientific techniques (e.g., neuroimaging, 
neurostimulation, neurophysiology), his expertise and research 
interests include computational explorations linking physiological 
measurements to human behavior in several cognitive domains and 
complex naturalistic environments, providing insight into future 
teaming neurotechnologies that may enhance individual (and team) 
behavior, and hybrid human–technology systems investigating 
novel interdisciplinary approaches to fuse synthetic intelligence 
with human intelligence to accelerate complex decision-making.

Dr. Kanika Bansal
Senior Fellow 

Dr. Kanika Bansal is a Senior Fellow with ARL (via 
Oak Ridge Associated Universities [ORAU]). Dr. 
Bansal pursued her B.Sc. in Physics and Math-
ematics and M.Sc. in Physics from Banasthali 
Vidyapith University, India, followed by her Ph.D. 
in Physics from the Indian Institute of Science 
Education and Research, Pune, India, where 
she studied complex emergent phenomena in 

quantum-confined lasers and for which she received a national 
fellowship (Junior and Senior Research Fellowships) from the Human 
Resource and Development Ministry of the Government of India. 
She briefly held a joint postdoctoral position with ARL (via ORAU) 
and the University at Buffalo followed by a joint position with ARL 

and Columbia University. Her postdoctoral research combined non-
linear physics and network science tools to build novel analytical 
frameworks that leverage neuroimaging data (i.e., EEG, fMRI, DTI, 
ECoG) to understand how structure, dynamics, and function link 
together to produce complex patterns of brain activity and large-
scale behavior. She was one of the first researchers who extended 
the theoretical idea of chimera states from nonlinear physics to 
understand and interpret the variability of emergent brain activity 
patterns within and between individuals. Currently, she is focusing 
on developing analytical markers that identify state changes in the 
brain due to a diverse set of naturalistic and environmental factors 
such as fluctuations in sleep, sleep inertia, social media influence, 
external magnetic stimulation, and disease propagation.

Dr. Nuttida Rungratsameetaweemana
Postdoctoral Fellow 

Dr. Nuttida Rungratsameetaweemana is a Post-
doctoral Fellow at the Computational Neurobiol-
ogy Laboratory at the Salk Institute for Biological 
Studies. Until recently, her graduate and postdoc-
toral work have been partially funded through 
ARL, as an ORAU Journeyman and subsequently a 
Postdoctoral Fellow. She is currently an academic 
collaborator via the Strengthening Teamwork 

for Robust Operations in Novel Groups (STRONG) Collaborative 
Research Alliance. She earned her B.A. in Mathematics and Neu-
roscience from Middlebury College and her Ph.D. in Neurosciences 
at UCSD. At UCSD and ARL, Dr. Rungratsameetaweemana worked 
with healthy individuals as well as amnesic patients with lesions 

in the medial temporal lobe. She leveraged various computational 
approaches with neural and behavioral measures to evaluate the 
neural dynamics that underlie probabilistic decision-making in the 
human brain. As part of her postdoctoral training, she uses compu-
tational methods to investigate the relationships between intrinsic 
functional network topologies and propagation dynamics of different 
types of epileptic seizures. In her other line of work, she combines 
a deep learning approach with electrophysiological recordings to 
study the computational principles that are important for adaptive 
learning across species. Dr. Rungratsameetaweemana received the 
2021 Anuradha Rao Memorial Award from Cell Press and Society for 
Neuroscience, the 2021 UCSD Chancellor’s Outstanding Postdoc 
Award, and the 2021 Salk Women & Science Special Award.
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Current Scientific Objectives
Discover principles of human brain functioning to inform system design for the creation of potentially disruptive Soldier-
system performance. This effort leverages investments made in government, academia, and industry to investigate 
principles, organization, and dynamics of the human brain that, if successful, will accelerate our understanding of 
the mind and translate this understanding to novel technologies and Soldier-system capabilities of the future.

SUCCESS STORY 

Network-Based Methodologies Accelerate Neural Prediction 
and Sensitivity to State Transitions
Network-based methodologies predict neural network activities 15 times faster and detect state transitions 
with 100 times more sensitivity, providing the future force the potential to optimize Soldier capabilities 
and Soldier-system interactions in real time.

CHALLENGE

Various environmental and/or physiological fac-
tors impact the human brain and, in some cases, 
may cause temporary cognitive impairments. For 
example, immediately after waking up from sleep, 
decision-making is affected due to mental inertia. 
Similarly, in patients of epilepsy—which can be a 
debilitating disorder of irregular and at times cat-
astrophic neural activity—some seizures sponta-
neously spread to the entire brain causing loss of 

consciousness. Capturing and understanding the 
underlying changes in brain activity that cause such 
cognitive impairments is an open challenge in the 
field of neuroscience. 

ACTION

Figure 1. Network-based analysis of brain dynam-
ics. (A) We used recorded time-series data from all 
the electrodes from each individual and estimated 
the instantaneous functional connectivity of the 
underlying brain network by computing pairwise 
statistical relationships (e.g., correlations) between 
electrodes at different instances of time. (B) To in-
vestigate time-varying changes in the functional 
brain connectivity due to underlying neurological 
processes, we computed a series of connectivity 
matrices. (C) A schematic of sample constructed 
networks, consisting of nodes (electrodes) and edg-
es (connection strength) is shown here. To quanti-
fy alterations within these complex networks over 
time, we evaluated changes of a series of graph-the-
oretical features that describe various properties of 
the constructed networks.

We utilized a network-based framework to address this 
challenge. We collaborated with sleep researchers 
at NASA to investigate individual participants who 
were awoken from deep sleep during the night and 
then required to complete a set of cognitive tasks 

This success was made possible by:

Dr. Javier Omar Garcia; Humans in 
Complex Systems, ARL

Dr. Kanika Bansal; ARL (via ORAU)

Dr. Nuttida Rungratsameetaweemana; 
Salk Institute for Biological Sciences

Dr. Terrence Sejnowski; Salk Institute 
for Biological Sciences

Dr. Claudia Lainscek; Salk Institute 
for Biological Sciences

Dr. Sydney S. Cash; Mass General 
Hospital, Harvard Medical School

Dr. Cassie J. Hilditch; NASA Ames 
Research Center

Ravi Chachad; San Jose State 
University

Lilily Wong; San Jose State University

Nicholas Bathurst; San Jose State 
University

Nathan Feick; San Jose State 
University

Dr. Amanda Santamaria; University 
of South Australia

Dr. Nita L. Shattuck; Naval 
Postgraduate School

Dr. Erin E. Flynn-Evans;  NASA Ames 
Research Center
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multiple times to understand the markers (and 
time course) that describe transition from sleep 
to awake and optimal performance (a.k.a., sleep 
inertia). We extended this framework, in collaboration 
with researchers at the Salk Institute for Biological 
Sciences, to study potential neural “gatekeepers” 
of irregular and potentially damaging neural spread 
in patients suffering from drug-resistant epilepsy 
to analyze brain activity before, during, and after 
epileptic seizures that either remained localized to 
a particular brain area or spread bilaterally in both 
hemispheres to cause debilitating cognitive failures. 

RESULT
As described in Figure 1, we used functional connec-
tivity, an estimate of the statistical dependencies 
between nodes/regions/electrodes, estimated from 
the brain recordings of individuals and represented 
brain dynamics as a set of networks that evolve due to 
underlying neurological processes or state changes. 

We looked at several features characterizing these 
networks and compared these features between a 
state of sleep inertia and pre-sleep baseline as well 
as a state of post-intervention where blue enriched 
light was used to alleviate the effect of sleep inertia. 
In other words, we used this intervention to accelerate 
the transition from an unconscious state to an awake 
and behavioral state akin to normal performance. 
In particular, within low-frequency brain activity—
thought to be the marker of large-scale network co-
ordination—we found that “path length” (a feature 
assessing the ease of global communication) and 
“clustering” (a feature assessing local cliquishness 
in the network) are highly effective in distinguishing 
the state of sleep inertia from both pre-sleep and 
post-intervention states, whereas a more traditional 
metric of global power failed to distinguish these 
states (Figure 2). Importantly, this approach was 
100 times more sensitive to this state transition than 
traditional (non-network) approaches. 

Figure 2. Comparing features of the brain during pre-sleep baseline, during a state of sleep inertia, and 
after exposure to blue enriched light as an intervention: (A,B) using brain network features and (C) the 
traditional metric of global signal power within the delta frequency band (1-4 Hz). Colored lines represent 
individual participants and the asterisk (*) represents significant difference.

Interestingly, we found these similar network char-
acteristics (path length and clustering) to be unique 
in the brain activity following seizures that stayed 
focal within one hemisphere vs. seizures that spread 
bilaterally. Indeed, the neural state they describe 
acted as a “gatekeeper” within the brain either 
resulting in localized (unharmful) activity or tran-
sitioning to more global (harmful) neural activity. 

Further analysis of network properties indicated that 
bilateral propagation of a seizure is an outcome of 
the imbalance of global integration and segregation 
in the brain prior to seizure onset. We demonstrated 
that there exist intrinsic network signatures pre-
ceding seizure onset that are associated with the 
extent to which an impending seizure will propagate 
throughout the brain (i.e., staying focal within one 
hemisphere vs. spreading bilaterally). Additionally, 
these features characterize an increase in segrega-
tion and a decrease in excitability within the brain 
network (i.e., high modularity and low spectral ra-
dius). Importantly, seizure-type-specific differences 
in these features emerge several minutes prior (15 
times previous approaches) to seizure onset, sug-
gesting the potential utility of such measures in 
intervention strategies. 

Together, our findings provide insights into the re-
lationship between the temporal evolution of brain 
states and the underlying functional connectivity 
dynamics. These results offer exciting avenues where 
network-based measures could potentially guide 
technological interventions to alleviate or treat the 
effect of environmental and physiological factors.

WAY AHEAD

Continue to find opportunities in statistical physics 
and complexity science to further describe individ-
uals within complex socio-technical ecosystems 
with a special focus on human teams and hybrid 
human–technology ecosystems. 

ARL Competencies:

Humans in Complex Systems

Citations:

Rungratsameetaweemana, N. et al. 
Brain Communications, 4, fcac234 
(2022).

Hilditch, C. J. et al. Network 
Neuroscience (2022). 

Results

• Demonstrated how network-based 
framework captures neurological 
processes that lead to changes in 
individual cognitive states. 

• Demonstrated that our net-
work-based framework performed 
better than traditional methods.

• Predicted an impending state
change minutes before its occur-
rence, allowing for enough time to 
implement intervention. 

Anticipated Impact

ARL and Salk researchers developed 
a network-based framework to predict 
the heterogeneous propagation pat-
terns of brain activity more than 15 
times faster than previously thought 
possible. ARL researchers also dis-
covered a unique brain marker for the 
mental inertia required to transition 
from an unalert state to an optimal 
alert state that is 100 times more 
sensitive than previous approaches. 
These foundational algorithms con-
tinue to be matured for integration 
into neurotechnologies and provide a 
basis for future hybrid human–tech-
nology systems.
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HUMANS IN COMPLEX SYSTEMS

NEUROPHYSIOLOGY OF COGNITION PROGRAM

Dr. Frederick D. Gregory
Program Manager

Dr. Gregory completed his undergrad-
uate studies at Morehouse College, 
receiving his B.S. in Biology in 1999 
and his Ph.D. in Neurobiology from 
the University of California, Los An-
geles, in 2006. He completed post-
doctoral fellowship research training 
under the National Institute of Drug 

Abuse at Emory University and a dual science education 
and research fellowship through the National Institutes 
of Health’s (NIH’s) Institutional Research and Academic 
Career Development Award at Emory and the University 
of Iowa. Dr. Gregory came to ARO in 2012 and assumed 
the role of International Program Manager for Human 
Dimension from 2016 to 2021. He currently serves as 
Branch Chief and Competency Co-Lead for the Humans 
in Complex Systems research competency.

Current Scientific Objectives

1| Map, measure, and model structural and functional components
of multisensory neural processes. If successful, this research is 
anticipated to lead to the capability to modulate human multisensory 
information processing beyond normal limits by enabling a set 
of noninvasive neurotechnologies based on the program’s novel 
principles. These new tools will have the potential to close the 
human–autonomy teaming loop to enable seamless bidirectional 
communication between Soldiers and intelligent agents in multi-
domain training and operational scenarios.

2| Determine how the brain structures, processes, and refines biological
neural networks to generate efficient decisions and behaviors, and 
shows robustness to injury. If successful, this research will enable a 
deep understanding of multiscale neural phenomena, which will have 
the potential to maintain peak cognitive performance and ensure that 
the deleterious effects of injury or environmental stressors can be 
mitigated for extended periods to effectively limit cognitive fatigue.

SUCCESS STORY 

Understanding Brain Waste Clearance as a Pathway for 
Enhancing Cognitive Performance
Computational model development now enables a test-bed for uncovering mechanisms behind a 
newly discovered waste clearance pathway in the brain. Combined with novel experimentation and 
tool development, there is now a pathway for linking this system to Soldier performance, lethality, and 
sustained operation.

CHALLENGE

A foundational discovery in 2012 caught Dr. 
Gregory’s eye. Research from the laboratory of Prof. 
Maiken Nedergaard at the University of Rochester 
shed light on one of the major outstanding questions 
about the brain: how waste is cleared. 

All biological processes including thought require 
energy, and the metabolic activity necessary to 
generate that energy creates waste. Metabolic 
by-products, including a variety of proteins, 
accumulate in the tissue and can be harmful 
if not removed. Dr. Nedergaard’s discoveries 
showed that waste in the brain is preferentially 
cleared during sleep, opening the potential for 
its application to cognitive performance. If the 

control parameters for glymphatic clearance 
were discovered, then waste clearance could be 
manipulated to activate at a time of dire need. For 
example, a Soldier experiencing a blast-induced 
traumatic brain injury would be able to activate 
their glymphatic clearance pathway in the brain to 
remove the metabolic waste products induced by 
brain injury and increase chances of survivability 
as well as maintain cognitive dominance. However, 
in 2012 imaging tools and models did not exist 
that would allow for accurately measuring and 
comprehending flows in the brain to understand 
control of this waste clearance mechanism. Without 
a fundamental breakthrough, the field would only 
achieve incremental observations of the system 
function while many fundamental questions existed 

This success was made possible by:

Dr. Frederick D. Gregory; Humans in 
Complex Systems, ARO

Dr. Matthew Munson; Weapon 
Sciences, ARO . 

Citations:

Tithof, J. et al. iScience 25.5, 
104258 (2022).
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regarding its form, function, regulation, and impact 
on cognition. 

As more studies began to emerge on the glymphatic 
system, it became clear that the science focused 
exclusively on the medical implications of the 
process. Another foundational study demonstrated 
that the neurodegenerative protein β-amyloid 
found in Alzheimer’s disease was cleared by the 
glymphatic system during sleep. It was believed 
that disruption of glymphatic function may lead 
to the onset of neurodegeneration and other sleep 
pathologies. NIH was the only federal agency 
supporting efforts in this area and by 2018 NIH 
reported funding only three relevant R01 basic 
research projects on glymphatic clearance. Due 
to the limited focus on the medical implications of 
glymphatic clearance, the Army was not making 
any investments in this research area; however, Dr. 
Gregory identified a scientific opportunity to explore 
other possible important functions of glymphatic 
clearance, such as its viability to offset the effects of 
sleep deprivation on Soldier cognitive performance. 

ACTION 

Dr. Gregory identified several fundamental 
challenges in neuroscience but was perplexed by the 
lack of knowledge of how fluid flows in the brain are 
regulated. He discussed with Dr. Matthew Munson, 
then ARO Fluid Dynamics Program Manager, how 
tools from fluid dynamics could be leveraged to 
help understand the function of the glymphatic 
system. Together they championed the FY19 
Multidisciplinary University Research Initiative 
(MURI) “Clearing Your Head: The Glymphatic System 

and Restorative Effects of Sleep.” Their goal was 
to catalyze the science that would synthesize a 
modeling and analysis framework to describe the 
mechanical, electrical, and biochemical dynamics 
involved in glymphatic clearance; examine the role 
of sleep and circadian function in its regulation; and 
elucidate the impact of improved waste clearance 
and cerebrospinal fluid flow on sleep efficiency and 
cognitive performance. Previous models and in vivo 
studies had explored cerebral spinal fluid (CSF) 
flow, but there had been little investigation into 
the motion of waste within that fluid, particularly 
on the brain-wide scale, and how it is tightly coupled 
to cognitive performance.

RESULT

The MURI team set out to offset the inability of high-
resolution imaging methods to visualize the fine 
structures called perivascular spaces that mediated 
glymphatic flow. In addition to making imaging 
advances, this year they developed experimental 
and theoretical models that provide valuable insight 
into mechanisms underlying glymphatic flow and 
their relation to sleep and performance. 

Because a fully resolved fluid-dynamic model is 
not computationally feasible, the team’s approach 
employed a hydraulic network model. The CSF 
pathway was modeled as a network of hydraulic 
resistances through periarterial spaces and the 
parenchyma in mice (Figure 1). 

The flow rates from the model were captured by 
two steady-state advection-diffusion equations. 
One equation, appropriate for the delivery of 

Results

• Demonstrated model outcomes
based on physiological data as the 
only scenario that satisfies three
essential criteria established by
state-of-art observations.

• Demonstrated results that predict-
ed the most important parameters 
to be measured in future experi-
ments.

Figure 1. Overview of computational model and predictions. Schematic of network model geometry 
based on a branching hexagonal model previously proposed from the surface of the mouse brain. The 
glymphatic pathway is hypothesized to consist of an influx of CSF along periarterial spaces, which 
subsequently exchanges with extracellular fluid via bulk flow. Connectivity between different vessels 
in this model separately simulates either blood flow (for characterizing the influence of our idealized 
geometry) or CSF flow. 
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nutrients or drugs, captured the gain and loss of 
solute depending on its concentration within the 
perivascular space. The other equation, appropriate 
for waste production in the brain, captured activity-
dependent solute production that is independent of 
concentration (Figure 2). 

Figure 2. An idealized model of the cortical vasculature captures the salient features of blood flow. (A) 
Diagram of the idealized vascular geometry, with colors indicating different vessel types. The blue and pink 
dashed lines show the regions that are enlarged in B and C. (B) Circuit schematic of the pial vasculature 
(black), which has several penetrating arterioles (red) branching from it. (C) Circuit schematic of a 
penetrating arteriole (red) which has a total of 11 precapillaries (green) branching from it (only three are 
shown). The gray circuit elements in B and C are not shown in A. (D-F) Pressure, volume flow rate, and 
speed of blood flow; in all three cases, the shaded regions indicate the range of values for a real vascular 
topology,  while the symbols and error bars indicate the mean and range of values, respectively, computed 
using the idealized geometry shown in panel A. 

Gaps in the model parameters, such as porosities 
and solute production rates, were addressed via 
sensitivity analysis, revealing areas requiring further 
in vivo investigation and validation. A surprising 
outcome of these explorations of CSF transport was 
that the team identified one of the most important 
parameters as the permeability of penetrating 
perivascular spaces (associated with the dimensions 
of astrocyte end-foot gaps), yet high uncertainty 
about this parameter results in estimates ranging 
over almost seven orders of magnitude. 

This study has laid the foundation for analytically 
determining the appropriate metrics on which to 
focus future experiments, ideally in vivo, to improve 
model accuracy. The resulting model also enables 
future exploration of other mechanisms, such as 
arterial pulsations and functional hyperemia, or 
osmotic effects, with relevance for traumatic brain 
injury, brain hemorrhage, and Alzheimer’s disease.

WAY AHEAD

The research team will attempt to establish a 
pipeline for iterative experimentation combined 
with further theoretical development for model-
driven hypothesis generation and testing. The 
test-bed they have created in mice provides a 
higher throughput methodology for uncovering 
glymphatic clearance mechanisms. Through vital 
collaborations, the team looks to expand network 
models to translate to the human brain. Such an 
approach would be more challenging because of 
the fewer measurements available for constraining 
the parameter space in humans, compared to mice. 
However, the Walter Reed Army Institute of Research 
has established new human imaging capabilities, 
in collaboration with the MURI team, for studying 
glymphatic clearance in Soldiers. The MURI team 
members will continue to collaborate with the 
Army to build models and methods for assessing 
the impact of glymphatic clearance on cognitive 
performance. Future work is anticipated to lead 
to new breakthroughs that advance fundamental 
understanding of links between brain waste 
clearance, sleep physiology, and mechanical and 
electrical processes in the brain. 

ARL Competencies:

Humans in Complex Systems

Anticipated Impact

Increased understanding of brain 
clearance mechanisms may provide 
a scientific opportunity to develop 
intervention strategies to accelerate 
recovery from chronic sleep depri-
vation, optimize sleep quality, and 
promote clearance of waste prod-
ucts from brain injury. If the ability 
to manipulate brain waste clearance 
can lead to a reduced need for sleep 
and/or substantial cognitive perfor-
mance, the DoD will experience a 
transformative capability for cogni-
tive dominance.
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HUMANS IN COMPLEX SYSTEMS

BIOTRONICS PROGRAM

Dr. Albena Ivanisevic
Program Manager

Dr. Ivanisevic completed 
her undergraduate studies 
at Drake University, receiv-
ing her B.S. in Chemistry in 
1996. She trained as a sur-
face chemist at the Universi-
ty of Wisconsin–Madison, re-
ceiving her Ph.D. in Inorganic 

Chemistry in 2000. She came to ARO in 2020 
as the Program Manager for Biotronics after 18 
years as a faculty member at Purdue University 
and North Carolina State University.

Current Scientific Objectives

1| Achieve control of the most useful material system that can be used to
influence and probe cells via their bioelectronics-dependent behavior that, 
if successful, will enable future readouts and actuation technologies to 
interrogate cellular activity, which could lead to future body-heat-powered 
devices to modernize Soldier lethality and advanced body implants integrated 
into the neural systems to augment ongoing Soldier performance.

2| Probe living cells’ intrinsic bioelectric fields from the “outside” (no cell
penetration) using electronic modalities that, if successful, will enable novel 
electrochemical sensors to track key biomarkers, which could lead to wearable 
body sensors and control systems for expeditionary Soldier and environmental 
sensors with high sensitivity and survivability in harsh conditions so Soldiers 
can quickly understand and react to emerging situations, thus increasing their 
lethality, precision, and survivability.

SUCCESS STORY 

RF Bioelectronics: Noninvasive Measurement and Control of 
Bacterial Bioelectricity
Radio frequency (RF) spectroscopic techniques are developed to accurately measure the dielectric 
properties of single yeast and bacterial cells at high throughput. Cells of different species, viability, and 
drug susceptibility show significantly different RF properties. Further development may lead the RF 
techniques to robust, rapid, and label-free cell analysis for effective biodefense monitoring and personalized 
infectious disease treatment.

CHALLENGE

Electrical detection of bulk cell suspension has 
been informative about cell population properties. 
But at the single cell level, reproducible, sensitive, 
and high throughput measurement is not available. 
Specifically at high frequencies, one cannot probe 
cell internal molecules and structures. Addressing 
this multifaceted challenge needs to balance RF 
probing field uniformity, measurement sensitivity, 
cell transport complexity, and hybrid device 
packaging requirements. A second challenge is 
how to measure each flowing cell at many different 
RF frequencies to obtain comprehensive cell 
information. Few reports on such measurements 
are available. Measurement specificity (i.e., the 
association between a measured RF property 
and cellular biological processes or functions) 
remains an open question. Finally, how an electrical 
signal affects the biological process of a yeast or 
bacterial cell is unclear. These challenges need 

multidisciplinary and systematic efforts to be 
successfully addressed. 

ACTION

Dr. Ivanisevic initiated a discussion with Prof. 
Pingshan Wang (Clemson University) to develop RF 
bioelectronics techniques to noninvasively probe and 
manipulate cellular bioelectronic states processes. 
The discussions resulted in an exploratory grant to 
develop and test the instrumentation needed for the 
identified challenges. Upon successful completion 
of this research, the Program Manager (PM) 
discussed a single investigator proposal plan with 
Prof. Wang. The objective of the funded project is to 
develop noninvasive RF techniques to quantitively 
measure the bioelectricity properties of a single 
bacterial cell and examine the effects of antibiotic 
drugs at low-frequency RF fields on cell bioelectric 
properties. Initially, E. coli and B. megaterium will 
be the main cell types used to test and evaluate 
the developed RF techniques. The frequency-

This success was made possible by:

Dr. Albena Ivanisevic; Biological and 
Biotechnology Sciences, ARO

Citations:

Dahal, N. et al. IEEE J. Electromag. 
RF Micro. Med. Bio. 99, 1-8 (2022).
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dependent permittivity ε(f) and membrane potential 
ψ are the targeted cell bioelectric parameters, 
which will be extracted from up to 10-frequency 
measurements between 100 kHz and 10 GHz at 
a throughput up to 60-cells per minute. Machine 
learning (ML) techniques will be applied to the RF 
measurements and will be developed in order to 
extract the RF features of cell species, viability, and 
others. A preliminary RF database of the selected 
8-10 bacterial species will be built.

RESULT

An RF-microfluidic codesign method is developed 
together with a new device packaging method to 
build RF sensing devices. The devices are incorpo-
rated into novel and tunable RF interferometers for 
single cell measurement while allowing automatic 
tuning of measurement frequency and sensitivity. 
Figure 1a shows an assembled measurement sys-
tem, which enables reproducible RF measurement 
of the same yeast cell from 300 MHz to 8 GHz (Fig-
ure 1b). Candida cells, C. albicans, C. tropicalis, C. 
parapsilosis, and C. krusei, are used as model mi-
croorganisms and measured at nine different fre-

quencies. The measured dielectric properties of 
nonbudding cells (i.e., ε=ε’-jε” in Figure 1b or Δε in 
Figure 2a) show significant differences. After heat 
shock at 90 °C for 1 min, nonviable Candida cells 
have significantly different properties than viable 
cells (Figure 2b). When cells were treated with the 
drug Caspofungin (1 μg/mL) for 10 min, their RF 
properties and property distributions are signifi-
cantly changed (Figure 2b). These preliminary re-
sults show that RF spectroscopic measurement is 
a promising noninvasive method for cell analysis, 
including cell species, viability, and drug effects. 
Further examination shows that for each cell, angle 
θ indicates the profile of cell molecular composition 
while length ρ indicates the quantity of molecules 
in the cell (Figure 2c). Thus, broadband RF spectro-
scopic measurement is promising to uncover the 
profile and quantity of molecular constituents in a 
cell. The obtained results show that RF bioelectron-
ics techniques are promising for further develop-
ment as a new method for many applications—in-
cluding cell heterogeneity study in biology and 
personalized infectious disease treatment on the 
battlefield.

Figure 1. (a) RF sensing system. A syringe pump for sample 
injection and computer for system control are not shown. 
The commercial vector network analyzer, interferometer, and 
attenuator will be miniaturized and integrated in future work. 
(b) Reproducible measurement examination. The measured 
effective permittivity at f = 1.32 GHz for a C. tropicalis cell (no. 
35) passes through the sensing zone twice but at a different
speed.

ARL Competencies:

Humans in Complex Systems

Biological and Biotechnology Sciences

Results

• Developed and demonstrated a
systematic method to design and 
build high-sensitivity RF sensing
devices. 

• Demonstrated RF measurement 
and differentiation of the species, 
viability, and antifungal drug ef-
fects of single Candida cells.

• Demonstrated RF measurement of 
single bacterial cells.

• Demonstrated the operation of a 
preliminary RF platform, which
rapidly extracted Candida cells
spiked in 1 mL cow blood, separat-
ed Candida cells from lysis buffer, 
and captured and classified Can-
dida cell species. 

A

B
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Figure 2. (a) Measured dielectric property of nonbudding Can-
dida cells at 1.85 GHz. The results show significant differences 
between different cell species. (b) Measured properties of via-
ble (red asterisk), nonviable (dark blue star), and drug treated 
(green circle) (with drug at 1 µg/mL) C. tropicalis. (c) Dielectric 
properties of nonbudding C. tropicalis measured at 1.32 GHz. 
The images of some of the numbered cells are arranged ac-
cording to cell sizes. The polar coordinates of each cell, such 
as (ρ23, θ23) of cell 23, indicate cell Δε values. It is assumed 
that ρ and θ represent the quantity and profile of molecule 
constituents in the cell, respectively. Therefore, ρ and θ can be 
used to define and model C. tropicalis heterogeneity in terms 
of molecular quantity (MQH) and profile (MPH). 

WAY AHEAD

This research provided the foundation to pursue new 
goals. First, further research is needed to develop 
high-performance sensing circuits to replace the 
slow and expensive commercial vector network 
analyzer in Figure 1a for simultaneous, multifre-
quency RF measurement. Second, research needs to 
quantify the sensing resolution of the RF technique 

by use of water droplets with accurately controlled 
molecular compositions in droplets. Third, research 
is needed to refine current sensing techniques for 
RF investigation of single bacterial cells, studying 
DC/AC electric field effects on cell properties, and 
examining the feasibility of RF measurement of 
cell membrane potential. Throughout these lines 
of research, ML techniques will be used to explore 
its utility for accurate cell classification. 

Anticipated Impact

The RF techniques can potentially 
lead to robust, portable, and/or wear-
able sensors for rapid single cell de-
tection and identification in harsh 
environments to enable Soldiers to 
understand and react to emerging 
situations. The techniques can also 
help develop effective therapy for 
trauma such as infectious diseases, 
which account for one-third of hos-
pitalized Soldiers, and create better 
electrical stimulation therapies to 
relieve pain, such as patellofemoral 
pain syndrome of active-duty military 
service members.

SUCCESS STORY 

Biotronic Control of Bioelectric Communication in Bacteria
Bioelectronic devices capable of delivering ions and small molecules to bacterial systems enable ion-
based, cell-to-cell communication. The research team demonstrated bioelectronic delivery of K+ with 
fine spatiotemporal control with the potential to induce bioelectric oscillations in bacteria colonies. 

CHALLENGE

Currently, experimenting with bacterial colonies 
relies on microfluidic systems that do not provide 
precise spatiotemporal control of ionic fluxes. 
Most bioelectronic devices developed can focus 
on a single species (either electronic or ionic) and 
are not able to multiplex to interrogate and actuate 
complex biological systems. The challenge is to 
develop a bioelectronic device that is easy to 
integrate with in vitro systems and can be used to 
achieve spatiotemporally controlled delivery of ions 
and small molecules to bacterial colonies. 

ACTION

Dr. Ivanisevic initiated a discussion with Prof. Marco 
Rolandi (University of California, Santa Cruz [UCSC]) 
whose team develops electrophoretic bioelectronic 
pumps integrated in a microfluidic chip that accom-
modates cultures of B. subtilis. As a result of the 
discussions with the PM, Prof. Rolandi submitted 
a successful single investigator proposal that will 
develop pumps for delivering ions (K+, Ca++, and 
Mg++) and nutrients (glutamate and NH4+) to B. 
subtilis to study their communication as a function 
of nutrient continent. Specifically, UCSC’s Rolandi 

This success was made possible by:

Dr. Albena Ivanisevic; Biological and 
Biotechnology Sciences, ARO

Citations:

Kikuchi, K. et al. Science. 378, 43-
49 (2022).

Dechiraju, H. et al. AIP Advances. 
(submitted).
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lab will monitor B. subtilis membrane voltage in the 
presence of ionic or chemical actuation and explore 
whether one can control the oscillation in time and 
space of membrane voltage that has been observed 
in microfluidic cultures with nutrient shortage. The 
goal of the work is to establish two-way communi-
cation with bacteria and affect their electronic pro-
cesses such as membrane voltage without the need 
for cell penetration. The basic research proposed by 
Dr. Rolandi aims at developing bioelectronic devices 
to better understand ion-based cell-to-cell commu-
nication in bacteria systems.

RESULT

The proposed bioelectronic ion pump transfers 
potassium ions from a reservoir to a target with a 
voltage (VK+, typically between 0.5 and 2.0 V) ap-
plied between a working electrode and a reference 
electrode. The target in this case refers to the well 
in a six-well cell culture plate. A capillary filled with 
an anionic hydrogel selectively transports the K+ 
between the target and the reservoir (Figure 3). For 
a positive VK+, K+ is transported from the reservoir 
to the target. To measure the change in [K+], the 
Rolandi lab uses a fluorescent dye whose intensity 
increases with increase in [K+] in the target (Figure 
4). These measurements allow one to precisely cor-

relate the current measured in the ion pump with the 
K+ dose delivered to the system, enabling precise 
control of [K+].

Figure 3. (A) Schematic of the ion pump. (B) Image of the ion pump with the adapter. Scale bar = 1 cm. 
(C) Image of the device and adapter in a six-well plate. Scale bar = 1.5 cm.

Figure 4. (A) Fluorescence response of the device to VK+. An increase in fluorescence intensity corresponds 
to an increase in [K+] in the target. (B) Current produced by the device in response to various VK+ values. 
The higher the voltage, the greater the current. (C) Microscope image of the bacterial biofilm 72 h after 
growth. The device sits on top of the film, and the capillary is highlighted by the red circle.

The Rolandi lab also demonstrated the biocompati-
bility of the ion pump setup by testing the growth of 
bacterial biofilms in six-well plates with the device 
placed on top. The films demonstrated excellent 
growth after 72 h and showed no problems upon 
integration with the ion pumps. 

The results achieved thus far evidenced that the 
team can deliver K+ and modulate its concentra-
tion according to the required dosage specifications 
and integrate the ion pumps with the biofilms suc-
cessfully. This clears the way for the researchers 
to explore cell-to-cell based ion communication in 
bacteria colonies. 

WAY AHEAD

The next step is to utilize these ion pumps to monitor 
and control ionic communication in B. subtilis 
colonies with spatiotemporally controlled delivery 
of K+. Prof. Suel, the co-principal investigator, has 
shown that K+ can wake up dormant bacteria to 
start colony activity on demand (Kikuchi et al., 
2022). This could be used in synthetic biology for 
on-demand synthesis of molecules. 

ARL Competencies:

Humans in Complex Systems

Biological and Biotechnology Sciences

Results

• Designed and developed bioelec-
tronic devices capable of modulat-
ing potassium-ion concentration.

• Demonstrated growth of bacterial 
biofilms in a six-well plate under 
the devices. 

• Demonstrated change in potass- 
ium-ion concentration of solution 
using developed devices.

Anticipated Impact

This research can be used to control 
the activity, growth, proliferation, and 
shape of bacteria colonies, which in 
turn can be used as factories of bio-
chemicals. 
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HUMANS IN COMPLEX SYSTEMS

SOCIAL AND COGNITIVE NETWORKS PROGRAM

Dr. Edward T. Palazzolo
Program Manager

Dr. Palazzolo completed his 
undergraduate studies in 
1997 at the State University 
of New York at Buffalo as a 
double major in Psycholo-
gy and Communication. He 
received his M.A. from the 
State University of New York 

at Buffalo in Interpersonal and Organizational 
Communication in 1999. He earned his Ph.D. 
at the University of Illinois Urbana-Champaign 
in 2003 in Organizational Communication and 
Knowledge Management. 

He came to ARO in 2014 as the Program Man-
ager for the Social and Cognitive Networks Pro-
gram.

Current Scientific Objectives

1| Develop fundamental science (nonclinical) in support of Community Cognitive 
Resilience that, if successful, will help the military, veterans, and civilians 
transition from illness to wellness with respect to post-traumatic stress 
disorder (PTSD), depression, anxiety, chronic pain, suicidal ideation and 
prevention, substance abuse, and disinformation. 

2| Discover the fundamental principles governing human–agent teaming 
activities that support designing and maintaining high-performance 
teams that, if successful, will allow the Army and Joint Staff to engineer 
high-performance teams with specified characteristics to satisfy mission 
requirements, and enable teaming with unprecedented coordination across 
multiple defense organizations while improving Soldiers’ cognitive resilience.

3| Create verifiable models of networked human behavior by bridging social 
science theories with computer science techniques and engineering precision 
that, if successful, will create the ability to forecast societal opinions and shifts 
with pinpoint accuracy, especially with potential for real-world effects, to 
support Army and Joint Operations by providing support for decision-making.

SUCCESS STORY 

Leveraging Mind–Body–Community Connections to Reduce 
Alcohol Abuse
Researchers discovered a causal relationship between a focused mindset and lower alcohol consumption: 
Mindfulness and perspective taking causally reduce alcohol cravings and real-world drinking. Reducing 
alcohol consumption and abuse has a direct impact on Army unit readiness and pain management of 
Soldiers (active duty, Reserve, and National Guard), civilians, and veterans. 

CHALLENGE

The scientific community is at the nascent stage 
of understanding how the mind–body is coupled 
at the intersection of biology and psychology. Until 
this research, there have been no clear, coherent 
models pushing beyond the mind–body connection 
with the intent to understand how one’s social 
network influences their cognitive network, which 
in turn influences their neural network, and vice 
versa. That is, how can we establish a scientific 
theory describing the impact of people’s social 
connections, with the messages received and the 
changes to the way they think? And how does the 
way people think change the way their brains are 
wired? In turn, how does the way people’s brains 
are wired influence the way they think and influence 
the people they choose to spend time with and the 
messages they choose to consume? Collectively, 

these questions drive us toward the science of 
Community Cognitive Resilience. 

ACTION

Dr. Palazzolo began building a research program in 
2015 around the idea of mind–body–community 
(MBC) connections to bring together his 
backgrounds in psychology, communication, social 
networks, and knowledge management with his 
personal passion for mindfulness and hypnotherapy 
as potential force multipliers for managing and 
improving the cognitive dimension and, thereby, 
the individual’s overall well-being. With this vision 
in mind, he teamed up with Dr. Fred Gregory, 
ARO’s Program Manager for Neurophysiology of 
Cognition, and together they successfully competed 
a Multi-disciplinary University Research Initiative 
(MURI) topic and secured funding for a research 

This success was made possible by:

Dr. Edward T. Palazzolo; Humans in 
Complex Systems, ARO

Dr. Fredrick Gregory; Humans in 
Complex Systems, ARO

Citations:

Zhou, D. et al. Proc. Natl. Acad. 
USA. 120, e2201074119 (2023). 

Jovanova, M. et al. PsyArXiv 
(2022). https://psyarxiv.com/
yw7s3/ 

McGowen, A. L. et al. BP:GOS. 2, 
432-439 (2021). 
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team comprising four interdisciplinary scholars: 
Profs. Emily Falk and Dani Bassett (University of 
Pennsylvania), Prof. Peter Mucha (University of 
North Carolina at Chapel Hill, now at Dartmouth 
College), and Prof. Kevin Ochsner (Columbia 
University). Over time, this effort expanded to 
include two more interdisciplinary scholars who 
worked as trainees during the early years of the 
MBC grant and then got tenure track positions: Prof. 
David Lydon-Staley (University of Pennsylvania) 
and Prof. Zachary Boyd (Brigham Young University). 
Recognizing the importance of Profs. Lydon-Staley 
and Boyd to the success of the human behavior and 
brain modeling research, Dr. Palazzolo requested 
a grant modification in 2022 to bring them on 
in official capacity to ensure their continued 
involvement in the research and providing them 
with the necessary resources to apply their skillsets 
to relevant parts of the research. 

Through the annual review process, Dr. Palazzolo 
ensured the widest dissemination of results 
within the government by including participating 
colleagues from the Air Force Research Laboratory, 
Army Research Institute, U.S. Army Combat 
Capabilities Development Command (DEVCOM) 
Analysis Center, ARL, DEVCOM Soldier Center, 
Food and Drug Administration, National Institutes 
of Health (NIH) National Center for Complementary 
and Integrative Health, Naval Information Warfare 
Center, Office of Naval Research, Office of the Under 
Secretary of Defense for Research and Engineering, 
Training and Doctrine Command, U.K. Defence 
Science and Technology Laboratory, U.S. Army 
Research Institute of Environmental Medicine, and 
Walter Reed Army Institute of Research. 

RESULT 

Excessive alcohol consumption is an ongoing chal-
lenge in the United States and occurs at an even 
higher rate among our service members compared 
with the average U.S. adult population. This re-
search team demonstrated the value of expanding 
research on the mind–body connection to the MBC 
connection by demonstrating the relationships 

between social network dynamics and individuals’ 
thought patterns, neural patterns, affective expe-
rience, and behavioral choices that impact their 
overall health. Specifically, through a longitudinal 
research design (Figure 1), this interdisciplinary 
team was able to demonstrate that engaging in 
cognitive strategies that alter the mind through 
either mindfulness or perspective taking approach-
es causally reduced alcohol cravings and real-world 
alcohol consumption. 

Figure 1. MBC experimental 
designs for in-person and vir-
tual studies showing (a) cog-
nitive strategy assignments 
with training, (b) longitudinal 
design, and (c) examples of 
smartphone prompts for each 
cognitive strategy. 

Additionally, this research showed that by combining 
data from social network surveys, ecological 
moment assessments, and functional magnetic 
resonance imaging data and controlling for time 
variance, multilayer network models can effectively 
model the complex behavior of human systems. 
Moreover, network control models developed by this 
research team identified the specific control points 
in the brain, cognitive responses, social network, and 
other network layers that can be used to target for 
changes in individuals’ thoughts and actions around 
alcohol consumption. 

Lastly, this MURI team adjusted their data collection 
protocols during the COVID-19 pandemic to allow 
for remotely training participants on mindfulness 
and perspective taking strategies, as well as remote 
social network data collection and ecological 
moment assessments. These fully remote 
interventions showed efficacy in longitudinal 
decreases in alcohol consumption. These results 
demonstrate feasibility of employing low-burden 
and cost-effective dissemination methods of 
fully remote intervention programs to reduce 
problematic alcohol use and show great promise 
into the possibility of scaling up this work to reach 
considerably larger groups of people (Figure 2).

Leveraging existing smartphone technology, 
overlaid with mindfulness or perspective taking 
intervention reminders, has measurable impact 
at neurological, cognitive, and social-behavioral 
levels of individuals. Collectively, this research 
shows great promise for developing community 
cognitive resilience from substance abuse. 

ARL Competencies:

Humans in Complex Systems

Military Information Sciences

Results

• Realized that mindfulness and
perspective-taking causally reduce 
alcohol cravings and real-world
drinking. 

• Identified control points in the
brain, cognitive responses, social 
network, and other network layers 
to target using network control
models.

• Demonstrated that social network
dynamics affect individuals.

• Proved that multilayer network
models can model complex be-
havior of the system.
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WAY AHEAD 

Current findings lay the foundation for four possible 
research directions. First, Dr. Palazzolo is working 
with the MURI team to develop a follow-on grant 
that will replicate the research, but instead of study-
ing undergraduate students, the team will collect 
data from active duty service members. This new 
proposal is being coordinated with the Humans in 
Complex Systems Intramural team. Second, expand 
this research methodology from alcohol consump-

tion to focus on anxiety, depression, PTSD, and sui-
cidal ideation and identify if similar, positive effects 
can be affected. Third, combine all of this with other 
efforts into a systemic model for community cog-
nitive resilience that has the potential to improve 
overall Army readiness. And fourth, work with col-
leagues at Walter Reed Army Institute of Research 
and NIH’s National Center for Complementary and 
Integrative Health to transition the basic science 
into clinical trial research efforts.  

Figure 2. MBC results show-
ing significant impact of 
mindfulness and perspective 
taking cognitive strategies on 
the participants reduction of 
drinking occasions for Study 1 
(in person) and Study 2 (virtu-
al) training methods. 

Anticipated Impact

If this research is successfully repli-
cated with active duty Soldiers, the 
Army would have a powerful tool to 
reduce binge drinking and improve 
Army readiness. If the collective 
Community Cognitive Resilience 
program is successful, the Army will 
not only be able to help people more 
quickly transition from illness to well-
ness but could also discover ways to 
prevent PTSD and reduce suicides 
among Soldiers and veterans.

SUCCESS STORY 

Developing Research Infrastructure to Strengthen  
Socio-Cognitive Security for Combating Misinformation  
and Deviant Connective Action
Researchers developed a methodology to discover and track COVID-19 misinformation. The COVID-19 
Misinformation Tracker was recognized by the World Health Organization (WHO) as one of the key 
technological innovations developed across the world to address the COVID-19 pandemic. This capability 
was also adopted by the Arkansas Office of the Attorney General to combat misinformation campaigns.

CHALLENGE

Misinformation is not an individual activity but 
a coordinated collective activity. This type of 
collective action is known as connective action, 
which is a form of collective action where users 
form more individualized and more technologically 
organized actions around a protest, demonstration, 
or social movement using online social networks and 
in the absence of formally organized groups. The 
intelligence challenge is to identify both deviant 
actors and misinformation narratives in a timely 
fashion that will allow for countermeasures. 

ACTION

Having funded Prof. Nitin Agarwal (University of 
Arkansas at Little Rock) since 2016 for work on 
detecting and predicting deviant cyber flash mobs 
(DCFMs; coordinated criminal cyber activity), 
Dr. Palazzolo was well-aware of Prof. Agarwal’s 
research capabilities and immediately reached 
out to solicit a basic research proposal related to 
COVID-19 misinformation once the global pandemic 
began. Prof. Agarwal was eager to leverage his skills 

for society’s greater good and quickly turned around 
a proposal to study COVID-19 related cross-media 
misinformation campaigns and to evaluate his DCFM 
model in this new and emerging context. The DCFM 
will allow him to measure and track the influence 
power of specific misinformation campaigns. 

For one such misinformation campaign, Prof. Agar-
wal and his research team used social network anal-
ysis techniques and the DCFM to examine digitally 
enabled protests from a computational perspective 
to measure connective action within COVID-19 an-
ti-quarantine protests in the state of Michigan. 

Dr. Palazzolo worked with his Air Force and Navy 
counterparts (Drs. Laurie Fenstermacher and Rebec-
ca Goolsby, respectively) to ensure tri-service coordi-
nation of Dr. Agarwal’s research, and together have 
collectively invested in the development of his labs, 
further enabling his extremely successful research 
efforts. Further evidence of this research criticality to 
the National Security Strategy, Dr. Palazzolo in 2022 
secured 6.2 funding for Prof. Agarwal to enable the 
maturation of his research from basic to applied in sup-
port of the DoD’s mission to combat misinformation.

Figure 3. The Connective Action Mod-
el – OR – Socio-technical framework for 
connective action comprised of Collective 
Identify, Network Organization, and Mo-
bilization.

This success was made possible by:

Dr. Edward T. Palazzolo; Humans in 
Complex Systems, ARO

Citations:

Spann, B. & Agarwal, N. AMCIS 
2022 Proceedings, Vol. 15 (2022).

Agarwal, N. et al. In: COVID-19 
Disinformation: A Multi-National, 
Whole of Society Perspective. 
47-79 (2022). doi: 10.1007/978-3-
030-94825-2_3.
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for society’s greater good and quickly turned around
a proposal to study COVID-19 related cross-media 
misinformation campaigns and to evaluate his DCFM
model in this new and emerging context. The DCFM
will allow him to measure and track the influence
power of specific misinformation campaigns. 

For one such misinformation campaign, Prof. Agar-
wal and his research team used social network anal-
ysis techniques and the DCFM to examine digitally 
enabled protests from a computational perspective
to measure connective action within COVID-19 an-
ti-quarantine protests in the state of Michigan. 

Dr. Palazzolo worked with his Air Force and Navy
counterparts (Drs. Laurie Fenstermacher and Rebec-
ca Goolsby, respectively) to ensure tri-service coordi-
nation of Dr. Agarwal’s research, and together have
collectively invested in the development of his labs,
further enabling his extremely successful research
efforts. Further evidence of this research criticality to
the National Security Strategy, Dr. Palazzolo in 2022
secured 6.2 funding for Prof. Agarwal to enable the
maturation of his research from basic to applied in sup-
port of the DoD’s mission to combat misinformation.

Figure 3. The Connective Action Mod-
el – OR – Socio-technical framework for 
connective action comprised of Collective 
Identify, Network Organization, and Mo-
bilization.

RESULT 

Prof. Agarwal developed a multidisciplinary 
approach that addresses gaps in social science 
research by applying a socio-technical approach 
to measure the collective identity, network 
organization, and network mobilization features 
surrounding collective and connective action 
movements. He then combined that framework 
for connective action with his DCFM model (which 
focuses on utility, interest, control, and power) and 
an integrated model called focal-structure analysis 
(which uses the individual-level measure of the 
users’ betweenness centrality value, and the group-
level measure utilizing the spectral modularity 
method employed to measure the groups’ influence 
in the entire network) to identify deviant actors 
pushing misinformation narratives. 

Using this socio-technical approach on the Michigan 
Lockdown Protest example, Prof. Agarwal’s 
team collected data from Twitter focused on 
#LetMiPeopleGo, #MiLeg, #Endthelockdown, and 
#MichiganProtest during the April 1 to May 20, 
2020, time frame. This resulted in 16,383 tweets 
from 3,632 nodes across 382 groups. They further 
focused their research on the five most powerful 
groups. Utilizing their connective action, DCFM, and 
a focal structure analysis approach, their research 
showed powerful coordination among conspiracy 
groups calling for protest and actions against 
Michigan Gov. Whitmer. Subsequently, the FBI later 

unraveled a plot to kidnap Gov. Whitmer, providing 
real-life evidence of the efficacy of the approach.

This work was so successful, it was identified by 
the World Health Organization (WHO) as a top 
technology to fight COVID-19 misinformation. 
Moreover, the Arkansas Attorney General’s office 
partnered with Dr. Agarwal to identify COVID-19 
misinformation in the state of Arkansas and 
promoted Dr. Agarwal’s website where he catalogs 
the misinformation and provides fact checking 
from reliable sources. Lastly, the work has been 
incorporated into a NATO Research Task Group book 
on the Multi-National, Whole of Society challenge 
of COVID-19 misinformation. 

WAY AHEAD 

The research from these grants supports the 
development of critical research infrastructure 
to strengthen socio-cognitive security. These 
investments enable further enhancement of the 
science and the scientists to actively work on 
cognitive research necessary for cybersecurity. 
To further develop these research models and to 
advance the work, Prof. Agarwal’s next grant will 
move from basic research to applied research for 
developing socio-computational capabilities to 
evaluate emerging social-cyber threats. Successful 
outcomes of this research are shared with the 
G39 through Aaron Chan, Deputy for the Theater 
Information Advantage Detachment at United 
States Army Pacific (USARPAC). 

Figure 4. Successful transitions of Dr. Agar-
wal’s research on COVID-19 misinformation: 
(A) the World Health Organization (WHO); (B) 
Arkansas Attorney General Leslie Rutledge
partners with Dr. Agarwal to identify misin-
formation and to educate the public; and (C) 
NATO Science and Technology Organization 
leverages Dr. Agarwal’s work and incorporated 
it in a recent book by NATO members.

ARL Competencies:

Humans in Complex Systems

Military Information Sciences

Results

• Developed the COVID-19 Misinfor-
mation Tracker, which was recog-
nized by the WHO as one of the key 
technological innovations used to 
address the COVID-19 pandemic.

• Developed a Computational
Framework for Analyzing Social Be-
havior in Online Connective Action 
(Top Paper Award at Americas Con-
ference on Information Systems
2022).

Anticipated Impact

This research may help design strat-
egies that will help individuals, com-
munities, and military units become 
cognitively resilient to misinforma-
tion campaigns.

A

B C
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HUMANS IN COMPLEX SYSTEMS

BIOMATHEMATICS PROGRAM

Dr. Virginia Pasour
Program Manager

Dr. Pasour completed 
her M.S. in Biostatis-
tics at the University 
of North Carolina at 
Chapel Hill in 1995. 
She trained as an ap-
plied mathematician 
specializing in theoreti-

cal ecology at Cornell University, receiving 
her Ph.D. in Applied Mathematics in 2007. 
She came to ARO in 2009, after postdoc 
positions at the University of California, Los 
Angeles, and Duke University, as the first 
Program Manager (PM) for the Biomathe-
matics Program.

Current Scientific Objectives

1| Identify and mathematically formulate the fundamental principles of biological 
structure, function, and development, applied across different biological systems 
as well as multiple spatial and temporal scales that, if successful, will expand the 
fundamental laws of biology to support applications that benefit the Warfighter.

2| Study the collective behavior resulting from smaller-scale heterogeneous elements 
to better understand multiscale modeling/inverse problems and advance hybrid 
modeling to optimize the use of biological data in mechanistic modeling that, if 
successful, will elucidate the connection, for example, of stem cells to tissue and 
organ development or disease processes within the human body to the behavior of 
epidemics with the aim to improve Soldier performance and treatments for post-
traumatic stress disorder, traumatic brain injury, and other brain-related disorders 
suffered by the Warfighter.

3| Motivate, more generally, the creation of new mathematics that, if successful,
will contribute in as-yet-unforeseen ways to biology and the field of mathematics.

SUCCESS STORY 

Training Biophysical Thalamocortical Models to Play Games 
Through Biologically Realistic Reinforcement Learning Rules
This ARO initiative resulted in biologically plausible learning algorithms that were effective in training 
spiking neuronal network models to solve problems in dynamic environments. The resulting models were 
used to dissect the circuit architectures and learning rules most effective for learning and will ultimately 
offer novel predictions on the biological mechanisms supporting learning behaviors.

CHALLENGE

Recent technological breakthroughs enable 
neuroscientists to obtain abundant recordings 
of multiscale brain activity. Although the new 
techniques produce vast amounts of data, 
theoretical breakthroughs in understanding 
decision-making and behavior are lagging due to 
the lack of a coherent framework that addresses 
how adaptive dynamics in complex neuronal circuits 
contribute to perception, behavior, and cognition. 
Two fields of research—artificial intelligence 
(AI) and computational neuroscience—that in 
recent history have only marginally influenced 
each other could both be revolutionized by being 
brought together to understand the brain’s control 
of behavior. The recent AI developments in deep 
learning enable abstract neural networks to 
perform well in game playing and autonomous 
vehicle control, mimicking certain aspects of 

human decision-making and behavior. However, 
due to the abstracting away of biological detail, 
the AI approaches provide little insight into actual 
brain mechanisms underlying the choices made. 
This research initiative is based on the hypothesis 
that bottom-up, data-constrained, biophysically 
realistic neural modeling and top-down AI-style 
modeling can deepen our understanding of the 
brain’s mechanisms of decision-making and its 
dynamic control of behavior.

One particular challenge in this area of research 
is the credit assignment problem, which arises 
when algorithms must determine the role of 
circuit components that contribute to a behavior. 
To get a sense of the scale of this issue, consider 
a moderately sized neuronal network consisting 
of tens of thousands of neurons and on the order 
of millions of synaptic connections between 
the neurons. Activating a neuron could lead to 

This success was made possible by:
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a complex sequence of events involving many 
other downstream neurons getting activated, 
potentially leading to a network output, and 
producing a desirable or undesirable behavior. But 
how does an algorithm determine which neuron or 
synapse activated along the way contributed to the 
behavior? In the ARO-funded research, the scientists 
used inspiration from biology to devise strategies to 
overcome these issues. The algorithms employed 
spanned multiple temporal scales and consisted 
of spike-timing-dependent reinforcement learning 
and evolutionary algorithms. The researchers 
demonstrated the effectiveness of these algorithms 
on newly developed models of visual/motor and 
sensory/motor neuronal networks by successfully 
training the models to play multiple video games. 
In future work the researchers plan to scale-up the 
complexity of the simulated environments and 
brain circuits modeled. One planned task includes 
development of mammalian brain navigation circuit 
models, which include multiscale representations of 
space. The researchers plan to train these models 
to perform spatial navigation tasks using their 
neurobiologically inspired learning algorithms.

ACTION

When Dr. Pasour arrived at ARO and started working 
as the first PM for the ARO Biomathematics Program, 
her two main thrust areas have been Fundamental 
Laws of Biology and Multiscale Modeling/Inverse 
Problems. Recognizing the relevance of both of these 
areas to neuroscience as well as the importance of 
neuroscience to Soldier health and performance, 
Dr. Pasour established regular communication 
with ARO Neurophysiology of Cognition PM Dr. 
Frederick Gregory (ARL), along with a number of 
former ARL scientists. Dr. Pasour’s communication 
with Dr. Gregory has resulted in regular co-funding 
of projects strong in experimental and theoretical 
neuroscience, and her relationships with Dr. 
Gregory and former ARL scientists have allowed 
Dr. Pasour to receive invaluable advice on possible 
funded projects with long-range potential for Army 
relevance, as well as provided a clear transition 
path. In 2017, ARL’s Dr. Piotr J. Franasczcuk met 
Prof. Samuel A. Neymotin (New York University 
Grossman School of Medicine) at a Society for 
Neuroscience meeting, where Prof. Neymotin 
presented a poster, and they discussed his research 
and its potential for DoD relevance. This meeting 
led to an invited talk with ARL at Aberdeen Proving 
Ground, Maryland, a few months later, where Prof. 
Neymotin met additional ARL scientists. Because 
of their ongoing communication and interest in each 
other’s science, ARL scientists Drs. Franasczcuk and 
David L. Boothe thought of Dr. Pasour’s program as 

a potential funding mechanism for Prof. Neymotin’s 
research that could be directly leveraged by ARL 
scientists; they suggested Prof. Neymotin get in 
touch with her. Dr. Pasour recognized the novelty 
of Prof. Neymotin’s work as well as the potential 
for new insight into ways in which machine learning 
(ML) can contribute to mechanistic mathematical 
modeling. After receiving buy-in from Dr. Gregory,
she helped guide Prof. Neymotin in crafting a high-
risk, high-reward project of high relevance to the 
ARO Biomathematics and Neurophysiology of
Cognition Programs; in addition, ARL scientists
would be able to leverage the research findings. With 
Dr. Pasour’s feedback and help, Prof. Neymotin put 
together a full proposal that received unanimously 
positive reviews and was funded in July 2019.
Prof. Neymotin has gone far beyond contributing 
to basic science in his field with Dr. Pasour’s
mentoring, regularly contributing to DoD-related 
STEM education by participating yearly in the High 
School Apprentice Program and the Undergraduate 
Research Apprenticeship Program, presenting his 
research at the recent Humans in Complex Systems 
Competency review by the National Academy of 
Sciences, and establishing a direct collaboration 
with ARL scientists as a visiting Fellow.

RESULT

Resolving the credit assignment problem is 
fundamental to training neuronal networks to 
perform behaviors. Further complicating the 
credit assignment problem is the potentially 
long delay between a model-initiated action 
and (positive/negative) feedback received. 
Two opposing approaches illustrate solutions 
to the credit assignment problem. In a naïve 
and inefficient approach, an algorithm would 
systematically modulate the strength of each 
synaptic connection and after each modulation 
evaluate how well the model performs a given 
task. Of course, this solution scales poorly since 
even in moderately sized models with thousands 
of neurons and millions of synapses the algorithm 
would take an extremely long time to complete. AI 
and deep learning researchers have taken a different 
approach, using calculus to calculate the error with 
respect to the neural network’s synaptic weights 
and using that information to modify individual 
synaptic weights using “backpropagation of 
error.” Although this solution is effective, it is not 
how the real brain learns, and therefore using such 
a solution prevents us from gaining insights into 
neurobiology. Furthermore, in contrast to the brain, 
the backpropagation algorithm is extremely data-
intensive. Resolving the credit assignment problem 
in a biologically plausible manner is required to 
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efficiently train neuronal network models consistent 
with our knowledge of the brain.

In this project ARO-funded scientists used 
neurobiology as inspiration to overcome these 
challenges by developing new learning rules that 
account for the activation times of neurons 
contributing to behaviors (Figure 1). Briefly, when 
two neurons are activated over a short interval, this 
produces synchronous activation of downstream 
neurons and often a discernible behavioral output 
from the network. Therefore, the synaptic 
connection between neurons that fire within a short 
interval is “tagged.” Later, environmental feedback 
that marks the behavior as “good” versus “bad” is 
provided to the model. At this point the previously 
tagged synapses are strengthened for good behavior 
or weakened for bad behavior, which increases the 
chance for appropriate behavior in the future. The 
researchers developed further optimizations to the 
algorithm based on the brain’s cerebellar system, 

which provides a “supervised” learning signal that 
includes knowledge of which neurons contribute to 
specific motor commands to decide whether and 
how to modify their synapses (targeted learning 
rule in Figure 1). For example, when the correct 
behavior is to move “up,” only the input synapses 
of the “up” motor neuron population responsible for 
movement are strengthened, and the “down” motor 
neuron population has its input synapses weakened. 
The researchers found that the new targeted 
learning algorithm reduced the time required to 
reach optimal performance.

Figure 1. Spike-timing dependent reinforcement learning framework used to train a model of visual/
association/motor cortex to play Pong (racquetball) game. (A) An exponentially decaying synaptic eligibility 
trace (ET) is triggered after postsynaptic neuron firing within a short time window after presynaptic neuron 
firing. If a reward or punishment signal is delivered while ET > 0, synaptic weight is potentiated or depressed 
proportional to ET. (B) Intermediate reward paradigm delivers rewards to the model for each action it 
takes based on whether the action moved the racquet toward the projected location of the ball for a hit 
or away. (C) Three different reinforcement learning (RL) versions used (V : visual, A : Association, and M : 
Motor areas): non-targeted RL, all motor neurons receive ET; targeted RL, motor neurons that contributed 
to the action receive ET and motor neurons in population for the other directions receive negative ET; and 
retrograde targeted RL as in targeted RL, but middle/hidden layer synaptic connections also receive ET, 
with ET amplitude reduction based on number of back-tracked connections.

Next, the researchers adapted population-
level learning algorithms inspired by evolution 
to adapt synaptic weight matrices of spiking 
neuronal networks. Briefly, this algorithm creates 
a population of models by sampling from a “best” 
weight matrix with random initialization. Each 
model is instantiated and run with its fitness on 
a behavior (e.g., video-game play) measured. The 

Results

• Developed biologically plausible 
targeted spike-timing-dependent 
RL algorithms and used them to
train visual-motor cortex spiking 
neuronal network models to play 
the Pong video game. 

• Developed multi-timescale evolu-
tionary and spike-timing-depen-
dent RL algorithms for spiking
neuronal networks and used the 
algorithms to train models of sen-
sory-motor cortex to optimally play 
the Cartpole game.

• Demonstrated that evolutionary 
algorithms produce more robust 
performance than spike-timing-de-
pendent plasticity RL when used 
in small (hundreds of neurons)
spiking neuronal network models 
trained on dynamic behaviors. 

• Developed visualization maps to 
demonstrate that after learning be-
haviors in dynamics environments,
motor neurons develop selective 
activation to specific sensory/vi-
sual input patterns, enabling the 
models to generate appropriate
actions given an environmental
context.
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fitness of the model then determines how much 
that model’s weight matrix contributes to the 
“best” weight matrix on the next iteration. Iterating 
this algorithm over successive generations led to 
optimal and robust performance in playing the 
Cartpole video game. By implementing the suite 
of learning algorithms, the researchers were able 
to teach neuronal networks to play different video 
games, including Pong and Cartpole, using feedback 
from the simulated game environments. Overall, 
the research demonstrates how inspiration from 
biology can be used to develop novel ML algorithms 
and make strides toward replicating a real brain’s 
learning capabilities.

WAY AHEAD

The ARO-funded scientists in Prof. Neymotin’s lab-
oratory have begun collaborating with scientists at 
ARL, including Drs. Boothe and Franaczscuk. As 
part of this collaboration, Prof. Neymotin recently 
started as a visiting Fellow at ARL as part of the 
Neuro-Inspired Spatial Reasoning project in Hu-
mans in Complex Systems. This new collaborative 
research leverages the biologically inspired learning 
rules and algorithms developed by the ARO-funded 
project. The focus of the collaborative research is 
to understand how the mammalian brain’s hippo-
campal circuits contribute to spatial navigation and 
reasoning tasks and to use the knowledge gained 
to develop improved ML algorithms geared toward 

spatial navigation. The researchers have developed 
a preliminary model of the hippocampal navigation 
circuits (Figure 2), which includes grid cells and 
place cells, with biologically realistic spatially se-
lective receptive fields. These neuronal populations 
were interconnected with a motor neuron circuit that 
controls an agent’s navigation in a 2D environment. 
The researchers were able to teach the model using 
the previously developed neurobiological learning 
rules to navigate the agent to stationary targets 
at different locations. In continuing work the re-
searchers are testing the ability of the models to 
learn to navigate toward moving targets by includ-
ing additional visual representation areas in the 
model, offering additional understanding of how 
multimodal (visual/spatial) information is integrated 
in brain circuits and used for adaptive behavior. This 
research is also being conducted in collaboration 
with scientists at the University of Tennessee led by 
Prof. Vasileios Maroulas, who specializes in applied 
mathematics and deep learning. The insights gained 
from the biomimetic modeling using the detailed 
models of neuronal circuitry will ultimately pave 
the way toward improved deep learning network 
architectures optimized for spatial navigation tasks. 
By enhancing human interpretability of the learn-
ing taking place in bio-realistic architectures, the 
interdisciplinary research will also set the stage 
for improved interactions between humans and 
bio-mimetic agents. 

Figure 2. Modeling hippocam-
pal spatial navigation circuits. 
(A,B) Grid cell receptive fields 
at various spatial scales/
spacings. (C) Simulated path 
of agent traversal in environ-
ment. (D) Movement in space 
activates hippocampal circuit 
model (raster plot). Neurons 
display synchronized firing 
patterns driven by interneuron 
feedback inhibition. Conver-
gence of grid cells onto place 
cells produces multiple irregu-
larly arranged receptive fields 
(E) and place fields with height-
ened firing when the agent is in 
that location (F). (Space uses 
arbitrary units.)

Anticipated Impact

These computational neuroscience 
approaches to uncover brain fea-
tures used in learning, sensorimotor 
processing, and spatial reasoning 
elucidate how the brain creates the 
multiple abstract representations 
of movement, space, and time that 
underlie the human capability of 
responding robustly to novelty and 
context. These features will be used 
to improve human−machine teaming 
in related sensorimotor integration 
and spatial reasoning tasks as well as 
create the foundation for these teams 
to move into more complex problem 
spaces requiring abstract and flexible 
representations.



123  |  ARO IN REVIEW 2022

SUCCESS STORY 

A “Shotgun” Approach to Genome-Level Predictive Models
This ARO initiative resulted in a computational pipeline that will enable efficient analysis of virtual 
representations of real-world biological systems, called “virtual patients” (VPs), which will allow researchers 
to utilize available data to understand biological and medical complexities. To develop this pipeline, 
the researchers united the strengths of different theoretical methods including machine learning (ML), 
mechanistic modeling, and dynamical analysis to overcome the limitations of each individual method.

CHALLENGE

Different patients with the same disease often 
respond dissimilarly to identical treatments. Such 
heterogeneity makes it necessary for the modeling 
community to go beyond the presumption of “one 
disease, one model” and introduce the idea of VPs to 
incorporate heterogeneity. Typically, VPs comprise a 
collection of mathematical models that have similar 
or identical structures (i.e., equations) and different 
parameter values, which are estimated from clinical 
data. By mimicking a heterogeneous patient 
population and the different responses to identical 
treatments, the study of VPs helps to resolve the 
uncertainty deriving from patient heterogeneity 
during the medical decision-making process. 

However, the increased utilization of VPs also brings 
new computational challenges. First, traditional 
sensitivity analysis has been used to investigate 
the dependence of model dynamics on changing 
parameter values. In local sensitivity analysis, 
the change in some output of a model (e.g., the 
steady state of a dynamical variable) is measured in 
response to a small change in a single parameter. In 
global sensitivity analysis, multiple parameters are 
changed simultaneously and the resulting changes 
in model behavior are analyzed. It is straightforward 
to carry out sensitivity analysis for a single model 
with a fixed set of parameter values; however, since 
each VP in a cohort has a different set of parameter 
values, a new sensitivity analysis is required 
for each VP in a population of tens of thousands 
of VPs. This task would demand a tremendous 
amount of computational and human resources 
and significantly increase the cost of utilizing VPs. 

A second challenge centers on the fact that 
parameter changes necessarily result in different 
behaviors. Changes in parameters that reflect 
differences in molecular control circuits should be 
associated with different physiological changes. 
Current models, however, cannot accurately link the 
driving differences found across the population of 
VPs to the underlying molecular control circuits of 
interest. While parameter changes necessarily result 
in different behaviors of a mathematical model, 
it is unclear how these changes in system-level 

behaviors are associated with specific parameter 
changes. The lack of a clear connection between the 
system behaviors and the responsible parameters 
prevents users from properly understanding VPs 
and properly applying them.   

