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CHAPTER 1: ARQO MISSION AND INVESTMENT STRATEGY

This report is intended to be a single-source document describing the research programs of the U.S. Army
Research Office (ARO) for fiscal year 2016 (FY16; 1 Oct 2015 through 30 Sep 2016). This report provides:

* A brief review of the strategy employed to guide ARO research investments and noteworthy issues
affecting the implementation of that strategy

* Statistics regarding basic research funding (i.e., “6.1” funding) and program proposal activity

* Research trends and accomplishments of the individual ARO scientific divisions

I. ARO MISSION

The mission of ARO, as part of the U.S. Army Research Laboratory (ARL), is to execute the Army’s extramural
basic research program in the following disciplines: chemical sciences, computing sciences, electronics, life
sciences (including social science), materials science, mathematical sciences, mechanical sciences, network
sciences, and physics. The goal of this basic research is to drive scientific discoveries that will provide the Army
with significant advances in operational capabilities through high-risk, high pay-off research opportunities,
primarily with universities, but also with large and small businesses. ARO ensures that this research supports
and drives the realization of future research relevant to all of the ARL Science and Technology (S&T)
Campaigns and Essential Research Areas, and that the results of these efforts are transitioned to the Army
research and development community for the pursuit of long-term technological advances for the Army.

II. ARO STRATEGY AND FUNCTION

AROQ's mission represents the most long-range Army view for changes in its technology, with system
applications often 20-30 years away. ARO pursues a long-range investment strategy designed to maintain the
Army’s overmatch capability in the expanding range of present and future operational capabilities. ARO
competitively selects and funds basic research proposals from educational institutions, nonprofit organizations,
and private industry. ARO executes its mission through conduct of an aggressive basic science research program
on behalf of the Army to create cutting-edge scientific discoveries and the general store of scientific knowledge
that is required to develop and improve weapons systems for land force dominance. The ARO research portfolio
consists principally of extramural academic research efforts consisting of single investigator efforts, university-
affiliated research centers, and specially tailored outreach programs. Each program has its own objectives and
set of advantages as described further in CHAPTER 2: PROGRAM DESCRIPTIONS AND FUNDING SOURCES.

ARL has eight S&T Campaigns (listed in Section III-B), including an extramural basic research campaign that
ARO leads. ARO supports research that will lead to new discoveries and increased understanding of the
physical, engineering, and information sciences as they relate to long-term national security needs, in addition to
the other seven ARL Campaigns.

The ARO strategy and programs, as part of the ARL Extramural Basic Research Campaign, are formulated in
concert with the other ARL S&T Campaigns, the Research, Development and Engineering Command’s
(RDECOM’s) Research, Development and Engineering Centers (RDECs), the Army Medical Research and
Materiel Command (MRMC), the Army Corps of Engineers, and the Army Research Institute for the Behavioral



and Social Sciences. ARO programs and research areas are intimately aligned with, and fully supportive of, the
research priorities set within the RDECOM Campaign Plan, the DoD Quadrennial Defense Review, the DoD
Strategic Basic Research Plan, the Assistant Secretary of Defense for Research and Engineering [ASD(R&E)]
S&T Priorities, the Army S&T Master Plan, the Training and Doctrine Command (TRADOC) Army Capabilities
Integration Center’s Integrated S&T Lines of Effort, the TRADOC Army Warfighting Challenges, and the
Assistant Secretary of the Army for Acquisition, Logistics, and Technology [ASA(ALT)] Special Focus Areas.

ARO serves the following functions in pursuit of its mission.
» Execute an integrated, balanced extramural basic research program

» Create and guide the discovery and application of novel scientific phenomena leading to leap-ahead
technologies for the Army

* Drive the application of science to generate new or improved solutions to existing needs
* Accelerate research results transition to applications in all stages of the research and development cycle

« Strengthen the research infrastructures of academic, industrial, and nonprofit laboratories that support the
Army

* Focus on research topics that support technologies vital to the Army's future force, combating terrorism
and new emerging threats

* Leverage S&T of other defense and government laboratories, academia and industry, and organizations of
our allies

» Foster training for scientists and engineers in the scientific disciplines critical to Army needs

+ Actively seek creative approaches to enhance the diversity and capabilities of future U.S. research
programs by enhancing education and research programs at historically black colleges and universities,
and minority-serving institutions

III. IMPLEMENTING ARO STRATEGY

ARO employs multiple programs, initiatives, and investment strategies to fulfill its mission. A snapshot of the
ARO research programs is provided in this section, and each program is described further in CHAPTER 2:
PROGRAM DESCRIPTIONS AND FUNDING SOURCES.

A. Program Snapshot

The research programs managed by ARO range from single investigator research to multidisciplinary/multi-
investigator centers. A typical basic research grant within a program may provide funding for a few years, while
in other programs, such as research centers affiliated with particular universities, a group of investigators may
receive funding for many years to pursue novel research concepts. The programs for