ACTION

After joining ARO in October 2009, Dr. Pasour 
explored Defense Advanced Research Projects 
Agency (DARPA) programs and quickly discovered 
DARPA FunBio, which was relevant to her 
Biomathematics Program. Although FunBio was 
ending, she played a key role in developing the 
follow-on program Biochronicity and in the source 
selection for the program. Among the resulting 
participants was a team led by Prof. Christian Hong 
at the University of Cincinnati whose goal was to 
uncover general principles of network dynamics 
in systems biology. After Prof. Zhang joined the 
University of Cincinnati as an Assistant Professor 
in 2015,  he began regular discussions with Prof. 
Hong about research and education in systems 
biology. During one of their discussions, Prof. Hong 
suggested that Prof. Zhang contact Dr. Pasour, 
whom he had met through DARPA Biochronicity 
and who was actively promoting the adaptation 
of existing mathematics and creation of new 
mathematical modeling techniques to uncover 
fundamental relationships in biology. Prof. Zhang 
emailed Dr. Pasour about his background and 
research interests and, after a phone conversation, 
was encouraged by Dr. Pasour to submit a proposal 
to the Biomathematics Program. This ARO support 
made possible the development of the cutting-
edge computational pipeline and supported the 
thesis research of a Ph.D. student. Motivated by 
Prof. Zhang’s enthusiasm for DoD relevance in his 
research, Dr. Pasour introduced him to Walter Reed 
Army Institute of Research (WRAIR) Chief Scientist 
Dr. Marti Jett, and they discussed potential follow-on 
work for his ARO grant through the Congressionally 
Directed Medical Research Program and the 
National Institutes of Health. This federal level, 
peer-reviewed extramural funding also made a 
significant contribution to the career progression 
of Prof. Zhang, who was promoted to associate 
professor with tenure in 2021. 
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RESULT

Prof. Zhang developed an integrated pipeline that 
combines ML with bifurcation analysis. Within 
this pipeline, ML is used to efficiently explore 
the behaviors of thousands of VPs and quickly 
discover the parameters that are most significant in 
determining some specific responses of these VPs. 
Meanwhile, bifurcation analysis is used to provide 
deeper mechanistic insights into how the qualitative 
dynamics of the mathematical model (i.e., the 
system-level behavior of the model) emerge from 
changes of specific parameter values. 

The pipeline (Figure 1) takes advantage of the 
distinct strengths of ML and mechanistic modeling, 
allowing each method’s strengths to overcome the 
other’s limitations. ML is a “black-box” method that 
quickly identifies features of significant impact and 
provides targets for a refined analysis by dynamical 
systems theory. Conversely, bifurcation analysis is 
a “white-box” method that reveals how underlying 
molecular mechanisms account for the features 
identified by ML. Together, these two methods 
provide timely and understandable analysis of the 
heterogeneity of VPs. When these two methods are 
combined, the rapid-but-rather-superficial 
correlations identified by ML algorithms would be 
supplemented with the deep mechanistic insights 
provided by dynamical analysis. 

Figure 1. The computational pipeline allows both efficient and solid analysis of virtual patients. 

Although its “proof of principles” has been 
demonstrated, this pipeline still needs to be tested 
and further improved in concrete biomedical 

systems. To test the new pipeline with specific 
diseases, Dr. Pasour’s introduction to Drs. Jett and 
Ruoting Yang at WRAIR led to a discussion about 
how the pipeline could be applied to promote the 
understanding, diagnosis, and treatment of patients 
with PTSD. Their discussions have yielded many 
novel and exciting ideas about how an integrated 
modeling and ML methodology could be applied 
and further developed to help patients with PTSD.

WAY AHEAD

The ARO award has allowed Prof. Zhang to develop 
a novel and powerful computational pipeline 
that integrates ML, mechanistic modeling, and 
dynamical analysis. With the synergistic integration 
of different methods, this pipeline overcomes the 
limitations of each individual method and offers 
unprecedented power. The further development 
and broader adoption of this pipeline promise 
to contribute to model optimized diagnosis and 
treatment in clinical practice, and model informed 
development of novel drugs.

As the pipeline includes both a data-driven and 
mechanistic modeling end, it would be more 
effective to further develop this pipeline from 
both ends and then close the loop when both ends 
are mature. On the data-driven modeling end, 
the discussions between Prof. Zhang and WRAIR 
researchers (Drs. Jett and Yang) have led to the 
understanding that abundant data have been 
collected in patients with PTSD; however, new 
methods and cutting-edge research are still needed 

ARL Competencies:

Humans in Complex Systems

Biological and Biotechnology Sciences

Results

• Developed an integrated pipeline 
that combined ML and bifurcation 
analysis. 

• Demonstrated that the novel pipe-
line can be applied for efficient
and robust analysis of thousands
of VPs.

• Captured the heterogeneous mal-
function of hypothalamic–pitu-
itary–adrenal (HPA) axis observed 
in real patients with VPs.

• Developed a computational plat-
form to facilitate the verification 
and validation of HPA axis models. 
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to analyze these data and extract useful insights to guide the prevention, 
diagnosis, and treatment of PTSD. 

To address this challenge, Prof. Zhang plans to build new and improved 
data-driven tools for PTSD and other types of depression. If successfully 
developed, these new tools would help clinicians to extract biomarkers 
directly from data collected in depression patients to improve their diagnosis 
and treatment. The development of such clinical support tools seems well 
suited to the mission of the National Institute of Biomedical Imaging and 
Bioengineering (NIBIB), which is to “transform through engineering the 
understanding of disease and its prevention, detection, diagnosis, and 
treatment.” Hence, Prof. Zhang plans to collaborate with Drs. Jett, Yang, 
and Dr. Nelson (a clinician treating depression patients in Cincinnati, who 
has been collaborating with Prof. Zhang) to develop competitive proposals 
and to work with NIBIB to further develop data-driven tools to improve the 
diagnosis and treatment of depression. 

Meanwhile, Prof. Zhang plans to apply the mechanistic modeling power 
of the pipeline to investigate the dynamical changes of TBI and their 
underlying mechanisms. Significant mechanistic understanding and plenty 
of dynamical data have been collected on this process; however, the lack 
of a robust and solid mechanistic model prevents the researchers from 
effectively utilizing the accumulated findings to help Soldiers suffering 
TBI, in spite of the fact that more than 313,816 service members have 
sustained a TBI in training or combat. To fill this gap, Prof. Zhang and Dr. 
Pasour plan to collaborate with Drs. Jett, Yang, and other TBI researchers 
from ARL to develop verified and validated mechanistic platforms of TBI. 
Once developed, these mechanistic models would be valuable tools that 
researchers and clinicians can use to better understand the dynamical 
process of TBI, develop new drugs, and design optimized treatments to 
minimize the negative consequence of TBI in Soldiers and civilians alike.

In the long run, Prof. Zhang plans to close the data-driven and mechanic 
modeling ends of the improved pipeline to develop credential platforms that 
combine this data and knowledge to explain how TBI could lead to PTSD 
in some but not others. If successful, such faithful in silico representation 
of the dynamical and complex processes that can span decades in real 
people (“digital twins”) would allow researchers to efficiently experiment 
with different scenarios and design optimized measures to prevent PTSD 
before or immediately after a person experiences TBI. Furthermore, the 
improved computational pipeline would serve as a general and powerful 
tool to help understand, diagnose, and treat many complex diseases that 
are still intractable today. 

Anticipated Impact

The pipeline developed here is a use-
ful tool to effectively utilize available 
knowledge and data to deeply under-
stand biological systems and design 
optimized treatments for complex 
diseases including brain trauma and 
PTSD. This research also has the po-
tential to enable new capabilities in 
monitoring disease progression and 
forecasting disease prognoses.
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MECHANICAL SCIENCES

EARTH MATERIALS AND PROCESSES PROGRAM

Dr. Julia Barzyk
Program Manager

Dr. Barzyk completed 
her undergraduate stud-
ies at the University of 
Rochester, receiving her 
B.A. in Geology in 1998. 
She received an M.S. in 
Geological Sciences 
from the University of 

Florida in 2000 and an M.S. in Environmen-
tal Science and Policy from the University 
of Chicago in 2002. She received her Ph.D. 
in Geophysical Sciences from the Univer-
sity of Chicago in 2007. She came to ARO 
in 2015 as the Program Manager for the 
Earth Materials and Processes Program.

Current Scientific Objectives

The Earth Materials and Processes program seeks to enable maneuver, communication, 
and situational awareness in all terrain through understanding and predicting the physical 
and mechanical properties and behaviors of rocks, soil, and man-made earth surfaces 
and their interactions with their surrounding environment. The program is especially 
interested in interdisciplinary efforts that could be eligible for cross-discipline support. 
Topics for consideration include but are not limited to the following: 

1| Research on fundamental processes within the built environment: How natural and 
artificial surfaces (e.g., soil, sand, or concrete) store and conduct energy depending 
on their spatial relationships, inherent material properties, and imparted features 
such as moisture storage and evapotranspiration. Detailed characterization of these 
environments will enable prediction of geophysical and environmental processes 
in diverse urban settings. 

2| Science to advance environmental security: These efforts must focus on the 
fundamental knowledge that will inform new approaches and tools to predict 
and mitigate risks posed by changing environments and extreme weather events, 
and to ensure access to natural resources.

SUCCESS STORY 

Spatial Variability in Aeolian Abrasion
This research was able to quantify the magnitude of aeolian abrasion as a function of distance away from 
a sand dune source and has implications for preventing and mitigating abrasion of Army equipment. 

CHALLENGE

Wind-driven sediment transport dominates arid 
landscape evolution. In particular, wind-blown sand 
forms dune fields and erodes exposed surfaces 
through abrasion. Aeolian dunes often serve as a 
sand source for abrasion; however, the relationship 
between the magnitude of abrasion and distance 
from a sand source remains poorly constrained. 
Previous work on aeolian abrasion has focused 
on ventifacts, wind-carved cobbles and boulders 
that record the direction of erosive winds in their 
pattern of surface erosion. These geologic indicators 
provide robust evidence that wind-abrasion has 
occurred, but without more information provide little 
insight into the magnitude or rate of surface erosion. 
Aeolian abrasion can cause significant damage 
to both natural and engineered materials, but 
sometimes proximity to sand sources is unavoidable. 
A quantitative understanding of how aeolian erosion 
rates vary with material type and distance from a 

dune field would facilitate better-informed decision-
making in arid regions and provide expected rates 
of degradation from aeolian abrasion that could be 
used in planning and risk management.

The primary scientific objective of this research, 
which was conducted under the supervision of Prof. 
Mackenzie Day at the University of California, Los 
Angeles, was to quantify the magnitude of aeolian 
abrasion as a function of distance away from a sand 
source. This was studied by measuring the mass 
loss rates of a variety of samples of different mate-
rials deployed in the field. The study area was Ibex 
Dunes in Death Valley National Park (Figure 1). One 
major goal of the project was to quantify erosion 
rates, and another necessary goal was to under-
stand the transport patterns in the study area. For 
the former, different materials were mounted to 
sample racks at five heights, and the initial mass of 
the samples was measured. To quantify mass loss, 
the mass of each sample was measured at subse-

This success was made possible by:

Dr. Julia Barzyk; Earth Materials and 
Processes, ARO 
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quent field visits. For the latter goal, to contextual-
ize sediment transport in the area, two weather 
stations were placed to measure wind speed and 
direction, as well as other environmental properties, 
over the duration of the study. Each sample rack 
was also accompanied by a sediment trap that re-
corded the flux of sediment at four heights above 
the surface. Finally, ventifacts, naturally occurring 
wind-abraded cobbles in the study, were measured 
to compare modern winds with winds over geolog-
ic time. By repeatedly visiting the study area and 
measuring the mass loss on samples, the team 
determined rates of abrasion as a function of dis-
tance from the sand dune field.

Figure 1. Study area and field monitoring equipment. 
(a) The Ibex Dune Field (outlined in orange) sits in a 
valley between the Ibex and Saddle Peak Hills. (b) 
Samples were mounted to PVC cubes and placed in 
the study area as shown in (a). (c) Modified Wilson 
and Cook sediment traps accompanied each sample 
abrasion rack. (d) Weather stations placed in the
valley recorded wind speed and direction over the 
entire study period.

ACTION

This project originated when the program manager 
was speaking with another principal investigator 
(PI) about challenges related to the study of 
dust. Because the program manager had been in 
extensive conversations with ARL scientists who 
study the effects on dust in engines and approaches 
to mitigation, the program manager communicated 
that to the PI. That PI suggested that the program 
manager get in touch with Prof. Day because she 

was developing the ability to perform very detailed 
characterization on the magnitude and trajectory of 
dust flux in a field environment. Through discussion 
with Prof. Day, it was determined that understanding 
the spatial distribution of dust flux would be a 
technical challenge, but results would have value 
to the Army. 

RESULT

The major accomplishment of this work is the 
quantitative measurements of erosion as a 
function of space. The results are being drafted 
into a manuscript for forthcoming peer-reviewed 
publication. The data collected in this work is 
sufficient to quantify erosion as a function of 
distance from an active source and allow for 
predictive estimates of abrasion at other locations 
that can be applied to engineering and longevity 
constraints of future projects.

WAY AHEAD

A meeting is being planned to present these results 
to ARL researchers working on dust in engines to 
explore the potential application of these results 
to Army models. 

Figure 2. Abrasion magnitude (bar thickness) as 
determined from sample mass loss from gypsum 
plaster samples at six different heights (colors). The 
data shown are from the south-facing cube faces 
and are shown on the satellite image of the study 
area at the sampling location in the field. Note that 
abrasion is at its maximum (1) near the dune field 
in the east, and (2) within 3 inches of the ground.

ARL Competencies:

Mechanical Sciences

Military Information Sciences

Results

• Quantified erosion as a function
of distance from an active source, 
enabling predictive estimates of 
abrasion by location. 

Anticipated Impact

The results from this study can be 
used to predict and mitigate dam-
age to equipment and infrastructure.
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SUCCESS STORY 

Grain Shape Effects in Bed Load Sediment Transport
Development of a new theory that explains the effects of grain shape in sediment transport.

CHALLENGE

Geologists and engineers do not know how to 
account for grain shape in sediment transport by 
water or wind, despite how important sediment 
transport is for wearing down mountains, moving 
material across continents, and shaping coasts. 
Efforts to account for grain size have been underway 
for nearly a century, and all major theories for 
sediment transport include grain size. And yet, 
predictions of sediment transport rates can still 
be off by a factor of 10 or more—perhaps because 
they fail to account for grain shape.

To tackle this challenge, Profs. Taylor Perron and Ken 
Kamrin at Massachusetts Institute of Technology 
directed the first laboratory experiments to explore 
systematically how granular materials with a wide 
range of shapes behave in sediment transport.

Their team ran a series of flume experiments with 
five different grain shapes, ranging from perfect 
spheres to natural river gravel (Figure 3). All five 
materials had a similar density and grain size. In 
each experiment, water and sediment were fed into 
the upstream end of a flume at a constant rate, and 

the sediment bed was allowed to build up a steeper 
and steeper slope until the outgoing sediment flux 
at the downstream end matched the feed rate at 
the upstream end. The team then measured how 
steep the slope of the bed had to build up in order 
to transport the grain shape in each experiment. 

A

B

C

D

E

Figure 3. Granular materials 
used in the experiments: (A) 
Spheres, (B) faceted ellip-
soids, (C) rounded chips, and 
(D) unpainted (left) and painted 
(right) natural gravel. Painted 
gravel was used in the experi-
ments to aid automated grain 
identification. (E) Rectangular
prisms. White scale bars are
1 cm. Materials in (A) and (B) 
have uniform grain shapes,
whereas shapes of the mate-
rials in (C-E) vary from grain to 
grain. All artificial materials are 
made from glass, which has a 
density similar to rock. Repro-
duced from Deal et al. (2023).

ACTION

Both PIs on this effort had been supported by ARO 
prior to this research, and the program manager 
encouraged a collaboration between the two PIs 
who bring expertise in earth surface processes and 
granular materials. This began a productive research 
partnership that has led to major advances in 
experimental and computational approaches to the 
study of granular earth materials, the most recent 
accomplishment being the results on grain shape.

RESULT

The experiments revealed a strong effect of grain 
shape on bed load sediment transport (Figure 4). 
Informed by these experimental results, the team 
developed a new theory that explains the effects of 
grain shape in sediment transport and collapses 

This success was made possible by:

Dr. Julia Barzyk; Earth Materials and 
Processes, ARO 

Citations:

Deal, E. et al. Nature (2023, in 
press). 
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the experimental data onto a single trend for all shapes. Many previous 
studies of granular materials have been conducted using spherical particles, 
which are simpler to study and can typically provide some insight into 
granular earth materials. However, these new experiments show that results 
from spheres may not apply directly to natural sediment. Fortunately, the 
newly developed theory provides a way to make such comparisons.

WAY AHEAD

The results of this research will be published in Nature in 2023. Meetings 
are being planned with ARL scientists working on the development of new 
materials to explore how these results could be applied to existing methods 
to obtain desired engineering properties of granular materials. 

Figure 4. Comparison of grain shape theory with laboratory flume data. (a) Nondimensional sediment 
flux (q*) as a function of the conventional Shields number (τ*)—a dimensionless measure of flow shear 
stress—for the five granular materials in Figure 3. Lines are fits of a conventional bed load transport relation. 
(b) Nondimensional sediment flux as a function of a drag-corrected Shields number. (c) Nondimensional 
sediment flux as a function of a friction-corrected Shields number. (d) Drag-corrected sediment transport 
coefficient as a function of bulk friction coefficient. (e) Drag-corrected threshold of sediment motion as a 
function of bulk friction coefficient. (f) Friction-corrected sediment transport coefficient as a function of 
drag coefficient. (g) Friction-corrected threshold of sediment motion as a function of drag coefficient. In 
(d-g), the black solid line is the predicted relation using parameters averaged across the five materials. (h) 
Nondimensional sediment flux as a function of shape-corrected Shields number, which accounts for the 
effects of grain shape on both fluid drag and granular friction. The dashed line is the prediction from the 
new grain shape theory. In all panels, error bars are one standard error of the mean, and shaded regions 
are 95% confidence intervals. Reproduced from Deal et al. (2023).

ARL Competencies:

Mechanical Sciences

Sciences of Extreme Materials

Results

• Developed a new theory that ex-
plains the effects of grain shape
in sediment transport.

Anticipated Impact

Utilize new methods to predict how 
grain shape affects behavior of sed-
iments.
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MECHANICAL SCIENCES

COMPLEX DYNAMICS AND SYSTEMS

Dr. Dean Culver
Program Manager

Dr. Culver came to ARO 
from intramural Army re-
search, having earned his 
Ph.D. at Duke University 
studying emergent phe-
nomena in high-dimen-
sional structural systems. 
His current research inter-

ests include unified models of controllable 
systems, the mechanics of nonequilibrium 
motors, and hierarchical mechanics.

Current Scientific Objectives

1| Characterization of embodied intelligence and morphological computation in
order to quantify the nature of information in an autonomous agent as well as 
quantify versatility, adaptability, and maneuverability.

2| Exploration of nonequilibrium and stochastic systems – challenging the
barrier between model fidelity and stochastic processes in order to learn novel 
characteristics of energy and information at small scales or in extremely high 
dimensions.

3| Modeling hierarchical and heterogeneous systems – pushing the frontier of
our physical understanding of phenomena like turbulence, energy dissipation, 
magnetohydrodynamic systems, and systems featuring intricate architecture 
at different scales.

SUCCESS STORY 

What We Can Still Learn from Latched Spring-Masses
In the summer of 2022, many members of the Latch Mediated Spring Actuator (LaMSA) Multidisciplinary 
University Research Initiative (MURI) led by Prof. Sheila Patek at Duke University reached the end of their 
efforts. Their work culminated in an exciting symposium that did more than just report the prolific results of 
the MURI—it charted a path forward in many exciting directions pioneered by performers on the team. Who 
would have known that studying the humble latched spring-mass and its manifestations in extraordinary 
biological systems would challenge the community’s fundamental understanding of mechanical energy, 
information, their transformation in time, and the repeatability of extreme movement?

CHALLENGE

This MURI sought to address four primary scientific 
and technological challenges; the team overcame 
these and more. The first challenge was to define 
the mathematics of impulsive systems. The team 
began with the definition of impulsive units that 
permit analytical approaches and tractable, 
whole-system thermodynamic testing. Second, 
through analyses of energy storage and scaling, 
performers probed causes for why the most extreme 
impulsive systems are exclusively small in biology 
and, with few exceptions, are generally large in 
autonomous engineered systems. Third, the nature 
of asymmetric energy flow was examined, which 
is key to impulsive movement, yet is presently not 
understood in biological materials even though 
engineered systems are well-poised to implement 
rate-dependent material behavior into efficient 
impulsive mechanisms. Finally, both engineered 
and biological impulsive systems have a blind spot: 
neither field currently understands the conditions 

under which momentum or kinetic energy drive 
system-level performance. The team examined 
velocity scaling in the context of momentum 
and kinetic energy across diverse functions and 
environmental conditions. Each objective—a 
successful exploration of one of these challenges—
contributes to a new field of impulsive systems 
that can be translated to scalable, quantifiable 
connections between energy flow, repeatability, 
and whole-system performance.

ACTION

The LaMSA MURI (formerly the Impulsive 
Mechanisms MURI) has been a success in no small 
part due to sustained engagement between ARO 
program management and the grant performers. 
The award was made in 2015, and since then, the 
many program managers involved have identified 
valuable points of engagement between our 
extramural partners and intramural researchers—
particularly those focused on extreme materials, 
autonomous systems, and mechanics. Members 

This success was made possible by:

Dr. Samuel Stanton; U.S. Air Force 
Academy (formerly ARO)

Dr. Ralph Anthenien; Weapons 
Sciences, ARO

Dr. Dean Culver; Mechanical 
Sciences, ARO

Citations:

Steinhardt, E. PNAS 118 (2021).

Harrison, J. et al. J. Exp. Biol. 224 
(2021).

Sutton, G. et al. Integr. Comp. Biol. 
59, 1609 (2021).

Ilton, M. et al. Science 360 (2018).
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of ARO have worked with the MURI team to scope 
and execute a symposium to more broadly and 
effectively disseminate the grant’s profound 
results. In an effort to draw even more well-deserved 
visibility, the extramural team planned visits from 
high-profile members of the Defense community, 
including Undersecretary of the Army Hon. Gabe 
Camarillo. Finally, through the review process 
and participation in team meetings, ARO program 
managers have helped the MURI to scope and 
pursue relevant scientific exploration deep into the 
award as intermediate findings pointed to ripe areas 
of study, including facilitating equipment grants for 
first-of-its-kind high-speed videography.

RESULT

This MURI has helped to rekindle a community-
wide appreciation for bioinspiration—accurately 
identifying the value of fundamental research in 
biological systems for igniting disruptive innovation 
in engineering. The performers have been prolific, 
publishing over 50 academic papers in journals 
and conference proceedings. Their findings are 
inherently multidisciplinary. Journals from many 
scientific domains feature the work of the LaMSA 
MURI: structures, materials, robotics, nanoscale 
engineering, as well as integrated and experimental 
biology. As a consequence of the team’s presence in 
the global conversation around mechanism design 
and bio-inspiration as well as the brilliantly executed 
symposium, their work has collected hundreds 
and hundreds of citations and spawned additional 
proposals in both fundamental and applied spaces. 
Many of these promise to further advance all three 

of the Complex Dynamics and Systems Program’s 
main scientific thrust areas. The inherent multiscale 
nature of LaMSA systems relates directly to the 
hierarchical mechanics thrust. The team has helped 
to illuminate exactly how densely biological systems 
are packed with nonequilibrium systems and critical 
points. And LaMSA systems are excellent platforms 
to study the computational value of morphology. 
The effects generated by this team will be clearly 
felt in the scientific and technological communities 
for years to come.

Figure 1. Design process for an experimental design platform meant to study the effect of latch geometry 
on jump performance on a dynamic substrate. (A) Schematic (B) 3D Model (C) Prototype diagram (D) 
Experiment setup (E) Latch geometry sample configurations

WAY AHEAD

What began as a multidisciplinary effort to explore 
how small biotic systems can move so fast and 
with so much power became the trigger for a much 
broader conversation about the nature of energy 
and information in those systems and engineered 
mechanisms. As the MURI closes, five focus areas 
have been identified for further investigation 
and transition to partners at a higher technology 
readiness level:

• The unique energy flow characteristics of LaMSA 
systems

• Principles of energy storage and release in the 
context of complex structures

• New scaling laws for mechanical power produc-
tion in engineered and biotic systems

• Evolutionary influences on fast, powerful, repeat-
able movements in various species

• Tools for designing, building, and testing engi-
neered LaMSA systems 

ARL Competencies:

Mechanical Sciences

Sciences of Extreme Materials

Biological and Biotechnology Sciences

Results

• Demonstrated and quantified
mechanism performance in nature 
that featured fast, powerful, and
repeatable movement far more ef-
fectively than historical engineered 
systems.

• Defined cascading power limits for 
a subset of LaMSA systems.

• Demonstrated the tunability and 
versatility of engineered LaMSA
systems for applications in small
robotic platforms.

Anticipated Impact

The outcomes of this MURI will en-
able fast, powerful, and repeatable 
movements in future robots and 
mechanisms.
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SUCCESS STORY 

From Data-Driven Operator Theoretic Schemes to Prediction, 
Inference, and Control of Systems
Many real-world systems, including turbulence, network dynamics, neuroscience, locomotion, and 
epidemiology, are characterized by high-dimensional, nonlinear, and multiscale phenomena. The complexity 
of these systems limits one’s ability to infer, predict, and eventually control their behavior. Most methods 
in optimal estimation and control are developed using state (phase)-space methodology. Nonlinear 
behavior is studied as a perturbation of linearized equations around attractors and heteroclinic orbits. These 
methods are fundamentally limited in many applications, such as network dynamics, locomotion, and 
fluid-structure interaction. These systems are strongly nonlinear and are characterized by both intermittent 
and transient dynamics. A recent spectral expansion based—development that enabled progress in such 
high-dimensional nonlinear systems is rooted in the operator-theoretic approach to dynamical systems.

Over the course of this MURI, the team successfully developed a comprehensive theory that pertains not 
only to analysis of high-dimensional systems, but also to inference from data, prediction, and control for 
such systems. This was accomplished by examining both modeled and astonishingly unmodeled systems—
the latter simply a collection of unstructured data. The versatility of the techniques developed speaks to 
its power. It is rigorous and capable of accommodating exceptional degrees of uncertainty relative to its 
predecessors. In all cases the key is an efficient way to find the correct variables of description for these 
systems via spectral properties of associated operators.

CHALLENGE

Notwithstanding its growing success, the operator-
theoretic approach based on spectral expansions 
had many open questions and opportunities for 
advances in theory and application at the onset. 
Non-smooth systems, such as the pendulum that 
receives an impulsive momentum-reducing kick 
at some angle, can have discontinuous dynamics, 
but its state-space structures can still be studied 
using level sets of Koopman eigenfunctions. 
Locomotion—one of the applications that we 
consider here—leads to higher-dimensional 
examples that possess both non-smoothness 
and continuous spectrum. In fluid dynamics, 
increase of Reynolds number leads to a sequence 
of bifurcations featuring increasingly complex 
features of Koopman family spectra where it is 
evident that spectra become broad. Koopman 
modes have also been shown to be responsible 
for storage and transduction of energy in 
networks of oscillators. Such phenomena were 
not completely understood even theoretically, and 
methods needed to be developed to understand the 
underlying principles of sensitivity to parametric 
variation in nonequilibrium systems, the nature of 
the arising continuous spectra, and consequences 
for reduced representation. One final challenge of 
note relates to the idea of stability. In the control 
of complex systems, developers have historically 
relied upon Lyapunov theory to predict stability 
thresholds. This is insufficient in many cases, and 
the application of extended Koopman operator 
theory would not have nearly as much practical 

value without a new framework for characterizing 
stability. Indeed, even agnostic of specific 
application, the challenges facing operator-
theoretic approaches were daunting.

ACTION

ARO program management instantly saw the value 
of spectral operator theory as it applies to control 
and predictive modeling, and socialized the ideas 
and concepts throughout the progressing MURI. 
While this has transitioned to intramural team 
members in the Mechanical Sciences Competency, 
the real work was interfacing directly with the MURI 
performers to relate the planned experiments and 
investigations to broadly relevant topics. Dr. Sam 
Stanton’s and Dr. Matthew Munson’s work truly paid 
off, as the prevalence of Koopman operator theory 
in the community has grown rapidly with this MURI 
as its epicenter.

RESULT

The value of this MURI’s findings cannot be overstat-
ed. The team has produced and continues to refine 
a wholly new technique for predictive modeling in 
high-dimensional control spaces—spaces too intri-
cate for first principles and far too vast for machine 
learning. While both existing control frameworks 
will continue to advance, control schemes made 
possible by this framework will always be ahead—
faster and in most cases more practically useful 
than its counterparts. One may infer how widely 
exciting these discoveries are by simply observing 
the breadth of scientific communities discussing 

This success was made possible by:

Profs. Igor Mezic and Paolo Luzzatto-
Fegiz; University of California, Santa 
Barbara

Prof. Steven Brunton; University of 
Washington

Prof. Beverly McKeon; California 
Institute of Technology 

Prof. Shai Revzen; University of 
Michigan

Prof. Themistoklis Sapsis; 
Massachusetts Institute of 
Technology 

Prof. Yannnis Kevrekidis; Princeton 
University

Drs. Samuel Stanton and Matthew 
Munson; U.S. Air Force Academy 
(formerly ARO)

Dr. Dean Culver; Mechanical 
Sciences, ARO 

Citations:

Lusch, B. et al. Nat. Commun. 
(2018).

Mauroy, A. et al. “Koopman 
operator in systems and control” 
Springer (2020). 

Avila, A. et al. Nat. Commun. 11 
(2020).

Champion, K. et al. PNAS 116 
(2019).
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the team’s results. Their work is published in journals with subject matter 
ranging from fluids to machine learning, biology to traffic, aeronautics to 
mathematics, and robotics to epidemiology.

WAY AHEAD

Figure 1. Demonstration of implications of the developed methodology; 
doing useful work (A) The soft arm identifies the objective and approaches 
it (operator’s hand). (B) After the operator’s hand is removed and the ball 
is supported by the soft arm, the objective changes to the bin (lighted bin 
in bottom left and right, respectively). The soft arm now flings the ball 
at the objective. (C) The ball successfully enters the bin in two different, 
arbitrary locations.

The fledgling Koopman Operator Theory discipline has a vast landscape of 
untapped scientific potential in its immediate surroundings. Many extensions 
of the state of the art are already in development, including the application 
of Koopman and associated techniques to systems experiencing random 
or quasi-random excitation, its implications for optimal control, and its 
relationship to deep learning/neural networks. 

ARL Competencies:

Mechanical Sciences

Military Information Sciences

Network, Cyber, and
Computational Sciences

Results

• Developed disruptively robust con-
trol for soft robots and continuous 
mechanical systems.

• Brought spectral operator theory 
to a level of maturity necessary for 
broad application.

• Applied Koopman operator theory 
to the modeling and/or control of
fluid systems, traffic systems, net-
works, aeroelastic systems, and
robotics.

Anticipated Impact

The results of this MURI will change 
the way predictive modeling and 
control are performed in application 
spaces ranging from robots to disease 
to climate to war games. Few Ar-
my-relevant areas will be untouched 
from this work as it percolates into 
the engineering community.
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MILITARY INFORMATION SCIENCES

MULTI-AGENT NETWORK CONTROL PROGRAM

Dr. Derya Cansever
Program Manager

Dr. Cansever completed his under-
graduate studies at Bosphorus Uni-
versity (Robert College), receiving 
his B.S. in Electrical Engineering. 
He did his graduate studies in Elec-
trical and Computer Engineering 
at the University of Illinois at Urba-
na-Champaign, receiving his Ph.D. 

in Electrical and Computer Engineering in 1985.

He came to ARO in 2017 as the acting program man-
ager for the Communications and Hybrid Networks 
Program and is currently managing the Multi-User 
Network Control Program.

Current Scientific Objectives

1| Determine fundamental limits of, and develop methods for, distributed 
control in large networked systems that, if successful, will support 
efficient and effective implementations of the Army’s goal of distributed 
mission control, without losing sight of the common goal that drives 
its operations.

2| Develop methods for learning in networked control systems, such as 
multi-agent reinforcement learning that, if successful, will drastically 
enhance the operational capabilities of the Army’s autonomous 
systems and protect our Soldiers from high-risk environments. 

3| Develop control methods that ensure the stability of quantum systems 
such as reliable qubits that, if successful, will enable quantum 
computations that can have transformative effects such as breaking 
previously unbreakable codes and solving optimization problems of 
unprecedented scales.

SUCCESS STORY 

Computation and Statistics in High-Dimensional Problems 
of Autonomy 
This ARO initiative has demonstrated that fast-moving multi-agent autonomous systems can produce 
and track optimal trajectories in real time using data-driven controls under uncertain and adversarial 
environments.

CHALLENGE

We aim to identify feasible time-optimal trajectories 
for multi-agent autonomous systems using only 
waypoints, avoiding previously unknown obstacles 
and deriving optimal controls in real-time; all pose 
significant fundamental control, theoretical, and 
computational issues. Using available sub-optimal 
solutions may be risking the effectiveness of multi-
agent autonomous systems.

ACTION

Dr. Cansever identified combined real-time control 
and trajectory planning for multi-agent autonomous 
systems as an important research area for the Army. 
He met with Prof. Sertac Karaman, an expert in 
control theory and aeronautical systems at the 
Massachusetts Institute of Technology, at an 
Institute of Electrical and Electronics Engineers 
(IEEE) Decision and Control conference. They 
discussed open research problems in computational 

issues in reinforcement learning and the control of 
multi-agent autonomous systems. Based on the 
discussions, Dr. Cansever encouraged Prof. Karaman 
to submit a white paper to ARO on computation 
problems in the execution of autonomous systems. 
The white paper and the ensuing proposal eventually 
led to an ongoing ARO project: “Computation 
and Statistics in High Dimensional Problems of 
Autonomy.”

RESULT

Optimal controls for this challenging nonlinear 
system can be derived using an equivalent much 
simpler linear model. This was possible by showing 
that the system is “differentially flat.” That is, the 
nonlinear state can be expressed using a finite 
number of its derivatives. This result represents 
the first instance of flight control algorithms 
that track aerobatic flight trajectories using 
differential flatness. The PIs were able to derive 

This success was made possible by:

Dr. Derya Cansever; Military 
Information Sciences, ARO

Citations:

Tal, E. & Karaman, S. J. Guid. 
Control Dyn. 45 (12), 2332-2349 
(2022).

Wang, T. H. et al. 2022 
International Conference on 
Robotics and Automation (ICRA), 
7745-7752.

Li, X. et al. IEEE Robot. Autom. Lett. 
7 (2), 984-991 (2022).

Liu, Z. et al. 2021 IEEE 
International Conference on 
Robotics and Automation (ICRA), 
13247.
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optimal multi-agent trajectories using 
Bayesian optimization, which overcomes 
the “curse of dimensionality.” This is 
realized by building sequential surrogate 
functions that are trained using past 
data and updated. Experimental results 
closely coincide with theoretical 
predictions.

Figure 1. Coordinated flight at 20 mph. 

WAY AHEAD

This work was presented by the program 
manager in a Weapons Sciences 
Technical Advisory Board meeting 
where it created significant interest. ARL 
researchers are working to incorporate 
the results into their projects. 

Figure 2. Computed reference trajectory and experimental outcome.

ARL Competencies:

Military Information Sciences

Weapons Sciences

Results

• Demonstrated feasibility of con-
trolling precisely and efficiently
a broad class of nonlinear auton-
omous vehicles using equivalent 
and simpler models and cursory
system parameter estimates.

• Opened path to novel solutions
to a challenging set of nonlinear 
control and trajectory tracking
problems.

• Enabled highly agile multi-agent 
autonomous systems with mini-
mum path specifications.

Anticipated Impact

The outcome of this research can 
potentially increase the agility and 
precision control for autonomous sys-
tems, such as the Next Generation 
Combat Vehicle Program.

SUCCESS STORY 

Regaining Control in Reinforcement Learning
This ARO initiative has identified methods on how to generalize the success of reinforcement learning 
obtained in narrowly defined environments in real-world situations with arbitrarily complex attributes.

CHALLENGE

Reinforcement learning agents have demonstrated 
remarkable success in simulated environments. 
For example, the recently developed Google 
“MuZero” agent learns to interact effectively with 
any of a broad range of environment simulators 
and delivers superhuman performance in playing 
chess, go, shogi, and arcade games. It has been 
very challenging to translate this type of success 
in real-world situations where the environment and 
the ground rules are not precisely defined.

ACTION

After having identified reinforcement learning as an 
important research area for the Army, Dr. Cansever 
was concerned about the computational issues and 
the scope of the potentially infinite state space. 
He met with Prof. Benjamin Van Roy, an expert in 

reinforcement learning at Stanford University. Based 
on their discussions, Dr. Van Roy submitted a white 
paper to ARO on reinforcement learning scaling 
and efficiency. The white paper and the ensuing 
proposal eventually led to an ongoing ARO project: 
“Regaining Control in Reinforcement Learning.”

RESULT

Data efficiency remains an impediment to carrying 
the success of reinforcement learning from 
simulated to real environments in which agents 
must learn within reasonable time frames. As such, 
the mathematical literature ought to inform future 
agent designs. However, work in this area has tended 
to focus on restrictive classes of environments and 
to produce bounds that depend on the number of 
environment states, which is effectively infinite in 
a complex environment. The principal investigators 

This success was made possible by:

Dr. Derya Cansever; Military 
Information Sciences, ARO

Citations:

Arumugam, D. & Van Roy, B. PMLR 
139, 373–382 (2021).

Arumugam, D. & Van Roy, B. 
NeurIPS, 34, 9816–9827 (2021).
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(PIs) have extended ideas from the mathematical literature while relaxing 
common restrictions. In doing so, they establish results that offer insight 
into how a simple agent can operate effectively in an arbitrarily complex 
environment. While they consider a problem formulation that has been 
previously studied, this work contributes to multiple fronts, such as framing 
of learning objectives, agent design, and performance analysis. A significant 
segment of this research program focuses on optimizing acquisition of 
information to accelerate reinforcement learning. This line of work takes 
a Bayesian perspective and leverages information theory to develop 
insight, leading to algorithms that more efficiently and reliably explore 
the environment and integrate rich observations in a coherent manner. In 
particular, the PI has shown that when the Information Directed Sampling 
(IDS) method is used, as advocated by this research, compared with the 
state-of-the-art Thompson Sampling (TS) method, learning performance 
as measured by the Regret function improves significantly.
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Figure 3. Average regret values 
for IDS and TS.

WAY AHEAD

This work, presented to ARL scientists in a seminar, is expected to lead to 
collaboration with the PI. The PI’s experience and current work with Google 
are expected to be beneficial to the Army. 
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Figure 4. Number of actions 
to reach the required average 
regret value.

ARL Competencies:

Military Information Sciences

Weapons Sciences

Results

• Demonstrated how a simple rein-
forcement learning agent can op-
erate effectively in an arbitrarily 
complex environment.

• Developed the understanding
trade-offs between Shannon and 
Tsallis entropy in quantifying in-
formation to guide exploration in 
reinforcement learning.

• Generalized reinforcement learn-
ing theory to understand informa-
tional requirements when using
neural network models.

• Derived methodology on how
to optimize learning targets in a
manner that suitably trades off
between computational and data 
efficiency.

Anticipated Impact

The outcome of this research can po-
tentially enhance the performance 
and effectiveness of autonomous 
systems used by the Army.
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MILITARY INFORMATION SCIENCES

ADVANCED LEARNING INTELLIGENT CYBER PHYSICAL SYSTEMS

Dr. MaryAnne Fields
Program Manager

Dr. Fields completed 
her undergraduate 
studies at the Uni-
versity of Louisville, 
receiving her B.S. 
in Mathematics in 
1980. She continued 
her studies in applied 

mathematics at Clemson University, 
receiving her Ph.D. in Mathematics in 
1988. She came to ARO in 2019 as the 
Program Manager for what was then 
called the Intelligent Systems Program.

Current Scientific Objectives

1| Create new techniques in machine learning with an emphasis on online learning 
methods that, if successful, will provide intelligent systems the robustness, agility, 
and flexibility necessary to operate in complex, contested open worlds as well as 
the ability to create new, transferable skills to cope with dynamic and/or poorly 
understood situations. 

2| Devise novel tools for knowledge representation, reasoning, and decision science that, 
if successful, will enable intelligent systems to combine knowledge from previous 
experiences and external sources with current observations to solve new problems, 
and to use human reasoning principles like abstraction and reflection to create new 
knowledge.

3| Establish principles to guide how intelligent systems interact locally with humans 
and other intelligent systems, remotely with spatially distant entities, and virtually in 
cyberspace with intelligent software agents. If successful, these principles will lead 
to new methods of human–agent and agent–agent teaming that address domains 
critical to the Army.

4| Develop rigorous theoretical underpinnings and practical tools for testing unmanned 
systems, self-diagnosis, and risk-aware operations that, if successful, will enable 
assured, secure operation of intelligent systems in battlefield scenarios. 

SUCCESS STORY 

Online Meta-Learning for Continuous Adaptation in 
Multitask Settings
This work integrates planning, supervised learning, and reinforcement learning into a principled approach 
to solving complex long-duration tasks by decomposing them into a series of relatively simple subtasks, 
or skills, that can be trained offline then composed into a solution for the original task. 

CHALLENGE

Developing tools that can generalize to solve 
the variety of tasks that could be encountered 
in the real world is a long-standing problem in 
robotics. Related fields such as machine vision 
and natural language understanding have used 
supervised learning to train on massive data sets 
to achieve generalization. There has been some 
work suggesting that large data sets may help 
short-duration tasks, such as grasping an object, to 
generalize to new environments. However, obtaining 
sufficient data to train complex multi-stage tasks 
is challenging—it often involves recording a very 
large number of relatively long human or simulated 
demonstrations. These end-to-end demonstrations 
ignore the compositional structure of the complex 

task, making it difficult to efficiently use the data 
to solve the variety of tasks encountered by future 
robots. This data-centric approach also makes it 
challenging to support robot tasking, specifying 
both a behavior and a final goal. A promising 
alternative, goal-conditioned reinforcement 
learning, enables the robot to learn to perform 
relatively short-duration tasks until a desired 
goal state is reached. Extending goal-conditioned 
reinforcement learning to complex tasks requires 
new approaches to managing the exploration 
of the exponentially large state space. Like the 
data-centric approach, end-to-end reinforcement 
learning ignores the compositional nature of most 
long-duration tasks, making it difficult to generalize 
learning to new tasks. Sparse reward functions that 

This success was made possible by:

Dr. Purush Iyer; Military Information 
Sciences, ARO

Citations:

Fang, K. et al. ICLR 2022 Workshop 
on Generalizable Policy Learning in 
Physical World (2022).

Pong, V. H. et al. International 
Conference on Machine Learning 
(2022).
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only reward success on completing the overall task 
also make learning these complex tasks challenging.

Figure 1. Comparing the performance of the proposed PTP method and three baseline methods. The 
curves represent the average performance across three runs with the shaded area showing the range 
of performance. The x-axis shows both the offline (x < 0) and fine-tuning phases (x > 0). Using offline 
learning and planning, the PTP method is able to solve these tasks partially (y value at 0 epochs). Then 
with online fine-tuning, the performance improves further. In contrast, prior methods have lower offline 
performance and do not fine-tune successfully in most cases, as they do not collect coherent online data.

ACTION

Dr. Fields recognized that achieving long-term 
autonomy in open worlds is a high-risk, high-payoff 
research area that is fundamental to developing the 
Army’s next generation of unmanned systems that 
will greatly enhance the Army’s mobility, agility, 
lethality, and survivability in future conflicts. To be 
effective in these environments, intelligent systems 
will need to perform complex, temporally extended 
tasks such as searching a room or patrolling a 
street. They must be able to adapt to changes in 
the environment, as well as changes in the task. In 
these settings, it is impractical to gather large data 
sets for every situation and task that the system may 
be confronted with, and the model must instead 
adapt to these changes while leveraging its prior 
knowledge. Reinforcement learning techniques have 
been successful at learning many short-duration 
tasks, but they are not sufficient for these open 
problems due to the enormous size of the state 
space, lack of data, and slow training rates. Through 
discussions with Prof. Sergey Levine (University 
of California, Berkeley) and others, Dr. Fields has 
encouraged researchers to find new ways to address 
complex, temporally extended tasks. 

Dr. Fields contacted Prof. Levine about his work in 
meta-learning to enable systems to adapt previously 
learned tasks to new environments. Through a 
series of discussions, Prof. Levine developed a 
research project to investigate how meta-learning 

and multitask learning methods can combine both 
offline and online learning techniques to develop a 
new generation of meta-learning methods. These 
methods can offer efficient continual adaptation by 
leveraging the experience of adapting to changes 
in the environment and task in the past, and by 
distilling this past experience into a compositional 
and modular multitask representation.

RESULT

Prof. Levine’s Planning to Practice (PTP) overcomes 
some of the limitations of supervised and reinforce-
ment learning strategies for complex tasks. It con-
sists of three phases: offline learning, planning, 
and fine-tuning. The offline learning phase uses 
goal-conditioned reinforcement learning to learn 
a collection of simple tasks such as opening and 
closing doors and drawers, and picking, placing, 
and pushing various objects in the environment. 
Each of these tasks is described as a trajectory (or 
a plan) from the robot’s initial state to a goal state 
specified in the task. The planning phase finds a 
sequence of these subtasks that can guide the robot 
from an initial state to the desired goal. In addition to 
finding a globally optimal path for the complex task, 
the planning process must ensure that each of the 
subgoals is reachable by its predecessor. Prof. Levine 
uses a hierarchical approach to search for sequences 
of subtasks that starts with a course path and pro-
gressively refines it by adding additional subtasks. 
The fine-tuning phase uses an online reinforcement 
learning process to adapt each subtask of the plan 
to the current environment and goal by enabling 
the robot to “practice” each subtask segment by 

ARL Competencies:

Military Information Sciences

Network, Cyber, and
Computational Sciences

Results

• Demonstrated a method to com-
pose and adapt previously learned 
skills to perform a complex task.

• Compared the methodology to
three baseline methods using a
robotic arm in a tabletop environ-
ment and showed that it achieved 
three times the performance of the 
baseline method.
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exploring nearby states. 

The methodology was tested on a robotic arm in 
a physical and simulated tabletop environment 
containing two movable objects and a drawer. At 
the start of each experimental trial, the objects 
are randomly placed on that table, and the robot 
is assigned a goal that requires a multi-step plan 
to achieve it. Figure 1 compares the performance 
of the PTP algorithm with the performance of 
three baseline methods: Model-Free, Latent 
Embeddings for Abstracted Planning (LEAP), and 
Goal Conditioned Planning (GCP) on a robotic arm 
task. In the figure, the full PTP method (blue line) 
significantly outperforms the baseline methods 
with approximately three times the success 
rate. Prof. Levine also studied the contribution 
of the pretraining and planning phases to the 
overall performance of the method. For this 
task, the pretraining phase was not as important 
as the planning phase but still achieved higher 
performance than the baseline. Table 1 shows that 
the fine-tuning phase improves the performance 
of the algorithm. Note that in the early stages 
of fine-tuning, the robot often fails to reach a 
subgoal. However, it retains information from that 
experience that helps it refine the policy. The GCP 
baseline method does generate a set of intermediary 

subgoals between the initial and final state, but 
it cannot provide useful guidance if the subgoals 
are noisy.

PTP Proposed GCP Baseline

Task Offline → Online Offline → Online

Task A 12.5% → 62.5% 12.5% → 0.0%

Task B 75.0% → 100.0% 50.0% → 75.0%

Task C 25.0% → 50.0% 25.0% → 12.5%

Table 1. The real-world success 
rates before and after online 
fine-tuning.

WAY AHEAD

This research is part of a larger effort to investigate 
how meta-learning and multitask learning methods 
can bring together supervised and reinforcement 
learning approaches to develop new online meta-
learning methods that continually adapt by 
leveraging past experience. In this research, a set of 
skills were available to the intelligent system. In the 
future, Prof. Levine’s team will attempt to combine 
this work on task composition with another of his 
research thrusts on learning tasks from streaming 
data to develop a system that can compose skills 
into solutions for complex tasks and acquire new 
skills as they become available. If this work is 
successful, it may enable ARL’s research efforts in 
the areas of manipulation and advanced mobility to 
explore more complex tasks. While the focus of Prof. 
Levine’s research is on a single entity, this research 
could also contribute to ARL’s research efforts in 
tactical behaviors for autonomous maneuver, which 
seeks to develop coordinated behaviors for small 
groups of autonomous agents to perform doctrinal 
as well as novel tactical maneuvers. 

Anticipated Impact

If successful, this work will enable 
future intelligent systems to perform 
complex behaviors, such as search-
ing an area, loading/unloading sup-
plies, or assisting with bomb disposal 
in realistic military environments. 

SUCCESS STORY 

Knowledge-Guided Scene Graph Generation and Reasoning 
for Visual Understanding
This research develops a new approach for unsupervised domain adaptation, called Self-Supervision 
based Semantic Alignment (S3A), that uses a two-stage semantic alignment procedure to ensure that 
new unlabeled data can be correctly matched to categories learned in other settings.

CHALLENGE

Deep neural networks have obtained significant 
achievements in applications, such as object 
recognition, particularly in settings where the target 
images are drawn from the same distribution as the 
source images used to train the model and there is 
abundant labeled data to train the model. Real-world 
applications need to take advantage of domains, 
such as simulation or the Internet, where labeled 
data is plentiful to solve problems in domains 
where it is scarce or unavailable. Unsupervised 

domain adaptation (UDA) aims to learn domain-
invariant features across domains to transfer 
knowledge from a well-labeled source domain to 
an unlabeled target domain. Recent approaches to 
UDA utilize adversarial learning to match the source 
and target domains. However, these approaches 
often ignore the semantics and characteristics of 
the individual classes. Moreover, the structure of 
the information corresponding to the same class 
in different domains is not always geometrically 
similar—this is particularly true when the data is 

This success was made possible by:

Prof. Hamid Krim; Military 
Information Sciences, ARO
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collected by different sensors. Pseudo-labeling 
strategies partially address this shortcoming by 
clustering the target data into pseudo-classes that 
can be aligned with classes in the source domain. 
This approach has risks such as the bias caused by 
falsely pseudo-labeled samples and imbalanced 
sample distributions that favor some of the pseudo-
labels over others. New approaches are needed to 
address the shortcomings of the current methods.

ACTION

The Intelligent Cyber Physical System Program is 
addressing the new mathematical and scientific 
principles that will enable intelligent systems to 
conduct long-range autonomous operations. Dr. 
Fields recognized that one of the keys to long-
term missions is the ability to apply knowledge 
and experience to new problems. Prof. Sheng Li’s 
(University of Georgia) work on enriching knowledge 
graphs came to Dr. Fields’ attention during the 
review process for a research proposal. After several 
discussions, Dr. Fields encouraged Prof. Li to write 
a proposal to investigate ways to apply external 
knowledge to scene graphs that provide a structured 
formal representation of visual information. 
Developing new deep-learning techniques requires 
access to high-performance assets; therefore, Dr. 
Fields also encouraged him to apply for a Defense 
University Research Instrumentation Program grant 
to supplement his university’s computing facilities.

RESULT

Figure 2. The schematic of the proposed S3A framework. Using a shared feature encoder (gray block), the 
source features, fs , dynamically update the source class prototype memory and source feature memory. 
Using a similarity metric ensures that source samples from the same class cluster close to the source 
prototype. Similarity between a target sample and all source samples is measured by minimizing the entropy 
on the matched pairwise similarities to implicitly achieve cross-domain semantic alignment. This method 
can be integrated with existing adversarial learning-based unsupervised domain adaptation methods.

Prof. Li addresses some of the shortcomings 
in unsupervised domain adaptation by taking 
advantage of the semantic structure of the classes 

contained within the well-labeled source domain. 
In his approach, Prof. Li avoids pseudo-labels in 
the target domain with a novel S3A approach for 
unsupervised domain adaptation, which can jointly 
incorporate the source alignment and cross-domain 
target alignment for better semantic alignment 
across domains. The first phase captures the 
discriminative structure of the source domain by 
aligning source data to source class prototypes. As 
illustrated in Figure 2, S3A uses a neural network 
feature encoder (ResNet-50) to extract relevant 
feature vectors from each sample. A similarity 
function determines the similarity between a 
sample feature vector and each class prototype, 
minimizing the cross-entropy losses to align 
the samples with their corresponding class. The 
second stage matches each sample from the 
target data to its neighbor in the source domain 
using self-supervision. Here, an analogous similarity 
function computes the similarity between future 
vectors in the target space and the sample feature 
vectors. To avoid incorrect matches between the 
source and target domains, Prof. Li introduces a 
confidence score based on the probability that a 
target sample belongs to a particular class. Prof. 
Li’s method is used in conjunction with existing 
adversarial approaches to take advantages of both 
the adversarial learning framework and the cross-
domain graph convolutional operation. Prof. Li has 
demonstrated this method on standard benchmark 
databases including Office-31 data set, which 
contains images of 31 object categories collected 
from three different domains: Amazon (A), Webcam 
(W), and DSLR (D). Table 2 shows the classification 
accuracy of six different domain transfer tasks. Prof. 

ARL Competencies:

Military Information Sciences

Results

• Developed a novel S3A approach 
that explicitly exploits the sam-
ple- and class-level structure in-
formation during feature learning 
by designing a novel cross-domain 
graph convolutional operation.

• Devised a novel approach to use 
confidence score-based scores to 
avoid incorrect matches between 
the source and target domains.
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Li’s method, combined with the conditional adversarial domain adaptation 
approach (CDAN) shown in the last line, compares favorably with seven 
other state-of-the-art domain adaptation approaches. 

Method A→W D→W W→D A→D D→A WA Avg

DANN 82.0 96.9 99.1 79.7 68.2 67.4 82.2

CAT 94.0 98.0 100.0 90.8 72.2 70.2 87.6

SAFN 88.8 98.4 99.8 87.7 69.8 69.7 85.7

DMRL 90.8 99.0 100.0 93.4 73.0 71.2 87.9

DSBN 93.3 99.1 100.0 90.8 72.7 73.9 88.3

TAT 92.5 99.3 100.0 93.2 73.1 72.13 88.4

CDAN 93.1 98.2 100.0 89.8 70.1 68.0 86.6

CDAN+TFLG 94.6 99.2 100.0 94.1 72.4 71.6 88.6

Table 2. A comparison of the classification accuracy for 6 domain adaptation tasks using the Office-31 
database. This database consists of 4652 images collected from 3 sources: Amazon (A), DSLR camera 
(D), and a webcam (W). Each of the 6 domain adaptation experiments trains the algorithm using images 
from the source on the left side of the arrow and evaluates the algorithms on images in the source on the 
right of the arrow. Prof. Li’s methods (CDAN and CDAN +TFLGM) compare favorably with other state of 
the art methods for each experiment and achieves the best average classification accuracy.

WAY AHEAD

The work described here provides a new method to transfer knowledge from 
one visual domain to another. Prof. Li’s future efforts in this area will combine 
this research with his parallel efforts to enrich knowledge graphs and scene 
graphs with external multimodal information. Some of his recent work 
examines ways to enhance the nodes of a knowledge graph with a subgraph 
extracted from an external source of textual information. Combining these 
efforts could lead to new ways to represent visual information, making it 
practical to reason about a scene.

This work is part of a larger effort to establish new research capabilities on 
knowledge-guided visual scene understanding by generating and reasoning 
over scene graphs with the help of external knowledge. S3A is part of a 
thrust that aims to develop a unified framework for knowledge-guided visual 
scene understanding. Prof. Li’s future efforts will combine this work on using 
scene graphs to reason about novel objects in dynamic environments. As 
this work matures, it could advance ARL’s efforts to develop autonomous 
systems, particularly the Artificial Intelligence of Maneuver and Mobility 
(AIMM) Essential Research Program, by increasing the robots’ ability to 
understand that the objects in their environment are connected and how 
they impact mobility and maneuverability. Through the connection with 
AIMM, this work can also impact the Army’s efforts to develop the next 
generation combat vehicle. 

Anticipated Impact

If successful, this work will enable 
future intelligent systems to train 
components like image recognition 
systems offline, using data gathered 
from the Internet or other missions, 
and adapt these systems to new 
environments. This will have a pow-
erful impact on the next generation 
of robotic vehicles allowing them to 
be trained “stateside” before they 
are deployed in a battlefield envi-
ronment.



ARO IN REVIEW 2022  |  142

CHAPTER 3  
SUCCESS STORIES

ARO IN REVIEW 2022  |  142

MILITARY INFORMATION SCIENCES

INFORMATION PROCESSING AND FUSION

Dr. Hamid Krim
Program Manager

Dr. Krim completed his B.S. 
in Electrical and Computer 
Engineering and M.S. in Ap-
plied Mathematics at the 
University of Washington, 
and his Ph.D. at Northeastern 
University. He joined ARO in 
2019 as the manager of the 

Information Processing and Fusion Program and 
served until end of FY2022.

Current Scientific Objectives

1| Achieve a deep understanding of data in all its structured and unstructured
forms and discover comprehensive but simple models and algorithms that, 
if successful, will advance the state of the art for perception and control to 
enable refined decision-making for robotic agents and help improve military 
and civilian security and safety through smart persistent sensing.

2| Intelligently harvest quantitatively meaningful information from today’s
ubiquitous and diverse sensing of environments for a creative weaving/fusion 
into full scene understanding that, if successful, will enable rapid situational 
awareness, alleviate surprise, and provide tools for a suitable response to 
imminent and unforeseen danger, bringing closer the reality of “anytime, 
anywhere” sensing autonomy for the future Army.

SUCCESS STORY 

Learning to Compose Data-Driven Models with Knowledge
This ARO Young-Investigator-funded initiative is focused on developing approaches for bridging the gap 
between exploiting domain knowledge and building data-driven learning models. The principal investigator, 
Prof. Zhangyang (Atlas) Wang of the University of Texas at Austin, is developing a mathematical framework 
to transform knowledge, in the form of rules and representations, into data-driving learning (e.g., deep 
learning) models ultimately yielding domain-specific neural network representations of multimodal data 
without attendant combinatorial explosion in network size or sample complexity. 

CHALLENGE

In recent years, the prevalence of deep learning rev-
olutionized performance in numerous tasks. The high 
predictive accuracy of deep learning heavily relied 
on large amounts of labeled data and the purely 
data-driven schemes can lead to uninterpretable, 
uncontrollable, and sometimes counterintuitive re-
sults. Furthermore, it is difficult to encode human 
knowledge, logic, rules, and intention to guide the 
data-driven models to capture desired patterns. The 
“black box” nature of data-driven learning results 
prohibits those models from having broader impacts 
in many applications that emphasize domain knowl-
edge and set high bars for model interpretability and 
decision reasoning. In contrast, classical rule-based 
or knowledge-driven models are usually highly inter-
pretable and are less dependent on the availability 
of large-scale training data sets. However, knowl-
edge-based models are inferior in the prediction and 
generalization power and lack methods benefiting 
from big data when available. The funded effort 
combines the best of both: developing principled 
approaches to compose structured and interpretable 

data-driven models, while maintaining their satisfac-
tory predictive performance. The current success of 
this effort is based on transformer-based language 
models with their adoption extending into other 
areas such as computer vision and planning. The 
primary challenge with a transformer deep learning 
model approach is cross-modality alignment (CMA) 
where multiple attention-based networks, each of 
which specifying a context-informed modality, must 
be semantically and temporally aligned. 

ACTION

Dr. Krim and Prof. Wang discussed approaches for 
addressing foundational questions on generalizing 
transformer networks that capture context from natu-
ral language processing and apply it to other compo-
nents of artificial intelligence (AI)-based algorithms 
such as vision, joint vision and text, and planning. 

An experiment was performed to investigate if con-
flicts and biases caused by semantically or tempo-
rally misaligned modalities inhibit CMA from scaling 
up to training with larger and more heterogenous 
data. Experimental observations indicated that in a 

This success was made possible by:

Dr. Hamid Krim; Military Information 
Sciences, ARO
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state-of-the-art video-audio-text transformer (VATT) 
pretraining using only narrated videos, there exist-
ed strong gradient conflicts between different CMA 
losses within the same sample triplet (video, audio, 
text), indicating a noisy source of supervision. A gra-
dient harmonization technique was developed and 
applied during pretraining using two techniques: (1) 
cross-modality gradient realignment where different 
CMA loss gradients are modified for one sample trip-
let so their gradient directions are in more agreement; 
and (2) gradient-based curriculum learning where 
gradient conflict information is leveraged on an in-
dicator of sample noisiness to develop a curriculum 
learning strategy to prioritize training with less noisy 
sample triplets. Figure 2 compares the two gradient 
techniques against a baseline. These gradient har-
monization techniques were applied to pretraining a 
VATT on the HowTo100M data set, which consistently 
improved its performance on different downstream 
tasks. Moreover, the VATT pretraining was scalable to 
a more complicated nonnarrative YouTube-8M data 
set to further improve the state of the art. 

Figure 1. Issues with CMA in relatively aligned data. Example of misalignment existing in the YouTube-8M 
data set. Video sequence with the football theme while in some clips text mentions content unrelated to 
football (e.g., “kitchen,” “raising fund”) and the visual content could also be unrelated to football (e.g., 
TV cut scenes and scenes of broadcast studio).

Figure 2. Visualization of cosine similarity between gradient gva and gvt across 500,000 iterations on 
the HowTo100M data set: (left) shows the baseline setting in multimodal pretraining; (middle) with only 
cross-modality gradient realignment; and (right) with only gradient-based curriculum learning.

RESULTS

In 2022, Prof. Wang’s team conducted a deep dive 
investigation into the common CMA assumption 

used in multimodal pretraining. Using gradient 
directions between pairwise losses as a surrogate 
indicator, they observed ubiquitous gradient 
conflicts even in relatively well-aligned narrative 
data sets. The team then proposed two plug-
and-play techniques to harmonize the gradients 
during training. They demonstrated substantially 
enhanced VATT pretraining across a number 
of downstream tasks, and further scale up to 
pretraining with even more complicated and 
poorly aligned data. These findings underline the 
often-overlooked importance of carefully revisiting 
the basic assumption and training dynamics of 
multimodal learning in addition to advancing the 
model architectures. 

WAY AHEAD

Dr. Wang is working to further investigate the 
cross-modality gradient harmonization technique 
for increased generalization to modality-specific 
settings and to explore other regularization 
techniques in multitasking learning literature. 
In addition, potential negative societal impacts 
must be considered, such as the malicious use 
of multimodal models for unintended use of their 
downstream visual/audio recognition capabilities. 

ARL Competencies:

Military Information Sciences

Results

• Discovered the commonly as-
sumed strategy of CMA leads to
misalignment in state-of-the-art 
solutions, even in relatively well-
aligned narrative data sets. 

• Proposed a new solution to the
VATT that takes context into ac-
count.

• Showed in experimental observa-
tions that better pretraining the
VATT leads to a significant increase 
in performance, especially on a
nonnarrative data set.

Anticipated Impact

This effort offers the potential of de-
veloping AI solutions for multimodal 
reasoning in complicated situations, 
such as in Multi-Domain Operations.
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SUCCESS STORY 

Foundations of Deep Learning
This ARO-funded effort contributes broadly to an increased understanding of deep learning in terms of 
defining and measuring the capacity of different neural architectures. This most recent funding period 
focused on attention. In the past decade, attention mechanisms have been developed and widely used in 
combination with deep learning methods. These mechanisms were first introduced for natural language 
processing tasks but are now being applied to other domains from chemical reactions to detection of 
particles in physics. The pinnacle of these approaches is referred to as transformer architectures or networks, 
now widely used by Google and other companies. Transformers—a form of deep neural networks with 
additional layers for attention—have led to state-of-the-art performance in natural language processing 
tasks as they account for contextual information. The main result of this effort is a characterization of all 
attention mechanisms as versions of gating mechanisms (traditional operations of deep networks in the 
standard McCulloch and Pitts neuronal model) but over a new operator space. This new algebra has a 
universal approximation property (much like the original model), however, with much better performance 
characteristics (eschewing hidden layers) as well as greater expressivity (e.g., ability to express XOR 
functionality very compactly). The characterization of attention is the first necessary step toward building 
human-like AI systems in silica.

CHALLENGE

To date, there is little theoretical understanding 
behind transformer architectures and attention 
mechanisms in general and why they work so well. 
Transformers are another kind of deep network. 
However, deep networks, despite impressive 
feedback and correlative reasoning mechanisms, 
do not have the ability to reason about information 
present in context, which is an impor tant 
component of human communication and human 
intelligence. In the current state of the science, 
transformer networks require billions of nodes for 
reasonable language translation and usefulness in 
vision applications. Given that training networks 
with billions of nodes would require a humongous 
amount of data as well as extensive computational 
resources, reducing the size of these networks is 
critical. The challenge has been to characterize 
why these networks work and to place this new 
understanding at the same level as that of phrase-
structured grammars that underlie most of our 
understanding of languages that drive designs of 
robust, reliable, and efficient networks.

ACTION

Over the course of several discussions, Dr. 
Krim and Prof. Pierre Baldi of the University 
of California, Irvine, raised the prospect of 
characterizing transformer networks by developing 
a comprehensive, mathematically rigorous theory 
of deep learning based on the notion of network 
capacity. The goal was to better understand 
attention mechanisms from first principles and to 
measure the capacity of such mechanisms. For any 
given neural network architecture, the capacity 
measures how much information about a specific 

task (like classifying a handwritten digit) needs to 
be specified (through the training data) to select the 
right function from a class of functions specified by 
its neural network architecture. 

The capacity of a network is important and closely 
related to learning. Learning can be viewed as a 
communication process by which information about 
the world is communicated to, and stored in, the 
synapses of a network. Therefore, capacity C pro-
vides an estimate of the number of bits that must 
be communicated to the architecture A so that it 
can implement the right function. The learning pro-
cess can be viewed as a communication process 
where information in the training data is communi-
cated to the synapse of an architecture to select 
the proper function (Figure 3). In short, the capac-
ity corresponds to the number of effective bits that 
must be transmitted from the training set to the 
synaptic weights to learn the proper target function. 
In this way, the notion of capacity fundamentally 
connects the information contained in the training 
data and the storage of this information in the syn-
aptic weights during the learning process.

Figure 3. Learning framework: h is the “target 
function” to be learned, and Ꞙ is the “hypothesis 
class” consisting of all the functions implementable 
by a given neural architecture A. The capacity of A is 
defined as the logarithm of the size (cardinal) of Ꞙ.

This success was made possible by:
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Identifying the required capacity for a given task and the amount of training 
data required to properly train the architecture would guide the choices a 
designer can make, such as number of neurons, number of connections, 
connectivity patterns, and activation functions.

RESULT

Attention plays a fundamental role in both natural and AI systems. In 
deep learning, attention-based neural architectures, such as transformer 
architectures, are widely used to tackle problems in natural language 
processing and beyond. Prof. Baldi investigated the fundamental 
building blocks of attention and their computational properties. Within 
the standard model of deep learning, it is easy to classify all possible 
fundamental building blocks of attention in terms of their source, target, 
and computational mechanism. Prof. Baldi identified three of the most 
important mechanisms: additive activation attention, multiplicative output 
attention (output gating), and multiplicative synaptic attention (synaptic 
gating). The gating mechanisms correspond to multiplicative extensions of 
the standard model and are used across all current attention-based deep 
learning architectures. Prof. Baldi studied their functional properties and 
estimated the capacity of several attentional building blocks in the case 
of linear and polynomial threshold gates. Surprisingly, additive activation 
attention plays a central role in the proofs of the lower bounds. Attention 
mechanisms reduce the depth of certain basic circuits and leverage the 
power of quadratic activations without incurring their full cost.

WAY AHEAD

Prof. Baldi will continue this promising work on developing the theory of 
deep learning and apply deep learning to challenging problems in the nat-
ural sciences, and in physics and chemistry. A journal paper on attention 
is being finalized and documentation is in process on the results of the 
lower bound associated with Vapnik–Chervonenkis dimension theory (a 
capacity measurement used in statistics and machine learning) applied 
to neural networks.  

ARL Competencies:

Military Information Sciences

Results

• Produced the first mathematical 
characterization of transformer
networks leading to potentially
smaller networks than currently
possible, even when jointly reason-
ing over multiple modalities (where 
context is incredibly important). 

Anticipated Impact

Neural networks and deep learning 
are powering the current expansion 
of AI across all domains. Answering 
basic questions about measuring the 
capabilities of neural architectures 
is the first step in developing a com-
prehensive theory of deep learning.
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MILITARY INFORMATION SCIENCES

MODELING OF COMPLEX SYSTEMS

Dr. Robert Martin
Program Manager

Dr. Martin received his B.S. in aero-
space engineering from Iowa State 
University in 2004. He received his 
M.S. and Ph.D. in computational sci-
ence, mathematics, and engineering 
focused on non-equilibrium gas and
plasma dynamics for inertial fusion
energy chamber design at the Uni-

versity of California, San Diego, in conjunction with the 
High Average Power Laser Program. After completing 
his studies in 2011, he joined the Air Force Research 
Laboratory (AFRL) In-Space Propulsion Branch where 
he led development of a new multiscale/multiphysics 
computational framework for modeling plasma propul-
sion thrusters and spacecraft plume interactions. While 
at AFRL, he also led several laboratory basic research 
initiatives in compressed kinetic models, electromagnet-
ic plasma propulsion modeling, spacecraft propulsion in 
very low earth orbit, and the application of dynamical 
systems theory to verification and validation techniques 
based on emergent thruster dynamics. He joined ARO 
in 2021 as Program Manager of the Modeling of Com-
plex Systems Program, with particular interest in the 
development of data-driven reduced order models that 
exploit emergent nonlinear structures in data that occur 
naturally in complex systems.

Current Scientific Objectives

1| Develop and analyze new, innovative, and robust modeling
frameworks for solving inverse problems from noisy data that 
emerges from complex phenomena such as physical, biological, and 
sociological systems that can be used to enhance model predictive 
power. By combining frameworks like Bayesian inference with 
dimensionality reduction that leverages the inherent nonlinear 
geometry and sparse structures in data, the goal is the development 
of novel models that can be adapted and generally applied across 
a wide variety of disciplines involving emergent system behaviors 
that, if successful, will provide a powerful and data efficient new 
lens through which data from complex systems may be interpreted, 
understood, and utilized to construct predictive models and 
understand implied uncertainties. 

2| Develop quantitative predictive models along with their associated
uncertainties of specific complex phenomena in areas for which 
current models are intractable at relevant scales, have structures 
for which derivations from first principles remain unknown, or are 
sensitive to empirical and ad hoc parameterizations. The program 
seeks to cultivate the mathematical foundations for causality 
inference, data-driven model reduction, and the synchronization 
of incomplete models with experimental data streams that, if 
successful, will maximize the predictive power of data-driven 
models while helping to provide rigorous bounds on the limits of 
predictability and corresponding data requirements needed for 
creating and maintaining coherent models of observed complex 
phenomena. 

SUCCESS STORY 

Physics-Based Bayesian Inverse Problems via Deep 
Generative Priors
This work significantly improves the efficiency of solving inverse problems by taking advantage of the 
natural structure of potential input data and sampling from the lower-dimensional compressed latent 
space of a generative adversarial network (GAN) instead of the full discretized input field.

CHALLENGE

Inverse problems attempt to recover unknown inputs 
from outputs of a model and observations. While ubiq-
uitous in science and engineering, they are challenging 
to solve due to their ill-posed nature and the compu-
tational challenge of high-dimensional statistical 
sampling. Inferring the inputs requires the repeated 
solution of a forward model while performing optimi-
zation by sampling in the space of potential inputs. 

ACTION

Leveraging underlying low-dimensional structure in 
data to accelerate the model solution has long been 
an emphasis for the Modeling of Complex Systems 
Program. Recognizing the parallels to the low-di-
mensional latent space representation structures 
leveraged by modern generative machine learning 
architectures, program managers from the Modeling 
of Complex Systems and Cyber-Physical Systems 

This success was made possible by:
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Dr. MaryAnne Fields; Military 
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ARO

Citations:

Patel, D. et al. Comput. Methods 
Appl. Mech. Eng. 400, 115428 
(2022).



147  |  ARO IN REVIEW 2022

programs teamed to co-fund this project on using 
deep-learning priors in uncertainty quantification. 
This work accelerates solutions of inverse problems 
by sampling from a learned low-dimensional nonlin-
ear subspace to enable more rapid reasoning from 
indirect observations. 

RESULT

The pipeline for solving inverse problems developed 
in this work uses a machine-learned latent space 
as shown in Figure 1 to improve Markov chain 
Monte Carlo (MCMC) sampling efficiency. For this 
work, the Wasserstein Generative Adversarial 
Network (WGAN), a network architecture based 
on minimizing the distance between probability 
densities, is used to ensure that the distribution of 
densities induced by the generator converges to the 
true prior distribution needed for Bayesian inference. 
This network architecture, with the added gradient 
penalty term (WGAN-GP), ensures that the learned 
generator maps provide smoothly varying outputs 
in latent space so that the space self-organizes 
in a way that promotes smooth variations in the 
relationship between nearby sample points.

Figure 1. Schematic diagram of the in-
ference algorithm. Phase A: A WGAN-
GP is trained using previously acquired 
samples of the field that is to be inferred. 
Phase B: This generator, the measure-
ment, the direct model, and the noise 
distribution are used in an MCMC iterator 
that learns the posterior distribution in 
latent space. Phase C: The converged 
Markov chain is used to sample from the 
posterior distribution in the latent space, 
and these samples are passed through 
the trained generator to yield samples 
of the inferred field.

The method was tested on an array of ill-posed 
physics-based inverse problems, such as inverse 
heat conduction, tomography, and elasticity, where 
a physical model outputs along with noisy 
observations of experimental data, which can be 
used to infer an underlying field of spatially varying 
material properties. Figure 2 shows results for the 
inverse heat conduction problem where a field of 
thermal conductivities is inferred from noisy 
temperature measurements. 

Figure 2. Results for the inverse heat conduction 
problem. (a) Rectangular data set. (b) MNIST data 
set. (c) Microstructure data set. Note red rectangles 
indicate regions of significant discrepancy from 
“True” solution. 

For the simple “Rectangular” conductivity field 
inference, the GAN model can be compared to 
sampling from the known Reference 4D space 
corresponding to the rectangle corner coordinates. 

This demonstrates similar performance of the 
learned latent space in the estimated fields and 
uncertainties compared to an input with known, 
predefined low-dimensional structure. For the 
more complex Modified National Institute of 
Standards and Technology (MNIST) and Cahn–
Hilliard microstructure inversions where explicit 
low-dimensional parameterization is not available, 
results are compared to standard total variation (TV) 
regularized full-field inversion. Estimates for the 
mean and maximum a posteriori (MAP) conductivity 

ARL Competencies:

Military Information Sciences

Network, Cyber, and
Computational Sciences

Results

• Enabled the efficient solution of 
inverse problems through use of
GANs to both alleviate the curse 
of dimensionality and incorporate 
prior knowledge available from his-
torical samples.

• Demonstrated applicability across 
a range of partial, noisy, indirect 
Army-relevant observations of
physical phenomena, such as in-
verse heat conduction, tomogra-
phy, and inverse elasticity. 
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fields along with the estimated standard 
deviation showing regions of higher uncertainty 
in the inversion are shown. Discrepancies in the 
microstructure inference caused by the strong 
influence of boundary conditions on temperature 
fields near the boundary are highlighted. Elevated 
standard deviation (SD) in these regions indicate 
lower model confidence for the inferred fields in 
these regions, useful in decisions that depend on 
inference confidence. Note the TV regularized 
solutions result in significantly diminished contrast 
in estimated conductivities as shown in the last 
column of Figure 2(c) where the TV color map has 
been narrowed significantly to observe the quality 
of the inferred structure. 

WAY AHEAD

While this work demonstrates dramatic acceleration 
of the solution of inverse problems from noisy partial 

observations of various physical phenomena, it 
achieves this acceleration only for a specified 
restricted subset of possible input fields. This 
requires representative prior knowledge about 
the class of potential inputs to learn the required 
dimensionality reduction. While this enables 
rapid inference for inputs consistent with the 
training data, further extensions are required for 
problems where representative data is unavailable 
in sufficient quantities for training the dimension 
reduction or for which the distribution of potential 
solutions may shift over time. For problems where 
pretraining of dimension reduction is impossible, 
other mechanisms for generating efficient lower-
dimensional priors need to be explored. The 
applicability of methods such as transfer learning 
or active learning to reduce uncertainties will be 
needed to accelerate online inference for unknown 
environments. 

Anticipated Impact

This work demonstrates how learned 
nonlinear structures ubiquitous in 
real-world data can be incorporated 
as prior knowledge and leveraged to 
accelerate and improve solutions of 
inverse problems. Techniques such 
as these are expected to revolution-
ize the range of problems for which 
ill-posed inverse problems can be 
efficiently solved.

SUCCESS STORY 

Learning Riemannian Metrics for Continuous Dynamics from 
Population Samples
This work improves models for trajectory inference from cross-sectional population samples by inferring an 
unknown manifold structure simultaneously with a stochastic flow of the population density through time. 

CHALLENGE

For many complex systems, only macroscopic 
statistical properties are available when attempting 
to infer and predict the microscale behavior of 
the individual agents that compose the system. 
Often data from these dynamic systems can only 
be obtained as random discrete samples that 
represent the flow of a population density over 
time. The trajectory of individual members of the 
population may be impractical or impossible to 
track from one observation window to the next. 
Inferring probable stochastic flows that generate 
observed samples from flowing probability 
distributions, the Schrödinger bridge problem, has 
made tremendous recent progress due to theoretical 
and computational breakthroughs in the optimal 
transport community. However, solving for a minimal 
transportation cost in coordinates convenient for 
measurement is not necessarily representative of 
the natural geometry of the underlying dynamics. 

ACTION

The Modeling of Complex Systems Program 
increased focus on exploring connections between 
macroscopic dynamic behaviors as expressed by 

optimal transport flows of population-level data and 
the microscopic, potentially stochastic, dynamical 
systems that control the underlying behavior of 
individuals. Recognizing the emphasis on the 
connections between the geometric structure 
of data and the underlying dynamical systems 
generating the data, the Modeling of Complex 
Systems Program funded this project studying 
spatiotemporal regularization that emerged from 
the former Probability and Statistics Program. 
This work extends the Schrödinger bridge problem 
to simultaneously solve for both the stochastic 
flows that generate trajectories and an unknown 
underlying Riemannian manifold geometry along 
which the population probability density flows. A 
solution involves simultaneously minimizing the 
transportation cost for all possible trajectories for 
all possible generic, symmetric, time independent 
spatial metric tensors, A(x). To caste this problem 
into a form tractable for practical computation, the 
solution of the dual form of the optimal transport 
problem is used, which enables gradient-based 
optimization techniques popularized recently for 
high-dimensional problems in the machine learning 
community. This enables adaptation of recent 
techniques developed for WGAN from Cartesian to 

This success was made possible by:
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Results

• Demonstrated simultaneous solu-
tion of Schrödinger bridge problem 
and inferred underlying Rieman-
nian geometry for improved predic-
tion of complex behaviors on non-
trivial unknown data manifolds.

• Improved temporal sampling effi-
ciency for inferring flows on inher-
ently curved manifolds enabling 
more accurate predictions from
sparser data.

Military Information Sciences

Riemannian geometry regularized with smoothness 
constraints on the metric. Using neural networks to 
parameterize the optimal transportation potentials, 
ϕ, that define the transport flow velocities, 
the problem can then be solved iteratively by 
alternating between solving for the potentials and 
the metric tensor.

RESULT

The quality of the recovery of several predefined 
metric structures, circular, mass splitting, and 
crossing paths, can be seen in Figure 3. The inferred 
metric structures were recovered from sampled 
snapshots of point clouds, (Xt0,…,Xtn), from simulated 
stochastic particle trajectories. These point clouds 
correspond to point samples from snapshots at 
discrete times, t0,…,tn, of probability measures, (Pt0,…
,Ptn), that evolve in time. While some ambiguity and 
disagreement exist where there was no sample data, 
alignment of the true metric, A(x), and the learned 
metric, Â(x), is quite good near the available sample 
data. This agreement occurs despite challenges 
like having to recover discontinuous flows using 
smooth network parameterizations in the “X”-flow 
case and resolving the initial singularity in the mass 
splitting flow. 

The regularized inference technique was then tested 
on two real-world data sets with unknown metric 
structures. The first involved inferring trajectories 
within cell transcriptomes, the behavior of the 
expression of a subset of a cell’s messenger RNA 
(mRNA) over time. It is impossible to trace the 
behavior of an individual cell’s transcriptome over 
time because the single-cell RNA sequencing 
(scRNA-seq) technique used to collect the 
expression data destroys the cell in the process. 
Instead, the temporal behavior must be inferred 
from population samples. Attaining sufficiently fine 
temporal and statistical sampling of the population 
over time to infer the stochastic transcriptome 
flow that characterizes the behavior of individual 
cells is therefore an expensive process. Using 
coarse population samples of 1/10th the baseline 
temporal sampling rate, the mean accuracy of the 
estimated trajectories was improved by 19.7% with 
the modification of inferring an underlying metric 
structure in the data simultaneously. This indicates 
the existence of significant nontrivial curvature in 
the underlying metric space of the flow. 

The second real-world problem involves inferring 
the likely paths of migratory birds from sequences 
of observed probability density samples as shown in 

Figure 3. Row 1: Eigenvectors of true metric A(x) (purple) and learned metric Â(x) (orange). Row 2: Log-
condition number of learned metric Â(x) – yellow indicates highly anisotropic Â(x). The points are time 
samples, Xti, from which Â(x) is recovered. Teal points indicate earlier times and yellow points indicate later 
times, so the pairs of temporal samples (Xti ,Xti+1) follow the color gradient. The newly developed method 
accurately recovers the eigenvectors of the true metric, and the learned metric is highly anisotropic in 
regions that overlap the observed data.
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Figure 4. While tracking individual bird trajectories 
is not impossible, it is considerably more expensive 
and invasive than obtaining snapshot population 
samples by observation. Tracking enough individuals 
to obtain population average stochastic behaviors 
further compounds the challenge of inferring 
population-level stochastic behaviors from tacked 
individuals. Using only population samples, both 
the baseline model and new model agree well with 
the ground truth evolution of the population density 
samples through time when the sample times are 
short compared to the evolution of the population 
density shown in the top row of Figure 4. However, 
because the baseline model ignores the underlying 
manifold structure of the data, when the time 
interval between samples becomes significantly 
larger, the quality of the baseline inference becomes 
more significantly degraded as shown on the bottom 
row of Figure 4. These results demonstrate the 
enhanced sample efficiency that can be achieved 
by exploiting the natural geometry of the underlying 
data.

WAY AHEAD

Attempting to infer system dynamics from only 
snapshots of sparse, unordered population samples 

is a particularly important problem for the develop-
ment of models of complex systems. While this work 
provides compelling results and an appealing con-
ceptual framework for approaching these problems, 
it also provides an interesting general framework for 
which alternative regularization inspired by prior sys-
tem knowledge could be explored further. At its core, 
the Schrodinger’s bridge problem is inherently in-
terpolative. While it is reasonable to use the learned 
models to provide future predictions in repeated 
circumstances (e.g., prediction of future trajectories 
and probabilities in subsequent migrations), extrap-
olation beyond the trained time horizons would only 
be meaningful for generalizations of cyclic process-
es such that the underlying probability measures,  
P_(t_(n+1))≈P_(t_0 ). However, the inferred dynam-
ics provide a rich estimate of the underlying individ-
ual agent dynamics within the observed times and 
positions that could serve as the basis for learning 
autonomous predictive models. To the extent that 
the underlying geometry and dynamics can be 
assumed to be invariant, an exciting line of future 
research would involve extending these approaches 
from trajectories in time to state space dynamics to 
enable temporal extrapolation when those underly-
ing assumed invariances remain valid. 

Figure 4. Comparison of inferred snow goose migration trajectories using five sample times per month 
(first row) or only monthly samples (second row). Trajectories inferred using the new learned metric 
tensor (second column) more closely follow the manifold structure of the ground truth data than the non-
regularized baseline trajectories (first column), where particles follow nearly straight-line paths between 
population samples at the observed time points.

Anticipated Impact

This work helps grow the bridge be-
tween optimal transport, dynamical 
systems, and information geometry 
that is anticipated to revolutionize 
the inference of models needed for 
prediction of individual and popu-
lation behaviors in many complex 
systems. 
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KNOWLEDGE SYSTEMS

Dr. Robert St. Amant
Program Manager

Dr. St. Amant earned a 
B.S. at Johns Hopkins 
University in 1985 and 
a Ph.D. at the Univer-
sity of Massachusetts 
Amherst in 1996, both 
in Computer Science. 
He left a tenured pro-

fessorship at North Carolina State Uni-
versity to come to ARL in 2017. In 2022 
he moved to ARO, where he manages the 
Knowledge Systems Program.

Current Scientific Objectives
The modern view of artificial intelligence (AI) is the perspective of rational agency, in 
which intelligent systems or system of systems choose among alternative actions to 
maximize expected utility. The field has seen advances for decades, but challenges 
remain in mapping complex, real-world problems in ill-structured, unknown, or 
adversarial environments to appropriate mathematical formalisms. A new theory 
for representing decision-making processes and new practical techniques for 
implementation, if successful, will enable the Army to develop plans that are more 
robust and more easily verifiable.

Modern AI systems are insular, brittle, and dependent on massive amounts of data. They 
lack modularity, often making composition and decomposition of systems difficult and 
even infeasible. Methods for improving the transparency and explainability of these 
systems will, if successful, enable the identification and application of engineering 
principles for systems that are both intelligent and trustworthy.

SUCCESS STORY 

Constructive Decision Theory
Cornell University Profs. Joseph Halpern, Lawrence Blume, and David Easley have developed a new 
foundation for decision-making under uncertainty in which a decision problem is modeled by syntactic 
programs. The new formalism, Constructive Decision Theory, extends traditional approaches while still 
respecting the axioms of rational choice theory. It further offers an explanatory account of some kinds of 
human decision-making biases in terms of bounded rationality.

CHALLENGE

In AI, economics, and related fields, a decision 
theory analyst models problems in terms of states 
of the world, acts that can be carried out in each 
state (with preferences over acts), and resulting 
outcomes. In the real world, however, decision-
makers generally do not talk about complex 
problems in those same analytical terms of global 
states and outcomes. If a decision-maker is choosing 
whether some Agent X should be assigned to Task Y 
or Task Z, what is the space of states? Of outcomes? 
It is not always obvious how the language of the 
decision-maker and the language of the analyst 
should be aligned. This also means that the question 
of whether analytical results accurately reflect the 
decision-maker’s view of the problem is left entirely 
aside.

ACTION

The Army has critical interests in mathematical 
and computational aids for decision-making. 
Unfortunately, one of the bottlenecks in engineering 

AI systems, from both a theoretical and a practical 
viewpoint, is the difficulty incorporating what 
decision-makers know about a problem and need 
in a solution into these systems. This is a general 
challenge for AI. It can be seen, for example, in 
the enormous amounts of time and data needed 
to train large-scale machine learning models. 
Less visible but even more important is the time, 
effort, and expertise that human analysts need to 
formalize real-world problems into an appropriate 
mathematical representation.

The genesis for the proposed work comes from 
an earlier Multidisciplinary University Research 
Initiative (MURI) titled “Spatio-Temporal Game 
Theory,” where it is observed that human biases 
in adversaries could be exploited, especially in 
Stackelberg games with first-mover advantage 
for the defender, in order to reduce cost for the 
defender and increase cost for adversaries. The 
bias exploited is one observed by K  ahneman and 
Tversky (1979), and theorized as “Prospect Theory,” 
which states that humans overestimate their risk 

This success was made possible by:
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when they have a winning hand and underestimate 
their risk when they have a losing hand. While the 
work of Kahneman and Tversky is accepted under 
the rubric of bounded rationality, there are no known 
mechanistic explanations for human biases. ARO 
program managers (Drs. Purushothaman Iyer and 
Edward Palazzolo) floated a MURI topic to attempt a 
mechanistic characterization of bounded rationality 
starting from a simple set of principles, with the 
idea of supplanting the “Rational Actor” assumption 
of Savage’s Decision Theory (1954). By rewriting 
Decision Theory, the goal was that biases could 
be accounted for in both Attacker and Defender 
in Game Theory. Prof. Halpern has welcomed the 
challenge, resulting in the work being reported here.

RESULT 

In Constructive Decision Theory, decision-makers 
are modeled as choosing between acts that are 
programs in a simple language. The language con-
tains primitive tests, statements about the world 
that are true or false. Tests can be negated or com-
bined by conjunction to create new tests. Tests are 
intended to reflect the decision-maker’s view of 
the world; roughly speaking, the set of tests divides 
up the hypothetical states of the world, with each 
true test corresponding to a set of states. The lan-
guage also contains primitive acts, or choices for the 
decision-maker. New acts can be created by their 
embedding in an if... then... else form, so that if t is 
a test and a and b are acts, then if t then a else b is 
also an act. Randomization is another way to create 
a new act: if 0 ≤ p ≤ 1 and a and b are acts, then 
choosing a with probability r and b with probability 
(1 − p) is also an act.

Constructive Decision Theory enables the represen-
tation of decision-making phenomena otherwise dif-

ficult to capture in standard rational choice theory. 
One such phenomenon is framing. A framing effect 
is seen when the way that a problem is presented to 
a decision-maker affects the option chosen; framing 
effects are often referred to as cognitive biases.

A classic example in the literature is a psychological 
experiment in which test subjects were given 
statistical information about alternative treatments 
for lung cancer. Subjects were shown information 
in one of two different frames: the survival frame 
or the mortality frame (Figure 1). When presented 
the survival frame, 18% of test subjects favored 
radiation; shown the mortality frame, 44% of test 
subjects favored radiation. Yet the two frames 
are identical with respect to arithmetic, that if 
90 out of 100 surgery recipients live through the 
postoperative period (survival frame), then by 
logical necessity 10 die (mortality frame), and so 
forth. Framing effects can be seen in a wide range 
of situations. Amos Tversky and Daniel Kahneman 
(1986) explain such results in terms of prospect 
theory, which distinguishes a framing phase in 
decision-making: “A preliminary analysis of the 
decision problem, which frames the effective acts, 
contingencies, and outcomes.” They argue that the 
theory of rational choice cannot account for such 
commonly observed effects.

Prof. Halpern and colleagues have shown that the 
differences between the frames can be accounted 
for in their formalism. That is, the test subjects, 
acting as decision-makers, are not solving a single 
problem in different ways depending on the way it 
is presented. Rather, they are solving two different 
problems as represented in the language of the 
decision-maker rather than that of the analyst. 
Assume the following primitive tests:

Figure 1. Alternative frames for medical treatment.

SURVIVAL FRAME

Surgery: Of 100 people having surgery 90 live through the post-operative period, 68 are alive at 
the end of the first year and 34 are alive at the end of five years.

Radiation Therapy: Of 100 people having radiation therapy all live through the treatment, 77 are 
alive at the end of one year and 22 are alive at the end of five years.

MORTALITY FRAME

Surgery: Of 100 people having surgery 10 die during surgery or the post-operative period, 32 die 
by the end of the first year and 66 die by the end of five years.

Radiation Therapy: Of 100 people having radiation therapy, none die during treatment, 23 die by 
the end of one year and 78 die by the end of five years.

Military Information Sciences

Results

• Developed new formalism, Con-
structive Decision Theory, for de-
cision-making under uncertainty.

• Proved mathematical sufficiency 
of the framework.

• Demonstrated that the framework 
can model boundedly rational rea-
soning, with implications for under-
standing framing bias.
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• R represents 100 people get radiation therapy

• S represents 100 people have surgery

• Li(k) represents k of 100 people live to a given 
time point i, e.g., L0(90)

• Di(k) represents k of 100 people die before a given 
time point i, e.g., D0(10)

Then we can define composite tests corresponding 
to the decision-maker’s view of each frame, using 
only Li(k) tests in the survival frame and Di(k) tests 
in the mortality frame. The upshot is that the frames 
are distinct, each captured by two acts. Assuming 
that a is an arbitrary act, 

• if <survival composite test> then aS else a, and if 
<survival composite test> then aR else a.

• if <mortality composite test> then aS else a, and 
if <mortality composite test> then aR else a.

Critically, these are different choices faced by 
the decision-maker, not the same choice framed 
differently. Psychological theory governs how 
utilities may be established, but rational choice 
theory also remains applicable.

This is a very simple example with a few important 
features. Constructive decision theory supports 
the representation of context, the conditions under 

which decisions are made, in a natural way. Because 
it distinguishes the decision-maker’s viewpoint from 
that of the analyst, it also enables us to recognize 
differences between the way that decision-makers 
interpret the same analytical problem. Most 
interesting is the hypothetical explanation for why 
we see a difference between the two frames. Would 
a single decision-maker, shown both frames, make 
the same choice in both cases? That depends on 
whether the decision-maker recognizes that the 
frames represent the same analytical problem. 
As problems grow complex, however, this may not 
be easy to determine by any individual—bounded 
rationality comes into play. Constructive decision 
theory opens a rich area for exploration of the 
practical and theoretical bounds on rationality.

WAY AHEAD 

Prof. Halpern and colleagues have identified new 
directions: decision-making over time, including 
learning new information, for example, and multi-
agent decision-making. As the theory matures—
the path taken by algorithmic game theory is a 
useful analogy—new computational tools will be 
developed to put theory into practice. Eventually, the 
Army should have an improved, richer understanding 
of complex decision-making processes. 

Anticipated Impact

New analytical techniques and tools 
for Constructive Decision Theory, in 
the long term, will enable the Army 
to perform more robust analyses of 
complex decisions.

SUCCESS STORY 

Toward Transparent Machine Perception Systems
Prof. Dhruv Batra at the Georgia Institute of Technology (Georgia Tech) and colleagues have developed 
architectural designs for neural network systems that improve their transparency with respect to integrating 
multimodal data, specifically natural language and vision. The research has advanced the state of the 
art for benchmark tasks such as answering natural language questions about the content of images and 
interpreting natural language instructions for navigating complex indoor environments.

CHALLENGE

Deep learning and neural network systems, 
trained on vast amounts of data, have seen wide 
application in the domains of education, business, 
art and entertainment, and the military, showing 
remarkable performance on problems including 
natural language understanding and generation, 
computer vision, and robotics. Nevertheless, 
these complex systems remain ill-understood and 
nontransparent, in part because we lack engineering 
principles that enable us to explain and predict their 
performance.

ACTION

The human brain is capable of processing 
multimodal data using context from one modality 

to significantly improve semantic processing of 
other modalities. Indeed, various co-evolved senses 
in a human body continue to adapt (during early 
childhood), resulting in a finely tuned system that 
can generalize, explain, resolve inconsistencies, 
and be resilient to adversarial input. Purposely 
designed engineering systems, on the other hand, 
are best developed in a compositional manner 
where the interfaces between components are 
precisely defined; this alleviates the state explosion 
that inevitably arises in monolithic systems with 
complex, interacting parts. The holy grail of AI is to 
engineer systems that are built compositionally but 
that can also match the characteristics of the human 
brain in reliability, resilience, ability to generalize, 
and ability to reflect. Based on the earlier work of 
Prof. Batra (under a Young Investigator Program) on 

This success was made possible by:

Dr. Purushothaman Iyer; Military 
Information Sciences, ARO

Dr. Robert St. Amant; Military 
Information Sciences, ARL

Dr. Edward Palazzolo; Humans in 
Complex Systems, ARO
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ARL Competencies:

combining image and text processing, ARO Program 
Manager Dr. Iyer invited Prof. Batra to apply for the 
prestigious Presidential Early Career Award for 
Scientists and Engineers (PECASE), which would 
give him the opportunity to think big, unencumbered 
by resources, to solve foundational problems for the 
Army. Prof. Batra won the competition and has been 
making the following contributions. 

RESULT

Two of the projects Prof. Batra has engaged in are 
of special interest. They leverage the concept of 
context to improve the performance of a neural 
network system and at the same time enable us to 
understand why performance improves.

In the Vision-and-Language Navigation (VLN) task, 
an agent is placed in a photo-realistic simulation of 
an indoor environment. The agent is given natural 
language instructions for navigating to a specific 
goal location, referring to scenes and objects in 
the environment. For example, “Exit the bedroom 
and turn left. Continue down the hall and into the 
room straight ahead and stop before the desk with 
two green chairs.” At intermediate locations, the 
agent receives 36 RGB panoramic images from 
36 viewing angles—by analogy, imagine walking 
through a scene and regularly stopping to look in 
all directions, from full height as well as crouching 
positions, so that you can ask, “Where am I? What 
can I see? Where should I go next?” Figure 2 shows 
a sample of such images. The agent’s performance 
can be evaluated with respect to distance traveled, 
final distance from goal location, and comparable 
measures on benchmark data sets, in this case 
Room-to-Room and Room-across-Room.

Prof. Batra’s team began with an existing foundation 
model developed for the VLN task based on BERT 
(Bidirectional Encoder Representations from 

Transformers), an attention-based model for natural 
language processing. The VLN model can represent 
text–image pairs (e.g., the term “chair” and a 
relevant image) and also handles the time-based 
sequential property of the navigation task. The team 
modified the model to incorporate a richer set of 
features: (1) object features computed from the 
image, rather than a more abstract representation of 
only the object’s class label, and (2) scene features. 
It is not uncommon to provide new input data to 
a given model without modifying the model. The 
team found a different approach more effective: 
“Specifically, we change the attention pattern within 
the transformer to effectively freeze the scene 
representations and focus the processing on the 
object-level inputs. The result is a new VLN agent 
that produces contextualized object representations 
by using scene features as high-level contextual 
cues (Moudgil et al., 2021).” In simpler terms, the 
model is trained with an inductive bias that the 
world consists of scenes which contain objects, 
with each scene providing a context for the objects 
in it. That context constrains what is relevant, in 
the interpretation of visual information to solve the 
given task.

A second project in a different task domain has a 
related theme. In the Visual Question Answering 
(VQA) task, in the general class of vision-and-
language tasks, a system is given as input an image 
and a free-form, open-ended, natural language 
question. The system produces an answer as output, 
either a natural language response or a selection 
from multiple choices, depending on the specific 
evaluation method. Figure 3 shows examples of 
input. For training and testing purposes, a large 
public data set has been developed, with 200,000 
images, 1.1 million questions, and 11 million ground 
truth answers. This is a very challenging task for 
AI systems. 

Figure 2. Scene (“bedroom” and “hall”) and object information (“desk” and “green chairs”) (from Moudgil 
et al., 2021).

Military Information Sciences

Results

• Developed new techniques for in-
corporating contextual information 
into neural network processing.

• Developed new, effective models 
for the VLN task, the VQA task, and 
others.

• Evaluated models to show perfor-
mance advances in the state of 
the art.
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Prof. Batra’s team followed up on a few observations 
from their past work. First, experiments have shown 
that human beings and neural network models 
generally do not attend to the same regions of an 
image in the VQA task. (The system’s deviation from 
typical human attention is an example of why it is 
difficult to understand—it is not even “looking” at 
the same information.) Second, when answering 
questions about an image, neural network models 
often rely more heavily on background knowledge 
learned from text processing than on the actual 
image. For example, “What color are the bananas 
[in the image]?” might be answered “Yellow,” even 
if the pictured bananas are red or green. 

The team extended a state-of-the-art VQA system 
with a technique called HINT (Human Importance-
aware Network Tuning). A convolutional neural 
network, in a series of layers, divides an image 
into regions. HINT analyzes and ranks the regions 
identified by a model’s last convolutional layer with 
respect to the weights distributed over its units. 
HINT combines this ranking with a comparable 
ranking produced for a human-attention map on 
the same image. A convolutional neural network, 

in a series of layers, divides an image into regions. 
HINT analyzes and ranks the regions identified by a 
model’s last convolutional layer with respect to the 
weights distributed over its units. HINT combines 
this ranking with a comparable ranking produced 
for a human attention map on the same image. The 
effect is that the model is trained to attend to correct 
image regions as well as making correct predictions. 
Notably, HINT achieves significant performance 
improvements on the VQA task while making use 
of human attention data (typically expensive to 
collect) corresponding to just 6% of the VQA data 
set. One way to interpret this result is in terms of 
context: hints to a system about relevant regions of 
an image are important for its performance.

WAY AHEAD

Prof. Batra continues to explore the space of 
neural network architectures to identify patterns 
and techniques that improve their explainability 
and predictability. An important long-term goal 
is to build operator and institutional trust in these 
systems, which will only be possible with increased 
transparency.  

Figure 3. Examples of questions and images in the VQA task (from Antol et al., 2015).

Anticipated Impact

New analytical techniques and tools 
for Constructive Decision Theory, in 
the long term, will enable the Army 
to perform more robust analyses of 
complex decisions.
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NETWORK, CYBER, AND COMPUTATIONAL SCIENCES

CLASSICAL MACHINE LEARNING FOR QUANTUM INFORMATION SCIENCE

Dr. Brian Kirby
Team Leader 

Dr. Kirby completed 
his undergraduate 
studies at Towson 
University, receiving 
his B.S. in Physics in 
2010. He continued 
his education at the 
University of Mary-

land, Baltimore County, receiving his 
Ph.D. in Physics in 2015.

After completing a postdoctoral fellow-
ship with ARL, he accepted a civilian 
research position within the laboratory 
before ultimately becoming Team Lead-
er for Quantum Networking within the 
Network, Cyber, and Computational 
Sciences Competency.

Current Scientific Objectives

1| Determine how machine learning techniques can help reduce the classical
computational requirements associated with performing tasks in quantum information 
science that, if successful, could enable the practical realization of quantum 
information protocols in resource-constrained scenarios. 

2| Understand the resilience of classical machine learning systems used to support
quantum information protocols to noise and other errors compared to standard 
techniques that, if successful, could help reduce the impact of experimental errors 
in specific scenarios. 

3| Develop novel heuristics and methods for designing training sets for machine learning
systems that explicitly take into account features of the underlying Hilbert space that, 
if successful, could reduce the amount of training data required for various applications. 

4| Generalize lessons learned in developing custom training sets for machine learning
systems for use in other computationally intensive systems supporting quantum 
information science that, if successful, could lead to a broad range of tools for use 
in managing classical resources in quantum information scenarios. 

SUCCESS STORY 

Neural Networks for Quantum-State Characterization Success 
A method using pretrained neural networks was developed for characterizing an unknown quantum system 
based on measurements, resulting in dramatically improved computational scaling properties compared 
to traditional approaches. The combination of machine intelligence and quantum information science 
in this work is providing a promising path toward reducing the computational requirements of various 
classical protocols that support quantum experiments and capabilities.

CHALLENGE

Quantum information science is a rapidly developing 
field that aims to exploit quantum properties, such as 
quantum interference and quantum entanglement, 
to perform functions related to computing, 
communication, and simulation. Interest in quantum 
information science has grown rapidly since it was 
discovered that quantum systems can perform 
many tasks fundamentally more quickly than 
classical counterparts, which might not be able to 
perform the given task at all. In general, all quantum 
information science tasks require the support of 
classical computation and communication to 
coordinate, control, and interpret experimental 
outcomes. While the classical overhead needed 
to effectively operate and understand quantum 

systems is often negligible in current experimental 
settings, the exponential growth with a qubit 
number of parameters describing a quantum system 
will quickly put substantial demands on available 
computing resources.

ACTION

Dr. Kirby recognized the potential of machine 
learning to reduce the burden of classical 
information processing for quantum information 
science tasks of Army interest. In particular, Dr. Kirby 
identified quantum state tomography (where a large 
number of joint measurements on an ensemble 
of identical, but completely unknown, quantum 
systems are combined to estimate the unknown 
state) as an increasingly important bottleneck in 
quantum experiments but which may potentially 

This success was made possible by:

Dr. Brian Kirby; Network, Cyber, and 
Computational Sciences, ARL

Prof. Ryan Glasser; Tulane University

Dr. Sanjaya Lohani; University of 
Illinois at Chicago

Dr. Sara Gamble; Photonics, 
Electronics, and Quantum Sciences, 
ARO
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be tractable using machine learning. To explore 
this idea, Dr. Kirby leveraged seed funding to 
initiate a collaboration with Prof. Ryan Glasser of 
Tulane University to further develop this idea. Prof. 
Glasser helped pioneer the use of neural networks 
for mitigating the impact of turbulence on both 
classical and quantum light transmitted in free 
space. After the initial success of the collaboration, 
Dr. Sara Gamble of ARO further supported the work, 
allowing Dr. Kirby and Prof. Glasser to implement 
and test proof-of-concept neural networks that 
perform quantum state tomography with high 
fidelity and low computational overhead. 

RESULT

Dr. Kirby and Prof. Glasser, along with then graduate 
student (now postdoc) Dr. Sanjaya Lohani and 
several other collaborators, have developed and 
demonstrated a wide range of techniques related 
to the application of machine learning in quantum 
information science. In their initial work (Lohani et 
al., 2020), the researchers implemented a custom 
convolutional neural network to perform full 
quantum state tomography (Figure 1). The network 
was pretrained using simulated measurement 
results and reconstructed quantum states with 
comparable accuracy to that of standard techniques. 
This initial publication received an Altmetric 
Attention Score in the top 5% of all papers published 
in 2020. In both the initial publication (Lohani et 
al., 2020) and a follow up (Danaci et al., 2021), the 
authors considered the resilience of their developed 
method to experimental noise, statistical noise, and 
missing measurements. Interestingly, the 
researchers found that training the network on 
labeled data which had undergone simulated noise 
increased the resilience of their results to noise in 
experimental scenarios. Furthermore, leveraging 
state-of-the-art imputation techniques, the 
researchers trained their system to fill in missing 

measurements, resulting in per formance 
enhancement relative to their previously developed 
methods. 

Figure 1. Schematic of the robust tomography scheme with machine learning. The noisy tomography 
measurements are fed to the convolutional neural network, which makes predictions of intermediate 
τ-matrices as the outputs. At the end, the predicted matrices are inverted to reconstruct the pure density 
matrices for the given noisy measurements.

Figure 2. Network inference times vs. the number 
of qubits. In each plot, the box represents the 
interquartile range, and the whiskers are at the 5th 
and 95th percentiles.

While the neural network methods developed in this 
program show attractive features like resilience to 
noise and missing measurements, a primary 
motivation of the approach is scaling of 
c o m p u ta t i o n a l  r e s o u r c e s  r e q u i r e d  fo r 
implementation. In a follow-up publication (Lohani 
et al., 2021a), the researchers investigated these 
scaling properties by training networks for systems 
of one to four qubits and tracking the time required 
for training and inference of each system. In Lohani 
et al. (2021a) the researchers found that the 
training period, an up-front computation that sets 
the internal weights of the network and never needs 
to be repeated, scales approximately exponential 
with the number of qubits in the system. However, 
once trained, the networks exhibited very minimal 
increase in the inference time required for the 
network to perform reconstruction. In particular, as 
shown in Figure 2, the researchers found that using 

Citations:

Lohani, S. et al. Mach. Learn. Sci. 
Technol. 1, 035007 (2020).

Danaci, O. et al. Mach. Learn. Sci. 
Technol. 2, 035014 (2021).

Lohani, S. et al. IEEE Transactions 
on Quantum Engineering 2, 1-10 
(2021a).

Lohani, S. et al. Phys. Rev. Research 
3, 043145 (2021b).

Lohani, S. et al. Mach. Learn. Sci. 
Technol. 3, 04LT01 (2022).

ARL Competencies:

Network, Cyber, and
Computational Sciences

Results

• Built a general quantum state to-
mography framework that makes 
use of machine learning techniques 
to reconstruct quantum states from 
a given set of coincidence measure-
ments.

• Demonstrated that substituting
biased distributions of random
quantum states in place of the
Bures and HS distributions results 
in measurable performance advan-
tages in machine-learning-based 
quantum state tomography sys-
tems and Bayesian quantum state 
reconstruction.

• Proposed a series of data-centric 
heuristics for improving the per-
formance of machine learning sys-
tems when applied to problems in 
quantum information science.
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a laptop, they could perform full reconstruction of 
a single qubit in 0.77 ms with the time only 
increasing to 0.8 ms for four-qubit systems. In other 
words, once trained, the convolutional neural 
network methods developed by the researchers 
appear to scale more favorably than competing 
methods, such as maximum likelihood estimation 
or Bayesian inference. 

While this research path initially considered 
the problem of quantum state tomography, the 
researchers have since applied the lessons learned 
more generally. As an example, when developing 
training sets consisting of sets of random quantum 
states for the neural networks that perform quantum 
state tomography (Lohani et al., 2020, 2021a; Denaci 
et al., 2021), the authors studied a little-known 
technique for generating biased sets of random 
quantum states. Standard techniques for generating 
random quantum states generally attempt to fairly 
sample the space of all quantum states. However, 
in practice, a truly random quantum state is often 
unnecessary, as prior information about a system 
allows us to exclude large subsets of the full space. 
Hence, the researchers considered a method 
(Lohani et al., 2021b) for using broad features of 
experimental systems to generate biased random 

quantum states that better reflect the experimental 
situation, showing how these distributions can 
measurably improve the performance of certain 
applications. Figure 3 shows the advantage of using 
the distribution of states (labeled “MA” in Figure 3 
for historical reasons) considered by the researchers 
against states sampled from the IBM Q quantum 
computer and states sampled according to the Bures 
and Hilbert Schmidt (HS) metrics. In Figure 3 it is 
apparent that the tunable MA distribution considered 
by the researchers has significantly more overlap with 
the experimentally obtained IBM Q distribution than 
the others. Finally, the researchers generalized their 
knowledge to develop a set of heuristics to be used 
for any application of classical machine learning to 
quantum information systems (Lohani et al., 2022). 

Figure 3. Histograms comparing the 
Bures, HS, and MA distributions to the 
measured distribution of purity from the 
IBM Q for four-qubit quantum circuits 
initialized at zero with no gates before 
tomography. The MA distribution is tuned 
so that the mean of the distribution 
matches that of the measured IBM Q 
distribution.

WAY AHEAD

The knowledge and techniques developed by this 
research project will continue to inform ongoing 
research efforts within ARL related to quantum 
information science. In particular, the research 
team will next consider how the developed machine 
learning models can be ported to low-SWaP 
hardware in support of potential field-deployed 
experiments. 

Anticipated Impact

This work leverages recent results 
in machine learning to provide a 
potential solution for mitigating the 
significant classical computational 
demands of operating a quantum net-
work. These networks may enable ca-
pabilities in communication, sensing, 
and computing that are unavailable to 
their classical counterparts. 



NETWORK, CYBER, AND COMPUTATIONAL SCIENCES

COMPUTATIONAL MATHEMATICS PROGRAM 

Dr. Joseph Myers
Program Manager

With over 30 years of 
active service, Dr. Myers 
has served as a logisti-
cian from platoon to bri-
gade combat team, as a 
Combat Developments 
Division Officer, and 
served on the mathe-

matics faculty at the United States Mili-
tary Academy. He holds a Ph.D. in Applied 
Mathematics from Harvard University, four 
Master’s degrees from various academic 
institutions, including the Industrial College 
of the Armed Forces, and a Professional 
Engineer license from Indiana. After retiring 
from active duty, he joined ARO in 2008.

Current Scientific Objectives

1| Develop the mathematics for models and computational methods for common 
themes in anomalous physics (e.g., anomalous transport, exponentially 
accelerated fronts, non-Markovian behavior and long-range interactions, self-
similarity and scaling, singular behavior, interfaces, finite-domain decorrelation 
effects) that, if successful, is expected to enable more efficient capabilities for 
combustion/propulsion designs, nondestructive testing capabilities for materials, 
and faster/more efficient engineering design. These advances could provide the 
capability to develop reliable and efficient models, without the requirement to 
model everything that is going on at every scale. 

2| Develop the mathematical insights for models and computational methods for
common themes in the computational aspects of quantum information science 
(e.g., protocols, complexity, algorithms and error correction, certifiability of 
quantum processes, efficient pictorial representations of quantum logic and 
quantum field theory, and related questions) that, if successful, will provide 
physicists and information scientists with viable mathematical tools to aid in 
quantum error correction, fault-tolerant topological quantum computation, and 
help enable hybrid quantum-classical algorithms.

SUCCESS STORY 

A Wideband Transmitter Based on Signal Segmentation
A unique transmitter, based on new mathematical methods for signal segmentation, has been developed 
that operates seamlessly from 500 kHz through 500 MHz with no change in any transmitter hardware 
component, to include the required antenna elements. The effectiveness of the ‘tough book’ sized 
transmitter results from fragmentation of the signal to be broadcast so that small, efficient, pulse-radiating 
antennas can be used to form the desired far field signal. This new mathematical framework will enable 
new capabilities for sensing and surveillance, such as outfitting small unmanned aerial vehicles with 
small antenna systems that can accurately sense and map large wavelength phenomena. 

CHALLENGE

Until recently, the DoD during their flight missions 
used heavy boom trailing a C130 aircraft to 
broadcast amplitude modulated (AM) radio. 
Generally, to transmit 1 MHz AM signal from 
a quarter wave antenna, a device 75m long is 
required. The challenge was to develop a small 
transmitter (<1m) tunable from 500 kHz to 2 MHz 
that could be fitted into the pod of a predator drone. 
There were three other central challenges in this 
final effort prior to anticipated deliverables: (1) 
adaptation of the small antenna to the compact 
structure of the final device, (2) adaptation of signal 
fragmentation to the field programmable gate array 
FPGA structures, and (3) the packaging and testing 
of the final structure. These three tasks are crucial to 
preserve the accurate timing required of the signal 
fragmentation transmitter approach.

ACTION

Over a period of years, the program manager 
sought and supported single-investigator efforts 
that would enable generation of arbitrarily-shaped 
signals from a simple, compact basis. Principal 
Investigators (PIs) Dr. Richard Albanese (Air Force 
Research Laboratory) and Prof. Semyon Tsynkov 
(North Carolina State University)teamed up for 
this challenge, and over a number of years showed 
that long wavelength signals can be fragmented 
using time-frequency algorithms that provide a 
“complete-enough” set of signal components to 
serve as bases, aka frames. Each segment could 
then be radiated from a small antenna and the 
segments superimposed in the far field of the 
system, enabling long-wavelength signals from a 
compact basis. After theoretical development, the 
PM supported further development through a series 

This success was made possible by:

Dr. Joseph Myers, Computational 
Mathematics Program Manager/
Weapons Sciences, ARO

Dr. Joe Qiu, Electromagnetic 
Spectrum Sciences, ARO

Dr. Govind Mallick, Weapons 
Sciences, ARO
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of Small Business Technology Transfers (STTRs) 
and Small Business Innovation Research (SBIR). 
The operation is schematized in Figure 1.

Figure 1. Schematic graphic representations of 4 ns-long basis function or base wavelet (left); set of 
radiated modulated basis functions in temporal sequence (center), and sum of the two far fields (right).

The initial system built was approximately two feet 
high, 2 ft high, 2 ft wide, and 1 ft deep. It was sized 
for the Predator pod, which has a small set of dipole 
antennas arrayed in a linear manner. This first system 
was completely analog. The basis function shaping 
was done using square wave inputs into filters and 
using physical delay lines. The frequency range 
was 500 kHz to 2 MHz as required. There was high 
quality broadcast of the spoken language and even 
orchestral music. With the SBIR opportunity, Army 
review personnel suggested that the team convert to 
a digital device for increased reliability, and flexibility 
in the determination of the basis function as the team 
sought to achieve a broader spectrum for AM, FM and 
other communication formats.

Working with Prof. Russel Caflisch, (New York 
University Courant Institute of Mechanical Sciences) 
and Prof. Tsynkov, the PIs used Fourier theory to 
develop a basis function that requires use of only 
two antennas to form an arbitrary waveform in 
the far field. This theory has proven to be a good 
approximation for multi-spectral signals. Working 
with Prof. Myoung An (Auburn University), the PIs 
devised an exact time-frequency representation that 
in principle provides a perfect signal reconstruction 
in the far field and has the additional advantage of 
permitting a wide selection of basis functions so 
that antenna efficiency can be optimized, thereby 
minimizing overall system power requirement while 
using only two antennas.

The team’s current laboratory system uses a 
programmable arbitrary waveform generator (AWG) 
feeding the two antennas (Figure 2). A digital signal 
stream comprising a test signal, or an AM voice or 
music signal, or an FM voice or music signal, is fed 
via ethernet cable into the AWG which in turn does 
digital-to-analog conversion to produce the needed 
antenna currents for the far field radiation. The AWG 

currently used has a sample rate of 2.4 giga 
samples/second, enabling radiation from 500 kHz 
to 250 MHz.

Figure 2. Programmable AWGs with two bowtie 
antennas. The AWG (left) is ~35 pounds. 

RESULT

The PIs have successfully manufactured and demon-
strated the digital system in a series of tests in an 
anechoic chamber at Southwest Research Insti-
tute in San Antonio, Texas. Sequences of Caflisch/
Tsynkov basis functions and the time-frequency 
sequences using the time-frequency representation 
were tested. This is the first time that time-frequen-
cy representations have been used for transmission. 
The radiated beam was symmetric over the test 
range from -60° to +60° and did not show any nulls.

WAY AHEAD

In the final year of the current effort, the large 
laboratory grade arbitrary waveform generator will be 
replaced with a small, field-worthy FPGA waveform 
generator. The goal is to generate a package that 
will be the size of a small laptop. The power supply 
for the portable device with a smaller, more efficient 
antenna 15 cm tall and 8 cm wide, is in the process 
of being developed. To achieve the full spectrum of 
500 kHz to 500 MHz the FPGA generator will provide 
6 giga samples/second. The algorithms will be re-
written for use by the FPGA system. Additionally, 
the transmission of video that will require higher 
radiated data rates than AM/FM audio is also being 
considered. 

ARL Competencies:

Weapons Sciences

Network, Cyber, and
Computational Sciences

Results

• Developed new signal fragmen-
tation techniques that, at repre-
sentative operational frequencies 
can enable replacing 75m antenna 
with a small transmitter (<1m) 

• The newly developed transmitter 
is tunable from 500 kHz to 2 MHz 
and could be fitted into the pod of 
a predator drone. 

Anticipated Impact

This state-of-art technology is ex-
pected to enable a wide variety of 
both military and civilian applica-
tions, such as air-dropping transmit 
capability to people in inaccessible 
disaster areas, bots as an adjunct to 
human entry into conflict zones, and 
assistive remote surveillance at for-
ward operating bases by “patrolling” 
perimeters and investigating “outside 
the wire”. 



SUCCESS STORY 

Development of an Autonomous Off-Road Ground 
Vehicle Simulator
Through guidance and support from ARL and the STTR program, Advanced Science and Automation Corp. 
(AScience) has developed the Autonomous Vehicle Simulation Platform (AVSP); an open-source software 
framework for simulating how teams of interconnected autonomous ground vehicles interact with each 
other and their environment. The vehicles and their interaction with the terrain are simulated using a 
high-fidelity multibody dynamics and terramechanics code (IVRESS) developed by AScience (Figure 3). 
IVRESS can simulate the motion of wheeled, tracked, and 2- and 4-legged vehicles over soft soils. IVRESS 
can also simulate the contact/interaction of vehicles (Figure 4) and vehicle appendages (e.g. robotic 
arms) with objects in the environment. The environment and most sensors are simulated using the Un-
real Engine. The sensors include: visible light and infrared cameras with various lens types (standard, 
fisheye, and 360°), stereo cameras, radar, lidar, and ultrasonic sensors. In the simulation, each vehicle 
in the team is operated using its own autonomy stack which receives data from the sensors and sends 
and receives commands using robot operating system (ROS) communication. Manned or remotely oper-
ated vehicles in the simulation can be controlled by an operator or by scripting their behavior. Vehicles 
within the same team can interact with each other and share sensor data using Joint Architecture for 
Unmanned Systems (JAUS, a communication protocol for unmanned systems and intelligent vehicles) 
and/or dedicated short-range communication (DSRC). A scenario controller is used to setup the environ-
ment and mission that the autonomous vehicles need to perform and control the scenario execution. 

Figure 3. Snapshot from a simulation of three autonomous
vehicles moving in a triangle formation (one FED-Alpha in
the front of the formation and two Polaris-MRZR following
behind) while avoiding static (including Jersey barriers,
traffic barrels, buildings, and trees) and dynamic (pedes-
trians) obstacles. Each vehicle navigates using a separate
autonomy stack (left) with Lidar sensors. The right image
shows the three vehicles with the FED-Alpha Lidar points
colored red and the lidar point of the two Polaris-MRZR
vehicles colored blue and green.

Figure 4. Physics solver capable of particle simulation for computing complex terramechanics for soft-soil,
vegetation, and fluid environment interactions of multi-body mechanical systems.

CHALLENGE

Army ground mobility involves a variety of guidance 
and control functions, powered by sensors (including 
LiDAR, cameras, etc.) that feed data to software 
algorithms, which make split-second driving 
decisions. There are wide varieties of combinations 
of sensors, visual/electromagnetic (EM) processing 
methods, infrastructure design, compute methods, 
and network designs that are combined in different 
ways; each of these potential designs is termed 
an autonomy stack. Autonomy stack design 
currently seems to be as much art as science, 
and military researchers struggle to find a readily 
available autonomy stack that can handle all of 
the autonomy aspects which are required in typical 
military autonomous vehicles operations. This 
investigation examined various autonomy modules 
and developed additional autonomy capabilities 
to develop and test the AVSP. Another significant 
challenge is attempting to run several vehicle 
autonomy stacks simultaneously. This is difficult 
because input data from many autonomy sensors 
(i.e., camera, lidars, radars) and vehicle sensors 
(i.e., IMU/GPS, wheel angular velocity, and wheel 
torque) need to be read and fused by the stacks. 
The stacks must then output the vehicle speed 
and steering commands to the vehicle controller. 
Also, autonomy stacks of different vehicles must 
communicate with each other and coordinate the 
behavior of different vehicles in the team (such as 
vehicle formations, leaving/joining the team, vehicle 
performing a search task, etc.)

ACTION

Almost every vehicle autonomy stack communi-
cates using ROS with a single Unreal Engine simula-
tion of the virtual environment and a single IVRESS 
physics-model of the vehicles and dynamic objects 
in the environment. AScience integrated autonomy 
modules into NATO Applied Vehicle Technology 
(AVT) 341 panel and employed a ROS based-auton-
omy stack; this has some key capabilities to support 
typical military operating scenarios such as static/
dynamic obstacle avoidance in unstructured off-
road environments.

RESULT

The STTR researchers have implemented the AVSP 
simulator in several important scenarios to operate 
in conjunction with autonomy stacks employed by 
DEVCOM Ground Vehicle Systems Center GVSC and 
NATO for demonstrating autonomous driving. In par-
ticular, the GVSC Robotic Technology Kernel (RTK) is 
now developed for unmanned operation of full-scale 
vehicles. A tentative agreement has been initiated to 
test the AVSP software with RTK. The AVSP simulator 
is expected to enable testing of advanced teaming 
concepts employing learning algorithms that may 
be developed in current basic research programs 
like ARL’s A2I2 with RTK. The team has cooperatively 
engaged with ARL’s Emerging Overmatch Technol-
ogies Essential Research Program which recently 
built an unmanned RTK-driven M113 similar to GVSC 
vehicles; this is another advance along the transition 
path. With the RTK autonomy stack and advanced 

This success was made possible by:

Dr. Joseph Myers, Computational 
Mathematics Program Manager/
Weapons Sciences, ARO 

Mr. Harris Edge, Engineer, Military 
Information and Experimentation 
Branch – Project Lead for Emerging 
Overmatch Technology ERP 
implementation of autonomy on 
ground systems, ARL.
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Through guidance and support from ARL and the STTR program, Advanced Science and Automation Corp.
(AScience) has developed the Autonomous Vehicle Simulation Platform (AVSP); an open-source software
framework for simulating how teams of interconnected autonomous ground vehicles interact with each 
other and their environment. The vehicles and their interaction with the terrain are simulated using a
high-fidelity multibody dynamics and terramechanics code (IVRESS) developed by AScience (Figure 3). 
IVRESS can simulate the motion of wheeled, tracked, and 2- and 4-legged vehicles over soft soils. IVRESS
can also simulate the contact/interaction of vehicles (Figure 4) and vehicle appendages (e.g. robotic
arms) with objects in the environment. The environment and most sensors are simulated using the Un-
real Engine. The sensors include: visible light and infrared cameras with various lens types (standard,
fisheye, and 360°), stereo cameras, radar, lidar, and ultrasonic sensors. In the simulation, each vehicle
in the team is operated using its own autonomy stack which receives data from the sensors and sends
and receives commands using robot operating system (ROS) communication. Manned or remotely oper-
ated vehicles in the simulation can be controlled by an operator or by scripting their behavior. Vehicles
within the same team can interact with each other and share sensor data using Joint Architecture for
Unmanned Systems (JAUS, a communication protocol for unmanned systems and intelligent vehicles)
and/or dedicated short-range communication (DSRC). A scenario controller is used to setup the environ-
ment and mission that the autonomous vehicles need to perform and control the scenario execution. 

dynamic model of the M113 implemented within 
the STTR software, a virtual testing bridge can be 
shared between ARL and GVSC. The team found it 
was capable of simulating three autonomous vehicles 
navigating a complex-topography off-road terrain 
with static obstacles (i.e., vegetation, rocks, barriers, 
poles, and buildings) and dynamic obstacles (i.e., 
vehicles, pedestrians, and animals) while remaining 
in formation, with each vehicle running a separate 
autonomy stack (Fig. 3). These results have been 
shared with GVSC and the NATO AVT-341 panel.

Figure 3. Snapshot from a simulation of three autonomous 
vehicles moving in a triangle formation (one FED-Alpha in 
the front of the formation and two Polaris-MRZR following 
behind) while avoiding static (including Jersey barriers, 
traffic barrels, buildings, and trees) and dynamic (pedes-
trians) obstacles. Each vehicle navigates using a separate 
autonomy stack (left) with Lidar sensors. The right image 
shows the three vehicles with the FED-Alpha Lidar points 
colored red and the lidar point of the two Polaris-MRZR 
vehicles colored blue and green.

WAY AHEAD

The ultimate goal is to achieve a toolset that can 
act as a functional bridge for unmanned systems 
development between basic research topics such as 
perception, artificial intelligence development/pro-
gramming and testing/validating safety of learning 
algorithms for field deployed systems. This can aid 
in cooperative transition because the same toolset 
can be used by both basic research institutions such 
as ARL and institutions that develop fielded technol-
ogies such as GVSC. Although much of the effort in 
developing the AVSP software can be described as 
an execution of software engineering and integra-
tion, a primary focus is how the simulator may be 
used in conjunction with current and future basic 
research. For example, the AVSP software is a po-
tential enabler for development of AI for embodied 
systems that require an accurate representation 
of physical interactions. There is an ongoing A2I2 
basic research project for “Learning to Manipulate 

Using Massive Simulations”, focused on the devel-
opment of an algorithmic framework for efficient 
learning from a combination of massive simulation 
and sparse human demonstrations along with an 
effort to develop a method for planning within time 
constraints for dynamic motion and response. One 
can see the benefits of having a simulator for team-
ing of embodied systems with improved physics 
accuracy for use with algorithms developed under 
the A2I2 project. The STTR software will enable 
further steps toward programming dynamic sys-
tems through learning algorithms for performing 
dangerous tasks through simulation that can be 
trusted to execute in real life scenarios. 

Improvements to the AVSP software are continuing. 
In the near term AScience plans to integrate JAUS 
and DSRC inter-vehicle communication capabilities 
into the AVSP. Furthermore, AScience will continue 
to develop a geographic information system importer 
to automate the process of generating the virtual 
environment. Development of the scenario controller 
will enable users to easily control the scenario setup 
and execution. This will be an essential tool for devel-
oping, programming, and testing learning algorithms 
in autonomy stacks in an efficient and documented 
process. AScience continues to improve the fidelity of 
the various sensors as well as add more sensor types. 
Finally, AScience is integrating additional capabilities 
to the vehicle autonomy stack for environment/object 
perception and team coordination to effectively test 
and demonstrate the AVSP simulation capabilities in 
military relevant operating scenarios. 

Figure 4. Physics solver capable of particle simulation for computing complex terramechanics for soft-soil, 
vegetation, and fluid environment interactions of multi-body mechanical systems.

ARL Competencies:

Weapons Sciences

Network, Cyber, and
Computational Sciences

Results

• Development of AVSP simulator 
that can operate in conjunction 
with autonomy stacks for 
autonomous driving. 

• Capability to simulate at least 
three autonomous vehicles navi-
gating a complex-topography off-
road terrain with static obstacles 
(i.e., vegetation, rocks, barriers, 
poles, and buildings) and dy-
namic obstacles (i.e., vehicles, 
pedestrians, and animals) while 
remaining in formation, with 
each vehicle running a separate 
autonomy stack

Anticipated Impact

The AVSP simulator is expected to 
enable testing of advanced teaming 
concepts employing learning 
algorithms that may be developed 
in current basic research programs 
such as ARL’s A2I2 with RTK. The 
team has cooperatively engaged 
with ARL’s Emerging Overmatch 
Technologies Essential Research 
Program which recently built an 
unmanned RTK-driven M113 similar 
to GVSC vehicles; this is another 
advance along the transition path. 
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NETWORK, CYBER, AND COMPUTATIONAL SCIENCES

COMMUNICATIONS AND HYBRID NETWORKS PROGRAM

Dr. Robert Ulman
Program Manager

Dr. Ulman received his B.S. in 
1984 from Virginia Tech, M.S. 
from The Ohio State Universi-
ty in 1986, and Ph.D. from the 
University of Maryland in 1998, 
all in Electrical Engineering. 

He came to ARO in 2000 as the 
Manager for the Wireless Com-

munications and Networks Program. He spent 3 
years (2017-2020) as a program manager in the 
ARO International Office London.

Current Scientific Objectives

1| Determine the fundamental limits on the capacity and secrecy in shared
wireless networks that, if successful, could enable future technologies that 
will maximize the use of available spectrum in congested and contested 
environments, while ensuring secure communications.

2| Develop methods for timely gathering, delivering, and processing of
critical battlefield information that, if successful, could enable information 
superiority and situational awareness for command control.

3| Achieve reliable quantum networking capabilities that, if successful, could
enable secure and accurate sensing and communication capabilities.

SUCCESS STORY 

Distributed Communications, Computation, and Caching 
Over Wireless Networks
Sensor data processing needs to be done near the source to reduce latency where processing, storage, and 
bandwidth are scarce. New near-optimal algorithms for data routing and processing software placement 
have been developed, accounting for these limitations.

CHALLENGE

Computation in edge computing, such as on a 
battlefield, requires moving sensor data to available 
computational and storage assets. However, on the 
tactical edge, communications bandwidth, storage, 
and computation are all limited. This leads to 
problem formulations that are difficult to optimize.

ACTION

Dr. Derya Cansever, acting program manager, 
wanted to expand the concept of software-defined 
networking to include computation and caching. 
This would facilitate the edge computing near the 
sensors and the Soldiers, thus reducing the latency 
between sensor data gathering to being delivered to 
the Soldiers. Dr. Cansever approached Prof. Leandros 
Tassiulas (Yale School of Engineering and Applied 
Science), who had recently presented his ideas on 
software-defined networking at an ARO-sponsored 
workshop on software-defined networking in the 
battlefield environment. Dr. Cansever encouraged 
Prof. Tassiulas to submit a single investigator 
proposal and worked closely with him to help define 

the project, which was funded. The objective was to 
optimize the joint placement of sensor processing 
services and sensor data routing in a processing- 
and communications-constrained environment, 
such as on a battlefield tactical edge. During the 
execution of the grant, Dr. Ulman suggested that 
experimental verification of the algorithms would 
be useful, resulting in a Defense University Research 
Instrumentation Program grant. This equipment 
has provided additional insight into practical 
implementation of the algorithms.

RESULT

This effort produced three significant results. The 
first deals directly with optimizing the placement 
of computational services and routing data to those 
services. The derived formulation is an NP Hard 
problem. An approximation algorithm is derived 
by first considering the linear relaxed version of the 
combined routing and service placement. Then a 
computationally efficient randomized routing 
algorithm is applied to the linear relaxed problem. 
The resulting algorithm significantly improves 
performance over greedy algorithms.

This success was made possible by:

Dr. Robert Ulman; Network, Cyber, 
and Computational Sciences, ARO

Dr. Derya Cansever; Military 
Information Sciences, ARO 
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These results were expanded to consider distributed 
computation over the network. The computational 
flow can have multiple data inputs and outputs as 
well as computation distributed over the network. 
The resulting problem can be represented by a 
directed acyclic graph (Figure 1). The randomized 
routing algorithm was extended to apply to this 
problem with near-optimal results.
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Sources
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Decoding
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Computation Functions Destinations

3D Projection

Figure 1. Example of 
sensor processing di-
rected acyclic graph.

This research has expanded to also investigate 
federated learning under constraints. This may be 
the first research incorporating caching constraints 
into federated learning. This research resulted in a 

novel optimization framework for storage and an 
online algorithm to use caching to speed up learning 
convergence (Figure 2).

Figure 2. Federated learning over edge-cloud networks with communications, processing, and storage. 
Dynamically arrived data can be cached in the edge clouds to defer their processing for model training 
in the future.

WAY AHEAD

Prof. Tassiulas will extend the current research to 
consider the interaction of network slicing, which 
facilitates parallel data flows, with the optimization 
of processing, caching, and communications. The 
current research has been presented at an ARL 
seminar. Transition and collaboration opportunities 
are being investigated with in-house ARL efforts. 

ARL Competencies:

Network, Cyber, and
Computational Sciences

Results

• Developed three algorithms to im-
prove performance of emerging and 
future distributed-edge computing 
by computationally efficient data 
routing algorithms, placement of 
sensor data processing code in dis-
tributed-edge cloud, and optimal 
in-network computation and cach-
ing for federated learning.

Anticipated Impact

Improved communication and distrib-
uted-edge processing of sensor data 
for machine learning to deliver action-
able information to the Warfighter. 
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SUCCESS STORY 

Ultra-low Latency Communications in Multi-Hop Wireless 
Networks
New reinforcement learning algorithms were developed that provide ultra-reliable low-latency 
communications which entail resource scheduling under guarantees on resource, latency, and reliability 
constraints.

CHALLENGE

Applications such as real-time video at the tactical 
edge require low-latency communications. However, 
current scheduling algorithms for multi-hop wireless 
network do not minimize latency and ensure 
maximum throughput. 

ACTION

Dr. Derya Cansever recognized that reinforcement 
learning had a potential to improve latency and 
throughput performance of wireless networks. 
However, he realized new theoretical framework 
and machine learning algorithms would be required 
to realize this improvement. He discussed the use 
of multi-armed bandits and other reinforcement 
learning techniques with Prof. Srinivas Shakkottai 
at Texas A&M University and realized this research 
could be applied to distributed control of multi-hop 
networks. Dr. Cansever and Prof. Shakkottai worked 
together on this concept, resulting in a funded single 
investigator proposal.

RESULT

Prof. Shakkottai began investigating networks 
with hard deadlines on packet delivery, such as 
commands controlling physical systems or even 
video being viewed in real time. He modeled 
as a Constrained Markov Decision Process, the 
constraints modeling the hard deadlines. From 
this model, a reinforcement learning algorithm was 
developed that had limited constraint errors and 

improved the performance over existing techniques. 
Further improvements led to an algorithm with no 
constraint violations, called Doubly Optimistic 
and Pessimistic Exploration, which significantly 
reduces the regret bound over existing algorithms. 
(Regret is the difference between performance of a 
reinforcement learning algorithm and an algorithm 
that has perfect information and therefore does not 
have to learn.) This algorithm combines a reward 
bonus for exploration (optimism) with a conservative 
constraint (pessimism). In addition to being 
applicable to wireless communication networks, 
the results are applicable to remote real-time control 
of robotics and other physical systems.

In addition to the theoretical research highlighted 
above, the principal investigator has developed an 
experimental platform, QFlow (Figure 3). With off-
the-shelf hardware and open-source operating 
systems and protocols, it was demonstrated how 
to couple queueing, learning, and markets to 
develop a system that can reconfigure itself to best 
suit the needs of video streaming and other delay 
sensitive applications.

Figure 3. Experimental test-bed for queue control for applications with deadlines or other time-sensitive 
applications.

WAY AHEAD

The theoretical reinforcement learning results will 
be further validated by simulation and eventually on 
the QFlow hardware. Further research is needed to 
apply the more recent results to wireless networks 
as well as other cyber physical systems with hard 
constraints. 

This success was made possible by:

Dr. Robert Ulman; Network, Cyber 
and Computational Sciences, ARO

Dr. Derya Cansever; Military 
Information Sciences, ARO 
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ARL Competencies:

Network, Cyber, and
Computational Sciences

Results

• Developed new algorithms for net-
work control to enable real-time
control, real-time video streaming, 
and other applications with strict 
deadline constraints.

Anticipated Impact

Improved performance of battlefield 
real-time video and remote control 
of robotics and other cyber physical 
systems.
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NETWORK, CYBER, AND COMPUTATIONAL SCIENCES

INFORMATION ASSURANCE

Dr. Paul Yu
Program Manager

Dr. Yu received his 
Ph.D. in Electrical 
Engineering from the 
University of Mary-
land in 2008. He 
joined ARL in 2006 
where he conducted 
research on secure 

wireless networking and cybersecurity. 

He came to ARO in 2022 as the Program 
Manager for Information Assurance.

Current Scientific Objectives

1| Create fundamental principles of proactive cyber defense that leverage diversity,
adaptation, and deception techniques that, if successful, could lead to new cyber-
defense techniques against intelligent and near-peer adversaries.

2| Establish theoretical models for describing and analyzing dynamic attacker–defender
interactions under multi-round, multi-domain cyber-deception games that, if successful, 
will establish metrics allowing for effectiveness quantification.

3| Explore artificial intelligence (AI)/machine learning (ML) for establishing spectrum
space situational awareness and leverage physical properties and cross-layer 
characteristics to derive new cyber-protection concepts and techniques that, if 
successful, will complement existing methodologies and help build more holistic 
cyber-plus-electronic warfare defense.

4| Establish scientific foundations for autonomous cyber systems that, if successful,
will help establish more effective cyber bot–human teaming and defense actions to 
sustain resilient, robust, and trusted mission operations.

SUCCESS STORY 

Building the Foundations of Autonomous Cyber Defense
Investigations and investments into the scientific foundations of autonomous adaptive cyber defense led 
to the creation of robust deception strategies with unprecedented scalability properties and an adversarial 
curriculum learning framework that improves the robustness of the learned policies against adaptive 
adversaries who can manipulate the environment.

CHALLENGE

Modern cyber defenses continue to be outpaced 
by increasingly sophisticated attacks. One way in 
which attackers are seemingly ahead is in the use 
of autonomy and AI techniques to drive advances, 
resulting in stronger and more adaptive malicious 
behavior. In contrast, defense remains relatively 
static, involving a great deal of manual labor and 
effort by cybersecurity professionals. This manifests 
a critical asymmetry in capabilities and an acute 
need to increase automation and reactivity of cyber-
defense tools.

In response, researchers have begun exploring the 
use of AI and game-theoretic techniques in attempts 
to increase automation and adaptability of cyber 
defense in the context of complex, dynamically 
changing, and adversarial systems. However, much 
of this research considers specialized settings and 
uses abstract, oversimplified models, making 

the results and insights difficult to bridge to real 
systems. Moreover, many advances in autonomous 
defense remain vulnerable to adaptive attacks and 
few provide any provable efficacy guarantees.

ACTION

Dr. Cliff Wang (departed ARO, now at the National 
Science Foundation) has been an early proponent 
of deception in cybersecurity and identified a criti-
cal need in increasing the automation of cyber de-
fense. In response, Dr. Wang organized a series of 
workshops to build the scientific community around 
subjects ranging from adversarial ML, game-theo-
retic approaches to cybersecurity, and autonomous 
cyber defense, and invited many eminent scholars 
including Prof. Yevgeniy Vorobeychik, an associate 
professor of Computer Science and Engineering 
at Washington University in St. Louis. These work-
shops helped galvanize a broad effort to significantly 
advance the science and practice of autonomy in 

This success was made possible by:

Dr. Paul Yu; Network, Cyber, and 
Computational Sciences, ARO

Dr. Cliff Wang (departed ARO/
now at NSF); Network, Cyber, and 
Computational Sciences, ARO

Dr. Charles Kamhoua; Network, 
Cyber, and Computational Sciences, 
ARL
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cyber defense. As part of this broader effort, ARO 
supported Prof. Vorobeychik to study foundational 
issues in autonomous cyber defense conceived as 
multi-round games involving deception, adversarial 
reasoning, and defensive adaptation.

RESULT

Under the ARO-sponsored Multi-Round Deception 
Games project, Prof. Vorobeychik and collaborators, 
including Dr. Charles Kamhoua (ARL), developed 
a series of techniques that blend adversarial ML 
and computational game theory to significantly 
advance autonomous cyber-defense capabilities. 
One significant advance was their clever use of 
conditional neural network generators—typically 
associated with Generative Adversarial Networks 
(GANs)—as implicit representations of randomized 
deception strategies that are learned as solutions to 
the complex deception game involving an attacker 
who jointly learns how to adaptively compromise the 
system in response. The result of this adversarial 
joint gradient-based learning between the defender 
and attacker is a highly robust deception strategy 
for the defender, with the framework enabling 
unprecedented scalability to high-dimensional 
settings and large networks.

In an even more fundamental thread, Prof. Vor-
obeychik and collaborators explored the problem 
of adversarial reinforcement learning, that is, the 
use of (deep) reinforcement learning in settings 
where an adversary can adaptively change behavior 
in response or modify the observable environment 
to subvert performance. Their major recent ad-
vances specifically consider reinforcement learn-
ing in which the adversary can perturb observable 
information about system state. They developed 
an adversarial curriculum reinforcement learning 
framework that enables significant improvements 
in robustness of learned policies compared to prior 
art with minimal impact to nominal performance. 

Moreover, in recent work they developed techniques 
to certify robustness of policies obtained through 
reinforcement learning in two senses: first, certify-
ing invariance of actions taken by the policy under 
adversarial perturbations, and second, certifying 
a lower bound on the cumulative reward obtained 
under such perturbations. Finally, they developed 
an extremely effective adversarial reinforcement 
learning approach for the problem of prioritizing 
cybersecurity alerts in the context of attackers that 
adapt their behavior in response to the prioritization 
policies (Figure 1). This work yielded significant 
improvements in the ability of defenders to effec-
tively identify malicious activity even with perfectly 
informed and adaptive attackers.

Figure 1. Model of the alert prioritization system. The Attack Oracle computes the attacker’s policy for 
executing attacks, which is implemented by the Attack Generator and then triggers alerts observed by 
the Attack Detection Environment. The Defense Oracle computes the defender’s alert prioritization policy, 
which is implemented by the Alert Analyzer.

WAY AHEAD

An important limitation of much prior work in 
autonomous decision-making in security is that 
policies that are learned through state-of-the-art 
AI (e.g., reinforcement learning) techniques are 
based solely on observations (since true state 
is not fully observable) and are therefore often 
difficult to interpret. As interpretation is crucial 
in cybersecurity, such approaches cannot be 
directly applied in this context. Moreover, recent 
advances in provable certification of performance 
are too abstract, as in practice we are interested 
in certifying specific properties of autonomous 
cyber-defense policies, such as safety and security. 
Prof. Vorobeychik and his team are exploring a 
new paradigm for reinforcement learning that 
aims to address both concerns by learning policies 
that compose predictions of true state based on 
complex observations and policies that depend on 
the semantically interpretable state, rather than 
observations. This paradigm ensures that policies 
which are learned are also interpretable and make 
both specification and verification of system 
properties natural. 

ARL Competencies:

Network, Cyber, and
Computational Sciences

Humans in Complex Systems

Results

• Created highly robust cyber-decep-
tion strategies with unprecedented
scalability properties.

• Developed an adversarial curricu-
lum learning framework that signifi-
cantly improves the robustness of 
the learned policies against adap-
tive adversaries who  can manipu-
late the environment.

• Proved that the actions and rewards 
of learned decision policies are ro-
bust to adversarial perturbations. 

Anticipated Impact

The theoretically grounded cyber-de-
ception framework can help create 
adaptive dynamic cyber-defense 
strategies for large complex networks. 
We can use the developed strategies 
to harden our defensive measures and 
fight through adversarial manipula-
tions.
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SUCCESS STORY 

Building the Scientific Foundations for Provably Secure 
Machine Learning
The ARO investment in secure ML has successfully created mathematical foundations, algorithms, and 
tools to build ML systems that have provable security and accuracy guarantees in adversarial settings. 
Investigations have led to the design of a state-of-the-art framework to achieve provable security against 
adversarial examples and the discovery of new vulnerabilities of self-supervised learning.

CHALLENGE

An ML pipeline consists of two key components: 
training phase and deployment phase. The training 
phase aims to collect training data and learn a 
model, while the deployment phase uses the model 
to make predictions in real-world applications. Such 
a pipeline is vulnerable to various fundamental 
attacks, which induce the model to make incorrect, 
attacker-desired predictions. In particular, poisoning 
attacks aim to compromise the training phase 
(e.g., modifying, adding, and/or deleting carefully 
selected training examples) such that the learnt 
model is corrupted and makes incorrect predictions; 
adversarial examples aim to compromise the 
deployment phase such that an uncorrupted model 
still makes incorrect predictions for testing inputs 
embedded with small perturbations carefully 
crafted by an attacker, where an input with such 
perturbation is called an adversarial example; and 
backdoor attacks aim to compromise both the 
training and deployment phases to induce incorrect 
predictions (e.g., the training phase is compromised 
to learn a backdoored model), which predicts an 
attacker-chosen label for any input embedded with 
an attacker-chosen trigger. Existing defenses are 
largely limited to achieve empirical security against 
existing attacks but are often broken by strategic, 
advanced attacks that adapt to the defenses. 
Such empirical defenses lead to an endless cat-
and-mouse game: new defenses are designed for 
existing attacks and new attacks are soon proposed 
to break the defenses. The ARO-sponsored research 
on provably secure ML aims to end the cat-and-
mouse game by creating the scientific foundations 
for building ML that is provably secure against any 
attacks. 

ACTION

Dr. Cliff Wang has been at the forefront of secure 
ML, which is also known as adversarial ML, and a 
pioneering advocate for this area and its applications 
to autonomous systems. ARO has organized multiple 
workshops on adversarial ML to bring together top 
researchers in the area to exchange ideas, identify 
key technical challenges, and formulate research 

directions. Prof. Neil Gong, Assistant Professor 
of Electrical and Computer Engineering at Duke 
University, is a leading expert in this area and was 
invited to participate in a 2018 ARO workshop 
hosted by the University of Texas at Dallas. In 
2019, Dr. Wang together with Prof. Sushil Jajodia 
(George Mason University) organized a workshop on 
autonomous adaptive cyber systems. Recognizing 
the close relationships between secure ML and 
autonomous cyber systems, Prof. Gong was invited 
to give a talk about applying secure ML to protect 
autonomous cyber systems at the workshop. After 
the workshops, Dr. Wang continued interacting with 
Prof. Gong to develop a white paper, and together 
they formulated a research plan and started a 
project to investigate ML techniques with provable 
security guarantees. 

RESULT

With ARO support, Prof. Gong and his students 
developed new ML techniques that are provably 
secure against poisoning attacks, adversarial 
examples, and backdoor attacks. An ML algorithm 
is provably secure against poisoning and backdoor 
attacks if it can learn a model whose predicted 
label for a testing input is unaffected by a bounded 
number of arbitrarily modified/added/deleted 
training examples. In a recent study, Prof. Gong 
proved that nearest neighbors—well-known ML 
algorithms—are provably secure against poisoning 
and backdoor attacks. Moreover, given a training 
data set and a testing data set, they showed that, 
once the number of modified/added/deleted training 
examples is bounded, a nearest-neighbor algorithm 
can guarantee a lower bound of accuracy for the 
testing data set no matter how an attacker poisons 
the training data set. A classifier is provably secure 
against adversarial examples if its predicted label 
for any testing input is unaffected by a bounded 
perturbation added to it. Prof. Gong developed a 
general framework to achieve such provable security 
with any classifiers. Given an arbitrary classifier and 
an input, the framework creates multiple random 
inputs, each of which includes a random subset of 
the input’s features (e.g., a feature is a pixel when 

This success was made possible by:

Dr. Paul Yu; Network, Cyber, and 
Computational Sciences, ARO

Dr. Cliff Wang (departed ARO/
now at NSF); Network, Cyber, and 
Computational Sciences, ARO
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the input is an image), the classifier predicts a label for each random input, 
and the framework takes a majority vote among the labels as the predicted 
label for the original input. The label predicted by the framework for an 
input is provably unaffected by any perturbation that changes a bounded 
number of features of the input. 

In a recent study, Prof. Gong also showed that self-supervised learning 
(SSL) is vulnerable to backdoor attacks. SSL is an emerging ML technology 
that can potentially redefine AI and society in the years ahead. SSL aims 
to pre-train an encoder using a large amount of unlabeled data often 
collected from the public Internet. The pre-trained encoder can then be 
used as a general-purpose feature extractor to build downstream classifiers 
for many downstream tasks with a small amount or no labeled training 
data. Prof. Gong demonstrated that an attacker could inject back doors 
into a pre-trained encoder such that downstream classifiers built on the 
backdoored encoder simultaneously inherit the backdoor vulnerability. In 
other words, a backdoored pre-trained encoder is a single point of failure 
of the ML ecosystem (Figure 2). They also showed that existing defenses 
are insufficient to defend against the backdoor attack because they are 
designed for classifiers instead of pre-trained encoders in SSL.

WAY AHEAD

Prof. Gong continues to investigate mathematical foundations to build ML 
techniques that have provable security guarantees in adversarial settings. 
In particular, he will investigate these techniques in the context of different 
ML algorithms such as supervised learning, SSL, federated learning, and 
recommender systems. He expects to uncover new vulnerabilities of ML 
and develop new theoretically grounded methods to defend against them. 

Figure 2. The backdoor attack, called BadEncoder, embeds a back door into a clean encoder. Multiple 
downstream classifiers built based on the backdoored encoder inherit the backdoor behavior simultaneously. 
A backdoored encoder is a single point of failure of the ML ecosystem. 

ARL Competencies:

Network, Cyber, and
Computational Sciences

Results

• Proved that the well-known class 
of nearest-neighbor algorithms are 
provably secure against poisoning 
and backdoor attacks.

• Designed a general state-of-the-art 
framework to achieve provable se-
curity against adversarial examples
using arbitrary classifiers. 

• Demonstrated that self-supervised 
learning is vulnerable to backdoor 
attacks, and a backdoored pre-
trained encoder is a single point of 
failure of the ML ecosystem. 

Anticipated Impact

The developed provably secure tech-
niques make it possible to apply ML 
in safety- and security-critical appli-
cation domains. The developed math-
ematical foundations and tools can 
be used to certify the security of an 
ML-enabled autonomous system. 
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PHOTONICS, ELECTRONICS, AND QUANTUM SCIENCES

ATOMIC AND MOLECULAR PHYSICS PROGRAM

Dr. Paul M. Baker
Program Manager

Dr. Baker completed his un-
dergraduate studies at Wright 
State University, receiving his 
B.S. in Physics in 2002. He 
trained as an atomic physicist 
at Tufts University, receiving 
his Ph.D. in Physics in 2009. 

He came to ARO in 2010 as 
the Program Manager of the Atomic and Molec-
ular Physics Program.

Current Scientific Objectives

1| Drive investments in correlated quantum systems to enhance metrology
(precision timekeeping) and reduce measurement uncertainty to the 
fundamental limit, while demonstrating insensitivity to noise from non-ideal 
environments (i.e., outside the laboratory) that, if successful, will provide 
assured navigation and global picosecond-level time synchronization.

2| Discover, develop, and verify neutral atomic and molecular schemes for
computational optimization, topologically protected states (i.e., properties 
of a system that are global and related to the internal configuration), and 
emergence in complex systems that, if successful, will provide critical 
understanding of the mechanisms of novel materials to enable the design 
of new material properties.

SUCCESS STORY 

Sub-centimeter Gravimetry with a Spatially Multiplex 
Optical Lattice Clock
This research created an optical clock from spatially multiplexed ensembles of 

87
Sr atoms. These ensembles 

were used to measure the gravitational redshift between them; the measured values were found to match 
theoretical predictions from general relativity. This work demonstrates a scalable and portable application 
of atomic clocks for relativistic geodesy with an approximately 30-s atomic coherence time. 

CHALLENGE

Geodesy is the science of accurately measuring 
the earth’s geometric shape, orientation in space, 
and gravitational field. Advances in technology 
for optical clocks have enabled them to become 
a sensitive probe of gravitational field at the 
sub-centimeter scale, where they are expected 
to outperform other contemporary methods of 
geodesy. Optical clocks can indirectly measure 
gravity by comparing the difference in frequency 
between two comparable clocks at different 
elevations. General relativity predicts that clocks 
deeper in a gravitational well move slower, a 
phenomenon known as gravitational redshift. Using 
optical clocks in geodesy applications will require 
portability. State-of-the-art, laboratory-based clocks 
are bulky and immobile, while current generations of 
portable clocks have inferior stability and accuracy. 
To our knowledge, relativistic measurements of 
sub-centimeter scale height differences between 
separate atom ensembles have not previously been 
demonstrated.

ACTION

Dr. Baker met with Prof. Kolkowitz (University of 
Wisconsin-Madison) at the American Physical 
Society conference to discuss funding a new type 
of clock that would eventually provide spatially 
separated atomic clocks suitable for investigating 
entanglement. Prof. Kolkowitz was awarded a Short 
Term Innovative Research (STIR) award to validate 
his approach. Prof. Kolkowitz was invited to give 
a public talk to the Physics Branch at ARO and a 
Single Investigator proposal was formulated and 
selected for award. 

RESULT

This work demonstrated a measurement of the 
gravitational redshift at sub-centimeter scale using 
an optical lattice clock consisting of an array of 

87
Sr 

atom ensembles trapped in a vertical, 1D optical 
lattice. Five atomic ensembles were equally spaced 
at 0.25-, 0.5-, 0.75-, and 1.0-cm separation with 
over 2000 atoms in each ensemble. Comparisons 
were performed between the 5 ensembles, resulting 

This success was made possible by:

Dr. Paul M. Baker; Photonics, 
Electronics, and Quantum Sciences, 
ARO
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in 10 unique pairwise clock comparisons recorded 
simultaneously, including 4 pairs at 0.25 cm, 3 pairs 
at 0.5 cm, 2 pairs at 0.75 cm, and 1 pair at 1.0-cm 
height differences. The gravitational redshift was 
tested by mapping out the frequency differences 
between each ensemble pair as a function of height 
difference.  

0
 to 3PThe 1S

0
 clock transition was probed with 

a 698-nm clock laser. Importantly, the relative 
measurement technique allowed the clock laser 
to have larger linewidth and worse drift than lasers 
used in standard clock experiments. Consequently, 
the laser was referenced to a rack-mounted ultra-
low-expansion cavity that is smaller and cheaper 
than the cavity used in most high-precision clock 
systems. Measurements utilized synchronous 
Ramsey spectroscopy in conjunction with spatially 
resolved fluorescence imaging to probe the clock 
transition along the ensemble array. The optical 
lattice was operated near the “magic wavelength” 
where the difference in polarization between the 
1S

0
 and 3P

0
 states is zero. 

Several upgrades were made to the apparatus 
during this reported effort. A deeper optical lattice 
enabled more atoms to be loaded and cooled in 
each ensemble. This is important because the clock 
transition is somewhat weak. A longer coherence 
time (~30 s) was achieved compared to the team’s 
previous work. The residual magnetic field gradient 
was suppressed along the lattice axis, reducing 
systematic uncertainties from Zeeman shifts.

Over a 3-week period, 14 measurements of the 
gravitational redshift under normal operation 
conditions were taken. Two methods of analysis 
were employed. The first method calculated 
a fractional frequency gradient for each data 
run. The second method took a weighted mean 
for all 14 runs together. Both methods yielded 
a frequency gradient fully consistent with the 
expected gravitational redshift. A spatial resolution 
of 1.3 mm was achieved in measuring the redshift. 
Treating the ensemble array as a network of 
spatially distributed clocks with unknown height 
differences, the team was able to correctly 

reconstruct the height ordering and relative height
differences of the ensembles using the measured
gravitational redshifts.

These results highlight the use of the spatially
multiplexed ensemble technique for achieving long
coherence times and low differential instabilities
without the need for a large, clunky, expensive
state-of-the-art clock laser. This paves the way
for relativistic geodesy at the sub-centimeter
scale with optical atomic clocks, the realization of 
entanglement enhanced clocks, and explorations
of the interplay between quantum mechanics and 
gravity.

Figure 1. Experimental system and synchronous differential clock comparisons. (a) A representative 
camera image of a spatially multiplexed array with five ensembles of 

87
Sr atoms (indexed 1-5 from top to 

bottom) trapped in a vertical 1D optical lattice for differential clock comparisons. The spacing between 
neighboring ensembles is 0.25 cm, spanning a total height difference of 1 cm. Due to the gravitational 
redshift, clocks at a higher gravitational potential are predicted to tick faster than clocks at a lower 
potential. The gray box shows the orientations of the applied bias magnetic field, and the lattice and 
clock laser polarizations. (b) Representative outcome from synchronous Ramsey spectroscopy on the 
clock transition using 5 atomic ensembles, resulting in 10 pairwise clock comparisons. In each plot, the 
excitation fractions of ensemble, j, are plotted against the excitation fractions of ensemble, i, tracing out 
an ellipse which is fitted to extract the frequency difference between that pair.

ARL Competencies:

Photonics, Electronics, 
and Quantum Sciences

Results

• Published in Nature, a world-lead-
ing scientific journal.

• Demonstrated sub-centimeter
measurements of gravitational
redshift consistent with predic-
tions from general relativity.

• Demonstrated relativistic geodesy 
at millimeter-scale resolution.

• Demonstrated the spatially mul-
tiplexed ensemble technique for 
optical clocks, achieving long co-
herence times without the need 
for a large, clunky state-of-the-art 
clock laser.
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reconstruct the height ordering and relative height 
differences of the ensembles using the measured 
gravitational redshifts.

These results highlight the use of the spatially 
multiplexed ensemble technique for achieving long 
coherence times and low differential instabilities 
without the need for a large, clunky, expensive 
state-of-the-art clock laser. This paves the way 
for relativistic geodesy at the sub-centimeter 
scale with optical atomic clocks, the realization of 
entanglement enhanced clocks, and explorations 
of the interplay between quantum mechanics and 
gravity.

WAY AHEAD

This effort has successfully demonstrated spatially 
separated atomic clocks and the frequency shift 
resulting from differing gravitational potentials at 
those trapping locations. The next step is to perform 
entangling operations between the clocks and to 
measure the performance gains, specifically in the 
reduction of frequency uncertainty. This represents 
a step toward understanding the relationship 
between gravity and quantum mechanics, as well 
as establishing the next generation of improved 
frequency standards. Clocks such as these can 
provide battlefield optical time transfer and ensure 
exquisite system synchronization. 

Figure 1. Experimental system and synchronous differential clock comparisons. (a) A representative
camera image of a spatially multiplexed array with five ensembles of 

87
Sr atoms (indexed 1-5 from top to 

bottom) trapped in a vertical 1D optical lattice for differential clock comparisons. The spacing between 
neighboring ensembles is 0.25 cm, spanning a total height difference of 1 cm. Due to the gravitational
redshift, clocks at a higher gravitational potential are predicted to tick faster than clocks at a lower
potential. The gray box shows the orientations of the applied bias magnetic field, and the lattice and
clock laser polarizations. (b) Representative outcome from synchronous Ramsey spectroscopy on the
clock transition using 5 atomic ensembles, resulting in 10 pairwise clock comparisons. In each plot, the 
excitation fractions of ensemble, j, are plotted against the excitation fractions of ensemble, i, tracing out 
an ellipse which is fitted to extract the frequency difference between that pair.

Figure 2. Extracting relative height differences using relativistic geodesy. The relative clock height differ-
ences across the array are determined using the measured gravitational redshifts and the independently 
measured local gravitational acceleration, g. The double arrows represent the extracted height difference 
and the associated uncertainty for each clock pair. The true clock heights are shown on the right (red 
values), with the lowest clock (clock 5) defined as being at a height of 0 cm. All units are in centimeters 
unless otherwise specified.

Anticipated Impact

The Army relies on geodesy in nu-
merous ways, including global po-
sitioning, distance measurements, 
navigation, missile and artillery 
targeting, mapping and charting, 
and satellite tracking. Developing 
millimeter-resolution geodesy with 
portable hardware has the potential 
to revolutionize Army capabilities in 
all these areas while leading to new 
capabilities such as landing aircraft 
by GPS and entanglement enhanced 
clocks.

SUCCESS STORY 

Long-lived Bell States in an Optical Tweezer-Array Clock
The generation of long-lived entanglement in optical atomic clocks is one of the primary goals of quantum 
metrology. Arrays of neutral atoms with entanglement generated by Rydberg-based interactions have 
proved to be a promising quantum platform to achieve this. In previous work, the group demonstrated 
state-of-the-art relative stability and atomic coherence using a tweezer-array clock. In this work, the 
group engineered global single-qubit gates on the optical clock transition and two-qubit entangling gates, 
enabling the generation of Bell states. The Bell states were found to have a lifetime of 4.2 s.

CHALLENGE

Geodesy is the science of accurately measuring the 
earth’s geometric shape, orientation in space, and 
gravitational field. Advances in teChallenge

Recent developments in precision metrology 
and quantum information science (QIS) have 
advanced the union of precision measurements 

with QIS concepts such as entangling gates and 
quantum error-correcting codes as a route to 
quantum-enhanced measurements. The promise 
of such an approach lies in the creation of large-
scale, entangled clocks amenable to versatile 
control and measurement schemes. One of 
the outstanding challenges in this effort is the 
creation of long-lived quantum coherence so that 

This success was made possible by:

Dr. Paul M. Baker; Photonics, 
Electronics, and Quantum Sciences, 
ARO
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many-particle states can be fruitfully leveraged 
for quantum-enhanced measurements at long 
interrogation times. A promising candidate for 
realizing this goal is the tweezer-array clock, 
which not only supplies long-lived atomic 
coherence and high stability, but also large atom 
number, high-fidelity Rydberg interactions, and 
microscopic control to engineer precisely tailored 
quantum systems.

ACTION

Dr. Baker funded professor Kaufmann as a student 
at the University of Colorado Boulder (UCB) and as a 
Post-Doc at Harvard. Impressed by Dr. Kaufmann’s 
creativity, Dr. Baker approached him at a conference 
upon hearing that he accepted a faculty position at 
UCB and discussed his plans. Professor Kaufman 
was awarded a Short Term Innovative Research 
(STIR) award to validate his approach. The success 
of this initial effort led to a Single Investigator 
proposal that was selected for award, as well as 
an equipment award. 

RESULT

Figure 3. Bell state coherence time is estimated through the decay of the parity oscillation contrast after 
variable hold time. The experiment is then repeated while simultaneously preparing single atoms in a 
superposition state. (a) The array averaged single-atom spin oscillation contrast decays exponentially (dark 
gray), whereas the Bell states’ parity oscillation contrast decays with a Gaussian (blue). The inset details 
short hold times and shares axes with the main panel. The error bars represent the 1σ confidence interval 
of the fitted sinusoidal amplitude. (b) The Bell state coherence time is measured without dependence 
on atom-laser coherence via parity–parity correlations. This decays exponentially, providing a Bell state 
coherence time of 4.6 s. (c) An alternative handle on the Bell state coherence time comes from a comparison 
of the Bell state parity with the square of the single-atom array-averaged spin projection. This decays 
exponentially and results in a Bell state coherence time of 3.4 s. The error bars in (b) and (c) represent the 
s.e.m. from averaging the array-averaged correlation over repetitions and analysis phases.

Optical clock experiments aim to measure time as 
precisely as possible. In the lab, this translates to 
measuring a precise phase difference between two 
different atomic states as the states change their 
phase over time. In general, the larger the phase dif-
ference, the more precise the measurement of time. 
Therefore, to get the most precise measurement, 
researchers often have averaged over a long exper-
imental time to wait for enough phase difference to 
accrue in the experimental system. Entangled clock 
systems are promising because they can accrue 
phase much faster than unentangled clocks. This 
means that for a given measurement time, research-
ers can get a more precise measurement with an 
entangled system.

In this experiment, an array of atom was trapped, 
atomic pairs were entangled, and the entangled 
atoms were used as atomic clocks. Specifically, a 
doublet array of 88Sr atoms was implanted into a 
single plane of a 3D optical lattice, imaged, and 

subsequently cooled into the atoms’ 3D motional
ground state to achieve high-fidelity atomic control.
A sequence of global laser pulses was then applied
to drive the clock transition as well as the Rydberg 
transition used in the entangling procedure. A
controlled phase gate for two clock-transition qubits
was implemented using adiabatic Rydberg pulses. 
The dynamics of the controlled phase gates were
studied inside a Ramsey interferometry sequence. 
The experimental sequence is depicted at the top
of Figure 3.

For metrological use, a long coherence time for
the entangled state is desired. Two independent
methods were used to measure the coherence
time. First, the group measured the exponential
decay of the parity-parity correlation to obtain
a Bell state coherence time of 4.6(7) s. This
approach effectively uses the relative phase within
one Bell state as a reference against which to
measure the coherence of another Bell state. By
averaging over the array, this can be construed
as comparing the evolving Bell-state phase with
respect to the mean phase of all the other Bell
states. Second, a similar approach was employed
where all the Bell states were compared with the
ensemble of non-entangled atoms, resulting in a
Bell state coherence time of 3.4(1.1) s. The two
measurements of the Bell state coherence time
are mutually consistent and may be combined to
yield 4.2(6) s. See Figure 3.

Figure 4 depicts the three separate trapping
potentials used in this experiment. The cold atomic
sample is loaded into an array of 515-nm optical
tweezers projected through a high-numerical-
aperture objective. This forms a 2D array of atoms,
which are then transferred into a single plane of a

ARL Competencies:

Photonics, Electronics, 
and Quantum Sciences

Results

• Demonstrated the parallel gener-
ation of entangled Bell states on 
an optical clock transition using a 
novel spin-echoed, adiabatically 
resonant Rydberg pulse sequence.

• Demonstrated Bell state fidelities 
of 92.8(2.0)% and the array-aver-
aged coherence time of 4.2(6) s.

• Built on previous work by introduc-
ing maximally entangled gates.
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subsequently cooled into the atoms’ 3D motional 
ground state to achieve high-fidelity atomic control. 
A sequence of global laser pulses was then applied 
to drive the clock transition as well as the Rydberg 
transition used in the entangling procedure. A 
controlled phase gate for two clock-transition qubits 
was implemented using adiabatic Rydberg pulses. 
The dynamics of the controlled phase gates were 
studied inside a Ramsey interferometry sequence. 
The experimental sequence is depicted at the top 
of Figure 3.

For metrological use, a long coherence time for 
the entangled state is desired. Two independent 
methods were used to measure the coherence 
time. First, the group measured the exponential 
decay of the parity-parity correlation to obtain 
a Bell state coherence time of 4.6(7) s. This 
approach effectively uses the relative phase within 
one Bell state as a reference against which to 
measure the coherence of another Bell state. By 
averaging over the array, this can be construed 
as comparing the evolving Bell-state phase with 
respect to the mean phase of all the other Bell 
states. Second, a similar approach was employed 
where all the Bell states were compared with the 
ensemble of non-entangled atoms, resulting in a 
Bell state coherence time of 3.4(1.1) s. The two 

measurements of the Bell state coherence time 
are mutually consistent and may be combined to 
yield 4.2(6) s. See Figure 3.

Figure 4 depicts the three separate trapping 
potentials used in this experiment. The cold atomic 
sample is loaded into an array of 515-nm optical 
tweezers projected through a high-numerical-
aperture objective. This forms a 2D array of atoms, 
which are then transferred into a single plane of a 
3D optical lattice, which is formed by two separate 
optical systems. First, a 2D bowtie lattice is formed 
using a single beam redirected by a series of mirrors 
and lenses. And second, an axial lattice is projected 
from the side by directing two path-length-matched 
beams into a single aspheric lens. 

WAY AHEAD

These results establish a firm foundation for 
future explorations of quantum-enhanced optical 
frequency metrology at the stability frontier. A 
crucial near-term goal is to extend these results 
from pairs to clusters as big as tens of atoms, as 
well as to identify and generate the particular 
optimal quantum states of these clusters for a clock 
stability measurement. Entangling operations both 
before and after the interrogation time may further 
enhance the clock stability. 

Figure 4. Trapping potentials used in 
the experiment. A single element in 
the optical tweezer array is depicted by 
the vertical green cone. The aspheric 
lens used in the second axial lattice is 
on the left-hand side.

Anticipated Impact

The group demonstrated capabilities 
useful throughout quantum science.  
The construction of a quantum-en-
hanced optical clock has broad im-
plications for geodesy, gravitation-
al-wave detection, and the search 
for physics beyond the standard 
model. Particularly exciting is the 
generation of cluster states and, 
with the addition of local measure-
ments, subsequent demonstration 
of one-way quantum computing. The 
combination of tweezer-based atom 
rearrangements and a 3D optical 
lattice further allows access to 2D 
Hubbard physics with finite-range 
interactions.
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PHOTONICS, ELECTRONICS, AND QUANTUM SCIENCES

QUANTUM INFORMATION SCIENCE PROGRAM

Dr. Sara Gamble
Program Manager

Dr. Gamble completed 
her undergraduate stud-
ies at the University of 
Florida, receiving her 
B.S. in Physics in 2003. 
She continued her edu-
cation at Stanford Uni-
versity, receiving her 

Ph.D. in Applied Physics in 2010. She came 
to ARO in 2017 as the Program Manager for 
the Quantum Information Science Program. 

Current Scientific Objectives

1| Extend the understanding of multi-qubit and entangled quantum systems to
ultimately enable advances in quantum computation and quantum networks 
that, if successful, could enable beyond classical capabilities in computation, 
communication, and sensing.

2| Establish the limits of the advantages of qubit-based quantum systems over
classical systems for sensing and measurement that, if successful, could enable 
sensitivities physically unachievable by traditional classical systems.

3| Devise novel, primarily non-cryptographic-focused algorithms to expand the
application space of quantum information processing that, if successful, could 
enable breakthroughs in fields ranging from machine learning to optimization to 
chemistry and materials science.

SUCCESS STORY 

Novel Quantum Computing Architectures: Optical 
Parametric Oscillators in the Quantum Regime
This research explores the feasibility of an all-optical quantum information processing system based on 
networks of optical parametric oscillators (OPOs). By pushing the boundaries of the nonclassical resources 
inherent in OPO networks using nonlinear and ultrafast optics, the team was able to lay foundations for 
quantum science with on-chip OPO networks. These studies are expected to enable opportunities for 
computing and sensing in the quantum and classical regimes beyond what is available with existing 
technologies.

CHALLENGE

The past few decades have seen significant prog-
ress in the demonstration of fundamental quantum 
phenomena. This has led to the implementation of 
small-scale quantum information systems in a vari-
ety of physical platforms including superconducting 
circuits and trapped ions. Despite these advances, 
major hurdles still exist due to the scalability and 
connectivity challenges associated with most of 
the physical systems currently under investigation. 
One promising path to tackle these challenges is 
the use of photonic platforms, which are known for 
their ease of connectivity. However, since combining 
them with nonoptical quantum platforms has proven 
very challenging, an interesting new direction is 
to develop a path towards an all-optical quantum 
information processing platform.  

There are two overarching questions that need 
to be answered in the exploration of these 

platforms: (1) Can we push them from operation 
in the classical or semiclassical regime into the 
quantum regime? (2) If we can realize operation 
in the quantum regime, are there benefits to this 
approach versus the more traditional matter-based 
platforms? For OPO networks, there are two major 
challenges inherent in exploring these questions: 
realization of entanglement among OPOs with 
optical coupling and the realization of Schrodinger’s 
cat states. The latter is believed to be beyond the 
reach of conventional nonlinear optical systems. 
This research has endeavored to overcome this 
difficulty by exploring the frontiers of nonlinear 
and ultrafast optics. An important opportunity 
potentially opened by quantum OPO networks is 
the realization of universal quantum computing. 
To approach such an operation regime, significant 
enhancement of nonlinearity-to-loss ratio (roughly 
five orders of magnitude) is required—an incredibly 
daunting challenge.

This success was made possible by:

Dr. Sara Gamble; Photonics, 
Electronics, and Quantum Sciences, 
ARO

Dr. James Joseph; Photonics, 
Electronics, and Quantum Sciences, 
ARO
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ACTION

One of the Quantum Information Science 
programmatic priorities established by Program 
Manager (PM) Dr. Sara Gamble was to explore 
nontraditional approaches to quantum information 
processing. This included both nontraditional 
approaches to manipulating traditional qubits, 
the fundamental unit of information processing in 
the quantum regime, and nontraditional systems 
that may ultimately have benefits versus their best 
classical alternatives. While a small handful of 
approaches to quantum information processing 
have shown enormous promise, Dr. Gamble 
recognized that the community could potentially 
be missing oppor tunities in nontraditional 
approaches, and that ARO with its high-risk high-
reward approach to fundamental research is 
ideally poised to ensure that these opportunities 
can be explored. As a result of discussing this 
programmatic priority with a West Point colleague, 
Dr. Gamble was introduced to Prof. Alireza Marandi, 
an expert in OPO platforms. At the time, Prof. 
Marandi was a postdoctoral scholar at Stanford 
University, and Dr. Gamble and Prof. Marandi began 
discussing and developing ideas for a proposal 
to address the two previously stated overarching 
questions: (1) Can we push networks of OPOs into 

operation in the quantum regime? (2) If we can, 
is it worth the overhead of doing so? This process 
involved significant challenges since the research 
was a new area of investment for the ARO Quantum 
Information Science Program, and over the course 
of their idea development, Prof. Marandi was 
offered and accepted a tenure track professorship 
at the California Institute of Technology (Caltech). 
After this professorship became official, Prof. 
Marandi submitted the proposal through Caltech 
and ARO awarded his first grant. The initiative that 
Dr. Gamble took in supporting and developing ideas 
with Prof. Marandi as an early career scientist has 
paid large dividends.

RESULT

For his ARO-supported research Prof. Marandi 
leveraged work from his previous group, which 
demonstrated a semiclassical OPO-based Ising 
machine that can be programmed to address 
NP-hard optimization problems and showed 
promising computational performance in tackling 
these problems. This work developed a large-scale 
semiclassical computing architecture of OPO 
networks using a measurement feedback scheme 
and observed numerical evidence of entanglement 
in OPO networks in the Gaussian regime.

Figure 1. The experimental platform of the proposed project is based on dispersion-engineered thin-film 
PPLN wave guides leading to unprecedented phase-sensitive gain. (a) Surface-poled x-cut thin-film lithium, 
showing the gold electrodes (solid black parts on the top and bottom of the image) and inverted domains 
(shaded areas in between the electrodes) and original domain (bright green area). (b) Scanning electron 
microscope image of LN wave guides and the polished facets. (c) Simulated mode profiles of the pump 
at 1045 nm and the signal at 2090 nm. (d) Simulated group velocity mismatch (GVM) and group velocity 
dispersion (GVD) for a dispersion-engineered wave guide with fine tuning the geometric parameters of the 
wave guide cross section. The dispersion-engineered wave guide provides low-GVM between the pump and 
signal and low-GVD at signal and pump wavelengths enabling intense optical parametric amplification as 
the building block of the proposed work. (e) Measured gain in dispersion-engineered PPLN wave guides 
exceeding 100 dB/cm for a 6-mm wave guide.

ARL Competencies:

Photonics, Electronics, 
and Quantum Sciences

Results

• Demonstrated record-level OPA as
well as femtojoule, femtosecond, 
all-optical switching.

• Implemented an all-optical
loss-tolerant Gaussian measure-
ment scheme on the thin-film
PPLN combined with a source of 
squeezed vacuum.
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To tackle the two overarching questions of interest to 
ARO, Prof. Marandi began fabricating devices via dis-
persion engineered periodically poled lithium niobate 
(PPLN), optimizing for efficient optical parametric 
amplification (Figure 1). To date, these devices have 
demonstrated record-level on-chip parametric am-
plification (OPA) as well as femtojoule, femtosecond, 
all-optical switching. This unprecedented phase-sen-
sitive amplifier is now the main building block for the 
devices and systems ARO is exploring.

The ARO effort explored a direct and scalable path in 
which the quantum-to-classical transition (i.e., the 
observation of the quantum states) takes place on 
the fabricated chips in the optical domain. Such an 
all-optical quantum measurement can be done with 
strong parametric processes at room temperature. 
The generated classical optical signal can then be 
measured by a low-quantum-efficiency and noisy 

detector (i.e., a classical measurement) that does 
not require perfect hybrid integration. This scheme 
can be realized using the intense OPA on integrated 
PPLN. Figure 2 shows the team’s implementation 
of the all-optical loss-tolerant Gaussian measure-
ment scheme on the thin-film PPLN combined with 
a source of squeezed vacuum.

0

Figure 2. All-optical quantum 
measurement techniques of 
the project based on high-gain 
OPA eliminating the need for 
low-loss hybrid integration. 
(a) Schematic of Gaussian mea-
surements. OPA1 is a low gain 
OPA for generating a squeezed 
state followed by OPA2, which 
is a high-gain OPA that can 
measure the squeezing. The 
classical optical signal is then 
routed outside the chip toward 
classical measurements. (b,c) 
Comparison of the measure-
ment error in the case of stan-
dard homodyne detection (b) 
and high-gain OPA for different 
starting points of squeezing (5, 
10, 13, and 15 dB as shown in 
legends).

While Prof. Marandi now has support for his lab from 
a variety of sources, ARO provided his first external 
funding and enabled him to establish his group in 
this novel and competitive field of research.  This 
exemplifies how ARO PM relationships across the 
community and dedication to exploring new research-
ers with novel ideas can lead to enormous dividends.

WAY AHEAD

Figure 3. Main quantum architectures to be realized and studied on thin-film PPLN. (a) OPO networks 
in the Gaussian and non-Gaussian regimes. (b) Quantum topological photonics illustrated on a coupled 
wave guide scheme, as the 1D example for realization of quantum topological phases in integrated PPLN.

Realization of all-optical non-Gaussian operations 
in these OPO systems would open a broad range of 

opportunities for scalable quantum information processing. Prof. Marandi 
continues to pursue the ambitious goal of achieving all-optical non-Gaussian 
operation with the strong nonlinearity of thin-film PPLN with further ARO 
support. While this nonlinearity is still not at the single-photon level, recent 
advances on realization of phase transitions, especially first-order phase 
transitions with quadratic OPOs, indicate their potential for use in non-
Gaussian operations.

This project ultimately aims to implement an all-optical OPO network 
(Figure 3a) that will be operated below threshold and hence will enable 
experimental studies of quantum properties of OPO networks including 
entanglement and non-Gaussianity, as well as classical dynamics. Such a 
network is highly desired not only because of its cost and size but also due 
to its broader computing potentials.

The project further aims to explore quantum topological photonics in in-
tegrated PPLN and OPO networks (Figure 3b). This has the potential to 
enable protection of quantum states and realization of quantum informa-
tion systems.

The sizes of the on-chip OPOs on thin-film PPLN are still orders of magni-
tude larger than their operating wavelengths. Extreme miniaturization of 
OPOs with resonators in the size of a wavelength can open opportunities 
for realization of large-scale OPO networks for quantum and non-Hermitian 
photonics.  The team has recently investigated operation of OPOs with wave-
length-scale resonators through a simple theoretical model. Current plans 
are to explore two avenues of realization of such OPOs using a plasmonic 
resonator on thin-film lithium niobate (LN), and Mie resonators on LN and 
III-V substrates (Figure 4). 

Figure 4. Structures for realization of wavelength-scale OPOs. (a) Nanoscale plasmonic cavity on an LN 
substrate (blue). The upper cladding (red) can be an additional nonlinear material such as polymers. The 
pump and signal can be coupled in and out of the resonator either by grating couplers or additional wave 
guides. Inset shows an example fabricated plasmonic device in the principal investigator’s lab. (b) Mie 
resonator OPO.

Anticipated Impact

This project aims to lay the founda-
tion for the development of large-
scale programmable networks of 
nonlinear photonic resonators that 
will enable opportunities for com-
puting and sensing in the quantum 
and classical regimes beyond what is 
available with existing technologies.



CHAPTER 3  
SUCCESS STORIES

ARO IN REVIEW 2022  |  178

opportunities for scalable quantum information processing. Prof. Marandi 
continues to pursue the ambitious goal of achieving all-optical non-Gaussian 
operation with the strong nonlinearity of thin-film PPLN with further ARO 
support. While this nonlinearity is still not at the single-photon level, recent 
advances on realization of phase transitions, especially first-order phase 
transitions with quadratic OPOs, indicate their potential for use in non-
Gaussian operations.

This project ultimately aims to implement an all-optical OPO network 
(Figure 3a) that will be operated below threshold and hence will enable 
experimental studies of quantum properties of OPO networks including 
entanglement and non-Gaussianity, as well as classical dynamics. Such a 
network is highly desired not only because of its cost and size but also due 
to its broader computing potentials.

The project further aims to explore quantum topological photonics in in-
tegrated PPLN and OPO networks (Figure 3b). This has the potential to 
enable protection of quantum states and realization of quantum informa-
tion systems.

The sizes of the on-chip OPOs on thin-film PPLN are still orders of magni-
tude larger than their operating wavelengths. Extreme miniaturization of 
OPOs with resonators in the size of a wavelength can open opportunities 
for realization of large-scale OPO networks for quantum and non-Hermitian 
photonics.  The team has recently investigated operation of OPOs with wave-
length-scale resonators through a simple theoretical model. Current plans 
are to explore two avenues of realization of such OPOs using a plasmonic 
resonator on thin-film lithium niobate (LN), and Mie resonators on LN and 
III-V substrates (Figure 4). 

Figure 3. Main quantum architectures to be realized and studied on thin-film PPLN. (a) OPO networks
in the Gaussian and non-Gaussian regimes. (b) Quantum topological photonics illustrated on a coupled 
wave guide scheme, as the 1D example for realization of quantum topological phases in integrated PPLN.

Figure 4. Structures for realization of wavelength-scale OPOs. (a) Nanoscale plasmonic cavity on an LN 
substrate (blue). The upper cladding (red) can be an additional nonlinear material such as polymers. The 
pump and signal can be coupled in and out of the resonator either by grating couplers or additional wave 
guides. Inset shows an example fabricated plasmonic device in the principal investigator’s lab. (b) Mie 
resonator OPO.
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PHOTONICS, ELECTRONICS, AND QUANTUM SCIENCES

SOLID STATE PHYSICS PROGRAM

Dr. James Harvey
Program Manager

Dr. Harvey graduated from the U.S. Military Academy with 
a B.S. in Engineering, from Dartmouth College with a Ph.D. 
in Physics, from Fairleigh Dickinson University with an MBA, 
and from the University of California, Davis, with a Ph.D. in 
Applied Science. He served in both tactical and technical 
assignments in the Army before joining ARO. He managed 
ARO’s Electromagnetics program for over 28 years, served as 
technical director of the European Research Office, initiated 

the Minerva Program in social science, initiated ARO’s Biotronics program, served 
overseas in the ARO International Program in Innovations in Materials Science, 
and is now responsible for ARO’s Solid State Physics program.

Current Scientific Objectives

1|Discover and explain new electronic
phenomena in the solid state that, if 
successful, will enable advances such 
as energy efficient electronics or some 
unforeseen technological opportunities.

2|Discover and understand strongly correlated
phenomena in topological materials.

3|Discover how visible/IR/terahertz radiation
may coherently couple to electronic 
phenomena in materials to alter properties. 

SUCCESS STORY 

High-Temperature and Tunable Quantum Magnetic Materials
New families of quantum topological magnetic and quantum magnetic materials have been discovered 
and synthesized by an ARO-sponsored team at Rutgers University, providing a wide range of applications 
for ultra-low power, ultra-low heating devices for information processing, computation, and highly sensitive 
magnetometers. These materials show the promise of spintronic and electronic operation at liquid nitrogen 
temperature (70 K), and even room temperature.

CHALLENGES

Further scaling up of computational capability 
for military applications is limited by the device 
size, power requirements, and heat dissipation in 
circuits depending on the manipulation of electronic 
charges. Topological devices offer a potential route 
to dissipation-less electron currents, spin currents 
for low-energy information processing, and/or 
quantum computing; however, materials for these 
devices generally require low-temperature or ultra-
low-temperature operation. Material and magnetic 
defects are currently identified as sources of the 
problem.

ACTION

Shortly after the first experimental evidence of the 
3D topological insulator (TI), the previous program 
manager (PM) for solid state and condensed 
matter, Dr. Marc Ulrich (ARO), recognized the 
potential scientific and application opportunities 
in this new form of solid state material—in 
particular, applications for low-power electronics. 
He structured this new thrust for his program 
on topological physics. At the same time, he 

helped develop an ARO collaboration of PMs with 
complementary programs in atomic and molecular 
physics, physical properties of materials, and solid 
state electronics to explore the new material. Out 
of this research the world’s best TI (BiSeTe) was 
developed, and this platform permeates much of 
the TI research throughout the world today. The 
ARO program was one of the first DoD investments 
in topological materials, with the Air Force Office 
of Scientific Research, Office of Naval Research, 
and ARL’s former Sensors and Electron Devices 
Directorate motivated to participate. From the 
resulting collaborative PM efforts, the Office of 
the Secretary of Defense’s Topological Electronic 
Devices Applied Research for Advancement of 
S&T Priorities (ARAP) program was created. From 
many discussions and seminars in this environment, 
Drs. Ulrich and Joe Qiu (PM for ARO’s Solid State 
Electronics program) realized that the research 
into TIs was becoming crowded, with so many U.S. 
and international funding agencies investing in 
exploiting the new material that the ARO Scientific 
Services Program (SSP) could have only a marginal 
impact. As a result, this topic was eliminated from 

This success was made possible by:

Dr. Marc Ulrich; Emerging 
Electronics, ARL

Dr. Joe Qiu; Electromagnetic 
Spectrum Sciences, ARO

Dr. Chakrapani Varanasi; Sciences of 
Extreme Materials, ARO

Dr. Paul Baker; Photonics, 
Electronics, and Quantum Sciences, 
ARO

Citations:
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Liu, Y. et al. Thin Solid Films 751, 
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Yao, X. et al. Nano. Lett. 22, 7522 
(2022).
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the SSP, but at the same time results from the 
ARAP convinced them that magnetic–topological 
interactions offered very promising opportunities 
for entirely new physical phenomena, as well as a 
basis for important applications in ultra-low-power 
electronics, quantum computing, and control of 
topologically nontrivial spin waves. 

RESULTS

The Rutgers team has made three breakthroughs 
that open the door to significant applications 
of quantum topological magnetic materials in 
advanced electronic systems:

1. Chemical and electro-chemical treatments were 
first discovered, which induce the anomalous Hall 
effect (AHE) in PdCoO2 films and regulate the 
electrical and magnetic properties. The AHE in 
the material can be moderated, and even changed 
from plus to minus, and a strong perpendicular 
ferromagnetism in this normally nonmagnetic 
material can be induced by altering the treatment 
conditions. In addition, the first observation of 
plasmons in PdCoO2 was made, which will enable 
infrared generation. PdCoO2 is highly conductive 
at room temperature (equivalent to copper or
gold), and the AHE provides extreme sensitivity 
and control of spintronic devices without an
external magnet, enabling smaller low-power
magnetic, spintronic, and optoelectronic devices.

2. By careful engineering of the interface defects, 
the world’s highest-temperature quantum
anomalous Hall effect (QAHE) was demonstrated 
in a topological material without an electric gate 
(no external E-field) and in a large-scale material. 
The temperature at 2 K was four times the
temperature of previous reports and is projected 
to go as high as 70 K with further defect
engineering. The QAHE material (Cr-doped
(Bi,Sb)2Te3) supports topologically protected 

electrical currents on the edges but is totally 
insulating in the interior. The topologically 
protected edge currents propagate without 
dissipation and, unlike the quantum Hall effect, 
do not require an external magnetic field. Figure 
1 shows the sharp hysteresis in the magneto-
resistivity of the TI sample quantized to precisely 
e2/h, which is the signature of QAHE.

Figure 1. First achievement of QAHE at 
2 K without electrical gating. The sharp 
hysteresis in the magneto-resistivity of 
the TI sample quantized to precisely e2/h 
is the signature of QAHE. The edge cur-
rent flowing without dissipation is seen 
where the conductivity (σ) goes to zero 
with zero external magnetic field.

3. For the first time, a superconducting, macroscop-
ically contiguous oxide film was grown epitaxially 
on a TI layer. Previously, TIs were grown on super-
conductors (SCs) by van der Waals epitaxy, but
SCs could not be grown on TIs (except in limited 
cases of elemental metals or in the monolayer 
limit). Here the Rutgers team has discovered and 
exploited “hybrid symmetry epitaxy” to grow SC 
Fe(Te,Se) (FTS) film on the TI Bi2Te3 and the
magnetic TI manganese telluride (MnTe) where 
the materials have a uniaxial lattice match. This 
breakthrough opens the way for the synthesis of 
superlattices composed of alternating TI and SC 
layers, with potentially new and unprecedented 
topological heterostructures such as topological 
superconductors or the elusive Weyl supercon-
ductor. These heterostructures provide a unique 
platform for investigating the basic interactions 
between topological superconductivity and mag-
netism, as well as the investigation of Majorana 
states for fault-tolerant quantum computing. 

Figures 2a and 2b show the reflection high-energy 
electron diffraction (RHEED) patterns of the MnTe 
layer and the Fe(Se, Te) layer grown on top of the 
MnTe. The bright streaky features imply the high 
quality of the epitaxial growth. The in-plane lattice 
symmetries of these two layers can be confirmed 
by the spacing ratio of the RHEED streaks in two 
high-symmetry directions. For the MnTe layer, the 
lattice symmetry is sixfold, which is consistent with 
the spacing ratio of √3 marked in Figure 2a. 

ARL Competencies:

Photonics, Electronics, 
and Quantum Sciences

Network, Cyber, and
Computational Sciences

Electromagnetic Spectrum Sciences

Results

• Discovered chemical and elec-
tro-chemical treatments that in-
duce and tune the anomalous Hall 
effect and a strong anisotropic
ferromagnetic transition in an ul-
tra-high conductivity oxide, open-
ing the way for new magnetic devic-
es not needing an external magnet.

• Demonstrated world’s highest-tem-
perature QAHE in large-scale TI
without external electric field,
promising high-temperature spin-
tronic and quantum devices.

• Demonstrated the epitaxial growth 
of a superconducting film on a TI, 
with the potential for the first SC/
TI superlattices, which would make 
possible the exploration of entirely 
new physics as well as new quan-
tum devices.
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Similarly, the fourfold Fe(Se, Te) layer shows a spacing ratio of √2 in Figure 
2b. As indicated by the red dashed lines connecting Figures 2a and 2b, the 
RHEED spacings of the MnTe and Fe(Se, Te) layers are the same in one 
high-symmetry direction, despite their different in-plane lattice symmetries. 
The well-defined sharp interface between the layers shown in Figure 2d 
confirms the high quality of the heterostructure, enabled by the uniaxial 
lattice match.

Figure 2. First epitaxial deposition of superconducting Fe(Te, Se) (with 
fourfold symmetry) on hexagonal TI MnTe via hybrid symmetry epitaxy. 
RHEED patterns for (a) 10-nm MnTe and (b) 22-nm Fe(Te, Se) grown on 
MnTe. The arrows indicate the RHEED streak spacings, while the red dashed 
guidelines indicate that the RHEED spacings are the same. (c) Schematic 
of the Fe(Te, Se) (purple) lattice overlaid on top of the MnTe (blue) lattice; 
the dots represent Te(Se) atoms. (d) High-angle annular dark-field scanning 
transmission electron microscopy image for the Fe(Se, Te)/MnTe sample.

WAY AHEAD

The Rutgers team will explore the limits of defect engineering of TI 
films to establish QAHE above 4 K (liquid helium), 10 K, then up to 70 K 
(liquid nitrogen). Further research will also focus on developing QAHE 
in a ferromagnetic TI and exploring the new physics observable in new 
QAHE superlattice structures. Dr. Ulrich is now the chief of ARL’s Emerging 
Electronics Branch. Close collaboration with his branch will be maintained, 
as well as collaboration with the other branches in the ARL Photonics, 
Electronics, and Quantum Sciences competency for transitioning high-
temperature ultra-low-power devices in support of the Army’s Network/
Command, Control, Communications and Intelligence (C3I) priority and 
the Intelligence and Mission Command Functional Concepts. 

Anticipated Impact

These results will  lead to ul-
tra-low-powered, low-heating elec-
tronic and photonic devices for 
extremely small low-power commu-
nications, sensing, electronic warfare, 
and computational systems support-
ing the Army’s Network/C3I priority 
and the Intelligence and Mission Com-
mand Functional Concepts.
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PHOTONICS, ELECTRONICS, AND QUANTUM SCIENCES

MODERN OPTICS PROGRAM

Dr. James A. Joseph
Program Manager

Dr. Joseph completed his under-
graduate and graduate studies 
at Duke University, receiving his 
B.S.E in Physics and Electrical 
Engineering in 2001 and his 
Ph.D. in Atomic Molecular and 
Optical Physics in 2010. He 
worked as a research scientist 

at North Carolina State and Duke universities, and 
as a contractor for the Army supporting the Physics 
Branch at ARO. Dr. Joseph started at ARO in 2020 
and currently manages the Modern Optics Program.

Current Scientific Objectives

1| Understand how quantum photonics enables capabilities beyond classical 
limits that, if successful, could enable quantum technologies providing 
more accurate sensors optimized for size, weight, and power or robust 
networks to protect sensitive quantum information.

2| Explore novel functionality enabled by meta-optics that, if successful,
could lead to systems with optical and opto-electric properties that could 
be used for ultra-low-energy electronics or directed emission of energy 
for energy storage applications.

3| Discover fundamental properties of how light interacts with subwavelength 
and ordered photonic structures that, if successful, would expand ability 
to tune the properties of light on demand for a variety of applications 
including advanced sensing, optical data processing, and optical control 
of material properties.

SUCCESS STORY 

Optically Induced Magnetic Fields
Army-funded research at Purdue University demonstrated a light-induced effective magnetic field in an 
ensemble of nitrogen-vacancy (NV) centers in diamond. In atomic or atom-like systems, magnetic fields 
offer one way to tune optical properties, such as the wavelength at which the atom will absorb or emit a 
photon. In quantum systems where qubits are located in close proximity to one another, it would be useful to 
precisely and accurately control the placement of magnetic fields to address individual sites. Optically induc-
ing a magnetic field is a promising route to generate highly localized magnetic fields in nanoscale systems.

CHALLENGE

The ability to produce targeted static or low-frequen-
cy magnetic fields that can be quickly applied to 
small areas would benefit a host of quantum tech-
nologies that require spin qubit control sensitive to 
these fields. Nearly all the most promising platforms 
for quantum systems, including circuit quantum 
electrodynamics (QED), ion traps, spins in silicon, 
cold atom arrays, and defect centers in diamond or 
silicon carbide, would benefit from this capability. 
However, a field produced by bulky antennas has 
a large spatial mode volume, and bulky magnets 
cannot be switched or address individual closely 
spaced sites.  

ACTION

As part of his responsibilities, Dr. Joseph assisted 
with the management of the Defense Advanced 
Research Projects Agency (DARPA) Nascent 
Light-Matter Interaction (NLM) program. During 

an NLM review meeting, Dr. Joseph was introduced 
to Prof. Zubin Jacob, Purdue University, and became 
aware of his research on the local spin density of 
light. Dr. Joseph reached out and invited Prof. Jacob 
to present on his work under the NLM program to 
ARO program managers and senior scientists. The 
presentation was well received. After some back-
and-forth discussions developing a white paper that 
outlined a potential research plan, Prof. Jacob sub-
mitted a full proposal to ARO that was accepted and 
selected for funding in March 2021. The research 
has produced remarkable early results leading to 
several notable publications. During the course of 
this research grant, Prof. Jacob was elected as a 
fellow of the Optical Society of America (Optica).

RESULT

The research done by Prof. Jacob at Purdue University 
addresses the challenges associated with producing 
local magnetic fields by investigating whether optical 
light fields, which have a greater level of both spatial 

This success was made possible by:

Dr. James Joseph; Photonics, 
Electronics, and Quantum Sciences, 
ARO
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and temporal control, may provide an effective mag-
netic field. Specifically, they look at the local photonic 
spin density (PSD) of light at optical frequencies, 
which has the striking property that it can be con-
trolled locally within subwavelength mode volumes.

When a laser beam with elliptical polarization is fo-
cused, the local spin density creates an effective 
magnetic field. The interaction of this effective mag-
netic field with NV centers (Figure 1) leads to rotation 
of the spin qubits on the Bloch sphere proportional 
to the PSD of the optical beam and the interaction 
time between the optical beam and the spin qubit. 
The strength of the field is inversely dependent on 
the detuning between the frequency of the optical 
beam and the optical transition of NV centers.

Figure 1. Interaction of the PSD of an optical beam 
with the electronic spin of NV centers. A focused 
beam with elliptical polarization interacts with an 
ensemble of NV centers.

The pulse sequence for measuring the effective static 
magnetic field is shown in Figure 2a. The sequence 
consists of two measurements to take advantage of 

the phase of an AC signal: if the PSD pulse is sent in 
the first half of the sequence (first measurement), it 
induces a positive phase in the spin qubit; if it is sent in 
the second half (second measurement), the induced 
phase will have the opposite sign. Two measurements 
are performed, and the outcomes are subtracted to 
calculate the effective static magnetic field induced by 
the PSD signal. This technique helps eliminate possible 
systematic errors in the readout process.

Figure 2. Scaling of the effective static magnetic field with beam power and polarization ellipticity. (a) PSD 
signal added to a Hahn echo pulse sequence. (b-d) Scaling of the effective field with the optical power of 
the PSD beam for different wavelengths. There is a linear dependence, independent of the wavelength. 
(e-g) Dependence of the effective field on the ellipticity of polarization for different wavelengths. The 
ellipticity is controlled by rotating a quarter-wave plate (QWP) by 𝜃. The fits to the curves are 𝑦 = 𝑠𝑖𝑛(2𝜃), 
which is the expected dependence of PSD to QWP angle.

The team at Purdue demonstrated an optically 
induced static magnetic field for an ensemble of NV 
centers at room temperature and showed that this 
effective static magnetic field is proportional to the 
PSD of the off-resonant excitation. The decoherence 
induced by the off-resonant optical beam is 
studied for different wavelengths. The wavelength 
dependence of the optically induced static magnetic 
field is studied in the far-off-resonant regime. The 
results of this study can pave the way to use this 
effective magnetic field for on-chip applications 
and all-optical control of qubits.

WAY AHEAD

The results of this work will help pave the way for 
enhancements in the effective static magnetic field 
and expanding its range of applications to on-chip 
spin QED and all-optical coherent spin qubit control. 
These studies are still in their initial phase. Further 
work at Purdue needs to be done to characterize 
the wavelength dependence of the effective 
magnetic field. In addition, the team will study the 
temperature dependence as well as a route toward 
room-temperature control of quantum systems. 

ARL Competencies:

Photonics, Electronics, 
and Quantum Sciences

Results

• Editors Selection for Physical Review 
Research.

• Published in multiple journals.

• Prof. Jacob elected Fellow of Optica.

Anticipated Impact

Spatio-temporal control of optical 
fields greatly exceeds that of 
magnetic fields. If successful, this 
effort could lead to new ways to 
locally address and dynamically 
control color centers potentially 
providing a way to circumvent the 
effects of thermal noise and allow 
for room-temperature operation 
of precision magnetic sensors or 
portable atomic clocks.
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SUCCESS STORY 

Non-Hermitian Metasurfaces
Researchers at Rice University have successfully fabricated a metaoptic with asymmetric thermal 
emission. Optimized for their high-temperature operation, Prof. Gururaj Naik and his group designed a 
passive, parity-time (PT) symmetric metasurface on a fused silica window. The metasurface-coated 
window showed about 20% transmission in the 3- to 4-μm spectral window and a 2:1 asymmetry in 
thermal emission at the normal direction.

CHALLENGE

Confining light to small volumes comes at the 
cost of large radiative and nonradiative losses. 
Plasmonic metal nanostructures enabled light 
confinement to nanometer, deep-subwavelength 
scales, but led to large absorption losses. 
Conversely, dielectrics circumvent absorption 
losses at the expense of poor light confinement. 
Combining the positive aspects of plasmonics 
and dielectrics would enable many nano-optical 
applications. Such efforts requiring absorption 
losses in materials can be considered as a design 
parameter. Non-Hermitian physics supplies the 
necessary tools to consider losses in optical 
systems.

ACTION

Dr. Joseph decided to fund the research at Rice 
University that has led to this success under 
a cooperative agreement that was awarded in 
December 2020. Dr. Henry Everitt, Army Senior 
Technologist, ARL South, coordinates this 
cooperative agreement on the Army side. In the 
summer of 2021, Prof. Naik organized a workshop 
of non-Hermitian optics, which focused on the future 
of non-Hermitian optics; leading experts in the field 

participated in the 2-day meeting. Several promising 
directions in micro and nanoscale photonics were 
identified, which Dr. Joseph is actively pursuing both 
in his core program as well as with larger-scale topic 
proposals.

In addition, Prof. Naik and Dr. Everitt identified a 
promising new research direction in which to take 
their project. Prof. Naik proposed the creation of 
an ultrafast IR characterization laboratory at Rice 
University. The idea was competed by Dr. Joseph 
and selected for funding as an extension of the 
cooperative agreement. The new facilities will 
extend the capabilities of Prof. Naik’s research group 
as well as the rest of the faculty at Rice University, 
which hosts the Rice University National Security 
Research Accelerator (RUNSRA). RUNSRA received 
initial funding from the Army and is structured to 
facilitate the close working relationship between 
academia and government laboratories as well as 
to transition research results to real-world users in 
the national security enterprise.

RESULT 

Figure 3. Ground plane system: coupling between horizontal and vertical modes unlocks topological 
effects. (a) Scanning electron microscope image of non-Hermitian metasurface (scale bar: 1 μm). Silicon 
nanocylinders (radius = 120 nm, height = 120 nm) are arranged in a hexagonal lattice (lattice constant = 
600 nm) on a silica spacer layer (variable thickness) and aluminum layer. (b) The metasurface contains 
horizontal and vertical photonic modes coupled to their respective image charges in the aluminum ground 
plane (𝜅h, 𝜅v ). Horizontal and vertical modes can couple to each other by varying the angle of incidence 
of excitation (𝜅 𝜃 ). 

Typically, radiative losses decrease achievable qual-
ity factors for deep-subwavelength nanostructures. 
The research done at Rice University makes use of 

This success was made possible by:

Dr. James Joseph; Photonics, 
Electronics, and Quantum Sciences, 
ARO 

Dr. Henry Everitt; Senior 
Technologist (ST) for Optical 
Sciences, ARL

Citations:

Doiron, C. F. et al. Adv. Opt. Mater. 
2022, 2201084 (2022).

Yang, F. et al. Nanophotonics, 11, 
1159 (2022).
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physics principles to control radiative losses while 
varying absorption losses to design a nanoscale pas-
sive PT-symmetric device. The metasurface device 
is composed of silicon nanocylinders in a hexagonal 
array (Figure 3a). The silicon nanocylinder array 
supports a horizontally oriented quasi-bound state in 
the continuum (BIC) mode and can be considered a 
lossless resonator. The quasi-BIC arises from a local 
resonance in the bandgap of the array of Si disks. 
The bandgap restricts radiative losses, resulting 
in highly localized modes in the subwavelength 
resonators. This photonic mode couples to its im-
age charges in the aluminum ground plane under 
normally incident input excitation (Figure 3b, left). 
The image charges in aluminum represent the lossy 
resonator. Additionally, by varying the out-of-plane 
angle of incidence for a transverse magnetic input 
wave, exciting a vertically oriented dielectric mode 
becomes possible (Figure 3b, right). The vertical 
photonic mode also couples to its corresponding 
plasmonic mode in the aluminum. Eigenvalue evo-
lution in the parameter space ultimately depends on 
loss asymmetry between dielectric and plasmonic 
modes, not the dielectric loss.

The silicon nanocylinders are coupled to a lossy 
ground plane using a silica spacer layer. As the 
silica spacer layer thickness is tuned, the system 
undergoes a PT-phase transition from the strongly 
coupled to weakly coupled regimes, as it moves 
through an exceptional point. The real part of 
the eigenvalues remains the same in the weakly 
coupled (PT-broken) regime, but the imaginary part 
of eigenvalues splits, resulting in increased Q factor. 

The same PT-symmetric behavior is observed in 
the configuration of two coupled silicon resonators 
(Figures 3d and e). In this case, spacer thickness is 
tuned, and Q factor increases to 48 in the weakly 
coupled regime. The two phases of the PT-symmetric 
metasurface exhibit qualitatively different energy 

storage behavior, as shown in the field profiles of 
Figures 3c-f. In the PT-symmetric phase, the modes 
at the two resonance frequencies are, through mode 
hybridization, either symmetric or antisymmetric. 
The quasi-BIC mode hybridizes with its image in the 
ground plane case and a second quasi-BIC in the 
coupled dimer case. This results in an antisymmetric 
mode at higher energy and symmetric mode at 
lower energy. In the symmetric mode, fields in 
the two resonators are in phase, resulting in large 
field in the spacer. In the antisymmetric mode, 
fields in the individual resonators are out of phase, 
resulting in low fields in the spacer. Energy oscillates 
between the strongly coupled resonators in the PT-
symmetric phase. In the PT-broken phase, energy 
storage is largely confined to one resonator in both 
configurations. 

The radiative Purcell enhancement of emitters 
above and below the metasurface is symmetric 
for low spacer thickness in the PT-symmetric 
regime. However, as spacer thickness is increased 
(and coupling decreases), the device approaches 
the exceptional point, and radiative Purcell 
enhancement increases for the dipole on the 
lossless side as compared to the lossy side. In the 
PT-broken regime, this asymmetric behavior is very 
pronounced.

Figure 4. Plane-wave exci-
tation of different PT-symmet-
ric metasurfaces: (a) ground 
plane system and (d) coupled 
resonator system schemat-
ics, (b,e) absorption spectra 
showing passive PT-sym-
metry as spacer thickness 
D is decreased, and (c,f) XZ-
plane electric field profiles in 
PT-symmetric and PT-broken 
regimes.

WAY AHEAD

Next steps for this research include an immediate 
plan to experimentally demonstrate asymmetric 
thermal emission from a hot IR window coated with 
a passive PT-symmetric metasurface. Efforts are 
underway to demonstrate the selective suppression 
of thermal emission toward the camera while the 
window is held at 900 K. The next major task is to 
exploit nontrivial topology in our metasurfaces 
for extending the operating spectral and angular 
bandwidths. 

ARL Competencies:

Photonics, Electronics, 
and Quantum Sciences

Results

• Published in two journals. 

• Selected to receive additional fund-
ing for a new ultrafast IR characteri-
zation laboratory.

• Prof. Naik tenured and promoted
to associate professor at Rice Uni-
versity.

Anticipated Impact

Non-Hermitian optics unlocks 
many unconventional physical 
effects, including interesting phase 
transitions directionality, and non-
trivial topological properties. Using 
the principles of non-Hermitian 
optics, a plasmonic-photonic hy-
brid metasurface can achieve the 
best of plasmonics and dielectrics 
(i.e., deep-subwavelength light 
confinement and low absorption 
loss for next generation nanopho-
tonic devices).
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PHOTONICS, ELECTRONICS, AND QUANTUM SCIENCES

DIAMOND NITROGEN VACANCY CENTERS QUANTUM GYROSCOPE

Dr. Vladimir S. Malinovsky
Physical Scientist 

Dr. Malinovsky is a Physical Scientist 
within the Electromagnetic Spectrum 
Sciences competency at ARL. He holds 
a Ph.D. in Theoretical Physics and Math-
ematics and is actively involved in quan-
tum sensing and quantum networking 
research. Dr. Malinovsky is an expert in 
quantum information science; quantum 

communication and networks; quantum control; quantum 
optics; laser spectroscopy; atomic, molecular, and optical 
physics; and condensed matter physics. He has authored 
and co-authored more than 240 scientific publications and 
three U.S. patents. He is also the co-author of one book, 
Principles of Laser Spectroscopy and Quantum Optics. Dr. 
Malinovsky is a member of the Optical Society of America 
and the American Physical Society.

Dr. Tony Ivanov
Branch Chief 

Dr. Ivanov is a Branch Chief within the 
Electromagnetic Spectrum Sciences com-
petency at ARL. He holds a Ph.D. in Elec-
trical Engineering. He is currently leading 
the work on Diamond RF Semiconductor 
Technology and developing novel elec-
tronic materials and devices/technologies 
for RF and microwave applications. His 

areas of expertise include novel semiconductor materials and 
electronic devices, MEMS/RFCMOS/SiGe BiCMOS technology 
development, RF circuits, electromagnetic modeling, and 
characterization. Dr. Ivanov has authored and co-authored 
more than 100 scientific publications and 15 U.S. patents. He 
is an Institute of Electrical and Electronics Engineers (IEEE) 
member and is actively involved in IEEE activities. 

Current Scientific Objectives
Quantum sensors based on nitrogen vacancy (NV) centers in diamond 
possess favorable attributes for serving as the active elements for a 
multifunctional position, navigation, and timing (PNT) device. This 
research effort aims to demonstrate a nuclear-spin-based diamond 
gyroscope capable of operating in a broad range of environmental 
conditions. In the simplified version, the operation principle of the 
quantum diamond gyroscope can be described as follows. The main 
element of the gyroscope, the diamond sample (the active sensing 
volume of about 100 cubic microns) containing the ensemble of 
NV centers, is placed in about 500 G external magnetic field. An 
ensemble of approximately 109 nuclear spins of nitrogen is optically 
polarized using green light, meaning that all spins are synchronized 
and effectively can be represented as single collective spin. Using an 
external RF field, one can create a coherent superposition of the 14N 
nuclear spin states. By monitoring the red-light fluorescence from the 
diamond, the precession frequency (the transition frequency between 
spin states) of the 14N nuclear spins can be detected. The rotation of 
the whole diamond about an axis introduces an additional shift in the 
nuclear-spin precession frequency. This frequency shift is detected in 
the red fluorescence signal and allows one to determine the gyroscope 
rotation rate. 

The ultimate goal of this research project is to develop a chip-scale, 
greatly improved performance gyroscope. The key advantages 
of NV-based sensors are their potentially small dimensions and 
thermal      device could surpass that of a commercial vibrating 
microelectromechanical systems (MEMS) sensor, which finds wide 
application in a variety of technologies. A compact inertial sensor 
with reasonably high sensitivity and long bias stability can greatly 
enhance the inertial navigation capability when GPS is not available. 
The development of a solid-state nuclear spin gyroscope is of huge 
interest for autonomous vehicles, robots, and indoor navigation, as 
it is a future potential competitor for both compact and precision 
gyroscopes, suitable for small-sized inertial navigation solutions. In 
perspective, results of this work could become the basis for developing 
a high-precision diamond-based multifunctional PNT device.

SUCCESS STORY 

Demonstration of Diamond Nuclear Spin Gyroscope
Rotation sensing with 14N nuclear spins in diamond was demonstrated. The rotation sensor uses optical 
polarization and readout of the nuclei and an RF double-quantum pulse protocol that monitors 14N nuclear 
spin precession. This research was performed in collaboration with scientists from ARL and the University 
of California (UC), Berkeley. The present work exemplifies the focused collaborative efforts typical in 
cutting-edge quantum physics research, combining expertise from different fields to push forward ARL 
quantum research and technology.

This success was made possible by:

Dr. Vladimir S. Malinovsky; Electro-
magnetic Spectrum Sciences, ARL

Dr. Tony Ivanov; Electromagnetic 
Spectrum Sciences, ARL

Prof. Dimitry Budker; University of 
California, Berkeley
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CHALLENGE

Miniaturizing PNT devices is a challenge. An ideal de-
vice would achieve state-of-the-art performance over 
multiple functions: a high-precision clock for timing 
reference, a three-axis gyroscope for rotation sensing, 
a three-axis magnetometer for absolute orientation, 
and a three-axis accelerometer for position inference. 
All these components must possess high sensitivity 
and low drift to avoid the need for frequent recalibra-
tion. While mature technologies presently exist for 
miniaturizing each of these components separately, 
integrating all functions into a single device remains a 
challenge. A single active element that combines all 
these functions in a rugged, compact, solid-state form 
factor could facilitate improved integration without 
sacrificing performance.

ACTION

This success story started in 2019, when Drs. Ma-
linovsky and Ivanov met to discuss using nuclear 
spins of nitrogen in diamond to measure rotation and 
potentially develop a compact quantum gyroscope. 
As the result of a short white paper prepared and 
submitted for external customer funding, the project 
titled “Compact Quantum DNV Gyroscope” was 
selected for the 5-year funding. With this customer 
funding, Drs. Malinovsky and Ivanov were able to 
assemble a productive research team and collab-
orate with Prof. Dmitry Budker (UC Berkeley) and 
other scientists from the Electromagnetic Spectrum 
Sciences competency, as well as employ several 
postdoctoral Fellows. 

RESULT

Using nitrogen nuclear spins intrinsic to NV centers in diamond, a sol-
id-state quantum gyroscope has been developed. The quantum diamond
nitrogen vacancy (DNV) gyroscope is based on ensembles of NV centers
in diamond. Rotation of the NV symmetry axis induces phase shifts in the
NV electronic ground state 14N hyperfine sublevels. These phase shifts
are proportional to the angular frequency and are measured with a Ram-
sey technique. To demonstrate the capabilities of the DNV gyroscope
across a range of rotation rates, we performed a series of experiments on
a rate table. A calibration of the gyroscope was performed by varying the
rotation rate of the platform while measuring the Ramsey fluorescence
signal. This was accomplished by repeatedly sweeping the rotation rate
between −180 and 180°/s and plotting the resulting optical output signal
against the table rotation rate output (Figure 1). The gyroscope output
exhibits a linear response over the measured range. Key features of the
demonstrated technique include (1) the use of the novel double-quantum
“4-Ramsey” measurement technique for nuclear spin, which utilizes the
entire spin ensemble and reduces sensitivity to temperature fluctuations;
(2) all-optical nuclear spin polarization and readout. Using temperature
compensated magnets, magnetic shielding, and robust pulse protocols,
the influence of temperature and magnetic field drifts were suppressed,
extending the long-term stability of the gyroscope to several hours. An
order of magnitude improvement over those previously achieved with
diamond was demonstrated. Potentially, monitoring coherences in NV
centers along different crystalline axes, the DNV gyroscope can operate
as a three-axis sensor.

WAY AHEAD

Going forward, the research team plans to improve sensitivity and long-term
stability of the developed DNV quantum gyroscope. Specific plans include
developing a second generation of the gyroscope optimizing diamond
material, utilizing dual species (nuclear spins of 14N and 15N), reducing
bias magnetic field drift by assembling temperature compensated Halbach
array, and improving photon collection efficiency by using a diamond solid
immersion lens. 

Additionally, the team will explore other modalities of a compact quantum
navigation system such as clock, which can be realized and integrated on the
same platform. The comprehensive fundamental and engineering research
performed during the last 3 years paves a way to further advancement of 
quantum sensing technology and facilitates development of a compact and
robust inertial navigation system, which is crucial for various DoD missions,
especially in GPS-denied environments. 

Figure 1. Diamond gyroscope: Rotation sensing. (A) Diamond gyroscope 
fluorescence signal R measured as a function of the rotation rate of the 
platform (average of 15 traces; 200 s per trace). The calibration coefficient 
α is determined from the linear fit. Inset: Time stability of α. Fractional 
change in α is measured over several hours. (B) The rotation rates both 
measured by the diamond gyroscope and reported by the rate table are 
averaged over each second and then plotted together as a function of time. 
The time dependence is programmed to trace “NV.”

Citations:

Jarmola, A. et al. Sci. Adv. 7, 
eabl3840 (2021). 

Jarmola, A. et al. Phys. Rev. Res. 2, 
023094 (2020). 

ARL Competencies:

Electromagnetic Spectrum Sciences

Photonics, Electronics, 
and Quantum Sciences

Results

• Demonstrated a solid-state quan-
tum gyroscope based on 14N nu-
clear spins intrinsic to NV centers 
in diamond.

• Developed a scheme of the opti-
cal polarization and readout of the 
nuclear spins without the use of
microwave transitions. 

• Implemented a Ramsey measure-
ment scheme, which uses the en-
tire spin-1 manifold and reduces 
gyroscope sensitivity to tempera-
ture fluctuations.
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RESULT

Using nitrogen nuclear spins intrinsic to NV centers in diamond, a sol-
id-state quantum gyroscope has been developed. The quantum diamond 
nitrogen vacancy (DNV) gyroscope is based on ensembles of NV centers 
in diamond. Rotation of the NV symmetry axis induces phase shifts in the 
NV electronic ground state 14N hyperfine sublevels. These phase shifts 
are proportional to the angular frequency and are measured with a Ram-
sey technique. To demonstrate the capabilities of the DNV gyroscope 
across a range of rotation rates, we performed a series of experiments on 
a rate table. A calibration of the gyroscope was performed by varying the 
rotation rate of the platform while measuring the Ramsey fluorescence 
signal. This was accomplished by repeatedly sweeping the rotation rate 
between −180 and 180°/s and plotting the resulting optical output signal 
against the table rotation rate output (Figure 1). The gyroscope output 
exhibits a linear response over the measured range. Key features of the 
demonstrated technique include (1) the use of the novel double-quantum 
“4-Ramsey” measurement technique for nuclear spin, which utilizes the 
entire spin ensemble and reduces sensitivity to temperature fluctuations; 
(2) all-optical nuclear spin polarization and readout. Using temperature 
compensated magnets, magnetic shielding, and robust pulse protocols, 
the influence of temperature and magnetic field drifts were suppressed, 
extending the long-term stability of the gyroscope to several hours. An 
order of magnitude improvement over those previously achieved with
diamond was demonstrated. Potentially, monitoring coherences in NV
centers along different crystalline axes, the DNV gyroscope can operate 
as a three-axis sensor.

WAY AHEAD

Going forward, the research team plans to improve sensitivity and long-term 
stability of the developed DNV quantum gyroscope. Specific plans include 
developing a second generation of the gyroscope optimizing diamond 
material, utilizing dual species (nuclear spins of 14N and 15N), reducing 
bias magnetic field drift by assembling temperature compensated Halbach 
array, and improving photon collection efficiency by using a diamond solid 
immersion lens. 

Additionally, the team will explore other modalities of a compact quantum 
navigation system such as clock, which can be realized and integrated on the 
same platform. The comprehensive fundamental and engineering research 
performed during the last 3 years paves a way to further advancement of 
quantum sensing technology and facilitates development of a compact and 
robust inertial navigation system, which is crucial for various DoD missions, 
especially in GPS-denied environments.  

Figure 1. Diamond gyroscope: Rotation sensing. (A) Diamond gyroscope
fluorescence signal R measured as a function of the rotation rate of the
platform (average of 15 traces; 200 s per trace). The calibration coefficient
α is determined from the linear fit. Inset: Time stability of α. Fractional
change in α is measured over several hours. (B) The rotation rates both
measured by the diamond gyroscope and reported by the rate table are
averaged over each second and then plotted together as a function of time.
The time dependence is programmed to trace “NV.”

Anticipated Impact

The anticipated impact of the DNV 
quantum gyroscope in the area of 
quantum PNT will facilitate further 
development of next-generation, 
quantum inertial navigation systems, 
giving the U.S. Army and DoD mis-
sions an unmatched advantage for 
performance in GPS-congested areas. 
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PHOTONICS, ELECTRONICS, AND QUANTUM SCIENCES

ELECTRONIC SENSING PROGRAM

Dr. Tania Paskova
Program Manager

Dr. Paskova obtained her M.S. in Micro-
electronics in 1984 and Ph.D. in Physics 
in 1993 from Sofia University (Bulgaria). 
She trained as a physicist and crystal 
grower at Linköping University (Sweden). 

She came to ARO in 2020 as the Program 
Manager for the Electronic Sensing Pro-
gram after more than 25 years’ experi-

ence in academia, industry, and government.

Current Scientific Objectives

1| Develop new engineered material platforms with superior material
quality and carrier transport that, if successful, will enable 
detectors with high quantum efficiency, high time resolution, short 
dead times, and low noise, which could enable unprecedented 
ultrafast, ultrasensitive sensors.

2| Model and explore novel detector concepts in advanced
architectures that, if successful, will enable a significantly 
enhanced ability to harness and direct energy toward the active 
sensing region, enabling more efficient sensing capabilities.

SUCCESS STORY 

Engineering Light-Matter Interactions for Quantum Sensing
This Army-funded research has demonstrated a significant increase of nonlinear optical properties by 
strain-engineering molecular deformation and generation of nonlinearity through nano-patterning of a 
substrate while alleviating the optical damage threshold constraints. Such robust, tunable, nonlinear 
material platforms can serve as a highly efficient source of entangled photon-pairs and would help push 
the boundaries of quantum information, sensing, and imaging.

CHALLENGE

Quantum photon entanglement is a phenomenon 
in which spatially separated photons can respond 
to a change of each other’s state. Over the last few 
decades, many efforts have been made to understand 
and leverage this effect in practical applications. 
It has been shown that entangled photons can be 
used to enhance imaging, lithography, sensing, and 
communication. However, applications of quantum 
entanglement are severely hindered by low genera-
tion efficiency. The current world record boasts an 
efficiency of 4 × 10-6. In the context of quantum 
communication, for example, this generation efficien-
cy is too low, as for every 1010 photon/s sent, only 1 
photon/s is received after 500 km over the best tele-
com fiber (of the lowest loss). Evidently, for any robust 
application of quantum entanglement, the generation 
efficiency must be substantially increased.

ACTION

Promising approaches to tackle this challenge would 
be to explore novel organic crystals and/or inorganic 
structures with engineered light-matter interactions 
for significantly enhanced nonlinear optical (NLO) 
properties. 

Researchers at Brown University (Prof. Jimmy Xu), in 
collaboration with DEVCOM Soldier Center (SC; Dr. 
Richard Osgood), proposed an idea to Dr. Paskova by 
aiming to understand the underlying mechanisms of 
extraordinary optical properties observed in a novel 
organic crystal (4-N, N-dimethylamino-4'-N'-meth-
yl-stilbazolium tosylate, called DAST) with a non-
linearity that far exceeds its competitors. Based 
on her understanding of the importance of such 
a novel approach and the potential of expanding 
quantum materials and quantum optics research 
into the space of organics, as well as on the progress 
made in the previous effort by the team on engi-
neered metal surfaces with enhanced interactions 
between its electrons and the incident light, Dr. 
Paskova encouraged and supported the research 
on this topic. Their research progressed quickly to 
demonstrate greatly improved nonlinearity in these 
materials, and the results were presented at several 
international forums. Also, observation of novel 
optical rectification phenomena was published in 
renowned scientific journals and selected as an 
“Editor’s Suggestion” of Physical Review A, which 
increases its reach and impact, raises awareness of 
Army interests within the academic community, and 
highlights the exceptional quality of this research.

This success was made possible by:

Drs. Tania Paskova and Michael 
Gerhold; Energy Sciences, ARO

Citations:

Jarschel, P. et al. ACS Appl. 
Materials and Interfaces 13, 38450 
(2021).

Moroshkin, P. et al. AIP Advances 11, 
115006 (2021).

Moroshkin, P. et al. Phys. Rev. A 106, 
023521 (2022).
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RESULT

Entangled photon pair generation rate is proportion-
al to the square of the second-order nonlinear optical 
coefficient, the intensity of the incident light, and 
the available paths of the generation, while it is con-
strained by mutual destructive interferences and by 
potential damage to molecules under high-intensity 
light. The Brown team and their collaborators have 
launched a multi-pronged effort to explore opportu-
nities and tackle the challenges on these fronts. They 
have obtained more than 2 orders of magnitude in-
crease of light emitted at double of the frequency of 
the incident light, which is a direct measure of the 
second-order nonlinear optical coefficient, in 
100-nm-thick films of densely packed DAST micro-
platelets (Figure 1). This result is attributable to the 
bond-deformation of the molecules induced due to 
the strain built up at the interface between the soft 
DAST film and the hard metallic base in a carefully
controlled process of thermal annealing and recrys-
tallization; and also to the dramatically increased 
area of the interfaces, which are conducive to the 
desired frequency-conversion process. Characteri-
zation by x-ray diffraction and theoretical simulations 
found in agreement confirmed that stress-induced 
molecular deformation and the consequently in-
creased nonlinear optical coefficient are major con-
tributors, along with the very large effective surface 
area and a high-degree of ordering of the DAST mol-
ecules on the surface. These add to the intensified 
light-matter interaction at the film interface with the 
electrons of the metallic substrate as well as to the 
peaked number of generation paths via the strong 
surface-bound field of the intensely oscillating elec-
trons in resonances at the metal surface (called
surface plasmon polariton [SPP] effect). 

F i g u re  1 .  Se c o n d  h a r m o n i c 
generation (SHG) spectra in DAST 
nanostructure film (green curve) 
compared to SHG in a DAST bulk 
crystal (orange curve) and in a 
conventional potassium titanyl 
phosphate (KDP) crystal (blue 
curve), showing 1000 times stronger 
SHG intensity in DAST thin film upon 
excitation by 100 fs laser pulses at 
800 nm. The inset shows the latter 
two spectra on a magnified scale.

The team succeeded not only increasing second-
order nonlinearity in material that possessed such, 
but also generating one in a material that does not 
exhibit such property by itself. This was achieved 
by engineering a noble metal (Au) into a metallic 

substrate with periodic surface pattern with an 
asymmetric unit cell. In such a structure, a steady 
direct current in response to oscillating light field 
(i.e., optical rectification current) was measured, a 
direct confirmation of an emergent second-order 
nonlinearity. This optical rectification mechanism 
by itself offers a valuable alternative approach to 
sensing, in both the classical and quantum regimes, 
as it is intrinsically ultrafast in time response and 
ultrawide in spectral range without the RC delay or 
bandgap limitation in semiconductor counterparts. 

More important perhaps is their discovery of the 
so-called “spin-momentum locking” in optical 
rectification. Spin is a fundamental degree of 
freedom in nature and in classical and quantum 
mechanics. The spin of a particle or wave can be 
coupled to its momentum, referred to as spin-
momentum coupling, and lead to a wide variety of 
intriguing and enabling phenomena in fields ranging 
from biology to modern electronics. It impacts our 
world as deep as topological insulator—a material 
behaves as an insulator in its volume but a conductor 
on its surface, as far as bird migration and as close 
as cancer and medicine. In their pioneering work, 
the team together with DEVCOM SC proved the 
possibility of selectively exciting a unidirectional 
surface plasmon polariton wave with a circularly 
polarized light (Figure 2) when their spin momenta 
match (locking). Instead of observing such a 
phenomenon empirically via light scatterings (e.g., 
off defects) in an optical microscope, they measured 
quantitatively the unidirectional surface plasmon 
polariton wave through optical rectification current. 

WAY AHEAD

The newly observed phenomena by this research 
provoke more intriguing questions to be tackled in 
the future efforts. For example, how the number 
of the entangled photons, N, can be increased via 
the light-matter interactions intensified at the 
interface of DAST-metal that is structured at scales 

ARL Competencies:

Photonics, Electronics, 
and Quantum Sciences

Electromagnetic Spectrum Sciences

Results

• Demonstrated more than 2 orders
of magnitude higher second-order 
nonlinearity obtained by strain-en-
gineering of a molecular nonlinear 
material DAST, as compared to al-
ternative counterparts.

• Discovered spin-momentum locking 
in optical rectification (a DC effect of 
the second-order nonlinearity creat-
ed in a material with none).

• Led to publications in Physical Re-
view A, AIP Advances, and ACS Ap-
plied Materials & Interfaces.

Anticipated Impact

The development of engineered 
light-matter interactions has broad 
and far-reaching implications, both 
in terms of science and engineer-
ing. Its potential uses encompass 
ultrahigh-speed uncooled infrared 
detection, enhanced generation 
efficiency of entangled photons, 
leading to advancements in quan-
tum sensing and developments 
in other related fields such as en-
tanglement distribution, quantum 
imaging, and lithography.
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smaller than the wavelength of the light. And how 
the second-harmonic generation can be tied to the 
chirality of the incident light and how many grooves 
acting simultaneously can be synchronized sources 
of the SPP, resulting in the interference among the 
SPPs and even unidirectional SPP propagation. 
Such interferences and light-matter interaction in 
the strong-coupling regime can enable a number 
of effects as interesting as the now well-studied 
phenomena in the epsilon-near-zero regime and 
as far-reaching as quantum-enhanced plasmonic 
sensing. One may also envisage a pure quantum 
interplay of entanglements between the collective 
oscillations of electrons and long-range photons 
as a new means for quantum information relay 
or exchange in entanglement sensing, imaging, 
and distribution. In the near-term, the discovery 
of spin-momentum locking in optical rectification 
already opens new doors to orientation sensing 
(gyroscope) and chiral molecule detection, as well 
as to transverse nonlinear-optical responses (or an 
optical equivalence of the Hall effect). 

Figure 2. Conceptual illustration of spin-momentum 
locked light-matter interaction involving a circu-
larly polarized light wave in air and an SPP wave 
in a periodically structured metal film (Moroshkin 
et al., 2022).

SUCCESS STORY 

Bandgap and Impact Ionization Engineering for Ultra-Low-
Noise Avalanche Photodetectors
Success Summary: This Army-funded research has demonstrated new physical amplification mechanisms 
by employing high-quality digital alloys and advanced multistep staircase bandgap engineering. Such 
engineered materials and device architecture are enabling exceptional detection sensitivity due to the 
lowest noise and the nearly ideal gain scaling with step number.

CHALLENGE

In 1982, Capasso and co-workers proposed the 
solid-state analogue of the photomultiplier tube 
(PMT), termed the staircase avalanche photodiode 
(APD). Through a combination of compositional 
grading and small applied bias, the conduction band 
profile is arranged into a series of steps that function 
similarly to the dynodes of a photomultiplier tube, 
with twofold gain arising at each step via impact 
ionization. However, the idea was not practically 
realized for a long time due to a number of 
technological barriers. Most critical was the material 
quality, particularly the ability to control the growth 
of desired compositions and interface sharpness, 
necessary to create sufficiently large staircase 
energy “steps.” 

ACTION

Only recently, unique advances in tools and 
techniques have been demonstrated and brought the 
concept into reality. More specifically, they enabled 

a new way of growing materials—i.e., instead of 
growing materials with randomly distributed atoms, 
they created layered alloys composed of binary 
compounds (those made up of two elements) 
stacked on top of each other. This allowed the 
researchers to exploit the unprecedented wide 
bandgap tunability of AlxIn1-xAsySb1-y lattice-
matched to GaSb  by circumventing the limitation 
of digital alloy structures with an Al fraction up to 
35% by using periodic cells composed of a few 
monolayers of the binary materials, AlAs, AlSb, 
InAs, and InSb, and by further extending this 
method to cover the entire direct bandgap range 
of compositions (to 80%), which opened a range 
of new opportunities.

Under ARO’s Electronic Sensing (ES) Program 
Manager Dr. Michael Gerhold, researchers were 
supported to dig deeper into this concept by 
expanding the fundamental knowledge of digital 
alloy systems and exploring their potential 
for developing advanced staircase avalanche 

This success was made possible by:

Drs. Tania Paskova and Michael 
Gerhold; Energy Sciences, ARO
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photodiode architecture and separate absorption, 
charge, and multiplication (SACM) APDs with 
reduced noise and higher sensitivity. A team of 
researchers with complementary expertise in 
advanced molecular beam epitaxy growth (Prof. 
Seth Bank of University of Texas, Austin) and 
theoretical modeling (Prof. Joseph Campbell  of 
University of Virginia, Charlottesville) of III-V 
material heterostructures were encouraged to 
pursue this topic. Dr. Paskova became aware of Prof. 
Bank’s multidirectional research during her tenure 
at the National Science Foundation as a Program 
Director for the Electronic and Photonic Materials 
program, where she supported his research focused 
on photon-number-resolving integrated avalanche 
photodiodes for scalable quantum computing. 
Coming to ARO, Dr. Paskova recognized the 
importance of the effort toward enhanced detection 
capability. She further encouraged efforts by Prof. 
Bank on digital alloys, targeting detection with 
highest sensitivity, room temperature, and longer 
infrared wavelengths. 

RESULT

Figure 3. Conceptual band diagrams 
of a multistep staircase APD energy–
position band diagram illustrating 
localized carrier multiplication at the 
step regions. Electron-initiated impact 
ionization produces secondary electrons 
in the conduction band and secondary 
holes in the valence band. The lack of 
valence band discontinuity prevents 
hole-initiated impact ionization (March 
et al., 2021).

A key approach to achieving low-noise III-V APDs has 
been incorporating new materials using bandgap 
and impact ionization engineering into staircase-
designed heterostructure. A conceptual band 
diagram of a staircase APD under reverse bias is 
illustrated in Figure 3. Unlike conventional APDs, in 
which impact ionization occurs relatively uniformly 
throughout the entire multiplication region, in 
the staircase structure avalanche events occur 
proximate to sharp bandgap discontinuities, which 
function similarly to dynodes in a photomultiplier 
tube. Impact ionization is an elastic scattering 
process where both momentum and energy must 
be preserved. Typically, carriers must achieve 
energy that is significantly larger than the host 
material’s bandgap before impact ionization occurs. 
Prof. Bank’s team designed structures such that 
the electrons acquire energy that is several times 
the bandgap energy of the AlInAsSb at the bottom 
of the steps. Each step simultaneously provides a 
large increase in energy while lowering the impact 

Figure 4. (Left) The average measured and simulated gain for one-, two-, and three-step staircase APDs. 
Error bars indicate the range of the gain when the device was operating in the 2N operating regime (March 
et al., 2021). (Right) Extremely low excess noise vs. gain in the shot-noise limit, measured for one-, two-, 
and three-step staircase APDs, exceeding the excess noise factor of ideal APDs (F(M) ~2) and the same 
as PMTs (F(M)~1). 

ARL Competencies:

Photonics, Electronics, 
and Quantum Sciences

Electromagnetic Spectrum Sciences

Results

• Demonstrated evidence for a new 
type of impact ionization in three-
step staircase design with near-ideal
gain.

• Explored underlying mechanisms for 
the unexpected low-noise properties 
of multi-step staircase architecture.

• Led to more than 20 publications, in-
cluding in Nature Photonics, Applied 
Physics Letters, and IEEE Photon-
ics Technology Letters.Discovered 
spin-momentum locking in optical 
rectification (a DC effect of the sec-
ond-order nonlinearity created in a 
material with none).

• Led to publications in Physical Re-
view A, AIP Advances, and ACS Ap-
plied Materials & Interfaces.
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ionization threshold by grading into a smaller bandgap material, 
all on length scales comparable to the mean free path of impact 
ionization. Hot electrons above the impact ionization threshold 
impact ionize once, which doubles the photo-current and the 
photo-gain, leading to gain that scales as 2N, where 𝑁 is the 
number of steps (Figure 4, left), as confirmed with measurements 
and Monte Carlo simulations.

Building on coupled theoretical-experimental exploration of the 
single-step staircase APD designs initially reported (Ren et al., 
2016), the team demonstrated staircase step (hence gain) scaling 
by which one-, two-, and three-step AlInAsSb staircase APDs 
grown via molecular beam epitaxy. These staircase APDs were 
designed using an electrostatic solver to balance impact ionization 
in the step regions while minimizing band-to-band tunneling dark 
current and carrier trapping-enhanced gain (March et al., 2021). 
This balance was achieved by adjusting the grade rate between 
the wide and narrow bandgap regions to minimize heterointerface 
scattering and leveraging the favorable band offsets of AlInAsSb 
to promote electron-only impact ionization. Another important 
piece of this research was confirmation of the low-noise properties 
(Figure 4, right) that stem from the inherent determinicity of 
impact ionization at each step. Consequently, these results open 
new opportunities for developing room-temperature-amplified 
detectors that could eventually prove as sensitive as PMTs, but 
with the advantages afforded by a solid-state platform, including 
the potential for 2D imaging arrays and wavelength flexibility by 
adjusting the absorber composition.

WAY AHEAD

Future work will focus on scaling to still higher step counts, hence 
higher gains; however, the estimated signal-to-noise ratios suggest 
that staircase APDs with only a few steps can already compete 
directly with conventional APDs and find rapid deployment. 
Ultra-low-noise impact-ionization-engineered APDs already find 
application in position sensing and communications, despite only 
offering low noise up to gains on the order of 10, similar to the gain 
levels demonstrated experimentally by this research. Possible 
larger gains will have even broader impact and applications. 

Anticipated Impact

This program is expected to provide 
researchers with a better under-
standing of the unique properties of 
digital alloys and novel capabilities 
of advanced design architectures in-
volving impact-ionization process-
es enabling low-noise, high-gain-
bandwidth avalanche photodiodes, 
especially in the mid-infrared (~3-5 
μm) range for a variety of Army-crit-
ical applications in target imaging/
identification (e.g., 3D LIDAR), free-
space communications, and chemi-
cal sensing.
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TERMINAL EFFECTS

LUNG TISSUE MECHANICS AND INJURY UNDER DYNAMIC LOADING

Dr. John D. Clayton
Principal Investigator

Dr. Clayton obtained his Ph.D. in 
Mechanical Engineering (major: 
solid mechanics; minor: applied 
mathematics) from the Georgia 
Institute of Technology in 2002. 
He came to ARL as a National Re-
search Council postdoctoral Fellow 
in 2003 and joined ARL later that 

year. He was elected as an ARL Fellow in 2016. He 
is presently a Team Leader in the Soldier Protection 
Sciences Branch of the Terminal Effects Division. 

Current Scientific Objectives

1|Understand what constitutes severity of “damage” in living tissue
and develop theoretical and numerical models, guided by multi-scale 
mechanics and novel experiments, to quantify damage to biological 
materials through functional relationships among loading histories and 
injuries that, if successful, will enable reliable prediction of trauma and 
loss-of-function in organs and other soft tissues.

2|Develop computer algorithms and software to realistically simulate
damage and injury processes within the human torso when subjected 
to blunt impact or blast wave loading that, if successful, will enable 
development of improved equipment for Soldier protection (i.e., body 
armor) to mitigate injuries frequently witnessed by Soldiers on the 
battlefield.

SUCCESS STORY 

Lung Tissue Mechanics and Injury Under Dynamic Loading
The lung is the largest vital organ in the human torso by volume, and next-generation personal protective 
equipment (PPE) is sought for the Soldier to provide protection against blunt impact and blast. This 
project has developed computer models of lung mechanics injury under dynamic loading, to be used in 
torso simulations enabling evaluation and design of improved PPE to mitigate behind-armor blunt trauma 
(BABT) and blast lung injuries.

CHALLENGE

Modeling of the lung under dynamic loading is 
technically challenging for numerous reasons. 
The deformations encountered can be very large, 
and the material responds in a highly nonlinear way 
when stretched or compressed, tending to stiffen 
as deformation progresses. Therefore, conventional 
engineering models that rely on linear elasticity 
theory or linear viscoelasticity theory are highly 
inadequate. Furthermore, when the loading is very 
rapid, as under blunt impact or blast conditions, air 
does not have time to redistribute or escape from 
the lungs; therefore, the stiffness of the composite 
structure must account for the compressibility 
of enclosed air. Fluid-solid interactions, surface 
tension, internal stresses, and anatomical 
complexity pose further challenges to modeling. 

Data for model calibration are scarce, especially 
in the dynamic regime and for human subjects, 
with most prior research focused on mild cyclic 
loading as occurs in breathing. Gathering data 
from experiments is difficult due to the delicate 
and extremely soft tissue that must be carefully 

preserved, handled, and pre-inflated to replicate 
in-vivo conditions. Variability among biological 
test subjects increases complexity since statistical 
variations should be considered in robust models. 
The relationships between mechanical loading 
history and local trauma to the tissue have not been 
clearly elaborated in historical work. Hence, previous 
attempts at modeling lung injury are considered ad-
hoc criteria for damage associated with degradation 
of biological function, with relevance of such criteria 
evaluated a posteriori by comparison of computer 
simulations with experimental data.

To address these challenges, an intramural–
extramural team was established in 2019, consisting 
of ARL scientists, ARL joint faculty appointees 
(JFAs), international university faculty, postdoctoral 
scholars, and graduate students. Scientists from 
ARL reside in the Soldier Protection Sciences 
Branch of the Terminal Effects Division. Academic 
faculty originate from Texas A&M University at 
College Station, University of Colorado Boulder, 
and Carleton University in Ottawa, Canada. Notably, 
a Ph.D. student at University of Colorado Boulder is 

This success was made possible by:

Dr. John Clayton; Terminal Effects 
Division, ARL

Dr. Rohan Banton; Terminal Effects 
Division, ARL

Dr. Alan Goertz; Terminal Effects 
Division, ARL

Dr. Karin Rafaels; Terminal Effects 
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Dr. Timothy Baumer; Terminal Effects 
Division, ARL

Dr. Alan Freed; Terminal Effects 
(JFA), ARO and Texas A&M University, 
College Station

Dr. Richard Regueiro; Terminal Effects 
(JFA), ARO and University of Colorado 
Boulder

Mr. Zachariah Irwin; Terminal Effects 
(JFA), ARO and University of Colorado 
Boulder

Ms. Denisse Szmigiel; International 
Division, ARO (co-funding, ITC 
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a DoD SMART (Science, Mathematics, and Research 
for Transformation) Fellowship winner who will 
be employed at ARL upon graduation. Financial 
support for the Carleton research group has been 
enhanced by contributions from ITC America LLC, 
channeled by ARO. Team members have diverse 
expertise in theoretical continuum mechanics, 
biomechanics, computer modeling and simulation, 
dynamic experimentation, and injury mechanisms 
pertinent to the Soldier. The research team has 
closely collaborated on this project from 2019 to 
present, with breakthrough scientific findings and 
research transitions in 2022.

ACTION

The research team developed a novel continuum 
mechanical theory accounting for the complex, 
highly nonlinear behavior of lung tissue. The 
thermodynamically rigorous theory is applicable 
to both slow and fast loading. Transient local injury 
is tracked by an internal state variable whose 
physical meaning is linked to real mechanisms (e.g., 
contusion, edema, hemorrhage, and rupture) and 
whose evolution is driven by its derived conjugate 
thermodynamic force. Since experimental data 
enabling parameterization and validation of 
such a theory are scarce, new experiments were 

undertaken to provide more data, supplemented 
by outcomes of multi-scale modeling.

Experiments propelled a spherical projectile from a 
specially designed launcher into extracted porcine 
lungs with controlled internal pressure (Figure 1, 
top). X-ray Digital Image Correlation (X-DIC) with 
internal markers was used to track real-time defor-
mation of the lung under dynamic impact. Strain 
fields were extracted from triangulation of the de-
formation history data. Computed tomography (CT) 
scans produced geometric renderings for meshes to 
be used in finite element (FE) simulations (Figure 1, 
bottom). Micromechanical models were constructed 
at the level of alveoli (i.e., air sacs within the lung) 
and over domains of several centimeters, the latter 
tracking distinct pressures of solid tissue and air 
phases and their interactions. Statistical features 
of chordal and membrane geometries enabled res-
olution of subject variability on alveolar rupture.

Figure 1. Lung impact experiments 
performed at Carleton University (O. 
Petel group). The lung is inflated to 
a controlled internal pressure, then 
impacted with a low-density spherical 
projectile from a launching apparatus 
(top). X-DIC tracks the displacement 
of markers embedded in the lung in 
real time. Strains and strain rates 
are obtained from processing of the 
displacement history data. CT scans 
of the lung, including its bronchiole 
structures, are obtained to be used in 
FE meshes of computational models 
(bottom).

The theoretical model, which includes differential 
equations that can be integrated to provide a time 
history of local damage and injury to the tissue 
during an impact or blast event, was implemented 
in the LS-DYNA FE program. Simulations of blast and 
impact to isolated lung tissue, as well as simulations 
of projectile impact on the human thorax were 

Citations:
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ARL Competencies:

Terminal Effects

Results

• Developed new theory for model-
ing complex mechanics of inflated 
lung tissue under dynamic impact 
and blast loading.

• Discovered previously underesti-
mated importance of bronchiole
tubules on lung stiffness.

• Enabled predictive computer sim-
ulations of lung injury in human
thorax.
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performed (Figure 2). A software manual was 
approved for public release, published, and shared 
with internal and external Army collaborators.

Figure 2. Dynamic FE simulations. The 
human torso is impacted to the right-up-
per chest wall by a rod traveling at 90 
m/s, at 45° of obliquity (top left). The 
lungs within the torso are visualized pri-
or to impact (top right). The local injury 
variable D, with a value ranging from 0.0 
(no damage, blue color) to 0.1 (moderate 
damage, red color) is shown 20 ms after 
impact (bottom left and bottom right). 
Damage is distributed over the surface 
of the impacted right lung due to stress 
wave reverberations and interactions 
with stiffer surrounding anatomical fea-
tures. Red contours highlight contused 
regions, which exhibit ridged patterns 
due to crushing of the delicate tissue by 
the encasing harder ribcage.

RESULT

Theoretical and numerical models developed in this 
project enabled prediction of onset and severity 
of edema and contusion, verified by data from 
experiments with animal specimens subject to 
projectile impact and pressure wave loading. Our 
published works described a new rigorous paradigm, 
initiated at ARL, for continuum-mechanical 
modeling of large deformation and local injury in 
lung parenchyma, with novel state- and history-
dependent damage-injury metrics that were 
predictive, rather than calibrated a posteriori as 
has been a standard approach to modeling local 
lung tissue trauma for over three decades. 

New experimental methods have been established 
for capturing the influence of the lung’s microstruc-
ture on dynamic mechanical response, with stiffer 
bronchiole tubes discovered to prominently affect 
transient strain fields imparted to the parenchyma. 
This rich data set substantially improves upon lega-
cy data previously available only from comparatively 
primitive experiments from the 1970s-1990s.

Models implemented in the LS-DYNA FE code 
transition fundamental research to subsequent 
PPE evaluations at ARL. Program leaders at ARL 
have submitted findings to Medical Research 
and Development Command’s Combat Casualty 
Care Research Program (MRDC CCCRP) and the 
Blast Injury Research Coordinating Office (BIRCO) 
for further evaluation. This research has been 
transitioned to the external scientific community via 

10 refereed articles and 5 conference presentations, 
and to the military community via 6 ARL technical 
reports. This work was briefed, with positive 
feedback, at Army Futures Command Terminal 
Effects Competency Review in December 2021. 
The computer implementation in LS-DYNA has 
been transitioned to a Wake Forest University 
research group for further evaluation. The model 
and parameter set have also been transitioned to 
an externally contracted Small Business Innovation 
Research project funded by the Defense Health 
Agency (https://www.sbir.gov/node/1841629), 
now approved for Phase 2. Two Ph.D. theses were 
completed at Texas A&M University at College 
Station in 2021 on topics associated with this 
project; a third at the University of Colorado Boulder 
is anticipated in the next 1-2 years.

WAY AHEAD

In support of the Army Modernization Priority 
for Soldier Lethality, outcomes of this research 
improve Army capabilities to design PPE that 
mitigates injuries of the torso (e.g., pulmonary 
contusion from blast as in an explosion or behind-
armor blunt trauma when a Soldier is struck by 
a projectile). Computer models for simulating 
thoracic injuries will  undergo continuous 
advancement as more data become available from 
ongoing experiments and micromechanical (both 
theoretical and numerical) studies. Transitions 
of scientific findings, methods, and software to 
our academic and military partners will continue. 
Extensions of novel methods developed under this 
project on modeling and experiments of the lung 
to other soft biological tissues (e.g., other internal 
organs) are foreseen. 

Anticipated Impact

Pulmonary contusion is the most 
common thoracic soft tissue injury 
from blunt trauma, with a mortali-
ty rate of 10%-25%; blast lung and 
lung laceration are also debilitating, 
if not lethal, injuries experienced by 
many Soldiers. Theoretical models 
and experimental data garnered by 
this project have led to computer soft-
ware to support body armor design for 
protection against such lung injuries.
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TERMINAL EFFECTS

MECHANICAL BEHAVIOR OF MATERIALS PROGRAM

Dr. Daniel Cole
Program Manager

Dr. Cole completed 
his undergraduate 
studies at the State 
University of New 
York at Geneseo, 
receiving his B.A. in 
Physics in 2004. He 
received his Ph.D. in 

Mechanical Engineering from the Uni-
versity of Maryland in 2009. He came 
to ARO in 2019 as the Program Manager 
for Mechanical Behavior of Materials.

Current Scientific Objectives

1| Discover concepts that enable structural materials with extraordinary combinations
of ultrahigh temperature stability and exceptional mechanical properties under 
nonequilibrium conditions (e.g., transient thermal loads, high g-loading, and/or 
variable oxidizing environments). Areas of interest include understanding, control, or 
confinement of deformation mechanisms; exploiting interface/interphase interactions 
in heterogeneous materials; and concepts that enable materials to undergo refinement 
under relevant conditions to enhance thermomechanical performance.

2| Discover phenomena that enable structural materials with unprecedented mechanical
responsiveness when subject to complex loading environments (e.g., high strain rate, 
multiaxial, and/or high cycle loading). Areas of interest include materials that actively 
respond to dynamic loading environments and other external stimuli through rapid 
adaptation of shape, topology, or mechanical properties. In addition, this thrust seeks 
concepts for manipulation of mechanical forces within materials at specific spatial 
locations, particularly for the consideration of inelastic behaviors.

SUCCESS STORY 

Novel Properties of Pressure-Activated 2D Materials
Metastable diamond phases in bilayer boron nitride or bilayer graphene sheets have been experimentally 
obtained through the application of mechanical load. Numerical molecular dynamics simulations have 
revealed atomic layer-substrate interactions that govern the phase transition. Nano-shear experiments 
were also performed on graphene, elucidating previously unrealized layer-substrate interactions under 
shear loading. This work could shape new concepts for manipulating atomically thin structural materials 
with relevance for protection strategies, photonics, and miniaturized devices.

CHALLENGE

Significant scientific efforts are underway to 
understand and control the properties of 2D 
materials given their potential applications 
for mechanical-, electrical-, and optical-based 
technologies.  The ability to trigger and control 
transformations between various crystalline 
phases is of high importance for tailoring the 
physical properties of 2D materials. Given the 
length scales involved in these measurements, the 
phase transformation behavior is very challenging 
to access in controllable ways. Several atomic 
force microscopy methods exist for obtaining high-
resolution imaging and mechanical measurements; 
however, most of these techniques are limited to 
relatively compliant materials. Prof. Elisa Riedo 
of New York University (NYU) has pioneered a 
modulated nano/Å-indentation (MoNI/ÅI) method 
that uses extremely small amplitude oscillations 
to enable mechanical measurements on ultra-thin 

(<1 nm) and ultra-stiff (up to 1 TPa) films. In 2019, 
Prof. Riedo and collaborators reported density 
functional theory (DFT) simulations and the first-
ever experiments of bilayer graphene films on silicon 
carbide (SiC) substrates that transform into single-
layer diamond (i.e., “diamene” when subject to 
nanoindentation loading). 

ACTION

In 2019, the Mechanical Behavior of Materials 
(MBM) Program helped shape a basic research 
investigation building on the principal investigator’s 
(PI’s) discovery of the pressure-induced graphene-
to-diamene phase transformation. The project 
would investigate the fundamental mechanisms 
of the metastable phase transformation, the phase 
transformations in similar material systems (e.g., 
hexagonal boron nitride to cubic boron nitride), as 
well as the effects of grain size and loading rate on 
transformation behaviors. Given the connection 

This success was made possible by:

Dr. Daniel Cole; Terminal Effects, 
ARO
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to in-house Army efforts investigating diamond 
composites as well as novel 2D materials for 
protection applications, the NYU effort was 
awarded as a cooperative agreement with ARL. In 
2020, the MBM Program facilitated the purchase 
of a transmission electron microscope (TEM) 
indentation stage using congressional funds 
for TEM-based research. The stage would allow 
the group to observe the mechanically induced 
transformations with in situ TEM observation, 
which would enable quantitative understanding 
of the loading conditions required to trigger the 
metastable phases. The team proposed to leverage 
collaborations with Brookhaven National Laboratory 
to execute the experiments. However, progress with 
the TEM experiments, and the project in general, 
were delayed due to the COVID-19 pandemic, which 
was particularly challenging for universities in the 
New York City area. Therefore, in 2021 the MBM 
Program helped facilitate a Supplemental Support 
for Research Trainees program award, which was 
add-on funding to existing DoD grants to help offset 
the impact of the pandemic.   

RESULT

The NYU group used the modulated indentation 
method to investigate the phase transformation 
behavior of single- to few-layer sheets of graphene 
and boron nitride (BN) on various substrates.  
Through this technique, a hexagonal BN (h-BN) 
to cubic BN (c-BN) phase transformation induced 
by nanoindentation was experimentally realized 
for various atomic layer thicknesses. Raman 
spectroscopy experiments demonstrated that 
the pressure-induced c-BN phase was metastable 

(i.e., over time the material reverted to the h-BN 
phase upon the release of pressure). Collaborators 
at Sandia National Laboratories performed 
molecular dynamics simulations that confirmed 
the rearrangement of h-BN atoms into a diamond 
phase (i.e., c-BN) within and around the indentation 
area (Figure 1). These results were published in 
Advanced Science in 2021 and provide insight into 
the potential benefits of exploiting mechanically 
induced phase transformations to realize high-
performance protective coatings.

Figure 1. Illustrations of the lattice of 3-layer h-BN sheet on SiO
2
 undergoing a pressure-induced phase 

transition upon indentation (left), and molecular dynamics simulation showing crystallographic arrangement 
in area around the tip (right).

During this project, the NYU group made a related 
discovery while performing atomic force microscope 
(AFM)-based friction measurements. A nano-shear 
experiment successfully measured the interfacial 
shear behavior of atomically thin graphene on a SiC 
substrate. An AFM tip was brought into contact with 
the sample, and then a lateral force was applied 
to gently slide the 2D material with respect to the 
substrate, similar to how one might slightly slide a 
piece of paper with a finger on a table (Figure 2). The 
team performed these nano-shear measurements 
on bulk graphite, and on graphene films on 
different substrates with various stacking orders, 
twisting, and presence of other atomic species 
(e.g., hydrogen). The group found that the shear 
behavior was critically controlled by the stacking 
order and the atomic layer-substrate interaction, 
which is important for controlling and predicting 
sliding friction in 2D materials. The finding may 
be foundational given that interactions between 
a single atomic layer and its substrate govern the 
electronic, mechanical, and chemical properties 
of these atomic-scale material systems. This work 
was published in Nature Nanotechnology in 2022.

ARL Competencies:

Terminal Effects

Sciences of Extreme Materials

Results

• Successfully induced a diamond
phase in hexagonal boron nitride
and elucidated mechanisms using 
molecular dynamics simulations.

• Uncovered mechanisms of interfa-
cial shear phenomenon in graphene 
that can be generalized for other 2D 
materials.

• Published manuscripts in Advanced
Science and Nature Nanotechnol-
ogy.
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WAY AHEAD

In the last year of this project, the NYU 
group will attempt to pattern the high-
pressure phases on various substrates 
using combined thermal and mechanical 
loading, with a focus on stabilizing 
the diamond phase. The team will 
also leverage the TEM load stage and 
supplemental COVID-19 funds to observe 
the metastability of the mechanically 
induced phase transformations during 
the real-time loading. The team will 
image the 2D films during the pressure 
application and dynamically characterize 
the associated structural rearrangement.  

In addition, the methodology recently 
developed for measuring the interfacial 
shear modulus of 2D sheets on various 
substrates could shape new concepts 
for controlling and predicting sliding 
friction in these material systems. In 
the final year of this project, the group 
will further explore the effects of surface 
chemistry on the tribological behavior 
of 2D materials on various substrates. 
This parallel effort could help shape 
new technologies for highly sustainable 
mechanical systems (e.g., through 
exploitation of superlubricity effects). 

Figure 2. Rendering of interfacial shear measurement for 2D 
material. An AFM tip is brought in contact with the 2D layer 
sitting on a substrate (top). The tip then oscillates in-plane 
causing elastic shear between the film and substrate (bottom).

Anticipated Impact

Lightweight 2D materials that 
exhibit extraordinary mechanical 
properties, such as diamond-phase 
boron nitride, could be exploited for 
new Soldier and vehicle protection 
technologies.

SUCCESS STORY 

Guided Energy Absorption with Crumpled Polymer Sheets
The bulk compressive behavior of crumpled polymer sheets was found to depend on a “sticky factor” between 
contacting segments during the deformation. The team compared the results to simulations of crumpled 
2D sheets, which confirmed that self-adhesion dominates the crumpling behavior. The research could 
shape new concepts for Soldier protection, damage-adaptive aerospace composites, and soft robotics.

CHALLENGE

As thin sheets are randomly confined to smaller 
volumes, the material becomes an increasingly 
complex collection of folds, bends, and sharp points. 
These crumpled structures can have surprisingly 
high tolerance to compression but can also have 
very light weight—imagine a sheet of paper 
crumpled with your hand into a tight ball. Previous 
attempts to understand the mechanical response 
typically fail to capture the global behaviors of 
the materials. Foundational understanding of 
crumpling could have implications for the emerging 
research area of mechanical metamaterials. Most 
mechanical metamaterial work has focused on 

behaviors of periodic lattices and has been limited 
to elastic material responses. However, the given 
effort focused on irregular crumpled structures that 
undergo large deformations and exhibit insensitivity 
to internal flaws, which could enable control of 
relatively severe loads within a material.

ACTION

In 2019, the MBM Program received a white paper 
from North Dakota State University (NDSU) through 
the Defense Established Program to Stimulate 
Competitive Research (DEPSCoR). While a full 
proposal was ultimately not invited through 
DEPSCoR, the MBM Program began a dialogue with 
the PI about the crumpled structures and pushed 

This success was made possible by:

Dr. Daniel Cole; Terminal Effects, 
ARO

Citations:

Croll, A. B. et al., Matter. 5, 1-14 
(2022).

Liao, Y. et al. Langmuir. 37, 28, 8627-
8637 (2021).
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the group to investigate means for guiding energy 
absorption and internal loads in crumpled materials 
by studying the surface interactions of contacting 
surfaces.  

RESULT

Figure 3. Top left: Experimental setup demonstrat-
ing the crumpling of an elastomer sheet via me-
chanical load frame. Top right: Newly crumpled and 
compression tested structures in molecular dynam-
ics simulation. Bottom: Simulations demonstrating 
the spatial variation in stress (left) and curvature 
(right) for films with and without adhesion.

Initial efforts of the NDSU team looked at varying 
friction to better understand the surface interactions 
of the sheet during crumpling. The group focused 
on elastomer sheets, namely polycarbonate and 
polydimethylsiloxane, subject to compression tests 
combined with laser light sheet confocal microsco-
py (Figure 3). Films were treated with particles to 
enable near frictionless conditions. The team stud-
ied the velocity-dependent strength of adhesion of 
the material, characterized by the critical energy 
release rate, Gc. This term quantified the amount 
of energy dissipated at the junction formed between 
two adhering surfaces and is analogous to a “crack” 
tip (higher values of Gc represent a higher degree 
of adhesion). Comparisons were made between 
“sticky crumples” and “nonstick crumples.” The 
team found that even slight adhesion (i.e., Gc > 0) 
caused the effective stiffness of the structure to go 
up by an order of magnitude, although interesting-
ly, a further increase in adhesion did not correspond 
to additional stiffness. The team also discovered a 
“sticky crumpled matter” length scale that deter-
mined a crossover from sticky adhesion-dominated 
crumples to non-sticky adhesion-free crumples and 
was related to the total length of the peel front.  

The group also studied deformations of 2D sheets 
through simulations of crumpled graphene/
graphene oxide (GO) subjected to atomic-force 
microscopy-based loading. The team performed 
a series of coarse-grained molecular dynamics 
simulations to explore the role of self-adhesion 
on the crumpling of atomically thin sheets (Figure 
4). The crumpling process was modeled by 
using a confining sphere that encompassed the 
macromolecular sheet and was applied to compress 
the sheet model. This procedure was similar to 
experimental crumpling processes of material 
through the aerosol evaporation method, where 
capillary forces act as a confinement to induce 
crumpling of sheets during drying. Evaluation of 
the potential energy evolution showed that self-
adhesion was the dominant factor in the crumpling 
behavior, compared  even to the in-plane and out-
of-plane sheet stiffness. A key finding was that 
the introduction of “stickiness” enabled increased 
stretching in the sheet. The simulations verified that 
the observed experimental effects persist even to 
the nanoscale.  

Figure 4. Simulation showing representative 
configurations of crumpled 2D macromolecular 
sheets with various strength of adhesion.

WAY AHEAD

In the final year of the effort, the team will 
investigate the role of prescribed cuts and holes 
on the deformation behavior and attempt to steer 
mechanical stress to particular spatial locations 
within the structure. The group will also study 
stress steering through control of the density of 
the crumpled hierarchy. In addition, the group will 
investigate the effect of loading rate on crumpling 
behaviors. If successful, this work could enable 
materials by design strategies for high-performance 
lightweight crumpled materials through surface 
engineering. 

ARL Competencies:

Terminal Effects

Sciences of Extreme Materials

Results

• Discovered a 10-times increase in 
effective stiffness of a crumple by 
introducing non-negligible adhe-
sion to the folding sheets; however, 
further increases in sheet “sticki-
ness” do not have an appreciable 
effect on stiffness.

• Confirmed through simulations
of crumpled 2D sheets that adhe-
sion is the dominant mechanism in 
the crumpling process compared 
to even in-plane and out-of-plane 
sheet stiffness.

• Published manuscripts in Matter 
and Langmuir.

Anticipated Impact

Lightweight, damage-adaptive 
materials could be exploited for 
a variety of military applications 
including Soldier protection and 
aerospace structures. The work 
could also lead to new design strat-
egies for disordered reconfigurable 
materials.
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TERMINAL EFFECTS

SOLID MECHANICS PROGRAM

Dr. Denise Ford
Program Manager

Dr. Ford completed her undergraduate studies at 
the University of Wisconsin–Madison, receiving 
her B.S. in Chemical Engineering in 2007. She 
trained as an engineer at Fermi National Accel-
erator Laboratory and Northwestern Universi-
ty, receiving her Ph.D. in Chemical Engineering 
2013. She came to ARO in 2019 as the Program 
Manager for Solid Mechanics.

Current Scientific Objectives

1| Uncover the physical processes responsible for
deformation, damage initiation and propagation, and 
failure of material systems, which could lead to the 
creation of ultra-resilient, lightweight, and durable Soldier 
and system protections. 

2| Develop computationally efficient and robust multiscale
modeling techniques, which could be applied to 
substantially reduce the time and cost required to 
develop new material systems.

SUCCESS STORY 

High-Pressure Deformation Mechanisms in Lightweight 
Structural Alloys 
Recent advances in diamond anvil cell, microfabrication, and x-ray characterization techniques have been 
combined to isolate the effect of extreme pressure on lightweight alloys in extreme loading conditions 
relevant to the Army, leading to new understanding about an increase in strength found for an aluminum 
alloy at high pressures.

CHALLENGE

Lightweight structural alloys are important 
components in military vehicles, although little is 
known about their response under extreme high-
pressure conditions, which is critical for prediction of 
strength, plasticity, and failure during high-velocity 
impact and metal forming under extreme conditions. 
Most high-pressure experiments have been 
conducted for homogeneous materials or under 
the assumption of material homogeneity, while 
lightweight alloys consist of complex heterogeneous 
microstructures; it is generally unknown how the 
microstructure of these alloys evolves under high-
pressure conditions.

ACTION

In 2019 Prof. Wendy Gu (Stanford University) 
contacted Dr. Ford with a project idea to determine 
high-pressure deformation mechanisms and 
constitutive behavior at microstructural features—
such as grain boundaries, intermetallic inclusions, 
and nanoscale precipitates—in aluminum alloys. 
After several discussions between Dr. Ford, Prof. Gu, 

and Dr. Christopher Meredith (ARL), Prof. Gu was 
invited to submit a proposal to the Solid Mechanics 
Program through the Early Career Program 
(formerly called the Young Investigator Program). 
Prof. Gu’s proposed studies would complement an 
intramural 6.1 research program seeking to advance 
understanding of failure in aluminum alloys by 
incorporating realistic morphologies, spatial 
distributions, and heterogeneity of second-phase 
particles into numerical simulations. Prof. Gu would 
use a highly specialized methodology to access 
deformation and fracture mechanisms around 
individual precipitates with a spatial resolution 
and pressure that the ARD team was unable to 
investigate, but important for the predictive model 
that they would be developing. The proposal was 
awarded as a cooperative agreement between 
Stanford University and ARL in 2020. Through 
this agreement, the ARD team provides sample 
material to Prof. Gu’s team to study, and data is 
shared and discussed between the teams. The 
teams also write joint proposals for synchrotron 
light sources to perform highly specialized in situ 
x-ray experiments.

This success was made possible by:

Dr. Denise Ford; Terminal Effects, 
ARO

Dr. Christopher Meredith; Terminal 
Effects, ARL 

Citations:

Parakh, A. et al. Mater. Sci. Eng. A. 
853, 143765 (2022). 
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RESULT

Novel experimental techniques were developed, 
which combine diamond anvil cell, microfabrication, 
and x-ray characterization to determine deformation 
mechanisms during and after pressure cycling. The 
methodology was applied to an aluminum alloy (T6-
Al7075) revealing that dynamic precipitation occurs 
under an applied load, leading to strengthening of 
the alloy. The x-ray diffraction experiments showed 
that nonhydrostatic pressure leads to a significant 
increase in defect density and that the region 
with the highest local pressure had the greatest 
increase in defect nucleation, whereas the region 
with the largest local pressure gradient underwent 
texturing and had larger grains. Microscopy 

analysis showed that pressure cycling leads to 
the nucleation, growth, and significant increase in 
density of precipitates. The significant increase in 
precipitate density was due to the destabilization 
of solid-solution atoms under high pressure and 
led to an increase in strength for the alloy at high 
pressures. Microscopy images of the alloy pre- and 
post-compression are shown in Figure 1, highlighting 
the pressure-driven aggregation of fine precipitates 
to form a larger precipitate.

Figure 1. Transmission electron micros-
copy images of (a) pre-compressed and 
(b) post-compressed T6-Al7075 alloy. 

WAY AHEAD

Experiments are planned for compression of 
magnesium alloys, which can potentially weigh 
less than aluminum alloys. 

ARL Competencies:

Terminal Effects

Sciences of Extreme Materials

Mechanical Sciences

Results

•  Demonstrated that alloy strength-
ening can occur under high-pressure
(high-stress) conditions. Analyzed 
materials provided by ARL and
shared data and results with ARL 
collaborators. 

Anticipated Impact

The results from these studies are 
valuable experimental inputs for the 
multiscale modeling of material de-
formation and failure under extreme 
loading conditions, such as ballistic 
impact, which will accelerate the 
design of strong and resilient struc-
tural alloys. Better understanding of 
microstructural changes occurring 
under high-pressure/high-stress con-
ditions can also inform alloy process-
ing procedures, such as the required 
time for heat-treating. Additionally, 
the experimental techniques devel-
oped here can be easily adapted for 
the study of other solid materials 
relevant to the Army, including ce-
ramics and other alloys.

SUCCESS STORY 

Extreme Mechanical Behavior of Hierarchical Materials
This ARO-funded research is leading to new insights into the mechanical response of hierarchical materials 
to extreme loading conditions, which may ultimately inform the design of new lightweight energy-absorbing 
structures.

CHALLENGE

Property trade-offs are common considerations 
in material or structural design problems. For ex-
ample, damping enhancement often comes with 
a reduction in stiffness. Hierarchically structured 
materials, such as architected vertically aligned 
carbon nanotube (VACNT) foams, provide a means 
to overcome mutual exclusivity of properties be-
cause different properties can be tuned with the 
architecting of a different scale of the structure 

(Figure 2). Understanding how individual properties 
are controlled at each particular scale and how the 
architecture of each scale affects the bulk response 
could enable the design of new high-performance 
materials. Carbon nanotube (CNT)-based foams of-
fer novel properties that may achieve higher specific 
energy attenuating performance than conventional 
materials, creating an opportunity to reduce the 
weight of protective equipment while still achieving 
high performance. Performance is limited, however, 
by the weak nature of van der Waals interactions 

This success was made possible by:

Dr. Denise Ford; Terminal Effects, 
ARO 

Dr. Ralph Anthenien; Weapons 
Sciences, ARO

Citations:

Chawla, K. et al. Extreme Mech. Lett. 
57, 101899 (2022). 

Gupta, A. et al. Extreme Mech. Lett. 
50, 101576 (2022). 

Cai, J. et al. ACS Nano. 15, 19945 
(2021).
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between adjacent CNTs. Many structured materials 
also exhibit softening for the first few loading–un-
loading cycles, known as preconditioning, and the 
multi-scale mechanisms responsible for this behav-
ior are not well understood. The complex nature of 
hierarchically structured materials also creates cou-
pling between properties, creating both synergistic 
enhancements as well as difficulties in determining 
individual structure-property relationships.

Figure 2. Hierarchical structure of VACNT foam with hexagonal close-packed cylindrical architecture. (a) 
sample scale, (b,c) mesoscale cylinders consisting of VACNT, (d) microscale entangled forest-like morphol-
ogy of vertically aligned individual CNTs, and (e) nanoscale multi-walled structure of an individual CNT.

ACTION

In 2018 Dr. Ralph Anthenien (acting Solid Mechan-
ics Program Manager), identified a key opportu-
nity for the Army and began working with Prof. 
Ramathasan Thevamaran (University of Wiscon-
sin–Madison) to shed light on the dynamic response 
of VACNT foams. Prof. Thevamaran had experience 
synthesizing and characterizing VACNT foams and 
submitted a proposal to study the structure-property 
relationships of VACNT foams as a model system for 
lightweight energy-absorbing materials. Shortly af-
ter taking over the Solid Mechanics Program in 2019, 
Dr. Denise Ford met with Prof. Thevamaran during a 
site visit to the University of Wisconsin–Madison and 
began working with him to address some questions 
about the proposed work. In 2020 the proposal was 
awarded as a single investigator grant, and Prof. 
Thevamaran began investigating the mechanisms 
controlling stiffness and damping in VACNT foams 
and approaches to synergistically improve both 
properties through mesoscale architecting.

RESULT

Prof. Thevamaran discovered a way to augment inter-
actions among CNTs by introducing aramid nanofiber 

links between CNTs, which forms stronger and recon-
figurable interfacial hydrogen bonds and π−π stack-
ing interactions compared to the initial van der Waal’s 
interactions. The strengthened interactions in CNT 
mats have enhanced specific energy absorption up 
to 3.6 MJ/kg, outperforming bulk Kevlar fiber-based 
protective materials. The mats also exhibit dynamic 
performance enhancement due to the response time 
scales of hydrogen bond dynamics. In a separate 
study, the research team probed different length 
scales of hierarchical VACNT foams by conducting 
time and space resolved x-ray scattering experiments. 
These studies indicate that the foams exhibit a soften-
ing hysteretic response in the initial few compression 
cycles, which then remains constant over thousands 
of subsequent cycles, resulting from the mesoscale 
reorganization of nanofibers and permanent strain in 
the nanoscale structure. The team also explored the 
design of VACNT foams using full factorial design of 
experiments. They identified three design variables 
from a cylindrical architecture and calculated specific 
energy absorption, peak stress, and modulus from the 
density normalized stress–strain curves for different 
mixing of the variables. All three resultant properties 
were simultaneously enhanced in certain regions, and 
a lightweight material that surpasses the mechanical 
performance of commercial polymeric, metallic, and 
other architected foams was discovered.

WAY AHEAD

The research team plans to numerically mod-
el VACNT response to obtain further insight into 
their extraordinary behaviors and investigate the 
emergence of characteristic length scales during 
compression using synchrotron x-ray scattering 
techniques. 

ARL Competencies:

Terminal Effects

Sciences of Extreme Materials

Mechanical Sciences

Results

• Obtained new insight to the origins of
the preconditioning effect of struc-
tured materials. 

• Developed new methods to design 
materials to withstand extreme
loading, resulting in two patent ap-
plications.

Anticipated Impact

The results of these studies will 
provide new pathways to developing 
lightweight hierarchical materials 
with tunable mechanical properties. 
The mechanistic insights developed 
can also aid in understanding the 
behavior of other similar hierarchical 
material systems such as composites 
and biological materials.
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WEAPONS SCIENCES

ENERGETICS BASIC RESEARCH CENTER

Dr. Ralph Anthenien
Program Manager

Dr. Anthenien complet-
ed his undergraduate 
and post-graduate stud-
ies at the University of 
California, Berkeley, 
receiving his B.S. and 
Ph.D., both in Mechani-
cal Engineering, in 1993 

and 1998, respectively. He came to ARO in 
2006 as the Program Manager for Propul-
sion and Energetics.

Current Scientific Objectives
The Army Energetics Basic Research Center (EBRC) is a basic research program initiated 
by ARL. It focuses on areas of strategic importance to U.S. national security and seeks 
to increase the Army’s intellectual capital in energetic materials (EMs) and improve its 
ability to address future challenges. The EBRC brings together universities, individual 
scholars, and Army researchers to support multidisciplinary and cross-institutional 
projects addressing specific topic areas determined by the Department of the Army (DA). 
The EBRC aims to promote research in specific areas of EMs and to promote a candid and 
constructive relationship between DA and the energetics research community. To achieve 
the desired future technological overmatch, advances must be made in new synthetic 
methodologies targeting novel EMs that, if successful, will increase performance for 
both explosive and propulsion applications. Further, fundamental understanding leading 
to control of energy storage and release for explosive and propellant applications is 
required. Tackling these challenges requires a large comprehensive cooperative effort 
(while also allowing for single-effort exploratory efforts for high-risk concepts) with a 
strong emphasis on new material synthesis (that targets advanced performance) with 
related experimental and theoretical characterization, performance evaluation, and 
concept development to fully exploit the totality of available energy.

SUCCESS STORY 

Launch of the Energetics Basic Research Center
The EBRC launched in FY22 via a large-center effort awarded to Purdue University and six seedling efforts 
awarded to The Ohio State University; Rutgers University; Texas Tech University; University of California, 
Riverside; University of Illinois Urbana-Champaign; and University of Iowa.

CHALLENGE

The effort will need to overcome many scientific 
challenges. In the development of novel materials 
and synthesis methods, control of ignition 
times, temperature, and burn times as well as 
independent control of initiation and combustion 
conditions and material stabilization have all been 
hurdles to achieving novel materials in the past. 
Further, the lack of fundamental understanding of 
polymers in formulations and aging, the impact of 
microstructure on energy release and reaction rates, 
and the understanding of intermediate synthesis 
chemistry and controlling reactions relating to 
species and radiation interaction are also barriers. 
In addition, diagnostic techniques suitably fast and 
of high enough spatial resolution are lacking, and 
the ability to model across scales capturing relevant 
chemistry and physics with sufficient computation 
efficiency to be able to design and characterize at 
scale does not yet exist.

ACTION

In the spring of 2020, ARL designed and hosted a 
scientific workshop with energetics researchers 
from all services as well as prominent academic 
researchers in the field. A report on the state of 
the art and art of the possible was developed and 
used as the basis for scientific and programmatic 
design of the EBRC. Early in FY21 a broad agency 
announcement (BAA) calling for white papers with 
follow-on invited proposals to large centers and 
seedlings was released. The BAA identified three 
technical thrust areas: novel materials and synthesis 
methods, microstructure and geometry influence 
on energetic release, and advanced diagnostics 
and modeling. White papers/proposals for the large 
center were required to address all three technical 
thrust areas while seedlings had to address at least 
one. White papers and proposals were evaluated 
by a panel of researchers from the Army as well as 
Navy and Air Force. 

This success was made possible by:

Dr. Ralph Anthenien; Weapons 
Sciences, ARO

Dr. Edward Byrd; Weapons Sciences, 
ARL

Anticipated Impact

Fundamental understanding devel-
oped by the EBRC will lead to break-
through materials and concepts in 
EMs and EM systems that will con-
tribute to enhanced lethal effects at 
the system level, such as increased 
range and smaller energetic pay-
loads. These, in turn, enable space 
for larger mission-critical systems 
and shorter time-to-target, ensur-
ing Army battlefield dominance in 
Multi-domain Operations.
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RESULT

One large center and six seedling proposals were selected 
for funding and awarded as cooperative agreements at the 
end of FY22. Cooperative agreements were the preferred 
method of award to maximize interaction in collaboration 
with ARL researchers. The seedlings will be active for up to 3 
years, while the large center will be active for up to 5 years. 
The efforts will combine developments from academia and 
ARL energetics research with guidance from army concepts 
to enable innovations for future energetic and propulsion 
applications. The efforts will inform ARL Disruptive Energetics 
& Propulsion Technologies, Synthesis, Formulation, and 
Microscale Experiment programs and provide future human 
capital/talent development for Army and DoD. While there are 
seven separate awards, the EBRC is viewed and managed as a 
single center/collaborative effort across all seven efforts and 
ARL. The EBRC will discover and develop disruptive chemistry 
and chemical pathways beyond organic synthesis methods. 
It will explore novel metal additives and non-CHNO EMs for 
enhanced performance through advanced diagnostics and 
models, develop an understanding of the role of microstructure 
for further control of energy release rates, and develop novel 
diagnostics and modeling methods.

WAY AHEAD

A kickoff meeting will be held in early FY23 with subsequent 
regular review meetings scheduled. Another BAA seedling 
will be released in early FY25 for award of new seedling efforts 
late in FY25. 

ARL Competencies:

Weapons Sciences

Terminal Effects

Sciences of Extreme Materials

Results

• Center and seedling efforts 
awarded in FY22. 
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WEAPONS SCIENCES

FLUID DYNAMICS PROGRAM

Dr. Jack Edwards
Program Manager

Dr. Edwards holds the Angel Family Professorship 
of Mechanical and Aerospace Engineering (MAE) 
at North Carolina State University. From 2016 to 
2020, he served as Associate Department Head and 
Director of Undergraduate Programs in MAE, and 
from 2020 to 2022, he served as Director of Aero-
space Research. He is an expert in computational 
fluid dynamics algorithm development, simulation 

and modeling of turbulent flows, and simulation and modeling of re-
acting and multi-phase flows. He is a Fellow of the American Institute 
of Aeronautics and Astronautics and has authored or co-authored over 
250 technical publications. His research efforts have been supported 
by the Air Force Office of Scientific Research, ARO, Office of Naval 
Research, U.S. Environmental Protection Agency, Defense Advanced 
Research Projects Agency, Defense Threat Reduction Agency, NASA, 
National Science Foundation, Sandia National Laboratories, and Air 
Force Research Laboratory, among others. He joined ARO in October 
2022 as Program Manager for Fluid Dynamics under an Intergovern-
mental Personnel Act agreement. 

Current Scientific Objectives

1| Understand and predict the dynamics of unsteady
and separated flows, identifying critical parameters 
or “signatures” of incipient separation events that, if 
successful, can either be used to mitigate boundary 
layer separation or generate large aerodynamic forces 
and moments to improve Army vehicle performance. 

2| Develop methods and tools that enable direct
confrontation of the nonlinear behavior inherent in 
the governing equations of fluid dynamics that will 
allow global prediction capabilities (vs. local) and 
will also permit the leveraging of nonlinearities for 
novel effects that, if successful, will provide means 
to improve the performance of future Army aerospace 
systems. 

3| Erect new frameworks for the prediction of turbulent
flow phenomena that overcome limitations in 
current stochastic methodologies that, if successful, 
will permit the accurate design of leap-ahead 
technologies for the future Army. 

SUCCESS STORY 

Three-Dimensional Flow Physics and Acoustics of Small-
Scale Rotors 
Novel experimental techniques capable of measuring 3D velocity fields of small-scale rotor blades in hover 
have been used to map the time-dependent onset and extent of flow separation along the span of the 
rotor blade. The results have been used to validate an advanced direct numerical simulation methodology 
that can predict the unsteady turbulent motion induced by the blades and can extract the contributions 
of large turbulent structures to the noise emitted by the blade. These new techniques may eventually be 
used to develop quieter, more efficient blade designs for Army unmanned aerial system (UAS) applications. 

CHALLENGE

Over the years, ARO has funded many efforts de-
signed to elucidate the flow physics associated with 
rotorcraft blade motion. A specific focus has been 
toward understanding dynamic stall, an unsteady 
aerodynamic response that occurs when an air-
foil is rapidly pitched above its static stall angle. 
Though generally considered as being detrimental 
to aerodynamic performance, the additional lift 
forces and moments that accompany dynamic stall, 
if controlled properly, offer prospects of enhanced 
maneuverability beyond conventional limits for ro-
torcraft at all scales. 

Dynamic stall is inherently a 3D phenomenon, yet 
many experimental and computational studies ide-
alize the process as being 2D, thus neglecting the 
direct effects of blade rotation as well as blade root/
tip effects. The 3D turbulent flows induced by rotor 
blade motion are also significant noise sources, and 
for UAS-scale rotorcraft, these flows are dominated 
by large, coherent vortices similar to those present 
during dynamic stall events. The challenge of de-
veloping quieter, more maneuverable, and more 
efficient UAS-scale rotorcraft hinges on better un-
derstanding of the physics of force and noise gen-
eration for these vortex-dominated turbulent flows. 

This success was made possible by:

Dr. Matthew Munson; Weapons 
Sciences, ARO

Dr. Jack R. Edwards; Weapons 
Sciences, ARO 

Citations:
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Zhang, C. et al. PLOS ONE 10, 
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(1969).



207  |  ARO IN REVIEW 2022

ACTION

Recognizing this challenge, Dr. Matthew Munson 
(ARL’s former Fluid Dynamics program manager) 
funded Profs. Vrishank Raghav and Brian Thurow 
of Auburn University to develop a novel approach, 
termed Rotating 3D Velocimetry (R3DV), that 
is capable of measuring the 3D velocity field 
induced by a rotating blade (Gururaj et al., 2021). 
Conventional 3D particle image velocimetry (PIV) 
techniques are unable to properly characterize the 
flow physics, since measurements are made from 
a fixed frame of reference through which the rotor 
blade traverses intermittently. The R3DV technique 
overcomes this limitation by imaging the velocity 
field through a stationary plenoptic camera 
viewing a hub-mounted 45° mirror that rotates 
with the blade, thereby aligning the camera’s 
field of view with the wing. The plenoptic camera, 
developed by Prof. Thurow, adds a microlens array 
to capture spatial and angular information from the 
light rays striking the image sensor. This enables 
the reconstruction of the velocity field in 3D 
without the complexity and limited field of view 
of tomographic and stereoscopic PIV techniques. 
The setup used to image the flow induced by a 
rotating blade at maximum pitch angle is shown 
in Figure 1 (left). Figure 1 (right) illustrates the 
blade-wise evolution of the leading-edge vortex 
(LEV) that characterizes dynamic stall as measured 
by the R3DV technique. The yellow iso-surface 
is a constant value of the “Q criterion,” a way of 
identifying vortices from a 3D velocity field. The 
inset of Figure 1 shows a view along the blade axis 
and illustrates the center of the LEV as it departs 
from the blade surface.  

Figure 1. Schematic of R3DV setup (left) and leading-edge vortex formation during start of blade rotation 
(right).

The Auburn University experiments are conducted 
for blades representative of those installed in UAS 
systems such as quadcopters. As such, the data 
sets obtained from R3DV are ideal for validation of 
advanced numerical methods that can predict the 
full details of these flows. Dr. Munson recognized 
this and encouraged a collaboration between 
the Auburn group and Prof. Rajat Mittal’s group 
at Johns Hopkins University. Prof. Mittal’s study, 
also supported by the Fluid Dynamics program, 
develops direct numerical simulation (DNS) 
techniques for simulating the flows induced by 
small-scale rotorcraft. Prof. Mittal’s DNS method 
uses immersed-boundary methods to represent 
the effects of moving objects (e.g., rotating blades) 
on the flow and attempts to resolve the smallest 
scales of turbulence, thus providing a fully predictive 
simulation capability. The DNS method is cost-
prohibitive for full-scale systems but is ideal for 
studying UAS-scale systems. Within this scope, 
Prof. Mittal has developed a novel force-partitioning 
method that decomposes aerodynamic forces into 
components associated with body motion, viscosity, 
and individual vortices—the effects of the latter 
are elucidated using an automatic vortex tracking 
methodology that can distinguish between LEVs, 
tip vortices, and vortex/wake interactions (Zhang 
et al., 2015). By using the well-known Williams and 
Hawkings (1969) acoustic analogy, Prof. Mittal has 
shown that it is possible to decompose blade loading 
noise into contributions from individual vortices, 
surface acceleration effects, and broadband noise 
associated with small-scale turbulence. This opens 
up the possibility of identifying the major sources 
of rotor-blade induced noise for specific blade 
geometries and developing design modifications 
that can mitigate these effects. 

ARL Competencies:

Weapons Sciences

Mechanical Sciences

Results

• Developed a novel 3D 
velocimetry technique for 
rotating frames of reference to 
study the flows induced by a 
small-scale rotor blade in hover.

• Validated a computational fluid 
dynamics technique that can 
predict the unsteady turbulent 
motion induced by the blades 
and extract the contributions of 
large turbulent structures to the 
noise emitted by the blade. 
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RESULT

The Auburn/Johns Hopkins universities’ collabora-
tion has resulted in the first-of-its-kind experimental 
validation of a DNS approach for a UAS-scale rotat-
ing-blade system through direct comparisons with 
dye flow visualization and R3DV velocity measure-
ments. Figure 2 illustrates an initial comparison in 
which a single blade is rotated from start-up through 
one revolution cycle. This short-time evolution of the 
flow involves the formation of the initial LEV and the 
start of its breakdown into smaller vortices—the 
image shows close agreement with experimental 
dye-flow visualization (right). The leftmost part of 
Figure 2 shows the noise signature decomposed into 
self-generated noise (due directly to vortices very 
near the rotor surface) and interaction noise (due 
to blade-wake turbulence and the rotor-tip vortex), 
illustrating the potential of the new approach.

Figure 2. Validation of DNS methodology and extraction of noise signatures corresponding to collections 
of coherent vortices.

WAY AHEAD

The major challenge in the Johns Hopkins Universi-
ty’s acoustic decomposition approach is in tracking 
the effects of the large numbers of vortical struc-
tures that emerge as the bigger, more coherent vor-
tices break down. This leads to broadband noise, and 
it becomes more difficult to isolate specific sources 
and their interactions with other sources. Auburn 
University’s experiments can be run for multiple 
cycles in hover and can mimic the transition from 
a flow dominated by the formation and shedding of 
large LEVs to one in which small-scale, wake-gen-
erated turbulence is prevalent. This data can be 
used to inform the Johns Hopkins modeling effort. 
Extensions to rotors in forward flight are envisioned 
for both the experimental and computational com-
ponents, as are extensions to more complicated 
rotor blade systems. 

Anticipated Impact

The experimental and computational 
techniques developed during this col-
laborative study will be used to help 
design quieter, more maneuverable, 
and more efficient rotorcraft for Army 
UAS applications.
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WEAPONS SCIENCES

EXPLOSIVES FOR LONG RANGE COOPERATIVE ENGAGEMENTS

Dr. Jennifer L. Gottfried
Project Lead

Dr. Gottfried received 
her Ph.D. in Physical 
Chemistry from the 
University of Chicago in 
2005 and subsequently 
joined ARL as a research 
scientist. She has 68 
peer-reviewed papers, 4 

book chapters, 2 patents, and 100+ technical 
reports (h-index = 34). Her current work is 
focused on laser spectroscopy of energetic 
materials for microscale characterization, 
model validation, and fundamental 
understanding of reaction mechanisms 
during explosive initiation.

Current Project Objectives
This project seeks to develop and exploit experimental diagnostics for characterizing novel energetic 
materials using milligram quantities – i.e., pre-screening tools for evaluating interesting candidate 
materials prior to scale-up and conventional testing. Currently we have three main objectives:

1| Use high-energy, nanosecond-pulsed laser ablation to investigate the high-temperature 
chemistry and microsecond time scale energy release of the excited materials that, 
if successful, will enable optimization of the energy release, increase understanding 
of the reaction mechanisms at detonation-relevant heating rates, and estimate their 
potential detonation performance.

2| Perform modified sensitivity testing (electrostatic discharge [ESD], impact, friction) 
that, if successful, will enable objective identification of go/no-go thresholds with an 
order of magnitude less material than the required standard military safety tests. The 
ability to optimize the relevant material properties early in the development cycle 
should enable a more rapid transition to military applications.

Rapidly evaluate novel energetic materials produced within ARL and by external 
collaborations with DoD/DoE, industry, and academia. The synthesis and optimization 
of the most promising materials are then transitioned to ARL and, if successful, will 
enable increased and/or tailorable effects for enhanced range or target lethality from 
Army weapons systems.

3|

SUCCESS STORY 

Microscale Experiments for Developing Novel Energetic 
Materials
The successful development of the laser-induced air shock from energetic materials (LASEM) technique 
has enabled the estimation of detonation performance from milligram quantities of novel energetic 
materials; recent improvements have reduced the amount of material required, increased the sample 
throughput, and increased the amount of diagnostic information provided per laser shot. Sensitivity 
tests with advanced optical and acoustic diagnostics have also been developed, reducing the amount of 
material required for preliminary safety testing by an order of magnitude.

CHALLENGE

The development cycle for new military explosives 
takes many decades. The most powerful military 
explosive, hexanitrohexaazaisowurtzitane (CL-20), 
was developed more than 35 years ago. Synthesiz-
ing new explosives with the desired performance 
and sensitivity properties is a major challenge in 
energetic material research. Since many novel en-
ergetics are initially produced in small quantities 
(<100 mg) and scale-up efforts are often time-con-
suming and expensive, only a small fraction of can-
didate materials can be evaluated for large-scale 
testing. Traditional microscale analytical methods 

for characterizing energetic materials—such as 
differential scanning calorimetry (DSC) and thermo-
gravimetric analysis (TGA)—use very low heating 
rates (e.g., 5-20 °C/min) when compared to most 
military applications (>1010 °C/s). Researchers 
have demonstrated that the reaction mechanisms 
for many energetic materials strongly depend on 
the heating rate.

ACTION

With her extensive background in pulsed laser 
ablation and plasma spectroscopy, Dr. Gottfried 
recognized that pulsed lasers could achieve high 
heating rates comparable to those that occur during 

This success was made possible by:

Dr. Jennifer L Gottfried; Weapons 
Sciences, ARL

Dr. Elliot R. Wainright; Weapons 
Sciences, ARL

Dr. Catherine A.M. Dillier; Oak Ridge 
Associated Universities
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detonation events—atomizing, ionizing, and exciting 
the ablated energetic material in a high-temperature 
laser-induced plasma without actually detonating 
the material. As the plasma cools, recombination re-
actions lead to exothermic reactions from the ener-
getic material, contributing to the velocity of the la-
ser-induced shock wave and enabling measurement 
of the microsecond-time scale energy release from 
the material. For conventional military explosives, 
she demonstrated the linear correlation between the 
characteristic laser-induced shock velocities of the 
explosive and its measured detonation velocity from 
large-scale detonation testing—enabling estimation 
of the detonation velocity of a material based on the 
pulsed-laser ablation of milligram quantities (hun-
dreds of micrograms per laser shot). This technique, 
called LASEM, was awarded a patent in 2017. Since 
then, Dr. Gottfried has obtained mission and cus-
tomer funding to improve the precision, accuracy, 
and throughput of LASEM, expand its capabilities 
with advanced diagnostics, and apply it to novel 
energetic materials under development. She also 
recognized the need for microscale sensitivity test-
ing and obtained mission funding to develop those 
techniques. Over the years, she has brought in five 
postdocs and six summer interns to work on various 
aspects of these experiments. She has also fostered 
extensive collaborations with dozens of researchers 
in government, industry, and academia developing 
energetic materials of potential interest for Army 
applications.

RESULT

After demonstrating the correlation between the 
characteristic laser-induced shock velocity of a 
material and its detonation velocity, LASEM was 
used to estimate the detonation velocity for a wide 

range of explosives under development at ARL and 
its collaborators. These efforts helped identify the 
most promising materials for scale-up and large-
scale detonation testing; in most cases, large-scale 
detonation testing (where subsequently available) 
confirmed the estimated detonation velocity from 
LASEM. In other cases, the mismatch between the 
measured or predicted (via thermochemical code) 
detonation velocity and LASEM estimate was found 
to be caused by unexpected impurities in the sam-
ples provided for LASEM analysis. Thus, LASEM has 
also successfully been used to optimize the synthe-
sis of energetic materials for maximum detonation 
performance. Recently, LASEM was also used to 
demonstrate tailorable detonation performance 
based on the polarization of energetic molecular 
ferroelectric materials produced by a collaborator 
at the State University of New York–University at 
Buffalo (Prof. Shenqiang Ren).

Figure 1. A 2D performance plot 
comparing the normalized maximum 
acoustic amplitudes and laser-
induced shock velocities for various 
reactive materials evaluated with 
LASEM at ARL. JHU = Johns Hopkins 
University (POC: Prof. Timothy 
Weihs), ACT = Advanced Cooling 
Technologies, Inc. (POC: Dr. Devon 
Jensen), TTU = Texas Tech University 
(Prof. Michelle Pantoya); other 
collaborators include Prof. Steven 
Son (Purdue University) and Dr. 
Andrew Demko (Naval Air Weapons 
Station China Lake).

LASEM has been extended to reactive materials 
of interest as additives in explosives formulations 
due to their high energy densities. Because metal-
lic additives do not detonate by themselves, the 
LASEM measurements provide an estimate of the 
relative microsecond–time scale energy release 
relevant for detonation reactions. The strong la-
ser-induced shock wave is measured with high-
speed schlieren video imaging (a few tens of mi-
croseconds), and the subsequent acoustic wave 
(~100-200 µs) is measured with a laboratory-grade 
microphone to measure the amplitude and time 
to arrival of the shock wave once it has decayed 
to the speed of sound in air. The two measurements 
can be plotted against each other to visualize and 
compare the magnitudes of the microsecond time 
scale energy release for many different samples; 
numerous examples are shown in Figure 1. This 
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Gottfried, J. L. Propellants Explos. 
Pyrotech. 40, 674 (2015).

Fischer, D. et al. Angew. Chem., Int. 
Ed. 128, 16366 (2016).
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ARL Competencies:

Weapons Sciences

Results

• Developed novel nondetonative la-
ser-based technique for estimating 
the detonation performance of mil-
ligram quantities of an energetic 
material.

• Developed microscale sensitiv-
ity test methods using an order
of magnitude less material than
conventional techniques.

• Identified and transitioned multi-
ple promising new explosives and 
metal additives for potential use in 
Army applications.
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method has been used to down-select the most 
promising materials and to optimize their synthe-
sis conditions/properties to enhance the fast en-
ergy release. Several promising materials have 
recently been transitioned to their own mission 
programs for optimization, scale-up, formulation, 
and large-scale testing.

Sensitivity testing is an important aspect of handling 
and process safety. Current military standards re-
quire approximately 5 g of material total for ESD, 
impact, and friction testing. However, some materi-
als, particularly reactive materials designed to re-
lease their energy on a detonation-relevant time 
scale, may not be safe to produce and store in such 
quantities. In addition, many nonconventional syn-
thesis methods currently being investigated (elec-
trospray deposition, plasma treatment or synthesis, 
laser synthesis, etc.) are difficult to scale-up to mul-
tigram levels. For ESD sensitivity measurements, 
typically 20-50 mg of material is required per test 
shot—and as many as 20 tests may be required at 
multiple discharge energies. Most commonly, the 
go/no-go determination for whether the material 
reacted during a particular test is based on highly 
subjective observation criteria (scorch marks, visible 
sparks, sound, etc.). By adding diagnostics such as 
high-speed cameras, photodiodes, a spectrometer, 
and a microphone objective go/no-go criteria were 
developed and “go” reactions were readily deter-
mined using 2 mg of sample per test. Figure 2 com-
pares the photographs of a commercial aluminum 
powder sample (17 ± 9 µm) before and after two 
different tests at 226 mJ discharge energy; the pho-
todiode signal is able to clearly differentiate the “go” 
and “no-go” tests. With the method developed at 
ARL, only 200-250 mg of material total is required 
to determine the ESD threshold ignition level for 

novel reactive materials (and order of magnitude 
decrease compared to military standards). This en-
ables the optimization of the ESD sensitivity of a 
material prior to scale-up, and the diagnostics pro-
vide additional information about the reaction mech-
anisms for the materials based on their microstruc-
tural properties—information which could lead to 
the development of higher-performing insensitive 
reactive materials. Microscale sensitivity testing has 
been performed on several modified aluminum ma-
terials and their explosive formulations. Photodiodes 
and microphones have also recently been added to 
impact and friction testers, which require similarly 
reduced quantities of material per test with the ob-
jective diagnostics.

Figure 2. Example of the ambiguity in determining go/no-go based on visual observation alone (left); the 
photodiode measures the visible emission from the reaction of the aluminum sample, providing a clear 
“go” determination for the second test (right). The discharge energy for both tests was 226 mJ.

WAY AHEAD

Now that microscale testing methods have been 
developed for both performance and safety testing, 
they will continue to be applied to novel energet-
ic materials currently being developed in order to 
prescreen candidate materials and optimize their 
properties. Many external collaborators are funded 
by ARO, the Air Force Office of Scientific Research, 
or the Office of Naval Research. The most prom-
ising materials from external collaborations will 
be transitioned to ARL for further development, 
while the most promising internally synthesized 
materials will be scaled-up, formulated, and char-
acterized with larger-scale conventional testing. 
Overall, the goal is that unique microscale char-
acterization techniques will enable optimization 
and efficient down-selection of candidate materials 
being produced throughout the United States early 
in the development process, thus dramatically ac-
celerating the development of new and practical 
energetic materials for Army applications. 

Anticipated Impact

This effort provides unique capabili-
ties for pre-screening novel energetic 
materials for Army applications prior 
to scale-up, significantly reducing the 
time and cost involved in the energet-
ic material development cycle.
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EDUCATIONAL OUTREACH PROGRAM

Ms. Ivory Chaney
Program Specialist

Ms. Chaney received her B.S. in Business Administration 
from Liberty University in 2014 and her MBA from Liberty 
University in 2017. She is a certified Sexual Assault Victim 
Advocate for the DoD and received her certification in Project 
Management from Cornell University in 2020. Ms. Chaney 
also served 23 years in the Marine Corps Reserves with 
deployments to Iraq and Afghanistan. 

Ms. Chaney came to ARO as the Administrative Specialist in 
the Physical Sciences Division at ARO. In 2021, she joined the Technology Inte-
gration and Outreach Branch as the Educational Outreach Program Specialist.

In her position, Ms. Chaney manages the Army’s High School and Under-
graduate Apprenticeship Programs, formerly known as HSAP and URAP. She 
also manages Army participation in the DoD’s National Defense Science and 
Engineering Graduate (NDSEG) Fellowship Program, coordinates various other 
science, technology, engineering, and mathematics (STEM) outreach activities, 
including local, state, and regional events, and synchronizes efforts with ARL’s 
broader outreach program portfolio and workforce development initiatives.

Current Program Objectives

1| Introduce students to the Army’s interest and
investment in science and engineering research 
through associated educational outreach 
efforts that support the preparation of students 
for the 21st century workforce.

2| Provide hands-on research experience through 
Army-funded apprenticeships for high school 
and undergraduate students that, if successful, 
will lead to student career exploration and 
promote interest in STEM fields of study.

3| Grow the scale of high-quality mentorship
experiences for students who will benefit 
from the expertise of world-class scientists 
and engineers as a mentor for professional and 
academic development.

4| Coordinate selection of and engagement
with NDSEG Fellows to maximize potential 
contribution to the defense research ecosystem.

SUCCESS STORY 

Increasing Outreach to Trusted Partners
ARL connected with the United States 
Military Academy (USMA) and Virgin-
ia Military Institute (VMI) to collabo-
rate among service institutions. The 
lab brought awareness and program 
opportunities to future Army and mili-
tary leaders. The ongoing engagements 
with these higher-learning facilities 
helped the leadership and academic 
staff understand what ARL and ARO 
have to offer its students and faculty.

CHALLENGE

Military institutions such as USMA and 
VMI are not traditionally STEM and re-
search intensive. Because of this, they 
are often unaware of the departmental 
laboratories that produce scientific ad-
vances to our Warfighters. It is import-
ant we help the academies understand 
our role in the Army ecosystem and how 
our work benefits the Soldiers and DoD 
of today and the future. 

ACTION

An ARO Program Manager gave a pre-
sentation to USMA and coordinated a 
site visit to VMI to discuss opportuni-
ties in outreach for students and funding 
opportunities for faculty. Both engage-
ments generated action items, which 
continued outreach with these partners. 

RESULT

The engagements with these trusted 
partners allow future Army and aca-
demic leaders to have appreciation and 
knowledge of the work ARL and ARO 
conduct on behalf of the Army and DoD. 

WAY AHEAD

ARL intends to travel to and engage 
with our other military academies and 
institutions to ensure awareness of ARL 
and its contributions to the Army as 
well as opportunities for funding and 
outreach.  

This success was made 
possible by:

DEVCOM HQ

DEVCOM ARL

DEVCOM ARL ARO  
PMs – AEOP Program Office

Anticipated Impact

Engagements with our trusted 
partners will facilitate conver-
sations with future Army lead-
ers engaging with ARL and ARO 
more cohesively to protect our 
Warfighters.

ARL Competencies:

Energy Sciences

Photonics, Electronics, 
and Quantum Sciences

Electromagnetic 
Spectrum Sciences

Network, Cyber, and
Computational Sciences

Military Information 
Sciences

Weapons Sciences

Sciences of 
Extreme Materials

Biological and 
Biotechnology Sciences

Humans in 
Complex Systems

Terminal Effects

Mechanical Sciences
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SUCCESS STORY 

High School and Undergraduate Apprentices Tackle 
Quantum Problems
High school and undergraduate apprentices under the Army Educational Outreach Program (AEOP) help 
their peers learn quantum science through a textbook created by students, for students. 

CHALLENGE

Quantum Information Science (QIS) education and 
workforce development face all the traditional chal-
lenges of STEM fields, including historically low en-
gagement from underrepresented minority groups, 
in addition to grappling with difficulties due to the 
relatively new and highly interdisciplinary nature 
of the field.

ACTION

Additional funding was added to the grant, which 
allowed the primary investigator to have apprentices 
for 8 weeks in his lab during the summer. During 
this time, the students learned all about QIS while 
working on real Army problems. 

RESULT

The high school and undergraduate apprenticeship 
program provides young talent in QIS unique 
exposure to educational resources encompassing 
QIS fundamentals and individually tailored research 
experiences in world-leading university groups 
working with the Army. This exposure not only enables 
students to develop foundational experimental and 
theoretical skills, but also gives them the confidence 
and community building experiences that increase 
the chances of future pursuits in QIS. 

WAY AHEAD

Forthcoming book publication: Quantum Computing 
for Beginners, by Eva Gurra (student) and Javad 
Shabani (Figure 1). 

Figure 1. Cover Art for 
Quantum Computing for 
Beginners.

This success was made 
possible by:

Ms. Ivory Chaney; Technology 
Integration and Outreach 
Office, ARO 

Dr. Sara Gamble; Photonics, 
Electronics, and Quantum 
Sciences, ARO

Prof. Javad Shabani; New York 
University 

ARL Competencies:

Photonics, Electronics, 
and Quantum Sciences

Anticipated Impact

With the progress of this project 
and publication of this student 
handbook, the program hopes 
more students will find QIS less 
intimidating and bring more stu-
dents into the field. 



ARO IN REVIEW 2022  |  214

CHAPTER 3  
SUCCESS STORIES

ARO IN REVIEW 2022  |  214

TECHNOLOGY INTEGRATION AND OUTREACH OFFICE

ARO SMALL BUSINESS INNOVATIVE RESEARCH (SBIR) AND 
SMALL BUSINESS TECHNOLOGY TRANSFER (STTR)

Ms. Nicole Fox
Program Manager

Ms. Fox completed her B.A. in Busi-
ness Administration at Bay Path Uni-
versity in 1997.

She came to ARO in 2010 as a Pro-
gram Specialist contractor for the 
Army’s STTR program and was hired 
into a government position as the ARO 
SBIR/STTR Program Manager in 2011. 

In this capacity, she manages over 100 contracts annu-
ally by supporting numerous activities through these 
programs to help small businesses move their technology 
into fully developed, tested, and commercialized prod-
ucts and services to benefit Army Warfighters.

Current Scientific Objectives

1| Develop strong, germane, and competitive topics to stimulate
technological innovations that focus on ARL Competencies and the 
Army’s Modernization Priorities that, if successful, are anticipated to 
lead to breakthrough research and development (R&D) that enable 
participating small businesses and university partners to meet 
Federal Research/R&D needs, which they can then commercialize 
through sales in the private sector or back to the government.

2| Establish close ties with academia, start-ups, and small businesses
to achieve further insight into technology transition through funding 
mechanisms, program of record needs, Warfighter requirements, and 
Program Executive Offices (PEOs) that, if successful, are anticipated 
to develop methods to transition their technologies to meet the 
needs of the Army.

SUCCESS STORY 

New Technology to Mitigate Ransomware Attacks
Researchers from Oceanit Laboratories, Inc., and the University of Michigan have successfully created a 
prototype that could mitigate ransomware attacks and allow for effective recovery when critical data has 
been breached. Ransomware detection and mitigation is critical for future Army cyber defense needs.

CHALLENGE

In recent years, the use of malicious software 
(malware) to target high-profile companies 
with ransom demands through ransomware has 
increased. Ransomware is malware that can lock a 
victim’s computer memory through cryptographic 
encryption to prevent access until a ransom is 
paid. According to Emsisoft Ltd. (a New Zealand-
based anti-virus software distributed company), 
the worldwide cost of ransom demands in 2020 
was $75 billion. 

Typically, ransomware adapts strong cryptographic 
algorithms to lock user files, making it extremely 
costly or nearly impossible to recover. While there 
are many different anti-virus solutions on the market 
today that can detect already known and identified 
ransomware, there are no end-to-end technology 
solutions that fully mitigate the threat that new 
and existing ransomware strains pose. 

ACTION

Due to the potentially high risk of incurring data loss, 
ransomware poses an extreme threat to the Army 
and its overall operational readiness. ARO’s Dr. Cliff 
Wang saw an opportunity to develop technology 
in this area under the STTR Program and proposed 
a Phase I topic that focused on developing highly 
effective technology able to mitigate ransomware 
threats, which was included in the Army’s Fiscal 
Year 2018.B solicitation. The team from Oceanit 
Laboratories and the University of Michigan was 
selected for Phase I funding under this topic 
in December 2018. With proactive program 
management of the ARO STTR Portfolio in addition 
to constructive technical feedback from Dr. Wang 
during Phase I and subsequent phases, Ms. Fox 
guided the Oceanit/University of Michigan team 
through a successful Phase II proposal submission 
and most recently a Sequential Phase II proposal 
selection in 2022. 

This success was made possible by:

Dr. Cliff Wang; (formally) Network, 
Cyber, and Computational Sciences, 
ARO

Ms. Nicole Fox; Technology 
Integration and Outreach Branch, 
ARO

Dr. Imee Smith; Technology 
Integration and Outreach Branch, 
ARO 

Citations:
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Andronio N. et al. Proc. International 
Symposium on Research in Attacks, 
Intrusion and Detection. Kyoto, 
Japan (2015).
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RESULT

During their Phase I and Phase II efforts, the 
Oceanit/University of Michigan team worked to 
create an end-to-end technology solution based 
on external storage devices that mitigate threats 
to computer memory systems from ransomware. 
Their technology utilizes intelligent ransomware 
detection algorithms in USB device firmware to 
protect a wide range of devices from attacks (Figure 
1). Further, the technology employs advanced 
techniques to stealthily detect malicious actions 
and automatically create a backup of the original 
files to a separate and protected location. The 
team constructed a laboratory prototype, which 
demonstrates the technology in the form of a USB 
flash drive. If the drive is connected to a computer 
that is hit by ransomware, the drive itself detects 
that it is being encrypted and automatically retains 
a backup of the original data. All the user needs 

to do to recover the data is attach the drive to 
an uninfected computer and press a button, and 
the original, unencrypted data is immediately 
recovered.

Figure 1. Prototype USB 
firmware device developed 
by the Oceanit Laboratories 
and University of Michigan 
team. 

WAY AHEAD

As part of their Sequential Phase II effort, the 
ransomware mitigation prototype will be field tested 
by Michigan Medicine, one of the largest healthcare 
complexes in Michigan. Michigan Medicine will 
evaluate the ransomware solution in a real-world 
environment and provide feedback on operation 
and performance.

The technology will also be tested with the U.S. 
Army’s PEO, Combat Support & Combat Service 
Support (CS&CSS) via transition partner Lockheed 
Martin. PEO CS&CSS is a life cycle management 
team that provides integrated, tailored, and field 
tested technology. 

ARL Competencies:

Network, Cyber, and
Computational Sciences

Results

• Developed data protection 
technology that works across a 
wide range of devices. 

• Embedded protection within 
storage controller firmware.

• Restored compromised data 
quickly by automatically backing 
up original files to a protected 
location.

Anticipated Impact

This technology will ensure the Ar-
my’s network is safe from malicious 
software, allowing cyber defenders to 
effectively identify malware threats 
and have a reliable way to recover 
files if compromised by adversaries.
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TECHNOLOGY INTEGRATION AND OUTREACH OFFICE

HISTORICALLY BLACK COLLEGES AND UNIVERSITIES (HBCUS) AND 
MINORITY-SERVING INSTITUTIONS (MIS) – CENTERS OF EXCELLENCE (COES)

Ms. Patricia Huff
Program Specialist

Ms. Huff is a graduate of Howard Uni-
versity, receiving her B.A. in Broadcast 
Management in 1987. Her professional 
activities and accreditations include 
Master Certified Facilitator and Moder-
ator (Qualitative Market Researcher).

Prior to joining ARO in 2012, Ms. Huff 
worked for more than a decade in the fed-

eral government at the National Oceanic and Atmospheric 
Administration (NOAA) in communications, outreach, and 
stakeholder services. Early in her career she worked in radio 
and television news and as a marketing research analyst for 
the Potomac Electric Power Company. Later, she became 
the owner and chief executive officer of a marketing and 
communications consulting company.

Ms. Huff manages and administers programs for HBCUs/
MIs and other special-emphasis programs to support basic 
research, equipment, and instrumentation investment, 
and other activities focused on increasing the number of 
underrepresented minorities in mission-critical science, 
technology, engineering, and mathematics (STEM) fields 
for the Army and DoD.

Current Program Objectives

1| Florida International University (FIU—a Minority, Hispanic
Institution) in collaboration with three traditional Historically 
Black Universities; Grambling State U., Jackson State U., and 
Florida A&M, propose to establish the Forensics Investigations 
Network in Digital Sciences (FINDS) Research Center of Excellence 
(COE) to enable the participation of Hispanic, Black, and other 
underrepresented minority populations in pursuing research and 
education in areas of Digital Forensics (DF).

2| The digital forensics center of excellence (COE) provides students 
with infrastructure, research, and educational guidance in various 
emerging technologies like of Digital Forensics, Cybersecurity, 
and Data Science—including network science, machine learning, 
and artificial intelligence.

3| The outcomes of this project acts like gateway to support
Department of Defense graduate fellowship programs and Army 
Educational Outreach Program (AEOP) in providing students with 
experience in conducting research, writing scientific papers and 
presenting research work at peer-reviewed conferences to inspire 
them to pursue STEM careers.

4| Coordinate selection of and engagement with NDSEG Fellows
to maximize potential contribution to the defense research 
ecosystem.

SUCCESS STORY 

The Forensics Investigations Network in Digital Sciences 
Research Center of Excellence
The need for DF will increase exponentially with the addition of active devices estimated to top more than 
43 billion units by 2023. FINDS will educate and train HBCU/MI students to be DF experts to fight digital 
crimes and make computing environments for both civilian and military data.

CHALLENGE

With the emergence of the Internet of Things, there 
is ongoing concern of malfeasance, cyberattacks, 
and illegal penetration of devices exposing valuable 
information to our nation’s enemies. Once an incident 
occurs, the forensics process begins. But the need 
for DF expertise, tools, and techniques is now critical 
and will increase exponentially. However, with a 
U.S. population of 18% Hispanic and 12% Black, 

there are only 8% Hispanic and 6% Black students 
pursuing education in engineering and computer 
science—representing fewer opportunities for 
superior solutions to future challenges.

ACTION

The ARO team, including Dr. Cliff Wang, Dr. Randy 
Zachery, Ms. Huff, and Mr. Michael Caccuitto, has 
expanded ARO’s HBCU/MI initiatives in engaging 
HBCU/MI students in leading cyber security areas 

This success was made possible by:

Ms. Patricia Huff; Technology 
Integration and Outreach Office, 
ARO

Citations:

Sniatala, P. et al. Springer Nature. 
ISBN 978-3030-77763-0 (2021).

Wu, Y. et al. Lecture Notes in 
Networks and Systems. 503 
(2022).
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as one of ARO’s key program goals. Through its 
BAA solicitation, ARO has requested proposals 
from leading HBCU/MI institutions for promoting 
HBCU/MI student participation in DF research 
and education. The FINDS proposal from the lead 
principal investigator Prof. S. S. Iyengar of Florida 
International University (FIU) for establishing FINDS 
to meet the  was selected for funding.  

RESULT

With funding and program support from ARO, the 
FINDS COE is hosted by the Knight Foundation School 
of Computing and Information Sciences at FIU. The 
Center is a research collaboration between three 
HBCUs (Jackson State University, Grambling State 
University, and Florida Agricultural and Mechanical 
University), and hosted by FIU, one of the largest 
Hispanic-serving Institutions in the United States. The 
COE focuses on advanced research and education in 
emerging DF areas, specifically Analytical Methods/
Evidence Processing Techniques; Forensic Fusion 
Models for Extracting Event Signatures; Analytical 
Method Processing and Big Data Digital Forensics; 
Drone Forensics and Ubiquitous Forensic Signatures; 
as well as Workforce Development (Figure 1).

Figure 1. The FINDS COE solves research challenges in digital forensics to develop new tools and techniques 
for military and law enforcement.

In the Summer of 2021, the FINDS COE hosted 
and trained 4 Ph.D. students, 69 master’s degree 

students, and 38 undergraduate students. These 
students also attended the short course in DF, and 
received seminars on How to Conduct Research, 
How to Use Google Scholar, and How to Write a 
Research Paper. They also attended three seminars 
by industry or federal government researchers on 
conducting research as a profession and working in 
industry or the federal government.

In the Summer of 2022, the FINDS COE again 
conducted the short course in DF and received 
seminars on How to Conduct Research. It also 
hosted and trained 5 Ph.D. students, 20 master’s 
students, 17 undergraduate students, and 2 high 
school students. Of these students, 25 were male 
and 18 were female. Four students were Black and 
seven were Hispanic.

WAY AHEAD

FINDS will continue to extend the current research 
and educational opportunities in DF to HBCU 
students and introduce newer DF approaches to 
meet emerging threats to computing systems. It 
will also train students in writing research papers 
for publication in peer-reviewed journals and prepare 
them for careers in DF. Currently, FINDS is expanding 
to include two international universities and several 
businesses interested in DF. 

ARL Competencies:

Network, Cyber, and
Computational Sciences

Results

• Established a multi-institutional 
COE in DF exclusively focused on 
recruiting HBCU student partici-
pation in this critically important
area of research.

Anticipated Impact

Improved participation of HBCU stu-
dents in DF education and research.
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TECHNOLOGY INTEGRATION AND OUTREACH OFFICE

ARMY SMALL BUSINESS TECHNOLOGY TRANSFER PROGRAM

Dr. Imee Smith
Program Manager

Dr. Smith earned her B.S. in Biochem-
istry from the University of Virginia in 
2003 and her Ph.D. in Bioanalytical 
Chemistry from Pennsylvania State 
University in 2009. She came to ARO 
in 2021 as the Program Manager for 
the Army Small Business Technology 
Transfer (STTR) Program. Prior to join-

ing ARO, she advised the Deputy Assistant Secretary of 
the Army for Research and Technology on emerging and 
priority science and technology (S&T) and technology 
transition pathways as Technology Advisor and Director 
of the Soldier Portfolio.

Current Scientific Objectives

1| Align the Army STTR investment portfolio with the Army Futures
Command Modernization Priorities and priority S&T research areas 
that, if successful, will enable new technology solutions for previously 
identified needs in these and other Army mission areas.

2| Continue to increase engagement with the broader technology
innovation ecosystem that, if successful, will result in augmented 
participation in the STTR Program from underserved communities to 
include more minority-owned small businesses and the Historically 
Black College and University/Minority-serving Institutions. 

SUCCESS STORY 

Advances in the Scalability and Engineering of Metal-
Organic Frameworks
As part of an Army STTR project, a team from NuMat Technologies Inc. and Northwestern University has 
successfully developed techniques to increase the synthetic yield and molecular assembly of metal-
organic framework (MOF) materials. Their work was recently awarded a Phase III contract by the U.S. 
Army Combat Capabilities Development Command Chemical and Biological Center (DEVCOM CBC) to 
further evaluate the materials for Army applications.

CHALLENGE

First synthesized in the late 1990s, MOFs are 
organic–inorganic hybrid crystalline porous 
materials that consist of a regular array of positively 
charged metal ions surrounded by organic “linker” 
molecules. In addition to an unusually large internal 
surface area generated from their hollow molecular 
structure, these materials are also characterized 
by uniform pore structures; tunable porosity; and 
flexibility in geometry, dimension, and chemical 
functionality. These characteristics make MOFs very 
attractive for use in a wide variety of applications, 
including renewable energy, catalysis, chemical 
filtration and degradation, and sensing. However, 
despite their great promise, MOF materials remained 
difficult to synthesize in quantities large enough 
to be adequately evaluated and tested for such 
applications.

ACTION

Due to the great potential of MOF materials for 
Army applications, researchers at the Edgewood 
Chemical and Biological Center (now DEVCOM 
CBC) submitted an STTR topic to the STTR Program 
Management Office (PMO) to address the challenge 
of MOF scale-up and self-assembly; the topic was 
selected for inclusion in the Army Fiscal Year 2015.A 
solicitation.  The team from NuMat Technologies and 
Northwestern University was selected by the STTR 
PMO for Phase I funding. Following a successful 
Phase I effort, the team submitted a Phase II 
proposal that was also selected for additional 
funding. Upon conclusion of Phase II, there was an 
opportunity to further refine the synthetic process to 
yield not only higher quantities of the MOF materials, 
but to also increase the quality of the materials 
produced for evaluation by DEVCOM CBC. The STTR 

This success was made possible by:

Mr. Michael Caccuitto; Technology 
Integration and Outreach, ARO

Dr. Gregory Peterson; DEVCOM CBC

Citations:

DeCoste, J. B. et al. Angew. Chem. 
Int. Edit. 53, 14092-14095 (2014).

Peterson, G. W. et al. Chem. Eur. J. 
23, 15913-15916 (2017).
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PMO subsequently selected and funded a Sequential 
Phase II effort for the NuMat/Northwestern team to 
further develop the promising technology toward 
transition and commercialization.

RESULT

The NuMat/Northwestern team was able to utilize 
their expertise with MOF materials to refine the 
synthetic processes for both CuBTC (HKUST-1) 
and UiO–66–NH2 MOF materials. Following their 
Phase I success, the team worked to further scale-
up the yield and reproducibility for these and other 
MOF materials of interest during their Phase II and 
Sequential Phase II efforts. They also worked to 
characterize the tunability of the different MOFs 
for different applications. These efforts afforded the 
team the opportunity to collaborate with DEVCOM 
CBC researchers to examine how they could tailor 
materials for specific applications by introducing 
defects in the structure of UiO–66–NH2 based 

MOFs. As shown in Figure 1, the framework for these 
MOFs is structurally similar; however, increasing the 
number of defects reduces the number of linkers 
within their molecular structure, increasing pore 
size and enhancing diffusion through the material. 
The introduction of these defects shows promise 
for increased solution throughput and efficacy for 
Army-relevant chemical degradation (Peterson et 
al., 2017). 

Figure 1. Characterization 
data for a series of UiO–
66–NH2 based MOFs with 
an increasing number of 
defects. (A) Powder x-ray 
diffraction patterns, (B) 
thermogravimetric data, (C) 
attenuated total reflectance 
Fourier transform infrared 
transmission spectra, and 
(D) diffuse reflectance
infrared Fourier transform
absorbance spectra.

WAY AHEAD

The NuMat Technologies team will leverage 
their success from the STTR project to produce 
a MOF-embedded material capable of chemical 
absorption, retention, and neutralization as part 
of their DEVCOM CBC Phase III effort. Additionally, 
they will further develop their MOF materials toward 
commercialization for applications in gas storage, 
clean energy, chemical separations, and personal 
protective equipment (PPE). 

ARL Competencies:

Sciences of Extreme Materials

Results

• Increased the amount of MOF 
material production for CuBTC 
(HKUST-1) and UiO–66–NH2 
analogs.

• Developed innovative processes 
for MOF self-assembly and 
tunability. 

Anticipated Impact

This technology will allow for the 
evaluation and incorporation of MOF 
materials in multiple Army-relevant 
applications, including clean ener-
gy (as gas storage for hydrogen and 
methane or for electrochemical ener-
gy storage), chemical separation and 
sensing, toxin/toxicant degradation, 
and PPE.

SUCCESS STORY 

Algorithms for the Initialization of Dismounted Navigation 
Systems
Researchers from Integrated Solutions for Systems, Inc. (IS4S) and Auburn University have collaborated 
on a series of STTR projects to develop a positioning, navigation, and timing (PNT) initialization system 
for dismounted Soldiers. This new technology greatly advances the navigation capabilities of dismounted 
Soldiers, allowing for operation in GPS-contested environments.

CHALLENGE

Access to accurate PNT data is critical for the 
Army. The data are currently provided by GPS 
devices, which are vulnerable to attack due to 
the relatively weak signal power they receive. 
This vulnerability makes the signal susceptible 

to jamming and spoofing, creating contested and 
denied environments in which Soldiers must still 
be able to operate. While GPS information can be 
obtained from vehicle receivers prior to dismount, 
the systems require time to transfer these data, 
which may compromise the dismounted Soldiers.

This success was made possible by:

Dr. Imee Smith; Technology 
Integration and Outreach, ARO

Ms. Lori Lane and Mr. Paul Olson; 
DEVCOM C5ISR Center

Citations:

Dong-Si, T. C. & Mourikis, A. I. IEEE/
RSJ International Conference on 
Intelligent Robots and Systems 
(2012).

Martinelli, A. IEEE Transactions on 
Robotics 28, 1 (2012).
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ACTION

Understanding the need to develop technologies 
that could operate in GPS-contested environments, 
researchers at the Army Communications-Elec-
tronics Research, Development, and Engineering 
Center (CERDEC, now DEVCOM Command, Control, 
Communications, Computers, Cyber, Intelligence, 
Surveillance, and Reconnaissance [C5ISR] Cen-ter) 
sought to leverage innovative concepts from small-
business research institution teams against this 
challenge by proposing a topic to the STTR PMO. The 
topic, which focused on the development of 
algorithms and techniques to quickly initialize dis-
mounted navigation systems, was selected and 
included in the Army Fiscal Year 2017. A solicitation. 

The STTR PMO selected and funded the IS4S/Au-
burn team for an initial Phase I project to determine 
the feasibility of their proposed solution. Following 
their successful Phase I, the team was selected for a 
subsequent Phase II effort to continue development of 
their technology. Most recently, the STTR PMO 
selected and funded a Sequential Phase II effort for 
the team to further develop their technology and 
integrate it with internal advanced development 
efforts at DEVCOM C5ISR toward transition and 
commercialization.

RESULT

The teams at IS4S and Auburn University have 
developed a PNT initialization system based 
on initialization algorithms and sensor fusion 
during their STTR effort. This technology permits 
collaboration between vehicle and dismounted 
PNT units with minimal initialization time, while 
maintaining accurate data transfer and optimization 
for size, weight, and power-cost (SWaP-C). As part 
of their Sequential Phase II project, the team is 
currently working to further improve their algorithms 
and demonstrate system performance with fielded 
hardware, such as the Dismounted Assured PNT 
System (DAPS). DAPS is a military GPS receiver 
and non-GPS sensor suite that provides trusted PNT 
access to the dismounted Soldier. 

WAY AHEAD

The IS4S/Auburn University team will continue 
developing their technology and compatibility with 
Modular Open Systems Architecture (MOSA) PNT 
standards as part of the Sequential Phase II effort. 
Ensuring compatibility with the MOSA framework 
of the DAPS unit will allow for simple integration 
and modification of multiple vendor technologies 
into future generations of the unit. IS4S is also 
working closely with Collins Aerospace and Program 
Manager PNT to develop and incorporate their 
technologies into the next generation of DAPS. 

Figure 2. The IS4S/Auburn team has developed algorithms for integration into DAPS, which provides access 
to trusted PNT data for dismounted Soldiers in GPS-denied or -degraded environments.

ARL Competencies:

Military Information Sciences

Mechanical Sciences

Results

• Identified algorithms for 
dismount navigation system 
initialization and integration to 
DAPS.

• Integrated MOSA framework 
to allow for simple technology 
modification in the system as 
needed by the Army.

Anticipated Impact

The work by IS4S and Auburn Uni-
versity will permit dismounted Sol-
diers access to reliable PNT data in 
GPS-contested or -denied environ-
ments without increasing SWaP-C 
requirements to utilize technology. 



WORDS FROM A 
SENIOR SCIENTIST

Dr. Shashi P. Karna
Senior Research Scientist  
for Nano-Functional 
Materials
Dr. Shashi Karna is a senior research scien-
tist (ST) of nano-functional materials at the 
Army Research Laboratory. He has led the 
ARL Nanoscience Strategic Technical Ini-
tiative (2006–2008) and also served as the 
chair of the Nanotechnology area at the Army 
Science Conference (2006, 2008), American 
Physical Society Symposium on Molecular 
Electronics (2003, 2005), American Chemi-
cal Society Symposium on Nonlinear Optical 
Materials (1994, 2001), Materials Research 
Society Symposium on Optical Materials 
(1999, 2003), Nanomaterials – (2004, 2007) 
and as a technical program committee mem-
ber of the Institute of Electrical and Electron-
ics Engineers (IEEE) NANO (2001 – present). 
He serves as the chair of the NATO Sensors 
and Electronics Technology Research Tech-
nical Group on "Smart Textiles." He also acts as 
a member of the external advisory board of 
Michigan Technological University, Mechan-
ical Engineering and Engineering Mechanics 
Department and the Department of Energy, 
Office of Energy Basic Research, Energy Fron-
tiers Research Centers (FERC) Review Panel.

On-Demand Synthesis of Target Materials in 
Biological Cell-Like Multiple-Component Capsules
Scientists have long sought to mimic nature, especially 
biological cells, which contain multiple components 
with specific content and function. Enzyme-catalyzed 
chemical reactions inside the multicomponent biological 
cells take place as needed to produce a molecule or 
recycle waste. Scientists have tried to emulate biological 
cells’ ability to create/process materials on demand 
from reactants kept in separate compartments. Such 
an ability would, for example, provide manufacturing, 
medicine production, and energy generation on demand, 
reducing logistical burdens.

Through ARO-funded research, Prof. Srinivas Raghavan 
and his team at the University of Maryland have demon-
strated (DeMella et al., 2022) that it is possible to cre-
ate multiple-component capsules (MCCs), where each 
component could be another capsule encasing a chem-
ical or biological reagent. The reaction to synthesize a 
desired material is initiated by external control. In this 
instance, the reactions were started by a thermal bud-
get that melts inner capsules, releasing reactants which 
then react to form the final product. The MCC “factory” 
was used to synthesize protein-templated fluorescent 
gold (Au). Protein-templated metal nanoclusters have 
attracted a great deal of attention in recent years for applications in chemical–biological sens-
ing and biomedical imaging. Prof. Raghavan’s group encapsulated sodium hydroxide (NaOH) 
in one of the MCCs and metal-protein complex in the lumen. Raising the temperature of the 
NaOH-containing melts released NaOH, which catalyzes the gold nanocube (AuNC) formation. 
In a related experiment, Prof. Raghavan’s team demonstrated catalytic release of oxygen (O2) 
from a reaction between silver (Ag) nanoparticles and hydrogen peroxide (H2O2) stored in a 
separate capsule inside the MCC. This technique can be further optimized to allow synthesis 
on demand, triggered by laser and other electromagnetic radiation or pressure, offering multi-
ple applications ranging from specialty medicine to designer sensors , and chemical synthesis.  

Figure 1. MCC preparation: Inner 
Capsule 1 (C1) and Capsule 2 (C2) 
are suspended in alginate. Drops of 
alginate are added out of a syringe 
into a reservoir of calcium chloride 
(CaCl2). Upon contact, the alginate 
mixes with the calcium ion (Ca2+) to 
form a gel. This results in an MCC with 
C1 and C2 as inner compartments 
surrounded by an alginate gel. 

Figure 2. Protein-catalyzed syn-
thesis of AuNCs triggered inside 
an MCC. (A) In solution, the syn-
thesis of AuNCs involves mixing 
the bovine serum albumin (BSA) 
protein with chloroauric acid 
(H[AuCl4]) and adding NaOH. 
The BSA catalyzes the formation 
of AuNCs, which show red fluo-
rescence. (B) The MCC serves as a 
“factory” for BSA-catalyzed AuNC 
synthesis. It has an alginate gel 
cross-linked by Au3+ and Ca2+, 
with embedded BSA. An inner 
compartment of hermetically 
sealed NaOH is also present. At 

room temperature, no reaction takes place (B1) and no fluorescence is seen (B2). When heated 
to 65°C, the wax shell of the inner compartment melts, releasing NaOH (B3). This results in 
the synthesis of AuNCs in the MCC, which shows red fluorescence (B4). Scale bars = 4 mm.

References:
DeMella, K. C. et al. Adv. Funct. Mater. 32, 2110191 (2022).
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Flexible Magnets for Wearable Devices
Magnetic materials are the ubiquitous part of modern microelectron-
ics-based technologies. They are present as memories in all electronic 
devices. The magnetic materials used in electronics are heavy solids 
and do not offer much advantage for wearable electronic devices. 
Therefore, a search for lightweight, flexible magnetic materials ex-
ists. A team of researchers led by Prof. Dereje Seifu (Morgan State 
University) and collaborator Prof. Haiping Hong (South Dakota School 
of Mines and Technology) has developed ferrimagnetic magnetite 
(Fe3O4) and cobalt ferrite (CoFe2O4) nanoparticle (NP)-based car-
bon nanotube (CNT) and graphene composites that exhibit orders of 
magnitude enhanced saturation magnetization over pristine ferrites 
(Seifu et al., 2015; Verma et al., 2018, 2020). High-purity CNTs and 
graphene are nonmagnetic materials. In the composite form, the 
nanomaterials (CNT, graphene) offer large surface area, uniform 
distribution of magnetic nanoparticles, and undergo a quantum 
mechanical phenomenon—long-range exchange interaction—which 
enhances magnetic domains. This phenomenon, also called “prox-
imity” effect in magnetic material literature, leads to substantially 
enhanced magnetic properties. The flexible ferrite-carbon nanostruc-
tures have important applications in wearable devices. This research 
was performed under a continuing cooperative agreement with ARL.  

Figure 3. (a) Magnetization (M) vs. applied magnetic field (H) for 
pristine single-walled nanotubes (SWNTs), multilayer graphene 
(MLG), and Fe3O4 nanoparticles. (b) Enlarged view of M-H plots for 
pristine SWNTs, MLG, and Fe3O4/SWNTs. (c) Coercivity, (d) saturation 
magnetization, and remanence magnetization for different samples 
(reprinted from Seifu et al., 2015).

References:
Seifu, D. et al. Appl. Phys. Lett. 106, 212401 (2015).

Verma, H. et al. AIP Adv. 8, 025119 (2018). 

Verma, H. et al. J. Magn. Magn. Mater. 501, 166438 (2020).

Two-dimensional van der Waals 
Heterostructures as Source for New  
Light and Electromagnetic Shielding
Two-dimensional materials have emerged as the choice for future 
efficient electronics, sensors, and power storage devices. These 
ultra-lightweight materials—ranging from semimetallic graphene 
to insulating boron nitride (BN), semiconducting chalcogenide, 
and topological half-Heuser materials— offer a wide range of 
rich physics with potential for revolutionizing future electronics 
and communications technologies. However, their optical and 
photonic properties have remained largely unexplored. In a series 
of first-principles density functional theory (DFT) investigations 
funded by ARO under a cooperative agreement, Prof. Ravi Pandey’s 
team at Michigan Technological University has shown that the 
heterostructures of graphene-phosphorene and graphene-BN 
nanoflakes exhibit large nonlinear photon up-conversion efficiency 
and can be used as a source of new light. Prof. Pandey’s team has also 
shown through similar calculations that graphene and antimonene 
exhibit broadband absorptions, with antimonene exhibiting 
prominent absorption in the mid-infrared (IR), which can be used 
for electromagnetic radiation shielding in the IR region.

Figure 4. First-order nonlinear optical (NLO) polarizability, β, of
pristine graphene (denoted as C), BN, AA-stacked graphene-BN (C/
BN-AA), AB-stacked graphene-BN (C/BN-AB), phosphorene (denoted 
as P), and stacked graphene-phosphorene (C/P). The coefficients 
β(0), β(-ω), and β(-2ω) are polarizabilities corresponding to the
static, linear electro-optic, and second harmonic generation effects 
(reprinted from Kaur et al., 2021). 

References:
Kaur, S. et al. Roy. Soc. Chem. 11, 5590 (2021).
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Chapter 4

ARO Active MURIs
This chapter provides a brief summary of all ARO Multidisciplinary University 

Research Initiatives (MURIs) that were active in FY22, organized according to the 

year the MURI began. Each MURI is driving fundamental studies that will also 
impact one or more of the ARL Competencies, as indicated in the following table.

This background image is from a FY22 MURI “Connectivity and Transport 
in Disordered Hyperuniform Networks” on page 227. 

https://news.asu.edu/20220713-making-sense-disorder-hyperuniform-materials



MURI Topic
Associated
ARO PM/POC

Page SEM PE&QS MIS BBS HCS NC&CS TE WS EMSS ES MS

Active MURIs that began in FY22
Uncovering the Underlying Neurobiological Mechanisms of 
Cognitive Fatigue Pasour, Gregory 226 •• ••

Bio-architected Responsive Materials with 3D Nanoscale 
Order

McElhinny, 
Runnerstrom 226 •• ••

Connectivity and Transport in Disordered Hyperuniform 
Networks Runnerstrom, Ulman 227 •• ••

Irregular Metamaterial Networks Cole, Cansever 227 •• •• ••

Topological Seeds of Complex Response in Materials Myers, Cole 228 •• •• ••

Electrobiology: Electronic Control of Biological 
Communications Ivanisevic, Strand 229 •• ••

Gut-Neuronal Signaling Through Polymeric Mucin via 
Chemical Probes and Imaging Poree, Kokoska 229 ••

Active MURIs that began in FY21
Anomalous Dipole Textures in Engineered Ferroelectric 
Materials Varanasi, Harvey 230 ••

Cyber Autonomy through Robust Learning and Effective 
Human–Bot Teaming Yu, Fields 231 •• ••

Understanding and Engineering Transient Mechanical 
Responses in Nanoparticle-Reinforced Heterogeneous 
Particulate Systems 

Barzyk, Bakas 231 •• ••

Novel Mechanisms of Neuro-Glia Bio-Computation and 
Reinforcement Learning Cansever, Gregory 232 •• ••

Quantum Network Science Gamble, Cansever 232 •• •• ••

Multifunctional Devices in Precisely Engineered van der 
Waals Homojunctions Harvey, Varanasi 233 ••

Tunable III-Nitride Nanostructures for N=N and C-H Bond 
Activation De Long, Gerhold 233 •• ••

Active MURIs that began in FY20

Adaptive and Adversarial Machine Learning St. Amant 234 •• ••

Axion Electrodynamics beyond Maxwell’s Equations Qui 234 ••

Engineering Endosymbionts to Produce Novel Functional 
Materials Strand, Varanasi 234 •• ••

Information Exchange Network Dynamics Cansever, Palazzolo 235 •• ••

Mathematical Intelligence: Machines with More Fundamental 
Capabilities Myers, Gamble 235 •• ••

Quantum State Engineering for Enhanced Metrology Shea, Qiu 235 •• ••

Solution Electrochemistry without Electrodes De Long 236 ••

Stimuli-Responsive Mechanical Metamaterials Poree, Culver 236 •• ••

Active MURIs that began in FY19
How Sleep Clears Your Brain: Slow Waves, Glymphatic Waste 
Removal, and Synaptic Down-Selection Culver, Gregory 237 ••

Formal Foundations of Algorithmic Matter and Emergent 
Computation Culver, Baker 237 •• •• ••

Networked Palynology Models of Pollen and Human Systems Strand 237 •• ••

Near-Field Radiative Heat Transfer and Energy Conversion in 
Nanogaps of Nano- and Meta-Structured Materials Varanasi, Harvey 238 •• ••

Investigating Energy Efficiency, Information Processing, and 
Control Architectures of Microbial Community Interaction 
Networks

Kokoska, Cansever 238 •• ••

Predicting and Controlling the Response of Particulate 
Systems through Grain-Scale Engineering Myers, Barzyk 238 •• ••

Quantum State Control of Molecular Collision Dynamics Parker, Shea 239 •• ••

Foundations of Decision-Making with Behavioral and 
Computational Constraints St. Amant, Palazzolo 239 ••

Active MURIs that began in FY18

Ab-Initio Solid-State Quantum Materials: Design, Production, 
and Characterization at the Atomic Scale Varanasi, Gamble 240 •• ••

Multiscale Integration of Neural, Social, and Network Theory to 
Understand and Predict Transitions from Illness to Wellness Palazzolo, Gregory 240 ••

ARO IN REVIEW 2022 | 224
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MURI Topic
Associated
ARO PM/POC

Page SEM PE&QS MIS BBS HCS NC&CS TE WS EMSS ES MS

Active MURIs that began in FY18

Multiscale Network Games of Collusion and Competition St. Amant, Palazzolo 241 •• •• ••

New Materials from Dusty Plasmas Bakas, Parker 241 ••

Quantum Control Based on Real-Time Environment Analysis 
by Spectator Qubits

Gamble, Govindan, 
Culver 242 •• ••

Science of Embodied Innovation, Learning, and Control Culver 242 •• ••

Stimuli-Responsive Control of Protein-Based Molecular 
Structure McElhinny, Poree 243 ••

Toward a Multiscale Theory on Coupled Human Mobility and 
Environmental Change Troyer, Cansever 243 •• ••

Active MURIs that began in FY17
Abelian Bridge to Non-Abelian Anyons in Ultra-Cold Atoms 
and Graphene Shea, Varanasi 244 •• ••

Adaptive Self-Assembled Systems Runnerstrom, Poree 244 •• •• ••

Data-Driven Operator Theoretic Schemes to Prediction, 
Inference, and Control of Systems Culver 245 ••

Dissecting Microbiome-Gut-Brain Circuits for Microbial 
Modulation of Cognition in Response to Diet and Stress Gregory, Kokoska 245 •• ••

Realizing Cyber Inception: Toward a Science of Personalized 
Deception for Cyber Defense Yu 245 ••

Room-Temperature Exciton-Polaritonics Gerhold 246 •• •• ••

Semantic Information Pursuit for Multimodal Data Analysis Hyatt 246 •• ••

Active MURIs that began in FY16
Closed-Loop Multisensory Brain-Computer Interface for 
Enhanced Decision Accuracy

Hyatt, Gregory 247 •• •• ••

Defining Expertise by Discovering the Underlying Neural 
Mechanisms of Skill Learning

Gregory, Pasour 247 ••

Discovering Hidden Phases with Electromagnetic Excitation Qiu, Varanasi 248 •• ••

Modular Quantum Systems Govindan, Gamble 248 ••

Multimodal Energy Flow at Atomically Engineered Interfaces Anthenien 249 ••

Sequence-Defined Synthetic Polymers Enabled by 
Engineered Translation Machinery

Poree, McElhinny 249 ••

Spin Textures and Dynamics Induced by Spin-Orbit Coupling Qiu, Runnerstrom 250 ••

Socio-Cultural Attitudinal Networks St. Amant 250 •• ••

Active MURIs that began in FY15

Advanced 2D Organic Networks Varanasi, Poree 250 ••

Emulating the Principles of Impulsive Biological Force 
Generation

Fields, Kokoska, 
Anthenien 250 ••

Engineering Exotic States of Light with Superconducting 
Circuits Gamble, Qiu 251 ••

Imaging and Control of Biological Transduction using 
Nitrogen-Vacancy Diamond Gregory, Baker 251 ••

Multiscale Responses in Organized Assemblies Parker, Runnerstrom 252 ••

Network Science of Teams Palazzolo 253 •• ••

Noncommutativity in Interdependent Multimodal Data 
Analysis Hyatt, Govindan 253 •• ••
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Overview of Active ARO MURIs
The Multidisciplinary University Research Initiative (MURI) program is a multi-agency DoD program that 
supports research teams whose efforts intersect more than one traditional scientific and engineering 
discipline. The unique goals of the MURI program are described in detail in Chapter 2. These projects 
constitute a significant portion of the basic research programs managed by ARO; therefore, all of 
ARO’s active MURIs are described in this section.

ACTIVE MURIs THAT BEGAN IN FY22

Uncovering the Underlying Neurobiological 
Mechanisms of Cognitive Fatigue

ARL Competencies:

Humans in Complex Systems

Biological and Biotechnology Sciences

MURI Author(s) and Manager(s):

Dr. Virginia Pasour; Humans in 
Complex Systems

Frederick Gregory; Humans in 
Complex Systems

The goal of this MURI is to refine our understanding of cognitive fatigue by uncovering its underlying 
physiological mechanisms. Achieving this goal requires new theories, algorithms, and a validated 
mechanistic computational model that integrates coevolutionary multiscale (temporal and spatial) 
dynamics across brain and physiological systems, accounts for individual and intra-individual variability, 
and enables experimental validation. This framework will lay the foundation for improved individual 
Soldier and team performance.

The MURI began in FY22 and was awarded to a team led by Prof. Daniel Forger (University of Michigan). 
The objective of Prof. Forger’s effort is to address critical knowledge gaps in understanding and 
mitigating cognitive fatigue through multiscale modeling using both previously obtained and new data. 
This objective uses four approaches: (1) develop and optimize the team’s existing multiscale model, 
(2) further develop their mathematical tools to bridge potential differences between the mouse and 
human brain, as well as simplify their detailed model to the point that it can be deployed on smart 
phones, (3) develop an understanding of and the ability to predict cognitive fatigue outcomes for 
distinct aspects of cognition and across different individuals, and (4) test and deploy individualized 
cognitive fatigue predictions through a mobile application. The team’s new mathematical developments 
make a new generation of multiscale models possible, including new ways to rapidly simulate and 
visualize the behavior of millions of neurons on desktop computers; asymmetric particle population 
density methods that resolve the stochastic nature of individual ion channels, while predicting the 
behavior of a network of millions of neurons; new techniques to study learning in neuronal networks; 
and mathematical modeling techniques for gene-set enrichment that allows a determination of the 
role individual genes play in overall neuronal systems. The proposed multiscale model development for
human cognitive fatigue will be further supported and validated by targeted experimentation explicitly 
focused on relationships between the overt cognitive performance and underlying molecular substrate 
manifestations of cognitive fatigue over time, across brain regions, and between individuals. The team 
will then apply their model to predict the individual differences that predominate cognitive fatigue more 
accurately and test these models in the real world with genetic and breath metabolomic biomarkers.

Bio-architected Responsive  
Materials with 3D Nanoscale Order

ARL Competencies:

Sciences of Extreme Materials

Biological and Biotechnology Sciences

MURI Author(s) and Manager(s):

Dr. Stephanie McElhinny; Biological 
and Biotechnology Sciences

Dr. Evan Runnerstrom; Sciences of 
Extreme Materials

The goal of this MURI is to create and use self-assembled biomolecular units (“bio-voxels”) to direct 
hierarchical assembly of inorganic guest materials with 3D nanoscale order and feature sizes in the 
5- to 50-nm range, and to design and implement physical, biochemical, or coupled schemes to achieve 
targeted modulation of shape, structure, and/or collective properties of the assemblies. While additive 
manufacturing (AM) offers complex, user-defined material architectures that can even change shape 
post-fabrication (4D printing), state-of-the-art AM is limited to feature sizes in the >100-nm range. 
The 10- to 50-nm range is nonetheless critical for realizing a variety of novel material phenomena, 
such as sub-wavelength light-matter interaction and the ability to approach the theoretical limits of 
material strength. The desire is to achieve bottom-up manufacturing techniques that circumvent the 
inherent resolution limits of conventional top-down AM yet maintain and expand the architectural 
complexity and ability to use time as a fourth construction dimension. 

This MURI began in FY22 and was awarded to a team led by Prof. Oleg Gang (Columbia University). The 
objective of the MURI team is to establish methods for fabricating and reconfiguring nanomaterials using 
a proposed “material animated display” (MAD3 + 1), which site-specifically incorporates nanoparticles 
of multiple types into different voxels and also permits voxel reorganization. The proposed concept 
will enable assembly and transformation of nanomaterials in response to specific stimuli in a highly 
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programmable manner across different length and time scales. This will be accomplished through 
three research thrusts and a cross-cutting theme: (1) establish a method for creating MAD3 + 1 through 
addressable DNA frameworks. Such frameworks are defined by a set of DNA voxels (20–100 nm in 
size) and their guest nano-object types (through internal voxel bond descriptors), and the topology of 
voxel connectivity (through inter-voxel bond descriptors); (2) develop molecular mechanisms to sense 
chemical, biomolecular, and physical signals, interpret them, and translate them into reconfiguration 
commands for systems established in the first research thrust; (3) utilize the platform developed in 
the first and second research thrusts to create novel dynamic metamaterials with engineered optical 
and magnetic functions. The cross-cutting theme for this project will establish a range of required 
material fabrication and characterization methods that support and extend the research thrusts. The 
realization of a modular materials synthesis paradigm for responsive 3D architected materials with 
nanoscale order that accepts multiple inorganics within a single architecture will create new future 
Army capabilities in several domains, including reconfigurable photonic metamaterials, dynamic 
3D material networks for computing, biohybrid mechanical materials for robotic actuation, and 
biomanufacturing platforms for distributed material production.

Connectivity and Transport in  
Disordered Hyperuniform Networks

ARL Competencies:

Sciences of Extreme Materials

Network, Cyber, and 
Computational Sciences

MURI Author(s) and Manager(s):

Dr. Evan Runnerstrom; Sciences of 
Extreme Materials

Dr. Robert Ulman; Network, Cyber, and 
Computational Sciences

Disordered hyperuniformity is an anomalous state of matter that possesses hidden long-range order 
despite lacking lattice symmetry. Hyperuniform systems are statistically isotropic (like liquids), yet 
they suppress density fluctuations over large length scales (like crystals), which permits coherent wave 
transport of photons, phonons, electrons, and so forth. This is because the structure factor vanishes 
at short-wave vectors; therefore, waves in the long-wavelength limit can travel without scattering or 
attenuation. Hyperuniformity typically occurs in unique disordered natural systems, such as amorphous 
silicon, jammed granular materials, and the multi-hyperuniform arrangement of photoreceptors in bird 
retinas. It is also possible to generate artificial hyperuniformity in 2D, 3D, and on curved surfaces using 
collective optimization and inverse design. These discoveries imply that hyperuniformity may become 
a useful tool for designing disordered systems that achieve isotropic, defect-tolerant, and lattice-qual-
ity connectivity and transport. However, the influence of hyperuniformity on non-material networks, 
like communications or social networks, has yet to be explored. Indeed, hyperuniformity may be a 
transformative concept for understanding and designing networks that adapt to disorder but maintain 
ideal connectivity in all directions. The goals of this MURI are to develop a network-based theory of 
hyperuniformity by studying connectivity and information transport in existing hyperuniform systems, 
to use this framework to create engineered hyperuniform systems with desired properties, and to 
create methods to transform systems between hyperuniform and non-hyperuniform states.

This MURI began in FY22 and was awarded to a team led by Prof. Salvatore Torquato (Princeton University). 
The objective of the MURI team is to utilize contemporary techniques in statistical mechanics, soft 
condensed matter physics, materials science, nanophotonics, and network science to advance the 
fundamental understanding of the theory of hyperuniformity in disordered materials and networks. 
New fundamental understanding will provide novel insights into energy/matter/information transport 
mechanisms in these hyperuniform systems. This will enable the ability to discover new hyperuniform 
materials and networks, design and optimize engineered hyperuniform materials and complex networks, 
and seed new research directions in network science. Throughout the project, the MURI team will 
explore fundamental hyperuniformity theory, create new concepts and metrics in network science that 
incorporate hyperuniformity theory, use network science concepts to advance hyperuniformity theory, 
explore how hyperuniformity influences information/energy/mass transport in materials and complex 
networks, and use this knowledge to engineer metamaterials and complex networks with extraordinary 
physical properties. If successful, this effort could lead to new insights and major impacts in understanding 
hyperuniformity’s influence on the physical properties of disordered materials, while also launching a 
completely new sub-field of hyperuniform network science. Potential future Army applications include 
designing hyperuniform communication and transportation networks, characterizing information 
transport on non-spatial networks (e.g., social networks), and creating future functional metamaterials 
with designed optical or mechanical responses to control propagation of light or vibrations.

Irregular Metamaterial Networks
The goal of this MURI is to develop network models of irregular mechanical metamaterials capable 
of identifying critical nodes, steering complex external loads, and then enabling the physical demon-
stration of an irregular metamaterial capable of manipulating inelastic behaviors within the structure.

Sciences of Extreme Materials

Network, Cyber, and
Computational Sciences

Terminal Effects

ARL Competencies:

MURI Author(s) and Manager(s):

Dr. Daniel Cole; Terminal Effects

Dr. Derya Cansever; Military 
Information Sciences
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programmable manner across different length and time scales. This will be accomplished through
three research thrusts and a cross-cutting theme: (1) establish a method for creating MAD3 + 1 through
addressable DNA frameworks. Such frameworks are defined by a set of DNA voxels (20–100 nm in
size) and their guest nano-object types (through internal voxel bond descriptors), and the topology of
voxel connectivity (through inter-voxel bond descriptors); (2) develop molecular mechanisms to sense
chemical, biomolecular, and physical signals, interpret them, and translate them into reconfiguration
commands for systems established in the first research thrust; (3) utilize the platform developed in 
the first and second research thrusts to create novel dynamic metamaterials with engineered optical
and magnetic functions. The cross-cutting theme for this project will establish a range of required
material fabrication and characterization methods that support and extend the research thrusts. The
realization of a modular materials synthesis paradigm for responsive 3D architected materials with 
nanoscale order that accepts multiple inorganics within a single architecture will create new future 
Army capabilities in several domains, including reconfigurable photonic metamaterials, dynamic
3D material networks for computing, biohybrid mechanical materials for robotic actuation, and
biomanufacturing platforms for distributed material production.

Connectivity and Transport in 
Disordered Hyperuniform Networks
Disordered hyperuniformity is an anomalous state of matter that possesses hidden long-range order
despite lacking lattice symmetry. Hyperuniform systems are statistically isotropic (like liquids), yet
they suppress density fluctuations over large length scales (like crystals), which permits coherent wave
transport of photons, phonons, electrons, and so forth. This is because the structure factor vanishes
at short-wave vectors; therefore, waves in the long-wavelength limit can travel without scattering or
attenuation. Hyperuniformity typically occurs in unique disordered natural systems, such as amorphous
silicon, jammed granular materials, and the multi-hyperuniform arrangement of photoreceptors in bird
retinas. It is also possible to generate artificial hyperuniformity in 2D, 3D, and on curved surfaces using
collective optimization and inverse design. These discoveries imply that hyperuniformity may become
a useful tool for designing disordered systems that achieve isotropic, defect-tolerant, and lattice-qual-
ity connectivity and transport. However, the influence of hyperuniformity on non-material networks,
like communications or social networks, has yet to be explored. Indeed, hyperuniformity may be a
transformative concept for understanding and designing networks that adapt to disorder but maintain
ideal connectivity in all directions. The goals of this MURI are to develop a network-based theory of
hyperuniformity by studying connectivity and information transport in existing hyperuniform systems,
to use this framework to create engineered hyperuniform systems with desired properties, and to
create methods to transform systems between hyperuniform and non-hyperuniform states.

This MURI began in FY22 and was awarded to a team led by Prof. Salvatore Torquato (Princeton University).
The objective of the MURI team is to utilize contemporary techniques in statistical mechanics, soft
condensed matter physics, materials science, nanophotonics, and network science to advance the
fundamental understanding of the theory of hyperuniformity in disordered materials and networks.
New fundamental understanding will provide novel insights into energy/matter/information transport
mechanisms in these hyperuniform systems. This will enable the ability to discover new hyperuniform
materials and networks, design and optimize engineered hyperuniform materials and complex networks,
and seed new research directions in network science. Throughout the project, the MURI team will 
explore fundamental hyperuniformity theory, create new concepts and metrics in network science that
incorporate hyperuniformity theory, use network science concepts to advance hyperuniformity theory,
explore how hyperuniformity influences information/energy/mass transport in materials and complex
networks, and use this knowledge to engineer metamaterials and complex networks with extraordinary
physical properties. If successful, this effort could lead to new insights and major impacts in understanding
hyperuniformity’s influence on the physical properties of disordered materials, while also launching a
completely new sub-field of hyperuniform network science. Potential future Army applications include
designing hyperuniform communication and transportation networks, characterizing information
transport on non-spatial networks (e.g., social networks), and creating future functional metamaterials
with designed optical or mechanical responses to control propagation of light or vibrations.

Irregular Metamaterial Networks
The goal of this MURI is to develop network models of irregular mechanical metamaterials capable
of identifying critical nodes, steering complex external loads, and then enabling the physical demon-
stration of an irregular metamaterial capable of manipulating inelastic behaviors within the structure.

MURI Author(s) and Manager(s):

Dr. Evan Runnerstrom; Sciences of 
Extreme Materials

Dr. Robert Ulman; Network, Cyber, and 
Computational Sciences

ARL Competencies:

Sciences of Extreme Materials

Network, Cyber, and
Computational Sciences

This MURI project was awarded in FY22 to a team led by Prof. Chiara Daraio (California Institute of 
Technology). Profs. Heinrich Jaeger and Vincenzo Vitelli (both from the University of Chicago) are 
also on the team, along with Prof. Adilson Motter (Northwestern University), Prof. Lorenzo Valdevit 
(University of California, Irvine), and Prof. Christopher Schuh (Massachusetts Institute of Technology). 
The project will attempt to push the boundaries of mechanical metamaterials, an emerging class 
of material with behaviors governed largely by geometry rather than intrinsic properties. These 
structures may display exotic behaviors such as auxetic responsiveness (i.e., negative Poisson’s ratio), 
exceptional weight-stiffness/-strength performance, as well as the ability to steer elastic waves. Yet 
most research in this space has focused on repeatable, lattice-based structures restricted to elastic 
behaviors, while inelastic behaviors, crucial for many DoD applications, are typically not considered. 
The team will investigate a variety of disordered building blocks (e.g., those with zero-dimensional 
[0D] point contacts between particles, 1D elements made from trusses, and 2D elements made 
from shells). While irregular metamaterials could enable a new paradigm for robust, lightweight, 
and adaptive materials, traditional methods to predict their mechanical behaviors are not well-
suited for these complex, hierarchical structures. For example, conventional mechanics of material 
models may be able to capture the correct physics at a given length scale but are often limited by 
homogenization assumptions and computational expense when bridging scales. However, network 
science approaches are emerging as a novel strategy to effectively and efficiently study mechanical 
behaviors in materials. Network science provides tools to study interactions among interconnected 
objects. It can help with identifying critical nodes, predicting robustness of the construct, identifying 
failure modes, modeling the cascade of failures, and unveiling multifaceted and possibly hierarchical 
relationships in the network. Therefore, the team will develop an analytical network framework that 
incorporates both topological and geometric descriptors of the materials.

The research will focus on two major thrusts. In Thrust 1, the team will develop network theories to 
describe irregular metamaterials by combining a graphic description of the topology with measures of 
their random geometry. The goal is to develop a universal mathematical description of the coevolution of 
the topology and geometry of the disordered metamaterials undergoing large structural rearrangement. 
This framework will enable materials characterization (forward problem) as well as materials design 
for specific functionality (inverse problem). In Thrust 2, the team will use the theoretical advances 
from the first thrust to design and fabricate various disordered structures and characterize and analyze 
the material behaviors, with a focus on design of nonlinear responses (e.g., plasticity in metals, 
fracture in ceramics), energy absorption, and stress redistribution. The team will study the mechanical 
behavior of the disordered structures over a range of length and time scales, to include micro- and 
macro-mechanical testing, and quasi-static to ballistic loading rates, respectively. Advancement in 
this area is expected to enable understanding for steering severe loads within complex materials and 
could lead to new strategies for lightweight Soldier and vehicle protection, reconfigurable systems, 
and damage-adaptive networks. The effort was awarded as a Cooperative Agreement with ARL.

ARL Competencies:

Terminal Effects

Network, Cyber, and 
Computational Sciences

Sciences of Extreme Materials

MURI Author(s) and Manager(s):

Dr. Daniel Cole; Terminal Effects

Dr. Derya Cansever; Military 
Information Sciences

Topological Seeds of Complex Response in Materials ARL Competencies:

Sciences of Extreme Materials

Mechanical Sciences

Network, Cyber, and
Computational Sciences

MURI Author(s) and Manager(s):

Dr. Joseph Myers; Network, Cyber, and 
Computational Sciences

Dr. Daniel Cole; Terminal Effects

The goal of this MURI is to develop topological methods that enable small stimuli to induce and control 
large and complex responses in materials, with useful engineering applications.

This MURI project was awarded in FY22 to a team led by Prof. Katia Bertoldi (Harvard University). Profs. 
Jennifer Lewis, L. Mahadevan, and Robert Wood (all from Harvard University) are also on the team, 
along with Prof. Eleni Katifori (University of Pennsylvania) and Prof. Zeb Rocklin (Georgia Institute of 
Technology). The group has a combination of expertise in mathematics, physics, materials science, 
mechanics, robotics, and numerical modeling. The team will investigate a novel class of origami- and 
kirigami-inspired, flexible, lightweight robotic structures capable of transitioning between many stable 
configurations in order to perform tasks and adapt to dynamic environmental conditions.

The project will focus on three major research thrusts. First, the team will develop mathematical 
methods for describing complex, multi-stable configurations. The team will employ marching algorithms, 
numerical homotopy continuation, and reciprocal-space topological degree to identify folding and 
cut patterns that lead to origami and kirigami structures with multiple stable target configurations. 
Second, the team will establish fabrication strategies to realize multi-stable structures. The group will 
develop multi-material 4D printing strategies that enable localized control of material composition 
and geometry, as well as hybrid manufacturing processes involving molding, laser machining, and 
micro-lithography of constituent thin materials that can be stacked and laminated to form quasi-2D 
folding sheets with embedded sensing and actuation. Third, the team will leverage the understanding 
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of the mathematical and manufacturing constraints developed in the first and second thrusts to create 
a variety of kirigami-inspired multi-stable robotic structures (e.g., reconfigurable robots, mechanical 
cloaks, and smart/adaptive structures). The work is expected to shape new concepts for building optimal 
structural and functional geometries for textiles, skins, smart membranes, artificial muscles, foldable 
electronics, soft architectures, and soft robotics over a wide range of spatial and temporal scales.

Electrobiology: Electronic Control 
of Biological Communications

ARL Competencies:

Biological and Biotechnology Sciences

Humans in Complex Systems

MURI Author(s) and Manager(s):

Dr. Albena Ivanisevic; Humans in 
Complex Systems

Dr. Micheline Strand; Biological and 
Biotechnology Sciences

The goal of this MURI is to develop the (bio)molecular, genetic, and interfacial control methods that 
enable encoding and decoding of data in living microorganisms via direct communication with 
microelectronic materials and devices. The MURI also aims to use living microorganisms to generate 
information and subsequently acquire the ability to transmit, receive, and process the information 
via electronic signals and in synergy with microelectronic devices and systems.

This MURI began in FY22 and was awarded to a team led by Rice University with a project titled 
“Faster, More Efficient, and Hybrid Computation in Microbial Bioelectronic Systems.” The principal 
investigator for the winning team, Prof. Caroline Ajo-Franklin, is leading an effort that recognizes 
how sensing information generated by microorganisms can be encoded into electrical signals that 
are received by microelectronics, and electrical signals from microelectronics can be decoded into 
actuation of microbial behaviors. Despite these impressive successes, electronic communication in 
electrobiology is limited by how engineered microorganisms generate and respond to information, 
how information is exchanged across the abiotic/biotic interface, and how electronic devices read 
out and process information. As a result, communication in electrobiology is slow, inefficient, and 
restricted to digital (discrete time) computing. The team’s research objective is to develop new 
concepts for bidirectional electrical communication between microbes and microelectronics that is 
faster, more efficient, and enables bio-hybrid memory and computing. The team’s technical approach 
is to perform three interrelated tasks, including developing (Task 1) methods for fast, efficient output 
of sensing information from microbes; (Task 2) methods to use information inputs from electronics 
to rapidly, efficiently inactivate pollutants with biological actuation; and (Task 3) methods for faster, 
more efficient, and hybrid analog-to-digital information read out for data encoding and decoding. By 
establishing new methods for information exchange in electrobiology, this research will fully unite 
the fast communication, storage, and memory of microelectronics with the rich, complex sensing and 
actuation of microorganisms in revolutionary new multi-channel devices. This work is projected to 
benefit and augment DoD capabilities, particularly within the Army DEVCOM Chemical and Biological 
Center and Engineer Research and Development Center. The research will yield small, deployable real-
time biomicroelectronic devices that have the potential to revolutionize DoD capabilities to monitor 
and inactivate chemicals in the environment (e.g., biotoxins, carcinogens, and pollution).

Gut-Neuronal Signaling Through Polymeric 
Mucin via Chemical Probes and Imaging

ARL Competencies:

Biological and Biotechnology Sciences

MURI Author(s) and Manager(s):

Dr. Dawanne Poree; Sciences of 
Extreme Materials

Dr. Robert Kokoska; Biological and 
Biotechnology Sciences

The goal of this MURI is to develop and leverage an experimental test bed to identify and predict the 
mechanistic causative links within the mucin-gut microbiota-enteric nervous system (ENS) ecosystem 
that are most critical for physical and cognitive performance.

This MURI began in FY22 and was awarded to a team led by Prof. Katharina Ribbeck (Massachusetts 
Institute of Technology). The gut microbiota plays a critical role in regulating central nervous system 
functions, such as mood and neurobehavior. Maintaining a “healthy” microbiota is key to productive 
communication between the brain and the gut. The main gatekeeper and transducer for human 
interactions with the microbial world is the mucus barrier, which houses trillions of beneficial microbes 
inside the digestive tract. In part, by modulating the gut microbiota, mucus has evolved exquisite 
strategies for regulating the human ENS within the gastrointestinal tract while tolerating and providing 
a livable habitat for the beneficial microbes, and also recognizing and rapidly eliminating problematic 
pathogens that may limit physical and cognitive performance. The potential of mucus to regulate the 
ENS–gut interface stems from mucin polymers—the gel-forming building blocks of mucus that form 
3D gels grafted with >200 unique glycan structures. These structures regulate many crucial biological 
functions in gut physiology, immunity, and host defense. However, the mechanisms by which mucins 
and their glycan code execute this control and transduce signals are largely unknown. This MURI will 
combine state-of-the-art mucin biochemistry, biosynthetic chemistry, metabolomics, and intestinal 
organoid technology with a translational, humanized animal model for post-traumatic stress disorder 
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to decipher the molecular-level mechanisms by which mucins regulate the dynamics of microbial 
metabolism, enzymatic activity, transport of neuroactive signals, and the activity and differentiation of 
both the host epithelium and the ENS. Mapping mucin polymers and glycoforms to specific regulatory 
functions will enable us to build mucin-inspired ENS-modulating agents that harness microbe-specific 
effects on physical and cognitive performance and will facilitate the design of gut-based therapeutic 
interventions. In direct contrast to traditional approaches based on nonselective uses of exogenous 
antibiotics to kill microbes, this work could be extended to help manage virtually any disease-causing 
microbe and control microbial consortia for positive or programmable outcomes. 

ACTIVE MURIs THAT BEGAN IN FY21

Anomalous Dipole Textures in  
Engineered Ferroelectric Materials

ARL Competencies:

Photonics, Electronics, 
and Quantum Sciences

MURI Author(s) and Manager(s):

Dr. Chakrapani Varanasi; Sciences of 
Extreme Materials

Dr. James Harvey; Photonics, 
Electronics, and Quantum Sciences

The goal of this MURI is to develop theoretical understanding anomalous dipole textures in ferroelectric 
materials and experimentally study their creation, dynamics, interactions, and annihilation in advanced 
materials. 

The MURI began in FY21 and was awarded to two teams. One team is led by Prof. Ramamoorthy Ramesh 
(University of California, Berkeley). The objective of the MURI project is to develop an understanding of 
polarization topologies in thin films and superlattices with atomic-scale perfection such that competing 
energy scales can be controlled to produce the formation of emergent phenomena. In this project, the 
MURI team proposes to bring together a comprehensive combination of first-principles-based atomistic 
simulations, phase-field modeling, thin-film synthesis, and advanced characterization methodologies 
to both predict and realize exotic dipolar textures such as polar vortices and skyrmions. Mainly, the team 
will focus on addressing three thrust areas: (1) discovering new ground states and expanding control 
of those states with a focus on identifying and confirming topologically nontrivial natures and novel 
phase transitions; (2) demonstrating control via applied stimuli to the emergent polar structures with 
initial efforts centered on electric-field control of vortex and skyrmion permittivity, electromechanical 
response, dynamics, and chirality; and (3) expanding the scope of superlattice structures to bring 
about additional emergent functions with special attention to developing spin-charge coupling at the 
atomic scale. If successful, this effort could provide unprecedented pathways to the creation of novel 
topologies in ferroelectric and magnetic systems with deterministic control in response to applied 
electric, magnetic, and stress fields; light; temperature; etc. The new materials and understanding 
would enable the development of novel applications in next-generation logic, memory, sensing, and 
field-tunable, high-frequency applications such as phased array radars, etc., in support of the Network 
C3/I and Soldier Lethality Army modernization priorities.

A second team is led by Prof. Jayakanth Ravichandran (University of Southern California). The 
objective of the project is to probe inherent polar textures in quasi-1D hexagonal chalcogenides 
and induced polar textures due to proximity effects in heterostructures of quasi-1D hexagonal 
chalcogenides with other perovskite chalcogenides, 2D materials, and single-crystalline oxide 
layers to elucidate the mechanisms to introduce polar textures in active electronic materials. 
The MURI team proposes three thrusts: (1) use density functional theory and phenomenological 
modeling to develop mechanisms to interface polar textures and electronic materials, with a 
focus on understanding the mechanism of anomalous polar textures specific to model systems 
such as barium titanium sulfide (BaTiS3)-based heterostructures; and (2) discover synthesis and 
fabrication methods to achieve large single crystals of BaTiS3, epitaxial heterostructures of BaTiS3 
by direct growth, and transfer printing to form heterostructures for the studies in Thrust 3 and 
characterize associated structural, chemical, optical, and electrical properties, including room-
temperature and low-temperature electron microscopy studies to probe the nature and evolution 
of polar textures in BaTiS3 and its heterostructures; and (3) studying the creation, destruction and 
manipulation of polar textures and their properties using (a) scanning tunneling microscopy at room 
and cryogenic temperature to understand the atomic-scale structures, (b) piezo force microscopy 
at room temperature to understand the microscopic polarization, and (c) ultrafast spectroscopy 
to understand the nature and origin of the anomalous textures in the bulk and surface of BaTiS3 
and its heterostructures. This work aligns well with the Intelligence functional concept and would 
help to create high-density memory devices in the future and supports the Army modernization 
priority of Network C3/I.
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Cyber Autonomy through Robust Learning 
and Effective Human–Bot Teaming

ARL Competencies:

Network, Cyber, and 
Computational Sciences

Military Information Sciences

MURI Author(s) and Manager(s):

Dr. Paul Yu; Network, Cyber, and 
Computational Sciences

Dr. MaryAnne Fields; Military 
Information Sciences

The goal of this MURI is to obtain scientific understandings and establish models for trusted cyber 
autonomous systems that support robust learning (especially from failures), exhibit anti-fragility 
adaptation, and allow cyber bots teaming among themselves or with human agents in order to achieve 
mission assurance under highly dynamic and adverse environments.

The MURI began in FY21 and was awarded to two teams. One team is led by Prof. Somesh Jha 
(University of Wisconsin–Madison). One of the greatest cybersecurity challenges today is successful 
coordination among human–bot teams—as failure to coordinate can have disastrous consequences 
in the cyber battlefield. Unfortunately, while we know a lot about how humans use tools to work in 
teams, little is known about how to manage, observe, and improve hybrid teams of humans and 
bots. This project focuses on teams engaged in cybersecurity tasks or cybersecurity teams, such as 
threat intelligence and cyber defense. The MURI project brings together a team of eight US and eight 
Australian principal investigators (PIs) with diverse expertise spanning computer security, machine 
learning (ML), psychology, decision sciences, and human–computer interaction. The project will carry 
out research in the following five research thrusts: (1) analyst-friendly and task-driven explanations, 
(2) robustness, (3) building human–machine shared models, (4) robustness and anti-fragility at the 
team level, and (5) verifying cognitive–machine models.

A second team is led by Prof. Farinaz Koushanfar (University of California, San Diego). This project 
introduces a novel multi-pronged approach to address the standing challenges for future warfare 
involving a multitude of cyber bots. Important constraints in bot warfare scenarios include limited 
access to a reliable central controller, speed of action, synchronization, and coordination among the 
distributed cyber-physical, cyber, and human entities. The interdisciplinary team of PIs aims to develop 
a new comprehensive foundational framework for safe and robust artificial intelligence (AI) intrinsic 
to autonomous agents, distributed bots, self-adaptivity, introspection, and human–AI teaming, as 
well as automated methods for human–AI games, deception, and recovery in dynamic settings. The 
focus of the research is on three modular but inter-linked thrusts. 1) Robust learning: The team will 
formulate key challenging scenarios in robust learning with distributed agents as instances of graph 
optimization problems; the formulation is leveraged to derive new bounds, metrics, attacks, and 
defenses. 2) Introspection/anti-fragility adaptation: This is formulated as active learning scenarios 
with offline preprocessing and training, online introspection/anti-fragility adaptation, and dynamic 
adversary deception. 3) New team science concepts for cyber bots: This thrust will focus on effective 
team assembly, shared cognition for human–AI interaction, quantifying performances over time and 
tasks, robust team training by reinforcement learning (RL), robustness to low-probability high-impact 
events, and self-adaptive mixed initiatives control and deception.

Understanding and Engineering Transient Mechanical 
Responses in Nanoparticle-Reinforced Heterogeneous 
Particulate Systems 

ARL Competencies:

Sciences of Extreme Materials

Mechanical Sciences

MURI Author(s) and Manager(s):

Dr. Julia Barzyk; Mechanical 
Sciences

Dr. Michael Bakas; Sciences of 
Extreme Materials

The goal of this MURI is to determine how fine-particle interactions create a macroscale metastructure 
in systems containing a mixture of fine and inert coarser particles accurately describe the structural 
influence and, from that knowledge, develop both constitutive models based on a mechanistic 
understanding that predict the macroscale behavior of these highly heterogeneous particle systems 
and processing methods for the inducement of desired meta-macrostructures via rheological, 
electrostatic, chemical, or alternative mechanisms.

The MURI began in FY21 and was awarded to a team led by Prof. Jennifer Lewis (Harvard University). 
Highly heterogeneous mixtures of attractive fine and inert coarse particles exhibit a rich array of 
behavior in response to mechanical loading. The MURI team aims to understand the reversible transition 
between solid and flowing states in systems with high solids loading and variable moisture content, 
which is crucial for applications ranging from soils with engineered stress–strain–time response to 
novel particulate inks for additive manufacturing that withstand slumping or deformation under 
self-weight. To achieve the overarching goal, the team is conducting a tightly integrated program 
of research that combines multiscale modeling, geotechnical and rheological measurements, 4D 
imaging, and microscopic theory focused on nanoparticle-reinforced granular mixtures. The research 
efforts are divided into two major thrusts: (1) multiscale theoretical and computational modeling 
of highly heterogeneous particulate systems and (2) foundational experiments to elucidate their 
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transient behavior and structural evolution under mechanical load, which will be exploited to create 
new classes of engineered soils and printable inks with novel properties. The primary outcome of these 
efforts will be to establish a predictive multiscale, multi-physics framework, validated by experiment, 
for engineering highly heterogeneous particle systems via tunable interactions that arise within 
nanoparticle-reinforced granular networks. This work is related to engineered soils, with expected 
applications to infrastructure, mobility, and airfields, as well as for metastructured inks for 3D printing 
of critical interest for Army and DoD applications. The effort is a Cooperative Agreement with AFRL 
and ERDC’s Construction Engineering Research Laboratory.

Novel Mechanisms of Neuro-Glia  
Bio-Computation and Reinforcement Learning

ARL Competencies:

Military Information Sciences

Humans in Complex Systems

MURI Author(s) and Manager(s):

Dr. Derya Cansever; Military 
Information Sciences 

Dr. Frederick Gregory; Humans in 
Complex Systems 

This goal of this MURI is a combined effort of advancing the theory for Reinforcement Learning (RL) 
systems and advancing the neurobiology of astrocytic function through a synergistic design of theory 
and experiments in humans and animals. Deep RL has enabled superhuman performance in challenging 
video games and control tasks, and particularly in games with perfect knowledge and deep search 
(GO, chess). RL is also a key framework to model and understand how neural circuits acquire complex 
functions as a result of time and experience. However, there remains a significant gap between the 
often slow, fragile, and computationally demanding performance of artificial systems and the fast, 
robust, and efficient learning exhibited by animals and humans.

The MURI began in FY21 and was awarded to two teams. One team is led by Prof. Mriganka Sur 
(Massachusetts Institute of Technology). To address this challenge, they will build a new theoretical 
framework for RL based on a theory of potential-based methods. By separating value estimation 
from action selection, and integrating costs and benefits across time, the theory naturally solves the 
exploration–exploitation dilemma and enables mapping its predictions to the functional anatomy of brain 
structures, including the prefrontal cortex (PFC) and striatum. Importantly, preferential innervation of 
the PFC by the neuromodulator norepinephrine and of the striatum by dopamine represent important 
mechanisms for selectively activating astrocytes and modulating task-specific neuronal output. The 
theory thus relates to the architecture of neuron-glia interactions in the brain, which will formalize 
with a new class of networks, Glial Deep Neural Networks.

A second team is led by Prof. ShiNung Ching (Washington University, Saint Louis). The overall goal of 
this project is to construct new RL-ML methods that obviate existing challenges by validating a novel 
theory of neurobiological learning based on the dynamical interactions of neurons and astrocytes, a 
key type of glial cell. Despite their ubiquity in the brain, the functional role of glia is poorly understood. 
The central hypothesis is that astrocytes and neurons form two levels of a coherent, reciprocally 
connected hierarchical network where astrocytes integrate contextual information and modulate 
neural circuitry in a manner favorable for large-scale learning. The research team postulates that 
neuronal and synaptic processes can be rapidly influenced by astrocytes, allowing learning to occur 
quickly when task circumstances change and for prior contextual information to optimally constrain 
learning when new requirements are faced.

Quantum Network Science
ARL Competencies:

Photonics, Electronics, 
and Quantum Sciences

Military Information Sciences

Network, Cyber, and
Computational Sciences

MURI Author(s) and Manager(s):

Dr. Sara Gamble; Photonics, 
Electronics, and Quantum Sciences 

Dr. Derya Cansever; Military 
Information Systems 

The goal of this MURI is to define and develop the nascent field of quantum network science through 
a combination of theoretical investigations spanning from fundamental axiomatic studies to the 
development of algorithms and mathematical tools, and of experimental verification of theoretical 
predictions. These tools will be used to demonstrate robust, high-capacity, and fundamentally secure 
quantum-classical networks in architectures enabling entanglement distribution and distributed 
quantum information processing (QIP).

The MURI began in FY21 and was awarded to two teams. One team is led by Prof. Saikat Guha (University 
of Arizona). The MURI team plans to achieve this objective by working through four primary tasks. In Task 
1, they will pursue an axiomatic development of fundamental quantitative measures and associated 
scaling laws for multi-site, multi-qubit entanglement, where the intuitively formulated axioms may 
target specific properties the entangled network should possess. In Task 2, they will develop new 
mathematical tools and algorithms to study the generation, distribution, evolution, manipulation, 
and control of networked entanglement. In Task 3, the team will take a broad look at applications of 
quantum networks at all scales—viz., a network of qubits within a computer, network of computers, 
and network of networks—focusing on what new insights are afforded by a network science study. 
Finally, in Task 4, the team will build an experimental platform, a universal-quantum-logic-capable 



233  |  ARO IN REVIEW 2022

quantum network emulator of color-center qubits with long coherence times and a reconfigurable 
connectivity. The emulator will be used to verify their theoretical predictions and serve as a research 
tool to advance quantum network science, as classical simulations of quantum networks will not scale.

A second team is led by Prof. Chee Wei Wong (University of California, Los Angeles). The MURI team 
seeks to pair leading-edge network science and protocols with quantum networks in a tight synergistic 
partnership among network scientists, quantum information theorists and physicists, and experimental 
test bed validation. The MURI work comprises four interrelated thrusts: (1) network science and percolation 
for robust network entanglement distribution; (2) transformative protocols with high-dimensional, 
multi-partite quantum states for high-capacity network links and functionality; (3) distributed quantum 
network processing and validation testbeds including algorithms and protocols; and (4) cross-disciplinary 
foundations and mathematics for frontier quantum networks, including network classical-quantum coding 
bounds, quantum network information theory, and multi-partite graph states for robust quantum networks.

Multifunctional Devices in Precisely  
Engineered van der Waals Homojunctions 

ARL Competencies:

Photonics, Electronics, 
and Quantum Sciences

MURI Author(s) and Manager(s):

Dr. James Harvey; Photonics, 
Electronics, and Quantum Sciences 

Dr. Chakrapani Varanasi; Sciences of 
Extreme Materials 

The goal of this MURI is to integrate dissimilar electronic phases of matter in any individual 2D material 
through geometric tiling and stacking along with external fields to reveal emergent electronic thermal 
and/or optical phenomena and design functional device concepts based on them.

The MURI began in FY21 and was awarded to Prof. Philip Kim (Harvard University). The objective of 
the MURI team is to create functional interfaces in single 2D van der Waals (vdW) homojunctions, 
through which quantum emergent phenomena and their application in novel devices concepts will 
be pursued. The team is developing novel functional vdW homojunctions—structures that will realize 
the integration of multiple phases in electronic, optoelectronic, plasmonic, and quantum device 
applications. Atomically sharp homostructures in a 2D material will exhibit a wide variety of interfacial 
properties that are not constrained by chemical and lattice mismatch. Relative twist between layers 
and lattice mismatch-induced strain will produce a moiré superlattice, to achieve nanometer-scale 
band structure engineering. The MURI team is pursuing these goals in three 2D vdW material platforms: 
graphene, tungsten diselenide (WSe2), and tungsten ditelluride (WTe2). Integration methods seek 
vertical and lateral stacking in a controlled environment in a materials-agnostic approach. The materials 
and structures will be probed by a series of experimental tools to characterize the engineered vdW 
structures, in close collaboration with theory, for efficient feedback through ML methods. Device 
concepts include (1) combined plasmonic and hydrodynamic behavior for terahertz (THz) emitters 
and (2) entangled photon and Cooper pair quantum devices.

Tunable III-Nitride Nanostructures 
for N=N and C-H Bond Activation 

ARL Competencies:

Energy Sciences

Photonics, Electronics, 
and Quantum Sciences

MURI Author(s) and Manager(s):

Dr. Hugh De Long; Energy Sciences 

Dr. Michael Gerhold; Energy 
Sciences 

The goal of this MURI is to develop and understand the behavior of Group 2 nitrate semiconductor 
photoelectrocatalysts with a tunable energy bandgap in the visible and near-IR wavelength range 
and explore their structural, surface electronic, and photocatalytic properties.

The MURI began in FY21 and was awarded to Prof. Zetian Mi (University of Michigan). The MURI 
team will provide a comprehensive theoretical and experimental understanding of dilute anion III-N 
nanostructures (Ga(In)NX) for N≡N and C-H bond activation. This will be accomplished through 
multiple cycles of an iterative approach where computational design of materials with desired optical, 
electronic, and reactivity properties will identify promising surfaces, dopants, and co-catalysts, guiding 
the synthesis of spectrally tunable Ga(In)NX nanostructures, and spectroscopic characterization of 
carrier dynamics and catalytic reactivity. State-of-the-art epitaxy and surface functionalization by 
atomically dispersed active sites will provide high-quality photocatalytic platforms. Fundamental 
studies will characterize the unique structural, optical, electronic, and photocatalytic properties 
enabled by these novel nanostructures, including N-termination, tunable electronic level alignment, 
hot carrier dynamics, high oxidation potential, and interfacial polarization fields essential for efficient 
reactivity. The emerging field of dilute anion III-N for photocatalytic applications will be established 
by advancing fundamental understanding of structure–function relations that determine the stability, 
efficiency, and selectivity. The resulting knowledge will provide guidelines for developing powerful 
catalytic systems for a wide range of reactions relevant to outstanding challenges in sustainable 
energy and environment remediation.
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ACTIVE MURIs THAT BEGAN IN FY20 

Adaptive and Adversarial Machine Learning ARL Competencies:

Military Information Sciences

Humans in Complex Systems

MURI Author(s) and Manager(s):

Dr. Robert St. Amant; Military 
Information Sciences 

The goal of this MURI is to build adaptive ML systems that are capable of performing against corrupted 
training data, evasion attacks, and unexpected inputs. Achieving these goals requires mathematical 
and algorithmic development frameworks that are application- and implementation technique-
independent. This framework should enable the development of robust and adaptive ML-based 
intelligent systems, with predictable properties and performance bounds that are capable of 
generalizing, reflecting, and reasoning in a contextual manner.

The MURI began in FY20 and was awarded to a team led by Prof. Insup Lee (University of Pennsylvania). 
The objective of Prof. Lee’s effort is to develop the foundations for robust and adaptive learning based 
on childhood development. This will be achieved over three phases: (1) concept-based learning robust 
to adversarial examples, (2) adaptive learning in dynamic environments, and (3) verification and 
monitoring of learning. The approach will utilize concepts (e.g., prior models and shapes) inherent in 
the physical world, while simultaneously detecting and adapting to changes in the environment and 
concepts, such that robustness claims can be validated through a combination of offline verification 
and runtime monitoring. Evaluations of the techniques will be performed on an interactive robotic 
platform as a surrogate for future military applications involving cooperative robotic systems with 
learning in a battlefield environment.

Axion Electrodynamics beyond Maxwell’s Equations ARL Competencies:

Electromagnetic Spectrum Sciences

MURI Author(s) and Manager(s):

Dr. Joe Qiu; Electromagnetic Spectrum 
Sciences 

The goal of this MURI is to develop a new class of electric-field tunable axion device concepts such 
as electric-field switching of ferromagnets, voltage tunable magnetic inductors, filters, resonators, 
and non-reciprocal devices without current dissipation through a cohesive, multidisciplinary approach 
involving electronics, physics, and materials. This research will focus on the formation of pristine, 
atomic-level interfaces between (known) topological materials and non-topological materials; the 
physics of the intertwined electronic and magnetic phenomena amid electrical contacts and other 
media necessary in a real, non-idealized environment; and techniques for observing and exploiting 
the axion term for unique magnetoelectric effects in these heterostructures. In other words, the aim 
is to fundamentally understand axion electrodynamics in topological solid-state systems and 
demonstrate axion-based electric-field control of both electric and magnetic properties.

The MURI began in FY20 and was awarded to a team led by Prof. Norman Peter Armitage (Johns Hopkins 
University). The objective of Prof. Armitage’s effort is to exploit the novel “axion” magnetoelectric 
response of topological materials—including magnetic topological insulators and Weyl semimetals—to 
generate new routes to couple electric and magnetic degrees of freedom in materials and devices. 
This will be achieved by combining state-of-the-art materials development, device fabrication, THz 
spectroscopy, analytical theory, electromagnetic (EM) modeling, nonlinear optics, and local probes 
of EM response to elucidate fundamental aspects of the axion response in topological systems. 
By focusing on axion electrodynamics, ultimately, this research has the potential to unlock high-
performance materials and devices capable of room-temperature operation of broad interest to both 
academic and DoD communities. 

Engineering Endosymbionts to  
Produce Novel Functional Materials

ARL Competencies:

Biological and Biotechnology Sciences

Sciences of Extreme Materials

MURI Author(s) and Manager(s):

Dr. Micheline Strand; Biological and 
Biotechnology Sciences 

Dr. Chakrapani Varanasi; Sciences of 
Extreme Materials 

The goal of this MURI is to leverage recent advances in materials science and synthetic biology to develop 
a eukaryotic organism driven by a programmable prokaryotic organism and use the hybrid system to explore 
the creation of novel functional materials. Eukaryotic systems provide opportunities to realize more so-
phisticated products; however, these complex organisms present significant challenges to engineer and 
program. In a hybrid system, the best of both can be achieved: an engineered, prokaryotic endosymbiont 
controlling a eukaryotic host cell to produce materials of interest. This project will explore the fundamen-
tal process of biosynthetic production of novel functional materials using a eukaryotic organism controlled 
by a more easily and rapidly engineered prokaryotic endosymbiont for rapid, flexible, modular control.

The MURI began in FY20 and was awarded to a team led by Prof. Jeffrey Barrick (University of 
Texas, Austin). To address this challenge, Prof. Barrick proposed to genetically engineer bacterial 
endosymbionts that live within the bodies of animals or plants into onboard control modules and 
molecular factories that enhance the production and properties of the biomaterials. Specifically, they 
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will develop and demonstrate these transformational capabilities by engineering endosymbionts that 
enhance brochosomes—natural nanostructures with novel surface and optical properties that are 
produced by leafhopper insects. If successful, this research will address a longstanding, unsolved 
challenge in the ability to engineer hybrid systems whereby a prokaryotic endosymbiont controls a 
eukaryotic host cell to produce materials of interest, ultimately leading to a broad range of disruptive 
technologies having significant impact on DoD capabilities.

Information Exchange Network DynamicsARL Competencies:

Military Information Sciences

Humans in Complex Systems

MURI Author(s) and Manager(s):

Dr. Derya Cansever; Military 
Information Sciences 

Dr. Edward Palazzolo; Humans in 
Complex Systems 

Recently observed differences between the propagation of legitimate and misleading news items in 
social media have made it necessary to revisit traditional models of information dynamics over 
networks. The goal of this MURI is to model the dynamics of cognitive processes over information 
networks for efficient information diffusion, controlling its veracity and forecasting potential cognitive 
outcomes of these dynamics. Achieving this goal requires leveraging recent advancements in 
experimental psychology, computer science, and information theory to enable understanding of 
information flow dynamics. 

The MURI began in FY20 and was awarded to a team led by Prof. Cedric Langbort (University of Illinois, 
Urbana-Champaign). To address this challenge, Prof. Langbort will establish an understanding of the 
multimodal dynamics of information over networks by developing rigorous models of such multimodal 
information transmission that explicitly account for intentionality and capturing the effects of psycho-
cognitive factors. More specifically, Prof. Langbort proposes a multidisciplinary approach to address 
three interconnected research themes: (1) the development of models of intentional information 
transmission on networks, (2) their enrichment to incorporate behavioral elements such as lack of 
rationality and Bayesianity and the role of emotions, and (3) their validation in experiments and on 
preexisting datasets. This framework should enable the development of models that can determine 
how authentic information and misinformation are propagated differently, and devise ways to quantify 
misinformation spreading.

Mathematical Intelligence: Machines 
with More Fundamental Capabilities

ARL Competencies:

Network, Cyber, and 
Computational Sciences

Photonics, Electronics, 
and Quantum Sciences

MURI Author(s) and Manager(s):

Dr. Joseph Myers; Weapons Sciences

Dr. Sara Gamble; Photonics, 
Electronics, and Quantum Sciences 

Construction of error-free programs is empirically difficult, and error rates increase in line with their 
complexity. To overcome this challenge, experts are beginning to recognize that error-proof, machine-
generated programming is mandatory when zero tolerance in execution is required. The goal of this 
MURI is to develop the new science of iteratively constructed logical deduction in the context of 
quantum field theories (non-relativistic, relativistic, and topological) for QIP and develop its basis as a 
foundation for certifiable automated reasoning. This will ultimately enable mathematically intelligent 
(MI) machines equipped with deduction, induction, and logical inference, capable of generating new 
insights that are certifiably correct.

The MURI began in FY20 and was awarded to a team led by Prof. Arthur Jaffe (Harvard University). 
To address this challenge, Prof. Jaffe proposes to investigate protocols, algorithms, complexity, error 
correction, and the certifiability of quantum processes using mathematical insights that combine 
picture calculus, quantum logic, and quantum field theory. By linking extremely abstract, theoretical 
ideas with practical laboratory implementation, the MURI team hopes to provide a rigorous theory 
for MI machines, ultimately enabling the construction of a quantum computer that can substantially 
improve present error correction codes.

Quantum State Engineering for Enhanced Metrology

MURI Author(s) and Manager(s):

Dr. Margaret Shea; Photonics, 
Electronics, and Quantum Sciences 

Dr. Joe Qiu; Electromagnetic Spectrum 
Sciences 

ARL Competencies:

Photonics, Electronics, 
and Quantum Sciences

Electromagnetic Spectrum Sciences

Assured position, navigation, and timing is a high priority, especially for autonomous platforms. For 
platforms to maintain accurate knowledge of their position, orientation, and altitude during missions, 
the uncertainty errors accumulated over time have to be constrained by external aides. Quantum 
systems are a promising candidate to aid in minimizing uncertainty due to their demonstrated position. 
Two important questions about quantum sensors remain: (1) Can special quantum states be realized 
that push the performance of these sensors to the fundamental limit? and (2) Can these systems be 
engineered such that their exquisite sensitivity is constrained to what one intends to measure? The 
goal of this MURI is to investigate these knowledge gaps and develop methods that explore quantum 
correlations and special states to enhance metrology, improve sensitivity, achieve fundamental 
uncertainty limits in different ways, and integrate these states with thermal reservoirs and strong 
system design to mitigate decoherence. 
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will develop and demonstrate these transformational capabilities by engineering endosymbionts that
enhance brochosomes—natural nanostructures with novel surface and optical properties that are
produced by leafhopper insects. If successful, this research will address a longstanding, unsolved
challenge in the ability to engineer hybrid systems whereby a prokaryotic endosymbiont controls a
eukaryotic host cell to produce materials of interest, ultimately leading to a broad range of disruptive
technologies having significant impact on DoD capabilities.

Information Exchange Network Dynamics
Recently observed differences between the propagation of legitimate and misleading news items in 
social media have made it necessary to revisit traditional models of information dynamics over
networks. The goal of this MURI is to model the dynamics of cognitive processes over information
networks for efficient information diffusion, controlling its veracity and forecasting potential cognitive
outcomes of these dynamics. Achieving this goal requires leveraging recent advancements in
experimental psychology, computer science, and information theory to enable understanding of
information flow dynamics. 

The MURI began in FY20 and was awarded to a team led by Prof. Cedric Langbort (University of Illinois,
Urbana-Champaign). To address this challenge, Prof. Langbort will establish an understanding of the
multimodal dynamics of information over networks by developing rigorous models of such multimodal
information transmission that explicitly account for intentionality and capturing the effects of psycho-
cognitive factors. More specifically, Prof. Langbort proposes a multidisciplinary approach to address 
three interconnected research themes: (1) the development of models of intentional information
transmission on networks, (2) their enrichment to incorporate behavioral elements such as lack of
rationality and Bayesianity and the role of emotions, and (3) their validation in experiments and on
preexisting datasets. This framework should enable the development of models that can determine 
how authentic information and misinformation are propagated differently, and devise ways to quantify
misinformation spreading.

Mathematical Intelligence: Machines 
with More Fundamental Capabilities
Construction of error-free programs is empirically difficult, and error rates increase in line with their 
complexity. To overcome this challenge, experts are beginning to recognize that error-proof, machine-
generated programming is mandatory when zero tolerance in execution is required. The goal of this 
MURI is to develop the new science of iteratively constructed logical deduction in the context of
quantum field theories (non-relativistic, relativistic, and topological) for QIP and develop its basis as a
foundation for certifiable automated reasoning. This will ultimately enable mathematically intelligent
(MI) machines equipped with deduction, induction, and logical inference, capable of generating new 
insights that are certifiably correct.

The MURI began in FY20 and was awarded to a team led by Prof. Arthur Jaffe (Harvard University).
To address this challenge, Prof. Jaffe proposes to investigate protocols, algorithms, complexity, error 
correction, and the certifiability of quantum processes using mathematical insights that combine
picture calculus, quantum logic, and quantum field theory. By linking extremely abstract, theoretical
ideas with practical laboratory implementation, the MURI team hopes to provide a rigorous theory
for MI machines, ultimately enabling the construction of a quantum computer that can substantially 
improve present error correction codes.

Quantum State Engineering for Enhanced Metrology
Assured position, navigation, and timing is a high priority, especially for autonomous platforms. For 
platforms to maintain accurate knowledge of their position, orientation, and altitude during missions,
the uncertainty errors accumulated over time have to be constrained by external aides. Quantum
systems are a promising candidate to aid in minimizing uncertainty due to their demonstrated position.
Two important questions about quantum sensors remain: (1) Can special quantum states be realized
that push the performance of these sensors to the fundamental limit? and (2) Can these systems be 
engineered such that their exquisite sensitivity is constrained to what one intends to measure? The 
goal of this MURI is to investigate these knowledge gaps and develop methods that explore quantum 
correlations and special states to enhance metrology, improve sensitivity, achieve fundamental
uncertainty limits in different ways, and integrate these states with thermal reservoirs and strong
system design to mitigate decoherence. 

MURI Author(s) and Manager(s):

Dr. Derya Cansever; Military 
Information Sciences 

Dr. Edward Palazzolo; Humans in 
Complex Systems 

Military Information Sciences

Humans in Complex Systems

ARL Competencies:

MURI Author(s) and Manager(s):

Dr. Joseph Myers; Weapons Sciences

Dr. Sara Gamble; Photonics, 
Electronics, and Quantum Sciences 

Photonics, Electronics,
and Quantum Sciences

Network, Cyber, and
Computational Sciences

ARL Competencies:

The MURI began in FY20 and was awarded to a team led by Prof. Monika Schleier-Smith (Stanford 
University). To address this challenge, Prof. Schleier-Smith proposes to develop protocols for generating 
metrologically powerful entangled states that are robust to develop real-world noise and realistic 
experimental imperfections to explore how resilient entanglement is in the real world. By comparing 
idealized experiments to disordered solid-state platforms, the MURI team will develop the tools 
necessary to transfer techniques from well-controlled academic labs to the field. The techniques 
will enable next-generation atomic clocks with world-leading, short-term stability and robustness 
to noise. Ultimately, this effort will result in a clear assessment of when entanglement provides a 
practical win for real-world sensors, and a roadmap of algorithms and platforms necessary to make 
such sensors a reality.

MURI Author(s) and Manager(s):

Dr. Margaret Shea; Photonics, 
Electronics, and Quantum Sciences 

Dr. Joe Qiu; Electromagnetic Spectrum 
Sciences 

Photonics, Electronics,
and Quantum Sciences

Electromagnetic Spectrum Sciences

ARL Competencies:

Solution Electrochemistry without Electrodes ARL Competencies:

Energy Sciences

MURI Author(s) and Manager(s):

Dr. Hugh De Long; Energy Sciences 

Traditionally, electrochemistry is focused on a system where electron transfer occurs at an electrode 
surface. In these systems, the electroactive species interacts with the electrode and this interaction 
has an effect on electron transfer. Recent advancements in the surface plasmon decay of metallic 
nanoparticles coupled with light and atmospheric plasmas have been used to generate electrons, 
indicating that non-electrode electrochemistry is feasible. However, to date, very little research has 
been dedicated to using surface plasmon-based systems to drive solution electrochemical reactions. 
The goal of this MURI is to explore and understand the electrochemistry between electrons that have 
been generated by methods such as atmospheric plasma, surface plasmon, or pulsed radiolysis and 
solution species. This effort is focused not only on controlling the generation of electrons, but also 
the characterization of their energies and lifetimes including electron penetration and diffusion to 
solution species, as well as novel solution electrochemistry and electrosynthesis. 

The MURI began in FY20 and was awarded to a team led by Prof. Peter Bruggeman (University of 
Minnesota, Twin Cities). To address this challenge, Prof. Bruggeman proposes to investigate foundational 
scientific questions addressing plasma-induced species in solutions and their role in chemical 
transformation. This will be achieved by exploiting recent advancements in pulsed power and radio 
frequency plasmas to enable unprecedented controllable injection of electrons into solution on 
nanosecond timescales commensurate with the typical lifetime of reactive intermediates in solution. 
The resulting improved control of electron and ion fluxes and energies incident into the solution 
will enable synthesis of nanoparticles and polymers with desired but previously uncontrollable or 
unattainable properties.

Stimuli-Responsive Mechanical Metamaterials ARL Competencies:

Sciences of Extreme Materials

Mechanical Sciences

MURI Author(s) and Manager(s):

Dr. Dawanne Poree; Sciences of 
Extreme Materials 

Dr. Dean Culver; Mechanical Sciences 

Metamaterials research has categorically demonstrated the potential for microarchitected materials 
to surpass the intrinsic properties and functionality of natural and conventional materials. Notable 
advances in chemical triggering mechanisms and nanomaterial assembly has opened doors to 
fabricating stimuli-responsive mechanical metamaterials with unprecedented architectural control. 
However, realizing the utmost potential for rationally designed active metamaterials requires research 
on the role of interfacial phases as well as pathways for integrating modern understanding of 
metamaterial wave dynamics and topological mechanics. To fully realize the potential of responsive 
metamaterials, this MURI is focused on creating stimuli-responsive mechanical metamaterials with 
precise nanoscale interparticle, interfacial, and functional control. 

The MURI began in FY20 and was awarded to a team led by Prof. Nicholas Boechler (University of 
California, San Diego). To address this challenge, Prof. Boechler proposes to investigate the fundamental 
structure–activity relationships that govern the interplay of metamaterial mechanics and changes 
in the properties of the primary constituent material. More specifically, the MURI team will target 
challenges at the intersection of metamaterials and stimuli-responsive materials including the slow 
active response in metamaterials with stimuli-responsive constituent materials, the one-way response 
of stimuli-responsive constituent materials, and the application of these topological mechanics 
at micro- to sub-nanoscales. This will be achieved by pursuing a series of experiments where the 
responsive chemistries employed act as chemical triggers that will initiate chemical signals in the 
form of electrons and protons, which will induce a material response in the form of change in modulus, 
shape, or addition/removal of material. These advances will lead to new types of metamaterials that 
have unprecedented capabilities for energetic transformation and wave control, ultimately informing 
the design of DoD-relevant stimuli responsive material systems.
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ACTIVE MURIs THAT BEGAN IN FY19

How Sleep Clears Your Brain: Slow Waves, Glymphatic 
Waste Removal, and Synaptic Down-Selection

ARL Competencies:

Humans in Complex Systems

MURI Author(s) and Manager(s):

Dr. Dean Culver; Mechanical 
Sciences 

Dr. Frederick Gregory; Humans in 
Complex Systems 

The MURI began in FY19 and was awarded to a team led by Prof. Maiken Nedergaard (University of 
Rochester). The goal of this MURI is to develop a framework describing the interplay of small-scale 
multiphase flows with biochemical and neurophysiological processes to quantitatively characterize 
glymphatic clearance dynamics and regulation mechanisms. This framework should account for 
disparate scales in both length and time, such that the reciprocal impact of cellular-scale processes 
on system-level regulatory phenomena (e.g., sleep) can be described and predicted. Additionally, 
strategies for exogenous manipulation of waste clearance to assess the impact on neurocognitive 
performance (e.g., alertness, learning, and memorization) should be explored.

The objective of this proposal is to examine the hypothesis that slow waves and the underlying ON/
OFF bistability of thalamic and cortical neurons not only drive synaptic down-selection but also 
promote glymphatic flow by the coordinated movement of ions (Na+, K+, Cl-) across the neuronal 
membranes during UP and DOWN states, which move from front to back and are detected as slow 
wave activity (SWA). The proposal seeks to (1) demonstrate at the highest possible temporal and 
spatial resolution that glymphatic function, synaptic down-selection, and slow waves are linked; (2) 
characterize the underlying mechano-electro-chemical mechanisms that link these processes; and 
(3) determine whether facilitating these processes can increase the beneficial effects of sleep and
improve neurocognitive performance.

Formal Foundations of Algorithmic  
Matter and Emergent Computation

ARL Competencies:

Humans in Complex Systems

Network, Cyber, and 
Computational Sciences

Mechanical Sciences

MURI Author(s) and Manager(s):

Dr. Dean Culver; Mechanical 
Sciences 

Dr. Paul Baker; Photonics, 
Electronics, and Quantum Sciences 

The MURI began in FY19 and was awarded to a team led by Prof. Dana Randall (Georgia Institute of 
Technology). The MURI has two concurrent objectives: (1) synthesize advances in nonequilibrium 
information physics with natural algorithms and decentralized control to identify principles governing 
how local algorithms, negative and positive feedback, fluctuation amplification, and the topology of 
information flow lead to unanticipated patterns and information processing in natural self-organizing 
systems; and (2) develop novel experimental systems to challenge and extend the theory and 
additionally achieve directed self-organization. That is, demonstrate guided discovery of optimal 
information processing patterns or reconfigurable robustness to harmful emergent phenomena (e.g., 
failure modes) by actively biasing the environment or manipulating the self-organization information-
energy landscape.

The MURI focuses on systems that define algorithmic (active) matter: ensembles of particles that 
interact locally leveraging their physical characteristics and their interaction with the environment, 
using limited computational resources, bounded communication, and bounded memory to achieve 
complex tasks.

The specific objectives of the proposed effort are to (1) predict physical and computational requirements 
for emergent computation, (2) determine what nonequilibrium characteristics cause these systems 
to evolve toward the desired emergent behavior, and (3) design efficient collective computational 
systems to achieve specific task-oriented goals.

Networked Palynology Models 
of Pollen and Human Systems

ARL Competencies:

Biological and Biotechnology Sciences

Humans in Complex Systems

MURI Author(s) and Manager(s):

Dr. Micheline Strand; Biological and 
Biotechnology Sciences 

The MURI began in FY19 and was awarded to a team led by Prof. Anthony Grubesic (Arizona State 
University). The goal of this MURI is to develop both mathematical and computational modeling 
approaches that will transform our ability to model and predict the distribution of plant species and 
pollen across space and time. These advances will create a completely new capability: the ability to 
accurately model and predict species distribution, with human effects fully integrated. 

The objective of the proposed research is for biologists, geographic information scientists, and social 
scientists to work together to develop, instantiate, and validate networked palynology models of pollen 
and human systems to exploit the geographic information embedded in pollen for forensic purposes. 
The investigators will develop an open-source geocomputational toolbox based on next-generation 
species distribution models, which will locate forensic and other samples that are geographically 
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indeterminate based on inputs from pollen DNA metabarcoding. They will extend the use of standard 
DNA metabarcoding for identifying pollen samples, with a particular focus on quantification not just 
presence/absence. They will develop a rapid-deployment sampling framework for capturing airborne 
pollen and also use pollinators as environmental samplers, particularly for low-abundance pollen. They 
will develop quantitative validation methods for determining the accuracy, precision, and uncertainty 
of developed species distribution models and geocomputational models. Pollen samples, including 
forensic, airborne, and pollinator from a variety of geographically known sources, will be used. Finally, 
they will leverage their strengths in social network models and applications as well as mathematical 
optimization to enhance the inference and predictive elements of the proposed work to extend the 
model from single-location attribution to multi-location attribution.

Near-Field Radiative Heat Transfer and Energy Conversion 
in Nanogaps of Nano- and Meta-Structured Materials

ARL Competencies:

Energy Sciences

Photonics, Electronics, 
and Quantum Sciences

MURI Author(s) and Manager(s):

Dr. Chakrapani Varanasi; Sciences of 
Extreme Materials 

Dr. James Harvey; Photonics, 
Electronics, and Quantum Sciences 

The MURI began in FY19 and was awarded to a team led by Prof. Sangi Reddy (University of Michigan). 
The goal of this MURI is to determine the mechanisms responsible for radiative heat transfer between 
the surfaces of nanomaterials and between metasurfaces separated by nanoscale gap sizes in near-
field and extreme near-field regimes and discover possible novel phenomena enabled by novel nano-
materials/structures in these regimes. 

The objective of this proposal is to understand the fundamental principles of novel near-field radiative 
heat transfer (NFRHT) phenomena such as NFRHT in ångström-sized gaps (i.e., extreme NFRHT 
[eNFRHT]) and NFRHT between non-reciprocal, nanostructured 2D and phase-change materials, as 
well as novel near-field energy conversion phenomena. The technical approach is based on a solid 
theoretical foundation and backed by sufficient computational studies. The proposed experimental 
platform to explore various NFRHT phenomena is proven and feasible. There is a series of novel materials 
and designs planned including dynamic control of NFRHT with phase-change materials, gate-tunable 
NFRHT, metasurfaces for spectral control, and eNFRHT in nanogaps. 

One novel and very exciting concept proposed by the team includes a persistent thermal current akin 
to the quantum Hall effect (QHE). The team has proposed a clever approach that should allow such 
counterintuitive persistent currents. Another strong component of the proposal is the incorporation 
of near-field energy conversion. By including thermophotovoltaics into the NFRHT concepts, the 
team aims to advance the fundamental science and engineering of this aspect of energy conversion.

Investigating Energy Efficiency, Information 
Processing, and Control Architectures of  
Microbial Community Interaction Networks

ARL Competencies:

Network, Cyber, and 
Computational Sciences

Biological and Biotechnology Sciences

MURI Author(s) and Manager(s):

Dr. Robert Kokoska; Biological and 
Biotechnology Sciences 

Dr. Derya Cansever; Military 
Information Sciences 

The MURI began in FY19 and was awarded to a team led by Prof. James Boedicker (University of 
Southern California). The goal of this MURI is to develop and validate a computational understanding 
of how information transfer arises within system architectures in biological communities across 
nature’s evolutionary space and identify universal scaling principles from those models that are 
common to these various community structures. 

The objective of this MURI is to develop a comprehensive model of biological communication by 
integrating four interconnected aspects of information flow within networks that span multiple scales 
of biological organization: (1) the connection between single-cell heterogeneity and decision-making 
within populations, (2) the optimization of information flow over multiple length and time scales, 
(3) the robustness and controllability of complex dynamic systems, and (4) information exchange
between multiple layers of biological organization and the scaling of communication architectures 
for unicellular organisms to networks of multicellular organisms.

Predicting and Controlling the Response of  
Particulate Systems through Grain-Scale Engineering

ARL Competencies:

Network, Cyber, and 
Computational Sciences

Mechanical Sciences

The MURI began in FY19 and was awarded to a team led by Prof. Jose Andrade (California Institute of 
Technology). The goal of this MURI is to enable efficient and accurate simulation of granular systems 
in nature and link particulate behavior across scales to enable efficient control algorithms within 
these systems. 

This proposal will establish a framework to predict the continuum behavior of particulate systems by 

MURI Author(s) and Manager(s):

Dr. Joseph Myers; Weapons Sciences

Dr. Julia Barzyk; Mechanical 
Sciences 
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understanding and engineering a set of grain-scale features, termed here dynamic network attributes. 
The proposed work will develop the hypothesis that continuum behavior is encoded at the scale 
where neighboring grains interact. This proposal takes a radically different approach from the state 
of the art by directly embracing the interconnection between the different spatial scales that interact 
in granular assemblies: grain, meso, and continuum scale. The MURI builds on multiple areas of 
knowledge including physics, mechanics, mathematics, and engineering. The multidisciplinary 
approach affords the proposal the great advantage of transforming the state of knowledge across 
disciplinary boundaries that, historically, have been silos of specialized knowledge. Likewise, it will 
use and develop the most advanced experimental techniques (e.g., x-ray, force measurements) and 
connect these to continuum building blocks such as effective stress and constitutive models. Each of 
the areas is led by world experts in the field. The project will also strike a balance among theoretical, 
experimental, and computational approaches covering more than 6 orders of magnitude.

MURI Author(s) and Manager(s):

Dr. Joseph Myers; Weapons Sciences

Dr. Julia Barzyk; Mechanical 
Sciences 

Quantum State Control of Molecular Collision DynamicsARL Competencies:

Photonics, Electronics, 
and Quantum Sciences

Electromagnetic Spectrum Sciences

MURI Author(s) and Manager(s):

Dr. James Parker; Sciences of 
Extreme Materials 

Dr. Margaret Shea; Photonics, 
Electronics, and Quantum Sciences 

The MURI began in FY19 and was awarded to a team led by Prof. Arthur Suits (University of Missouri). 
The goal of The MURI is to prepare high densities of molecular species in selected vibrational, rotational, 
and angular momentum states and study their reactive and nonreactive scattering dynamics in cold 
molecular beams.

The objective of the proposed research is the preparation of high densities of quantum states in 
molecular beams using techniques of quantum control and the study of quantum molecular collision 
dynamics as a function of the initially prepared state. Quantum degrees of freedom to be controlled in 
state preparation include translational, rotational, vibrational, and electronic. The research approach 
will draw on experimental and theoretical developments pioneered by the team members who hail 
from both chemistry and physics departments. Specifically, the team will pursue new coherent state 
preparation methods using lasers and molecular beams to generate molecules in perfectly defined 
vibrationally excited initial states, then use these uniquely prepared reactants in novel scattering 
experiments. At the same time, state-of-the-art theoretical investigations of the interatomic forces and 
the quantum scattering processes will be used to understand, model, and interpret the experimental 
results. The effort will probe new aspects of molecular interactions and chemical reactivity under 
highly controlled conditions. The following thrust areas in the proposal relate to the various approaches 
to be taken: Stark-induced Adiabatic Raman Passage and Related Methods, Stimulated Emission 
Pumping, Photo Association and Direct Cooling, Machine Learning and Electronic Structure Theory, 
and Collision Dynamics. 

Foundations of Decision-Making with  
Behavioral and Computational Constraints

ARL Competencies:

Humans in Complex Systems

MURI Author(s) and Manager(s):

Dr. Robert St. Amant; Military 
Information Sciences 

Dr. Edward Palazzolo; Humans in 
Complex Systems

The MURI began in FY19 and was awarded to a team led by Prof. Ali Jadbabaie-Moghadam 
(Massachusetts Institute of Technology). The goal of this MURI is to create predictive models of 
information flow through (human) networks (with biases) through generalization of noncommutative 
probability theory and information theory.

The approach proposed is to interpret bounded rationality as the result of limited resources and 
ambiguity in language among humans, rather than as one necessitating complicated mathematics to 
interpret humans. The team will use inspiration from successful use of resource-boundedness in Turing 
machines to describe both structural and computational complexity, and derive a family of models 
between bounded and unbounded rationality. In doing so, the team will integrate both cognitive science 
and computational social science perspectives to address problems in decision theory. Experiments 
by the cognitive scientists on the team would be used to validate the mathematical theories proposed.

The proposed approach is to approximate non-Bayesian reasoning using a form of Bayesian reasoning 
under structural and resource constraints, an idea borrowed from complexity theory in theoretical 
computer science, starting with current work on explaining a DeGroot-style reasoning (a nonlinear, 
non-Bayesian) system as Bayesian reasoning under certain resource constraints. The proposed work 
will make use of ideas from nonlinear utility, sampling, planning, distributed learning, computation 
complexity, etc., and is divided into three thrusts: (1) developing foundational models of individual 
decision-making under computational and cognitive constraints, aiming to build from principled and 
well-documented behavioral biases and deviations from rationality; (2) developing a theory of group 
decision-making, along with a framework for analyzing decision-making models; and (3) executing 
computational and online experiments to test the theories from thrusts 1 and 2.
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ACTIVE MURIs THAT BEGAN IN FY18

Ab-Initio Solid-State Quantum Materials: Design, 
Production, and Characterization at the Atomic Scale

ARL Competencies:

Sciences of Extreme Materials

Photonics, Electronics, 
and Quantum Sciences

MURI Author(s) and Manager(s):

Dr. Chakrapani Varanasi; Sciences of 
Extreme Materials 

Dr. Sara Gamble; Photonics, 
Electronics, and Quantum Sciences 

The MURI began in FY18 and was awarded to a team led by Prof. Dirk Englund (Massachusetts Institute 
of Technology). The goal of this MURI is to develop novel solid-state host materials with unique color 
centers exhibiting extraordinary quantum properties at room temperature (low spectral diffusion, 
long coherence times, etc.), determine the composition processing defect property relationships 
governing these unique properties, and explore new concepts in quantum science (e.g., multi-photon 
states, etc.) enabled by these new materials. In the long term, discoveries from this MURI may lead 
to several key quantum technologies, including single- and entangled-photon emission, quantum 
sensors, and quantum memories.

Significant progress has been achieved in understanding and utilizing the quantum properties of optically 
addressable nitrogen-vacancy (N-V) color centers in diamond for quantum sensing and communication; 
however, further advances have been severely limited by difficulties in achieving exact placement of 
N-V centers, light collection due to the high refractive index of diamond, large-scale integration, and 
low qubit yield. Superior solid-state host materials include 3D wide bandgap semiconductors (e.g., 
silicon carbide [SiC], zinc oxide [ZnO], etc.) and recently discovered atomically thin 2D vdW materials 
(e.g., hexagonal boron nitride [h-BN], WSe2). With varieties of optically addressable color centers 
(far beyond N-V centers) are very attractive alternatives to advance this science. In addition, these 
alternative materials could also offer new opportunities not yet accessible such as multi-photon states, 
interactions between color centers, nonlinear quantum optics, etc. 

The MURI team will employ extensive expertise in ab-initio calculations, 2D materials fabrication and 
manipulation, 3D atomic imaging, and quantum spectroscopy to enable an integrated feedback loop 
of ab-initio design, fabrication, imaging, and characterization of quantum materials at the atomic 
scale. The team is also developing first-of-a-kind tools for reconstructing 3D and 2D materials fully 
at the atomic scale, and developing revolutionary tools for nanometer-scale and even atomic-scale 
fabrication of quantum emitter systems. Lastly, the team will develop revolutionary chip-integrated 
quantum devices, including for quantum error corrected memories, entanglement-assisted sensors, 
and super-radiance/sub-radiance control.

Multiscale Integration of Neural, Social,  
and Network Theory to Understand and  
Predict Transitions from Illness to Wellness

ARL Competencies:

Humans in Complex Systems

MURI Author(s) and Manager(s):

Dr. Edward Palazzolo; Humans in 
Complex Systems 

Dr. Frederick Gregory; Humans in 
Complex Systems

The MURI began in FY18 and was awarded to a team led by Prof. Emily Falk (University of Pennsylvania). 
The goal of this MURI is to identify and model the coevolutionary dynamics of neural, cognitive, and 
social networks as people transition between illness and wellness while engaged in rapid integration 
treatment modalities. In the long term, discoveries from this MURI may reveal the neural and social 
network mechanisms involved in the transition from illness to wellness, and identify specific mechanisms 
that can be efficiently targeted to identify and alter the trajectory of adverse behavior (e.g., substance 
abuse) that may impact an individual’s or team’s safety.

Network science advances in social network analytics and brain connectomics allow for greater 
understanding of network effects impacting mood and brain states. New mathematical and statistical 
models allow for unprecedented analysis of information dissemination and decision-making. Recent 
research shows the impact of complex interactions between people’s behavior and the route of 
messages through their social networks with respect to smoking behaviors, obesity, and the spread 
of happiness. Likewise, studies exploring mindfulness show measurable impact on human behavior 
as well as communication patterns between several brain regions. With greater understanding of the 
impact of social network connections (such as family, friends, healthcare teams, and weak ties) on the 
behavior of individuals embedded in society, attention must be turned to developing a foundational 
science to quantify how individuals’ bodies and minds are impacted by such social forces and vice versa.

Neuroscience advances in mapping human neural activity can now be combined with social and 
cognitive network research to understand how people are connected to others and the causal impact 
of messages from their social network on changes in their brain states. These advances are relevant 
to understanding individuals who suffer from a variety of conditions such as post-traumatic stress 
disorder (PTSD), depression, anxiety disorder, substance abuse/addiction, and fibromyalgia/chronic pain.
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This project is developing a multiscale model of intra-individual (i.e., neural, cognitive, physiological) 
and extra-individual (i.e., social) processes using an experimental manipulation of mindfulness and 
hypnosis, and characterizes interactions between baseline social network resources and regulatory 
strategy on dynamic neural responses and controllability, and downstream cognitive, physiological, 
and behavioral outcomes. The team will also experimentally perturb social network structure to further 
validate and refine the model.

Multiscale Network Games of Collusion and CompetitionARL Competencies:

Humans in Complex Systems

Network, Cyber, and
Computational Sciences

Military Information Sciences

MURI Author(s) and Manager(s):

Dr. Robert St. Amant; Military 
Information Sciences 

Dr. Edward Palazzolo; Humans in 
Complex Systems

The MURI began in FY18 and was awarded to a team led by Prof. Mingyan Liu (University of Michigan). 
The goal of this MURI is to create a new compositional game theory framework for characterizing the 
dynamics of interaction between multi-genre networks that could potentially share members or have 
weak links. In the long term, discoveries from this MURI may lead to new methods to drive improved 
agility of DoD responses to a broad spectrum of real-world security risks, as risk heterogeneity is 
fundamentally tied to scale, spanning nation states and lone-wolf actors.

Advances in scalable algorithmic techniques have made game theory a practical tool in a number 
of security-related applications, especially in the context of adversaries and defenders modeled in a 
two-party game. In practical situations, however, there are social networks that underlie adversarial 
and defender groups, respectively, with potential weak links between members of opposing groups 
that are effectively used by both groups to infiltrate the other. Examples include the use of double 
agents in infiltrating gangs and non-state adversarial groups, targeting of weak members in a herd 
of deer, targeting of specific T-cells in tumors, etc. The dynamics of networks on networks is an ill-
understood problem, especially the use of weak links in strategic decisions. Furthermore, there are 
situations, such as in modeling adversarial groups embedded in an ally’s host population, where the 
need to consider multi-party interactions at multiple scales becomes important. The host population 
while agreeing that the adversarial group is a threat to society is nevertheless sympathetic to the 
issues raised by the adversarial group. In such cases, an intuitive strategy might be to influence the 
sentiment of the masses while targeting individuals in the adversarial group with each success (or 
failure) of the defender, resulting in a weakening (or emboldening, respectively) of the adversarial 
group. A meaningful mathematical analysis would require a multiscale framework in which both the 
coarse-grained model (e.g., of the host population) and the fine-grained model (of the social network 
of adversaries) need to be reasoned about.

This project is addressing the notion of abstraction and refinement in the context of network games, a 
class of n-party games where the network structure among the participants plays a role in distributed 
strategies. The research is addressing inference and decision/control problems. The inference problems 
involve studies to identify a multiscale network structure from potentially incomplete observational 
data. The decision/control problems involve the design of effective control and intervention schemes 
at appropriate levels of the network in order to induce desirable individual as well as group behaviors.

New Materials from Dusty PlasmasARL Competencies:

Sciences of Extreme Materials

MURI Author(s) and Manager(s):

Dr. Michael Bakas; Sciences of 
Extreme Materials 

Dr. James Parker; Sciences of 
Extreme Materials 

The MURI began in FY18 and was awarded to a team led by Prof. Uwe Kortshagen (University of 
Minnesota). The goal of this MURI is to elucidate and control plasma-material dynamics, concomitant 
with complementary novel consolidation strategies, to realize robust plasma-based synthesis of 3D 
free-standing macrostructures via controlled consolidation of a wide range of discrete dust particles. 
In the long term, discoveries from this MURI may lead to directed-energy applications and advanced 
metamaterials with responsive properties for sensing and protection.

Research over the last decade has demonstrated that plasmas offer a means of levitating and manip-
ulating “dust” particles of any material into controlled organized structures (i.e., plasma “crystals”) of 
up to tens of centimeters in size. Concurrently, magnetic plasma confinement chambers have shown 
abundant material accumulation and fast convective transport. This accumulation motivated advances 
in the understanding of plasma magnetohydrodynamics (MHD), in addition to accurate predictions 
of the spatial distribution of dust particles and their individual trajectories. These efforts provide the 
scientific basis to realize a new paradigm in custom material design: consolidation of 3D free-standing 
materials and structures from plasma “dust.” As plasmas can be created from any element and any 
material can be arranged in a plasma crystal, novel chemical reactions can be identified incorporating 
the free electrons, ions, and neutrals of a plasma to enhance manipulation and consolidation.

The MURI team is pursuing these studies at four highly interconnected levels: synthesis of particle 
building blocks, consolidation of these building blocks into macroscopic materials, materials design 
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and characterization, and overarching theory and simulation. At the synthetic level, research will 
focus on advancing the state of the art from the current level of producing particles with homogeneous 
chemical composition of well-known phases to particle materials with nonequilibrium phases and 
composed of heterostructures. At the plasma consolidation level, the team will focus on controlling 
agglomeration to assemble macroscopic materials and elucidating the new physical mechanisms 
that will be encountered when incorporating dust crystals into free-standing macroscopic materials. 
Materials characterization will focus on establishing processing–structure–property relationships and 
demonstrating new material design paradigms on test-bed photonic materials.

Quantum Control Based on Real-Time  
Environment Analysis by Spectator Qubits

ARL Competencies:

Network, Cyber, and
Computational Sciences

Photonics, Electronics, 
and Quantum Sciences

MURI Author(s) and Manager(s):

Dr. Sara Gamble; Photonics, 
Electronics, and Quantum Sciences 

Dr. T. R. Govindan; Photonics, 
Electronics, and Quantum Sciences 

Dr. Dean Culver; Mechanical Sciences 

The MURI began in FY18 and was awarded to a team led by Prof. Kenneth Brown (Duke University). 
The goals of this MURI are to discover and devise approaches in which new, sensing, “spectator” qubits 
enable real-time characterization and verification of classical environmental factors, which, when 
uncontrolled, decohere qubits, and develop optimal statistics and computer science based techniques 
for collecting and analyzing spectator qubit data. In the long term, discoveries from this MURI have 
broad applicability to all areas of quantum information science, which is of great interest to the DoD 
for potential needs in logistics, optimization, and the quantum simulation of materials.

A multidisciplinary focus on qubit physics, materials, fabrication, and operation has resulted in orders 
of magnitude improvements in key qubit performance metrics. Concurrently, new computer science, 
statistics, and engineering based control techniques such as Hamiltonian parameter estimation, 
machine learning, and robust control of classical fields have enabled novel quantum control and 
feedback approaches. The time is opportune to expand the necessary multidisciplinary approach to 
a systems view of a complex quantum system operating in a classical environment by integrating the 
new control, feedback, and sensing concepts with qubit physics to provide the next order of magnitude 
improvement in qubit performance. Currently, in state of the art, the qubit classical environment is 
rarely fully characterized during qubit operations in a qubit-focused, rather than an integrated system-
focused, experiment. 

Qubits often provide the most sensitive and precise measurements of the variability and noise in the 
classical environment in which they operate and, consequently, have recently been developed as high-
performance sensing and metrology tools. Recent quantum sensing advances provide the opportunity 
for real-time control of the qubit classical environment via a novel combination of qubit sensing, 
statistics, ML, and control approaches. In the new paradigm, qubit sensor-based characterization and 
verification of classical control fields conducted by a distinct set of “spectator” qubits located in the 
vicinity of the data qubits are visualized. 

The MURI team is exploring this new paradigm by investigating the potential role of spectator qubits to 
quantify noise in quantum systems in real time and developing control strategies for high-performance 
operations that can be updated based on this information. The team will aim to characterize the noise 
using three methods: classical detectors, sensing with the data qubit, and real-time measurement of 
an integrated spectator qubit..

Science of Embodied Innovation, Learning, and Control ARL Competencies:

Humans in Complex Systems

Mechanical Sciences

MURI Author(s) and Manager(s):

Dr. Dean Culver; Mechanical Sciences 

The MURI began in FY18 and was awarded to a team led by Prof. Daniel Koditschek (University of 
Pennsylvania). The goal of this MURI is to explore the emergence of embodied learning and control 
within natural and synthetic systems operating in uncertain and changing environments to develop 
a methodology that predicts statistical synchronization patterns among intrinsic nonlinear dynamics, 
sensing, and actuation to enable real-time model learning and adaptation. In the long term, discoveries 
from this MURI may lead to new paradigms to design and develop agile and dexterous autonomous 
systems capable of operating in any terrain and under battlefield conditions.

Progress in agile robotics has been limited by control methods reliant on optimization about linearized 
passive dynamics and nearly ideal sensing. A robot’s mobility depends on its capacity to move energy 
from a store to its mass center along the right degrees of freedom at the right time by actuating 
appendages toward the periphery where it meets the environment. Because there is a premium on 
getting this work done quickly, power (the rate at which actuators can move Joules) is a first scarce 
resource. The information required to direct these outward flows appropriately must also be generated 
from some prior memory combined with feedback decisions made using real-time streams. Moreover, 
since the purposes of mobility are inevitably linked to the robot’s knowledge about the environment as 
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well as the task, its ability to bring information from the periphery inward to the core at adequate rates 
inevitably presents a challenge simultaneous with and dual to its management of outward power flows.

A key focus of this research is to uncover the design of morphology, mainly the nature of limbs and 
body and their endowment with actuation and perceptual resources, to promote effective interaction 
between energy and information streams over contrasting scales of length and time. The project also 
aims to discover how to evolve, use, and revise this endowment to achieve goal-directed mobility; 
creating new solutions to sensorimotor limitations and challenges represents the second focus.

Stimuli-Responsive Control of  
Protein-Based Molecular Structure

ARL Competencies:

Biological and Biotechnology Sciences

MURI Author(s) and Manager(s):

Dr. Stephanie McElhinny; Biological 
and Biotechnology Sciences 

Dr. Dawanne Poree; Sciences of 
Extreme Materials 

The MURI began in FY18 and was awarded to a team led by Prof. Milan Mrksich (Northwestern 
University). The goal of this MURI is to enable dynamic control over the motion of protein domains via 
incorporation of stimuli-responsive dynamic bonding chemistries (excluding disulfide/thiol linkages) 
to control protein function. In the long term, discoveries from this MURI may lead to engineered 
enzymes that provide a readily accessible supply of molecules that are currently difficult or impossible 
to produce or protein biomaterials with tunable mechanical properties for broad applications from 
antibiotics to optical storage materials.

In biological systems, function is determined by structure. This structure–function relationship is 
particularly striking for proteins, where function is not solely determined by a static structure, but is 
also dependent on dynamic motions of subdomains within the folded protein. The most commonly 
observed domain motions are hinge and shear motions that occur in response to ligand binding, such 
as the hinge closure of hexokinase upon binding of glucose. To realize the full promise of engineered 
biological systems, mechanisms to exert dynamic control over protein structure are critical to enable 
regulation of protein activity.

Chemists have recently demonstrated incorporation of non-natural chemical functional groups into 
proteins that support synthetic bonding chemistries, including novel protecting groups that provide 
control over the accessibility of bonding moieties using applied external stimuli. Moreover, a variety 
of dynamic chemical switches have been developed for synthetic polymer systems in recent years, 
expanding the range of dynamic bonding chemistries that could be used for protein engineering. In 
recent years, a variety of dynamic bonding schemes have been introduced into synthetic polymer 
systems that enable triggered structural changes in response to applied stimuli, such as light, changes 
in pH, mechanical stress, and redox conditions. In these structurally dynamic polymers, macroscopic 
changes originate from a change in the polymer’s molecular architecture through the controlled 
formation/breakage of bonds, providing a linkage between molecular structure and macroscopic 
properties that is not typically inherent in synthetic polymer systems. These dynamic chemical 
switches provide an opportunity to bring structural, and thus functional, control to protein biopolymers.

The MURI team is employing these biological and chemical principles to design reversible covalent 
chemistries that can be used to regulate the conformations of protein-based structures, and combine 
experimental and computational approaches to design and demonstrate large-scale conformational 
changes in protein-based structures in response to an applied stimulus.

Toward a Multiscale Theory on Coupled  
Human Mobility and Environmental Change

ARL Competencies:

Humans in Complex Systems

Network, Cyber, and
Computational Sciences

MURI Author(s) and Manager(s):

Dr. Lisa Troyer; Cross-Competency 
Program Integration

Dr. Derya Cansever; Military 
Information Sciences 

The MURI began in FY18 and was awarded to a team led by Prof. Rachata Muneepeerakul (University 
of Florida). The goal of this MURI is to create a theory integrating environmental change, human social 
system dynamics, and the corresponding interdependencies to create and validate predictive models 
that capture these dynamics to anticipate the trajectory of environmental change and human effects 
on these changes. In the long term, discoveries from this MURI may lead to new tools to advance 
situational awareness and facilitate operational decision-making, including the identification of 
emerging regions of potential conflict and risk.

Large-scale environmental changes such as floods, earthquakes, and droughts can drive social 
mobility, which often precipitate new population migration patterns that, in turn, affect health, crime, 
and sociopolitical instability as humans relocate to access critical resources. However, the ability to 
model, theorize, and predict the interdependencies among environmental change and human social 
system dynamics remains a scientific challenge. Successful models of social–natural interdependence 
must account for the unique temporal/spatial scales of those systems, the factors determining action, 
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and the natural and social constraints placed on those actions. These requirements pose substantial 
analytic challenges that no single discipline has been able to overcome.

This project is modeling population dynamics as movements of people over multilayer networks, 
each with interdependencies between natural environments and social institutions (e.g., governance 
structures, religious belief systems, kin networks). There will be four case studies that develop the 
modeling through natural disasters (e.g., hurricane), degrading economic systems (e.g., inflation), 
and two cases that integrate natural disasters and natural crises to capture secondary pushes that 
accelerate migration). Consequently, the project captures a range of effects across systems, including 
the ability to contrast sudden shocks and gradual degradations. An important feature of the modeling 
and testing approach is the use of Bayesian frameworks to assess the relative contributions of global 
sensitivity measures and expert opinion inputs on prediction of migration pathways.

ACTIVE MURIs THAT BEGAN IN FY17

Abelian Bridge to Non-Abelian Anyons 
in Ultra-Cold Atoms and Graphene

ARL Competencies:

Photonics, Electronics, 
and Quantum Sciences

Sciences of Extreme Materials

MURI Author(s) and Manager(s):

Dr. Margaret Shea; Photonics, 
Electronics, and Quantum Sciences 

Dr. Chakrapani Varanasi; Sciences of 
Extreme Materials 

The MURI began in FY17 and was awarded to a team led by Prof. Andrea Young (University of California, 
Santa Barbara). The goal of this MURI is to unambiguously realize new systems exhibiting the physics 
of anyons and verify their topological protection against decoherence.

The unparalleled potential capabilities of quantum sensors and quantum computers hinge upon 
finding systems that can be well controlled and robust against decoherence. Anyons are quasiparticles 
with fractional quantum statistics that can exist in low-dimensional systems and whose topological 
properties allow one to create quantum states that are protected from many sources of decoherence. 
The experimental evidence of the fractional quantum Hall effect (FQHE) was a landmark demonstration 
of topological order and fractional (anyonic) statistics in a 2D electronic system. However, the fragility 
of the FQHE states, in which interesting anyons can exist, has prevented this approach from advancing 
despite decades of improvements in material quality. On the other hand, the recent experimental 
realization of Majorana modes by several groups provides an important scientific opportunity to 
explore these intriguing quasiparticles and provides a possible pathway to realize more general 
anyonic systems. Advances in 2D materials, including topological surface states, new measurement 
capabilities, and recent theoretical progress in analyzing strongly correlated systems are rapidly 
advancing toward additional breakthroughs. This MURI effort will include studies of intrinsic anyons 
alongside extrinsic, synthetic approaches. The realization of these new robust states can pave the 
way for advances in universal decoherence-free quantum sensors and computation as well as provide 
materials with currently unachievable properties that can be explored scientifically.

Adaptive Self-Assembled Systems ARL Competencies:

Sciences of Extreme Materials

Electromagnetic Spectrum Sciences

Mechanical Sciences

MURI Author(s) and Manager(s):

Dr. Evan Runnerstrom; Sciences of 
Extreme Materials 

Dr. Dawanne Poree; Sciences of 
Extreme Materials 

The MURI began in FY17 and was awarded to a team led by Prof. Anna Balazs (University of Pittsburgh). 
The goal of this effort is to develop experimental and theoretical approaches to integrate microscopic 
forms of self-organization with a scalable means of additive 3D fabrication.

Recent research related to the bottoms-up assembly of material has demonstrated the feasibility of 
using tailored short-range interactions to drive the assembly of functional clusters and macromolecular 
assemblies that are capable of performing basic functions such as catalysis, energy harvesting, color 
change, and actuation. However, it is not currently possible to go beyond basic functionality and 
establish hierarchically ordered systems that display complex functional integration and dynamic 
system response. In particular, multifunctional structures with specifically targeted properties and 
robust feedback and control mechanisms that can embody aspects of emergent behavior and robust 
reconfiguration remain well beyond reach. This effort aims to establish the knowledge and expertise base 
needed to enable the design and directed assembly of nano-building blocks into complex, hierarchical 
3D architectures capable of long-range control over multifunctional behavior and smart/dynamic 
responses using an additive 3D material assembly approach. The research is organized around three 
major thrusts: (1) assembly of microscale musculoskeletal frameworks, (2) transduction of energy 
to enable functionality, and (3) additive manufacturing of large-scale dynamic material systems. If 
successful, the research will enable the development of artificial “smart” materials and structures 
that exhibit tightly coupled capabilities for sensing environmental cues and then transducing energy 
to perform useful, situation-specific dynamic responses.
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Data-Driven Operator Theoretic Schemes  
to Prediction, Inference, and Control of Systems

ARL Competencies:

Mechanical Sciences

MURI Author(s) and Manager(s):

Dr. Dean Culver; Mechanical 
Sciences 

The MURI began in FY17 and was awarded to a team led by Prof. Igor Mezić (University of California, 
Santa Barbara). The objective of this MURI is to develop a spectral decomposition theory that 
encompasses elements of ergodic theory, geometric theory of dynamical systems, and functional 
analysis via the spectral theory of linear infinite-dimensional operators, control theory, ML for inference, 
prediction, and uncertainty analysis.

The MURI team approach will be to study systems in which there exists a model (e.g., the Navier–Stokes 
equation for fluid flow) as well as systems with no model (e.g., data streaming either from physical 
sensors or unstructured data). In both cases, the team will develop efficient methods to extract the 
correct descriptive variables via spectral properties of associated operators. The main theory topics to 
be pursued will expand the current reach of spectral expansion analysis: (1) stability theory for general 
attractors, treatment of continuous spectrum; (2) uncertainty analysis and spectral expansion theory 
of the Perron–Frobenius operator for observable evolution; (3) extensions to inference, prediction, 
and control; (4) spectral expansions for finite-time analysis; and (5) non-smooth systems. The main 
numerical analysis topics to be pursued will expand the current reach of spectral expansion analysis: 
(1) proofs of convergence of finite-dimensional approximations to spectral objects of the infinite-
dimensional Koopman and Perron–Frobenius operators; (2) algorithms for finite-time analysis in 
nonautonomous and control systems; (3) algorithms for extraction of finite-dimensional models from 
data for inference, prediction, and control; (4) rigorous use of ML algorithms in spectral expansion theory;
and (5) use of spectral expansion theory for development of next-generation, real-time computational 
tools for complex physics with applications to vortex dynamics. Finally, the team will investigate 
experimental and data analysis topics to expand the current reach of spectral expansion analysis: 
(1) network monitoring problems arising in cybersecurity, (2) experiments in locomotion for a class
of hybrid oscillators, (3) experiments on finite-time vortex stability, and (4) experiments on one of 
the most vexing continuous spectrum problems—turbulence in fluid–structure interactions leading 
to large deformations. All of these areas span DoD interests such as helicopter dynamics, robotics, 
and cybersecurity. These developments in this MURI will lead to a massive changes in design, data 
inference, and control of systems possessing a very broad set of nonlinear features.

Dissecting Microbiome-Gut-Brain Circuits for Microbial 
Modulation of Cognition in Response to Diet and Stress

ARL Competencies:

Biological and Biotechnology Sciences

Humans in Complex Systems

MURI Author(s) and Manager(s):

Dr. Frederick Gregory; Humans in 
Complex Systems 

Dr. Robert Kokoska; Biological and 
Biotechnology Sciences 

The MURI began in FY17 and was awarded to a team led by Prof. Elaine Hsiao (University of California, 
Los Angeles). The objective of this MURI effort is to investigate how the community of microorganisms 
naturally residing in the human gut (i.e., the gut microbiome) alters cognitive performance in response 
to nutritional and physical stress.

Recent studies from several laboratories reveal that the responses of the human microbiome, and 
specifically the gut microbiome, respond to environmental factors (e.g., diet and stress) in a way that 
modulates host brain activity and behavior. The objective is to uncover gut microbiome influence on 
host neurobiology; develop a layered cellular and systems-level model and theory of cognitive and 
behavioral control by commensal gut microorganisms; and extract integrated neural, endocrine, 
immune, and gut microbial interaction principles governing nutrition and physical stress response.

The MURI, if successful, will provide sophisticated predictive tools available to the academic com-
munity and DoD upon which more comprehensive biological studies could be performed to more 
completely understand causative effects throughout this complex networked system. These models 
have the potential to far exceed current state of the art by offering a currently unavailable analytical 
framework for future discoveries. The long-term potential applications could be the rational design 
of probiotic regimens to ameliorate symptoms of anxiety-like disorders including PTSD and methods 
to manipulate the gut microbiome to affect human performance without the need for genetically 
engineering the human host. Outcomes of this MURI would also direct whole-force recommendations 
to the Army Surgeon General’s Performance Triad and Brain Health Campaigns.

Realizing Cyber Inception: Toward a Science  
of Personalized Deception for Cyber Defense
The MURI began in FY17 and was awarded to a team led by Prof. Milind Tambe (University of Southern 
California). The goal of this MURI research is to gain scientific understandings to significantly advance 

Network, Cyber, and
Computational Sciences

ARL Competencies:

MURI Author(s) and Manager(s):

Dr. Paul Yu; Network, Cyber, and 
Computational Sciences 
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Data-Driven Operator Theoretic Schemes 
to Prediction, Inference, and Control of Systems
The MURI began in FY17 and was awarded to a team led by Prof. Igor Mezić (University of California, 
Santa Barbara). The objective of this MURI is to develop a spectral decomposition theory that
encompasses elements of ergodic theory, geometric theory of dynamical systems, and functional
analysis via the spectral theory of linear infinite-dimensional operators, control theory, ML for inference,
prediction, and uncertainty analysis.

The MURI team approach will be to study systems in which there exists a model (e.g., the Navier–Stokes
equation for fluid flow) as well as systems with no model (e.g., data streaming either from physical
sensors or unstructured data). In both cases, the team will develop efficient methods to extract the 
correct descriptive variables via spectral properties of associated operators. The main theory topics to
be pursued will expand the current reach of spectral expansion analysis: (1) stability theory for general
attractors, treatment of continuous spectrum; (2) uncertainty analysis and spectral expansion theory
of the Perron–Frobenius operator for observable evolution; (3) extensions to inference, prediction,
and control; (4) spectral expansions for finite-time analysis; and (5) non-smooth systems. The main 
numerical analysis topics to be pursued will expand the current reach of spectral expansion analysis:
(1) proofs of convergence of finite-dimensional approximations to spectral objects of the infinite-
dimensional Koopman and Perron–Frobenius operators; (2) algorithms for finite-time analysis in
nonautonomous and control systems; (3) algorithms for extraction of finite-dimensional models from
data for inference, prediction, and control; (4) rigorous use of ML algorithms in spectral expansion theory;
and (5) use of spectral expansion theory for development of next-generation, real-time computational
tools for complex physics with applications to vortex dynamics. Finally, the team will investigate
experimental and data analysis topics to expand the current reach of spectral expansion analysis:
(1) network monitoring problems arising in cybersecurity, (2) experiments in locomotion for a class
of hybrid oscillators, (3) experiments on finite-time vortex stability, and (4) experiments on one of
the most vexing continuous spectrum problems—turbulence in fluid–structure interactions leading 
to large deformations. All of these areas span DoD interests such as helicopter dynamics, robotics,
and cybersecurity. These developments in this MURI will lead to a massive changes in design, data
inference, and control of systems possessing a very broad set of nonlinear features.

Dissecting Microbiome-Gut-Brain Circuits for Microbial 
Modulation of Cognition in Response to Diet and Stress
The MURI began in FY17 and was awarded to a team led by Prof. Elaine Hsiao (University of California,
Los Angeles). The objective of this MURI effort is to investigate how the community of microorganisms
naturally residing in the human gut (i.e., the gut microbiome) alters cognitive performance in response
to nutritional and physical stress.

Recent studies from several laboratories reveal that the responses of the human microbiome, and
specifically the gut microbiome, respond to environmental factors (e.g., diet and stress) in a way that
modulates host brain activity and behavior. The objective is to uncover gut microbiome influence on 
host neurobiology; develop a layered cellular and systems-level model and theory of cognitive and
behavioral control by commensal gut microorganisms; and extract integrated neural, endocrine,
immune, and gut microbial interaction principles governing nutrition and physical stress response.

The MURI, if successful, will provide sophisticated predictive tools available to the academic com-
munity and DoD upon which more comprehensive biological studies could be performed to more
completely understand causative effects throughout this complex networked system. These models 
have the potential to far exceed current state of the art by offering a currently unavailable analytical 
framework for future discoveries. The long-term potential applications could be the rational design
of probiotic regimens to ameliorate symptoms of anxiety-like disorders including PTSD and methods 
to manipulate the gut microbiome to affect human performance without the need for genetically
engineering the human host. Outcomes of this MURI would also direct whole-force recommendations
to the Army Surgeon General’s Performance Triad and Brain Health Campaigns.

Realizing Cyber Inception: Toward a Science 
of Personalized Deception for Cyber Defense
The MURI began in FY17 and was awarded to a team led by Prof. Milind Tambe (University of Southern
California). The goal of this MURI research is to gain scientific understandings to significantly advance

MURI Author(s) and Manager(s):

Dr. Dean Culver; Mechanical 
Sciences 

Mechanical Sciences

ARL Competencies:

MURI Author(s) and Manager(s):

Dr. Frederick Gregory; Humans in 
Complex Systems 

Dr. Robert Kokoska; Biological and 
Biotechnology Sciences 

Biological and Biotechnology Sciences

Humans in Complex Systems

ARL Competencies:

the state of art in learning and modeling of adversarial mental states and decision processes to create 
metrics quantifying information effectiveness in driving cognitive state change under the deception 
context, and build an integrated framework of deception composition and projection methods to 
successfully manipulate adversaries’ mental state and decision-making process to our advantages. 

The research focuses on an innovative and comprehensive study of adaptive cognitive modeling, cyber 
deceptive game theory, and deception and monitoring systems. The effort consists of three major 
thrusts. (1) Deception and monitoring systems: ultimately deceptive strategies developed by higher-
level reasoning about the attacker must be realized in a system in such a way that the deceptions are 
convincing and their effects on the attacker can be effectively monitored. (2) Cyber-deceptive game 
theory: game theory provides a mathematical framework for modeling the interactions between 
defenders and attackers in cybersecurity, which is an important foundation for developing a science 
of security. Developing game-theoretic models and algorithms for cybersecurity will allow richer 
modeling of adversarial interactions, a deeper understanding of deception and information manipulation 
tactics, and more effective response strategies. (3) Cognitive modeling: cognitive models provide a 
computational representation of human cognitive processes, their detailed mechanisms and limitations, 
and the knowledge upon which they operate. By taking advantage of human-bounded rational decision 
behavior, where humans make decisions according to the constraints on the environment of their own 
cognitive limitation, the team will build a personalized model of adversary behavior.

ARL Competencies:

Network, Cyber, and
Computational Sciences

MURI Author(s) and Manager(s):

Dr. Paul Yu; Network, Cyber, and 
Computational Sciences 

Room-Temperature Exciton-Polaritonics ARL Competencies:

Sciences of Extreme Materials

Photonics, Electronics, 
and Quantum Sciences

Military Information Sciences

MURI Author(s) and Manager(s):

Dr. Michael Gerhold; Energy Sciences 

The MURI began in FY17 and was awarded to a team led by Prof. Hui Deng (University of Michigan). 
The goal of this effort is to explore the use of 2D materials for exciton-polariton systems. Such materials 
have large exciton binding energies that indicate room-temperature operation may be possible. 

Research on 2D materials known as transition metal dichalcogenides (TMDs) has progressed to 
a degree where the development of Bose–Einstein condensates of exciton-polaritons, which form 
a coherent light–matter interactive state, is feasible. Such condensates have been shown to emit 
coherent radiation, equivalent to a laser, at much lower carrier densities than typical photon lasers. 
Integrated photonics platforms that utilize coherent light could benefit from such room-temperature 
light sources. The transport of the condensates themselves could also effectively lead to a form of 
superconductivity for the charged carriers due to the dissipationless propagation of the photonic part 
of the exciton-polariton. Therefore, exciton-polariton platforms could carry out a number of functions 
found on photonic circuit platforms but operate at low energies. Important applications for the polariton 
regimes include short-distance optical interconnects, neuromorphic information processing and 
computing, and ultra-low energy sensing. 

One of the key objectives of Prof. Deng’s effort is to explore 2D material science improvements. 
Specifically, increasing the grain size and production of transferrable 2D nanosheets for integration 
with microcavities. Another objective of this effort focuses on understanding the stacking behavior 
of the 2D materials to create nanostructures and interlayer excitons for ultra-low energy effects 
related to switching and polariton control. The research team will also focus on understanding how 
organic materials determine hybrid TMD-organic polariton effects. The team will pursue these goals 
by combining state-of-the-art fabrication capabilities with strong experimental and theoretical 
expertise on polariton physics, 2D materials, photonic devices, and many-body physics in photonic 
and electronic systems.

Semantic Information Pursuit 
for Multimodal Data Analysis

ARL Competencies:

Network, Cyber, and
Computational Sciences

Military Information Sciences

MURI Author(s) and Manager(s):

Dr. John Hyatt; Military Information 
Sciences 

The MURI began in FY17 and was awarded to a team led by Prof. Rene Vidal (Johns Hopkins University). 
The goal of this research is to establish the theoretical foundation for context and principles of 
information physics for data analysis that provide an analytical framework and computation algorithms 
for the characterization, analysis, and understanding of information content in multimodal data.

The proposed information-theoretic framework for characterizing information content in multimodal data 
combines principles from information physics with probabilistic models that capture rich semantic and 
contextual relationships between data modalities and tasks. These information measures will be used 
to develop novel statistical methods for deriving minimal sufficient representations of multimodal data 
that are invariant to some nuisance factors as well as novel domain adaptation techniques that mitigate 
the impact of data transformations on information content by finding optimal data transformations. 
The computation of such optimal representations and transformations for classification and perception 
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tasks will require solving nonconvex optimization problems, for which novel optimization algorithms 
with provable guarantees of convergence and global optimality will be developed. The uncertainty 
of such information representations derived from multimodal data will be characterized via novel 
statistical sampling methods that are broadly applicable to various representation learning problems. 
The information representations obtained from multiple modalities will be integrated by using a novel 
information theoretic approach to multimodal data analysis called information pursuit, which uses a 
Bayesian model of the scene to determine what evidence to acquire from multiple data modalities, scales, 
and locations, and coherently integrate this evidence. The proposed methods will be evaluated in various 
complex multimodal datasets, including text, images, video, cellphone data, and body-worn cameras.

ACTIVE MURIs THAT BEGAN IN FY16

Closed-Loop Multisensory Brain-Computer 
Interface for Enhanced Decision Accuracy

ARL Competencies:

Biological and Biotechnology Sciences

Humans in Complex Systems

Military Information Sciences

MURI Author(s) and Manager(s):

Dr. John Hyatt; Military Information 
Sciences  

Dr. Frederick Gregory; Humans in 
Complex Systems 

The MURI began in FY16 and was awarded to a team led by Prof. Maryam Shanechi (University of 
Southern California). The goal of this research is to create new methodologies for modeling multimodal 
neural activity underlying multisensory processing and decision-making, and use those methodologies 
to design closed-loop adaptive algorithms for optimized exploitation of multisensory data for brain–
computer communication.

This research effort will contribute to the development of a new closed-loop brain–computer interface 
(BCI) framework for enhancing decision accuracy. The framework will collect multimodal neural, 
physiological, and behavioral data; decode mental states such as attention orientation and situational 
awareness; and use the decoded states as feedback to adaptively change the multisensory cues provided 
to the subject, thus closing the loop. To realize such a framework, the effort will make fundamental 
advances on four fronts, constituting four research thrusts: (1) modeling multisensory integration, 
attention, and decision-making, and the associated neural mechanisms; (2) ML algorithms for high-
dimensional multimodal data fusion; (3) adaptive tracking of the neural and behavioral models 
during online operation of the BCI; and (4) adaptive BCI control of multisensory cues for optimized 
performance. Complementary experiments with rodents, monkeys, and humans will be conducted 
to collect multimodal data to study and model multisensory integration, attention, and decision-
making, and prototype a BCI for enhanced decision accuracy. The modeling efforts will span Bayesian 
inference, stochastic control, adaptive signal processing, and ML to develop (1) novel Bayesian and 
control-theoretic models of the brain mechanisms, (2) new stochastic models of multimodal data 
and adaptive inference algorithms for this data, and (3) novel adaptive stochastic controllers of 
multisensory cues based on the feedback of users’ cognitive state.

Defining Expertise by Discovering the Underlying 
Neural Mechanisms of Skill Learning

ARL Competencies:

Humans in Complex Systems

MURI Author(s) and Manager(s):

Dr. Frederick Gregory; Humans in 
Complex Systems 

Dr. Virginia Pasour; Humans in 
Complex Systems 

The MURI began in FY16 and was awarded to a team led by Prof. Scott Grafton (University of California, 
Santa Barbara). The goal of this MURI is to uncover the temporal dynamics of neural substrates and 
cognitive processes engaged during skill learning and generate a definition of expertise based on the 
underlying neurocognitive computational advantages generated through learning. 

Neuroscience, social psychology, and education are providing insights into neural and cognitive 
processes involved during skill learning, which show structural and functional differences in multiple 
brain regions when compared between “experts” and “novices.” Typically, these comparisons involved 
a novice time point and an expert time point because of the difficulty measuring intracranial brain 
activity over the course of skill learning. Novel materials now enable long-term implantation of high-
density neural recording devices in humans and animal models. Emerging engineering breakthroughs 
enable spike and local field potential recording from multiple neuroanatomical sites in the brain 
simultaneously. However, a major analytical barrier prevents easily linking this high-density data 
with data acquired through existing noninvasive electrophysiology techniques and other tools for 
determining structure–function relationships, like magnetic resonance imaging.

The objective of this research is to develop tools and techniques that can both predict and explain from 
a neurobiological perspective why there are differences among individuals in their ability to develop 
expertise. The future force demands expert Soldier performance across many tasks. In the long term, 
this basic research effort will provide a critical foundation for developing training methods based on 
computational and network neuroscience that are grounded in neurophysiology and neuroanatomy.
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Discovering Hidden Phases  
with Electromagnetic Excitation

ARL Competencies:

Sciences of Extreme Materials

Photonics, Electronics, 
and Quantum Sciences

MURI Author(s) and Manager(s):

Dr. Joe Qiu; Electromagnetic Spectrum 
Sciences 

Dr. Chakrapani Varanasi; Sciences of 
Extreme Materials 

The MURI began in FY16 and was awarded to a team led by Prof. David Hsieh (California Institute of 
Technology). The goal of this project is to create new electronic states of matter that are unobtainable 
through conventional solid-state synthesis, which, in the long term, may lead to enhancements of 
electronic, optical, magnetic, and thermal material properties that would lay a foundation for future 
technology in many areas.

Nascent research has demonstrated unique phases that are not adiabatically accessible from the known 
phase diagram. Recent discoveries have involved photo-excitation of a material with an ultra-short 
pulse that non-adiabatically induces a phase distinct from that existing elsewhere on the ground-state 
phase diagram. Examples include a nonequilibrium superconducting state in a BCS superconductor, 
a ferromagnetic state in an antiferromagnetic oxide, and a unique metallic state in a thin film of a 
dichalcogenide. The team is attempting to employ excitations across the entire EM spectrum, including 
with extremely high pulsed fields, to design, realize, and manipulate new phases and responses in 
strongly correlated materials. Specifically, the team will focus on realizing new correlated states via 
the following approaches: (1) EM-stimulated, bond-selective tuning of charge-hopping parameters; 
(2) direct EM modification of magnetic exchange, order, and frustration; (3) continuous EM control of 
dimensionality and hybridization; and (4) EM excitation across kinetic barriers to realize metastable 
states that are thermodynamically inaccessible. Using these nonequilibrium methods, they will 
aim at realizing some of the most sought-after phenomena in condensed-matter physics including 
collective charge/current ordered phases, bandwidth-controlled metal to Mott insulator transitions, 
quantum disordered magnets such as valence bond solids and highly entangled quantum spin liquid 
states, and low-dimensional and quantum critical electron liquids with no quasiparticle description.

Modular Quantum Systems ARL Competencies:

Photonics, Electronics, 
and Quantum Sciences

MURI Author(s) and Manager(s):

Dr. T. R. Govindan; Photonics, 
Electronics, and Quantum Sciences 

Dr. Sara Gamble; Photonics, 
Electronics, and Quantum Sciences 

The MURI began in FY16 and was awarded to a team led by Prof. Christopher Monroe (University of 
Maryland, College Park). The goal of this research is to discover and explore modularity concepts for 
extensibility of small high-performance, multi-qubit systems to larger systems with reduction of 
operational complexity.

A paramount challenge in exploring physical systems (qubits) suitable for QIP has been the contradictory 
requirement for precise manipulation of a quantum state on demand while maintaining strict isolation 
from the environment. Significant progress has been made in addressing this challenge. Coherence in 
several physical qubit types has improved by orders of magnitude. High-fidelity fundamental quantum 
logic operations have been demonstrated. This progress has extended to multi-qubit systems involving 
a few (order ten) qubits. Progress continues to be made in improving coherence and fidelity. In parallel, 
advances have been made in connecting physically separated qubits. Key to these rapid advances has 
been a multidisciplinary approach involving physics, materials science, control engineering, computer 
science, and mathematics, among other fields. A scientific challenge to further progress in the field 
has been the difficulty to add qubits and increase system size, while maintaining coherence and high-
fidelity operations. System size needs to be increased before useful functionality can be explored 
and realized. Adding qubits increases the complexity of interactions between the qubits and makes 
layout, fabrication, and quantum control for high-fidelity operations extremely challenging. Additional 
unwanted interactions introduce new qubit degrees of freedom to entangle with the environment and 
degrade coherence and fidelity. Modularity is a general scientific approach to address such complexity, 
in which the system is decomposed into repeatable blocks with well-defined and controlled interfaces 
and interactions between the blocks, and has been applied successfully to classical systems. Here, 
a module can be envisaged as a functional group of qubits and an interface. Exploring modularity for 
complex quantum systems is nascent but provides a potential extensible approach in which small 
numbers of high-performance qubits can be extended to groups of high-performance qubits and 
interfaces capable of precise manipulation within the group, between groups when required, and 
isolation from the environment and other groups.

Any QIP system must balance the need for coherent control of the many interacting qubits necessary for 
a large-scale quantum system with decoherence rates that generally grow with system size. The objective 
of this research is to investigate a modular approach to constructing multi-qubit systems suitable for 
QIP to determine whether a modular system can achieve this balance, and study the associated costs 
and benefits of taking the approach. In the long term, this research may overcome barriers and lead to 
new capabilities in the logistics, optimization, and the quantum simulation of materials.
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Multimodal Energy Flow at  
Atomically Engineered Interfaces

ARL Competencies:

Energy Sciences

MURI Author(s) and Manager(s):

Dr. Ralph Anthenien; Weapons 
Sciences 

The MURI began in FY16 and was awarded to a team led by Prof. Donald Brenner (North Carolina State 
University). The objective of this MURI is to bring chemistry, materials, surface science, electrochemistry, 
and physics together to characterize and understand short-time-frame sub-nanoscale nonequilibrium 
phenomena at and across materials interfaces, especially the flow, redistribution, and partition of 
energy near the interface, by devising and applying novel experimental, theoretical, and simulation 
approaches.

The MURI team approach will be to explore, identify, and define multiple mechanisms of energy 
transfer/transduction at precision-engineered interfaces. Material systems that support energy transfer 
through lattice/molecular vibrations, plasmon-electron coupling, and chemical reactions will be 
studied. The synthesis, measurement, and modeling activities are co-designed to promote extreme-
nonequilibrium excitations within nanoscale geometries, observe in situ picosecond to microsecond 
property responses using newly developed methods, inform new theoretical models, and enable 
accurate multiscale prediction. The plan of work explores a simple, overarching, and materials-generic 
hypothesis: function and failure in advanced functional materials are overwhelmingly affiliated with 
interfaces, where the underlying mechanisms (desirable and undesirable) are regulated by or related 
to energy transfer/transduction among inhomogeneous boundaries. Observing and understanding the 
local processes over multiple time and length scales will improve existing and design new materials 
systems, and predict their performance.

Sequence-Defined Synthetic Polymers  
Enabled by Engineered Translation Machinery

ARL Competencies:

Biological and Biotechnology Sciences

MURI Author(s) and Manager(s):

Dr. Dawanne Poree; Sciences of 
Extreme Materials 

Dr. Stephanie McElhinny; Biological 
and Biotechnology Sciences 

The MURI began in FY16 and was awarded to a team led by Prof. Michael Jewett (Northwestern 
University). The goal of this MURI is to engineer the translation machinery to accept and polymerize 
non-biological monomers in a sequence-defined manner using nontraditional chain growth 
polycondensation chemistries (beyond amide and ester linkages).

Employing only 4 nucleotides and 20 amino acids, a plethora of biopolymers (e.g., proteins, DNA) 
with a precisely defined building block sequence gives these materials the ability to fold into higher-
ordered structures capable of performing a variety of advanced functions such as information storage, 
self-replication, and signal transduction. The ability to extend comparable molecular-level sequence 
control to synthetic polymers, which have a much wider range of monomeric building blocks, has 
many scientific and technological implications, as it would enable precise control over structure–
property relationships. Recent work has demonstrated that altering the sequence of short conjugated 
phenylene-vinylene oligomers can significantly modulate both electronic and optical properties. While 
greater complexity in function is anticipated for longer chain sequence-defined polymers, chemical 
routes to their synthesis have remained elusive. Conversely, biology synthesizes long sequence-
defined polymers with extremely high efficiency and accuracy by employing templates to provide 
sequence information. More specifically, the ribosome, the workhorse of the translation machinery, 
is very adept at sequence-defined polymer synthesis through the successive condensation of amino 
acids (monomers), but primarily performs a single type of chemistry—amide bond formation via a 
chain-growth condensation polymerization. Co-opting the natural translation machinery to accept 
non-biological monomers is an attractive approach to synthesize non-biological polymers with the 
sequence control of biology. However, this approach is limited by cell viability constraints; thus, in 
vitro engineering of the translation machinery may offer unprecedented freedom of design to modify 
and control ribosome chemistry.

The objective of this research is to engineer and repurpose the translation apparatus (including the 
ribosome and the associated factors needed for polymerization) to produce new classes of sequence-
defined polymers. In the long term, this research may enable a broad range of disruptive technologies 
having significant impact on DoD capabilities. Sequence control at the atomic level will give the 
greatest possible control over the emergent, macroscopic behavior of oligomers and polymers, leading 
to new advanced personal protective gear, sophisticated electronics, fuel cells, advanced solar cells, 
and nanofabrication, which are all key to the protection and performance of Soldiers.
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Spin Textures and Dynamics  
Induced by Spin-Orbit Coupling

ARL Competencies:

Sciences of Extreme Materials

MURI Author(s) and Manager(s):

Dr. Joe Qiu; Electromagnetic Spectrum 
Sciences 

Dr. Evan Runnerstrom; Sciences of 
Extreme Materials 

The MURI began in FY16 and is led by Prof. Kang Wang (University of California, Los Angeles). The 
team consists of researchers from the University of California, Irvine, California Institute of Technology, 
University of Nebraska, North Carolina State University, and University of Texas at Austin. The objective 
of this project is to strive for understanding of interfacial spin-orbit coupling (SOC) and exchange 
coupling in novel heterostructures and superlattices of topological insulators (TIs), 2D TMDs, and 
ferromagnetic (FM)/ferri-magnetic/antiferromagnetic (AFM) materials. High-quality heterostructures 
and superlattices containing TI/TMDs, TI/FM, and TI/AFM with the atomically sharp interface are to 
be synthesized and characterized, and these will constitute an ideal laboratory for enabling 
understanding of the interfacial SOC effects and relevant spin textures and dynamics.

This project will exploit the symmetry breaking and SOC-induced collective properties (i.e., 
magnetization, spin wave, and spin-orbit torque) in these heterostructures and superlattices to 
realize new types of topological matters such as magnetic skyrmions, topological valley insulators, 
and topological spin wave (magnonic) crystals. It will also help facilitate the development of new 
emerging fields including spin-orbitronics, spin-valley-tronics, and axion electrodynamics. In addition, 
direct electrical-field manipulation of spin or magnetization textures in these proposed systems 
through spin-orbit torque and magnetoelectric effects will be investigated for energy efficiency. The 
anticipated results of this project will broaden understandings of the fundamental science enabled 
by SOC and establish suitable material frameworks for new spin-orbitronic devices in which multi-
functional applications of spintronics for ultra-low-power electronics at terahertz can be realized. 
This research will set a milestone in the spin-based applications by creating the knowledge base to 
enable novel, fast, and energy-efficient technologies for communications and information processing.

Socio-Cultural Attitudinal Networks ARL Competencies:

Humans in Complex Systems

Military Information Sciences

MURI Author(s) and Manager(s):

Dr. Robert St. Amant; Military 
Information Sciences 

The MURI began in FY16 and was awarded to a team led by Prof. Larry Davis (University of Maryland). 
The goal of this MURI is twofold: (1) develop social science theories to understand latent communication 
among a small group of adversaries engaged in an effort to deceive and (2) develop multimedia 
analytics tools that formalize those social science theories as algorithms, which can aid an observer 
who is not steeped in the local culture. 

While driven by practical problems, the objectives of the proposed work are not only to drive the 
development of new social science theories, but also drive algorithmic advances in reasoning about 
joint probability distributions that arise from modeling uncertainties in human actions, speech, 
gestures, and intentions.

ACTIVE MURIs THAT BEGAN IN FY15

Advanced 2D Organic Networks ARL Competencies:

Biological and Biotechnology Sciences

MURI Author(s) and Manager(s):

Dr. Chakrapani Varanasi; Sciences of 
Extreme Materials 

Dr. Dawanne Poree; Sciences of 
Extreme Materials 

The MURI began in FY15 and was granted to a team led by Prof. William Dichtel (Cornell University). 
The objective of this research is to create stable, free-standing, single-monomer-thick 2D crystalline 
organic polymer nanosheets/covalent organic frameworks (COFs) with designed electronic (conductivity, 
mobility, charge storage), optical (resonances, nonlinearities), and structural properties.

The team will combine mechanistic studies, theory, microscopy, and spectroscopy to gain fundamental 
insight into the 2D polymerization processes. Specifically, the team will address the challenges in 
2D COF synthesis and characterization by focusing on the following three major research thrusts: (1) 
exploration of nucleation, bond exchange, and polymerization of 2D COFs to improve their long-range 
order and morphological form and isolate 2D COFs as single crystals; (2) investigation of new conjugated 
linkage chemistries, topologies, and doping strategies to impart extensive electronic delocalization 
and useful optical and electronic properties; and (3) fabrication of new hybrid device heterostructures 
based on the interfacing of 2D COFs with newly emerging 2D inorganic materials such as TMDs.

Emulating the Principles of Impulsive 
Biological Force Generation

ARL Competencies:

Biological and Biotechnology Sciences

MURI Author(s) and Manager(s):

Dr. MaryAnne Fields; Military 
Information Sciences 

Dr. Robert Kokoska; Biological and 
Biotechnology Sciences 

Dr. Ralph Anthenien; Weapons 
Sciences 

The MURI began in FY15 and was awarded to a team led by Prof. Sheila Patek (Duke University). The 
objective of this MURI is to establish a unified theory for understanding biological and engineered 
impulsive systems. 
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The MURI team will approach the objective using a thermodynamic framework linked to impulsive 
performance. This will require integrating mathematical analysis, tests of biological impulsive systems, 
and synthesis of impulsive materials and mechanisms. The thermodynamic framework consists of five 
phases: (1) chemical energy conversion in cellular biological systems that potentially circumvent the 
force–velocity tradeoffs of actin-myosin muscle mechanisms; (2) actuation tuned to spring loading 
through novel engineering implementations and informed by analyses of muscular and cellular 
thermodynamics; (3) potential energy storage through a diversity of biological materials, scales, and 
geometries to inform synthetic elastic design; (4) rapid conversion from potential to kinetic energy 
(power amplification)—a defining feature of impulsive systems—through analyses of rate-dependence 
in biological materials/geometries, the mechanics of biological linkages and latches, and their directed 
synthesis into novel impulsive designs; and (5) environment-system interactions through rigorous tests 
of the effects of environmental substrates and geometries, internal dissipation, and reset mechanisms 
for repeated use and mitigation of failure due to environmental forces. 

This research effort will lay the foundations for scalable methods for generating forces for future 
actuation and energy storing structures and materials.

MURI Author(s) and Manager(s):

Dr. MaryAnne Fields; Military 
Information Sciences 

Dr. Robert Kokoska; Biological and 
Biotechnology Sciences 

Dr. Ralph Anthenien; Weapons 
Sciences 

Engineering Exotic States of Light 
with Superconducting Circuits

ARL Competencies:

Photonics, Electronics, 
and Quantum Sciences

MURI Author(s) and Manager(s):

Dr. Sara Gamble; Photonics, 
Electronics, and Quantum Sciences 

Dr. Joe Qiu; Electromagnetic 
Spectrum Sciences 

The MURI began in FY15 and was awarded to a team led by Prof. Andrew Houck (Princeton University). 
The goal of this MURI is to initiate significant new experimental and theoretical explorations to harness 
recent breakthroughs in superconducting systems and to demonstrate useful new states of light that 
can be brought to bear on broader goals in sensing, measurement, simulation, and computation. If 
successful, this research may lead to new tools for metrology, could provide key insight into 
nonequilibrium quantum systems, and will provide new resources for quantum communication and 
sensing.

Quantum optics, particularly in the domain of cavity quantum electrodynamics, provides a pathway 
to create and use large macroscopic quantum states with photons. Such states have been difficult to 
generate because atoms trapped in a cavity provide only weak nonlinearity to mediate photon–photon 
interactions, high photon loss introduces decoherence, and low photon collection and detection 
efficiency decrease success probability, among other challenges. On the other hand, recent progress 
in superconducting qubits and high-quality microwave cavities for quantum computing has enabled 
orders of magnitude improvements in coherence, fast single-shot high-fidelity readout, high-fidelity 
quantum operations, low photon loss, and better understanding of decoherence mechanisms. These 
advances have enabled early experiments that have demonstrated the creation of high-fidelity 
coherent states with several tens of photons. In addition, the new generation of superconducting 
devices opens up the opportunity for the exploration of new regimes of quantum optics involving 
quantum states of hundreds of photons. Further advances are possible if, in addition to the physics 
of quantum optics, advanced microwave circuit engineering is brought to bear on the regime of low-
power microwave signals to improve coherence and function, and materials science is employed 
to determine relationships between decoherence and defects in materials, surface chemistry, and 
interface quality. In turn, the superconducting systems and the quantum states created in them 
could also be used as sensitive probes of materials behavior, in particular of the origin and sources of 
decoherence and dissipation mechanisms.

The multidisciplinary research team led by Prof. Houck combines the efforts of physicists and engineers 
who will develop the theoretical and experimental tools to establish new regimes of quantum optics 
using superconducting circuits. The new states of light established in this program provide new tools 
for metrology, could provide key insight into nonequilibrium quantum systems, and in the long term, 
may lead to applications in quantum communication and sensing.

Imaging and Control of Biological Transduction 
Using Nitrogen-Vacancy Diamond

ARL Competencies:

Biological and Biotechnology Sciences

The MURI began in FY15 and was awarded to a team led by Prof. Hongkun Park (Harvard University). 
The goal of this MURI is to further develop N-V nanodiamonds as non-biological quantum sensors and 
engineer a biological interface for actuating biological processes.

The N-V center lattice defect in diamond nanoparticles (N-V-diamond) can retain activity in biological 
environments. Current applications of N-V-diamond include quantum computing, nanoscale magnetom-

MURI Author(s) and Manager(s):

Dr. Frederick Gregory; Humans in 
Complex Systems 

Dr. Paul Baker; Photonics, Electronics, 
and Quantum Sciences 
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The MURI team will approach the objective using a thermodynamic framework linked to impulsive 
performance. This will require integrating mathematical analysis, tests of biological impulsive systems, 
and synthesis of impulsive materials and mechanisms. The thermodynamic framework consists of five 
phases: (1) chemical energy conversion in cellular biological systems that potentially circumvent the 
force–velocity tradeoffs of actin-myosin muscle mechanisms; (2) actuation tuned to spring loading 
through novel engineering implementations and informed by analyses of muscular and cellular 
thermodynamics; (3) potential energy storage through a diversity of biological materials, scales, and 
geometries to inform synthetic elastic design; (4) rapid conversion from potential to kinetic energy 
(power amplification)—a defining feature of impulsive systems—through analyses of rate-dependence 
in biological materials/geometries, the mechanics of biological linkages and latches, and their directed 
synthesis into novel impulsive designs; and (5) environment-system interactions through rigorous tests 
of the effects of environmental substrates and geometries, internal dissipation, and reset mechanisms 
for repeated use and mitigation of failure due to environmental forces. 

This research effort will lay the foundations for scalable methods for generating forces for future 
actuation and energy storing structures and materials.

Engineering Exotic States of Light  
with Superconducting Circuits
The MURI began in FY15 and was awarded to a team led by Prof. Andrew Houck (Princeton University). 
The goal of this MURI is to initiate significant new experimental and theoretical explorations to harness 
recent breakthroughs in superconducting systems and to demonstrate useful new states of light that 
can be brought to bear on broader goals in sensing, measurement, simulation, and computation. If 
successful, this research may lead to new tools for metrology, could provide key insight into 
nonequilibrium quantum systems, and will provide new resources for quantum communication and 
sensing.

Quantum optics, particularly in the domain of cavity quantum electrodynamics, provides a pathway 
to create and use large macroscopic quantum states with photons. Such states have been difficult to 
generate because atoms trapped in a cavity provide only weak nonlinearity to mediate photon–photon 
interactions, high photon loss introduces decoherence, and low photon collection and detection 
efficiency decrease success probability, among other challenges. On the other hand, recent progress 
in superconducting qubits and high-quality microwave cavities for quantum computing has enabled 
orders of magnitude improvements in coherence, fast single-shot high-fidelity readout, high-fidelity 
quantum operations, low photon loss, and better understanding of decoherence mechanisms. These 
advances have enabled early experiments that have demonstrated the creation of high-fidelity 
coherent states with several tens of photons. In addition, the new generation of superconducting 
devices opens up the opportunity for the exploration of new regimes of quantum optics involving 
quantum states of hundreds of photons. Further advances are possible if, in addition to the physics 
of quantum optics, advanced microwave circuit engineering is brought to bear on the regime of low-
power microwave signals to improve coherence and function, and materials science is employed 
to determine relationships between decoherence and defects in materials, surface chemistry, and 
interface quality. In turn, the superconducting systems and the quantum states created in them 
could also be used as sensitive probes of materials behavior, in particular of the origin and sources of 
decoherence and dissipation mechanisms.

The multidisciplinary research team led by Prof. Houck combines the efforts of physicists and engineers 
who will develop the theoretical and experimental tools to establish new regimes of quantum optics 
using superconducting circuits. The new states of light established in this program provide new tools 
for metrology, could provide key insight into nonequilibrium quantum systems, and in the long term, 
may lead to applications in quantum communication and sensing.

Imaging and Control of Biological Transduction  
Using Nitrogen-Vacancy Diamond
The MURI began in FY15 and was awarded to a team led by Prof. Hongkun Park (Harvard University). 
The goal of this MURI is to further develop N-V nanodiamonds as non-biological quantum sensors and 
engineer a biological interface for actuating biological processes.

The N-V center lattice defect in diamond nanoparticles (N-V-diamond) can retain activity in biological 
environments. Current applications of N-V-diamond include quantum computing, nanoscale magnetom-

MURI Author(s) and Manager(s):

Dr. Sara Gamble; Photonics, 
Electronics, and Quantum Sciences 

Dr. Joe Qiu; Electromagnetic 
Spectrum Sciences 

Photonics, Electronics, 
and Quantum Sciences

ARL Competencies:

etry, super-resolution imaging, and atomic-scale magnetic resonance imaging. These state-of-the-art 
applications involve N-V-diamonds implanted in substrates; however, recent breakthroughs have allowed 
isolated nanodiamond particles to be used as biosensing intracellular quantum probes for thermometry 
and bacterial tracking as well as extracellular quantum probes of ion channel operation. A key reason for 
N-V-diamond sensitivity, including in the emerging biosensing applications, is that the spectral shape and 
intensity of optical signals from N-V-diamond are sensitive to external perturbation by strain, tempera-
ture, electric fields, and magnetic fields. Biological sensory transduction relies upon highly evolved ion 
channel-based mechanisms that involve transducing environmental energy into a bioelectrical signal 
for intercellular communication. The recent demonstrations of N-V-diamond’s extreme sensitivity and 
localization now provide new research opportunities for transitioning N-V-diamonds from passive sensors 
to novel biophysical interfaces whose perturbed energy emission can be used as a signal to control or 
modify sensory transducer molecular physiology and intra- and inter-cellular signaling.

This multidisciplinary project’s four closely coupled aims are to (1) optimize N-V-nanodiamond synthesis, 
(2) realize stable, biocompatible nanodiamond surface functionalizations, (3) advance N-V sensitivity 
to chemical and biological systems, and (4) enable N-V-based manipulation of biological transduction. 
Systematically studying the integration of N-V nanodiamonds with reconstituted or native ion channels 
will lead to greater understanding and, more importantly, create a new paradigm for exogenous control of 
biological transduction events and the ability to uncover fundamental mechanisms with unprecedented 
spatial and temporal resolution. This endeavor may lead to significant scientific breakthroughs in 
understanding how to develop and control quantum systems capable of interfacing with, and controlling, 
biological systems. If successful, this research may improve future Army capabilities ranging from 
advanced AI systems, early diagnosis and effective treatment of neurological disorders at the cellular 
level, novel human–machine interfaces, and antidotes to neurotoxins and pathogens.

MURI Author(s) and Manager(s):

Dr. Frederick Gregory; Humans in 
Complex Systems 

Dr. Paul Baker; Photonics, Electronics, 
and Quantum Sciences 

Biological and Biotechnology Sciences

ARL Competencies:

Multiscale Responses in Organized Assemblies ARL Competencies:

Biological and Biotechnology Sciences

MURI Author(s) and Manager(s):

Dr. James Parker; Sciences of Extreme 
Materials 

Dr. Evan Runnerstrom; Sciences of 
Extreme Materials 

The MURI began in FY15 and was awarded to a team led by Prof. Sankaran Thayumanavan (University 
of Massachusetts, Amherst). The goal of this MURI is understanding how a molecular-level detection 
can be propagated across a macroscopic material to affect a global property change that spans 
multiple length and time scales, and connecting these multiscale events to realize signal amplification.

Living systems are complex systems capable of receiving and using information, interacting with each 
other and their environment, and performing specific functions in response to stimuli occurring at 
multiple length and time scales. These sophisticated, innate behaviors are essential for survival and 
can be extremely valuable in non-natural systems. A variety of synthetic systems have been engineered 
to respond to specific stimuli; however, the dynamics of the chemical and material processes and 
interactions occurring at multiple length and time scales throughout the signal–propagate–response 
pathway are inadequately understood to rationally design autonomous, “living” systems. The daunting 
challenge toward synthetic “living” systems is predictably propagating a molecular-level change, 
generated through the selective sensing of a trigger, into a readily discernible macroscopic change 
in a material’s fundamental properties. This can only be addressed by developing a fundamental 
understanding of the chemical processes that occur at multiscale levels—from molecular to nano 
to macroscopic length scales, and from nanoseconds to hours. The inherent complexity involved in 
connecting these length scales, and the propagation and amplification of the resulting signals, requires 
a cohesive, multidisciplinary approach.

The integrated research plan led by Prof. Thayumanavan is comprehensive and addresses each of 
the key elements needed to understand the fundamental multiscale responses of adaptive systems 
occurring across length and time scales. The research is exploiting a variety of material platforms/
approaches, including liquid-crystal orientation, responsive amphiphiles, depolymerization, and 
biological/abiological composites with nonequilibrium molecular release to address propagation and 
amplification at multiple length scales. Each system approach is innovative, well formulated, and 
focused on a complete understanding of the basic research principles controlling each approach. A 
variety of triggers will be considered throughout the effort including pH, temperature, redox, light, and 
enzymes. A key part of this effort is the ability to monitor dynamic changes during the cooperative 
reorganization processes at the interface, and this is addressed by integration of novel characterization 
techniques such as in situ liquid cell transmission electron microscopy. If successful, this fundamental 
research may ultimately enable Army-relevant technologies in stimuli-responsive systems such as 
self-decontaminating materials, controlled release for hazardous materials management or drug 
delivery, and responsive systems for self-healing and smart materials.
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Network Science of Teams
ARL Competencies:

Humans in Complex Systems

Network, Cyber, and
Computational Sciences

MURI Author(s) and Manager(s):

Dr. Edward Palazzolo; Humans in 
Complex Systems 

The MURI began in FY15 and was awarded to Prof. Ambuj Singh (University of California, Santa Barbara) 
with participation from researchers at the University of Southern California, University of Illinois 
Urbana-Champaign, Northwestern University, and Massachusetts Institute of Technology. These 
seven faculty provide an excellent balance of multidisciplinary scholars from sociology, cognitive and 
social psychology, health and behavioral sciences, computer science, statistics, controls and dynamical 
systems, and network science. This MURI will advance the development of the network science of 
teams by creating quantitative, network-based models of adaptive team behavior. 

This research will produce methods to optimize team performance under different contexts and resource 
constraints. The three thrusts of this research effort include (1) teams as networks of interacting 
entities, (2) analysis and models of dynamic team behavior over task sequences, and (3) the network 
science of teams-of-teams or multi-team systems. The overarching objectives of this research are 
to build quantifiable informative models of team behavior as dynamical systems interacting over 
multiple networks, develop rigorous models that relate interaction patterns and network evolution 
to task performance, break new ground in the learning of optimal design of teams for complex tasks, 
and advance social science theories of team performance. This MURI will have a significant impact for 
the Army and DoD with respect to how it conducts its work in teams in that results from this research 
may help the Army and joint forces assemble more-effective teams and teams of teams, and provide 
guidance on task sequencing to support their highest goals.

Noncommutativity in Interdependent 
Multimodal Data Analysis

ARL Competencies:

Military Information Sciences

Humans in Complex Systems

MURI Author(s) and Manager(s):

Dr. John Hyatt; Military Information 
Sciences  

Dr. T. R. Govindan; Photonics, 
Electronics, and Quantum Sciences 

The MURI began in FY15 and was awarded to a team led by Prof. Yoram Bresler (University of Illinois 
Urbana-Champaign). The goal of this research is to establish a new comprehensive information theory 
for data analysis in noncommutative information structures intrinsic to hierarchical representations, 
distributed sensing, and adaptive online processing.

Methods will be developed based on a novel theory in conjunction with the latest theories of information, 
random matrices, free probability, optimal transport, and statistical ML. They will be applied to the 
technical domains of causal inference, adaptive learning, computer vision, and heterogeneous sensor 
networks, and will be validated on real-data test beds including (1) human action and collective 
behavior recognition and (2) crowdsourcing in a network of brain–machine interfaces. The framework 
will provide answers to questions such as the following: What are the fundamental performance 
limits for noncommutative information collection and processing systems? What is the effect of 
side information on noncommutative information structures? How can low-complexity proxies for 
performance be defined that approximate or bound noncommutative performance limits? How can 
noncommutativity of adaptive measurements be exploited to improve fusion, processing, and planning 
for distributed sensing systems? When do sequential or partially ordered designs offer significant 
performance gains relative to randomized designs like compressive sensing?

The approaches for extracting knowledge from complex irreversible partially ordered information 
structures include, but are not limited to, introduction of information divergence measures over 
noncommutative algebras, noncommutative relative entropy measures, and estimation techniques 
for such measures for high-dimensional data. Accounting for noncommutative structures will result 
in fundamentally new ways of fusing ordered, directed, or hierarchical organized information to 
support timely decisions at the appropriate level of granularity. Humans learn actively and adaptively, 
and their judgments about the likelihood of events and dependencies among variables are strongly 
influenced by the perception of cause and effect, whereas man-made systems only employ correlation-
type symmetric measures of dependencies. Research will lead to the development of a theory of 
decentralized information sharing, causal inference, and active learning inspired by human decision-
making. Establishment of such a theory for sensing and data processing and application of it to grand 
challenges in computer vision and BCIs will provide new capabilities, including improved time-sensitive, 
dynamic, multi-source information processing, actuation, and performance prediction guarantees.



Appendix

FY22 Broad Agency 
Announcement

(Online Only)

ARL’s mission is to operationalize science for transformational overmatch. ARL operationalizes science by purposefully 
partnering across our value system (i.e., institutions of higher education, nonprofit organizations, state and local 
governments, foreign organizations, and large and small for-profit organizations) to deliver to the Army fundamentally 
advantageous change. 

The ARL Broad Agency Announcement (BAA) is a competitive solicitation procedure used to obtain proposals for basic 
and applied research that supports ARL’s mission. Proposals are sought across many disciplines through this BAA for 
innovative research to produce discoveries that would have a significant impact on enabling new and improved Army 
operational capabilities.

All current research topics of interest to ARL are located on the following public website:  
https://www.arl.army.mil/collaborate-with-us/opportunity/arl-baa/ 

This background image is from “Nanophotonic Scintillators for Sensitive and Efficient X-ray Imaging” on page 65.
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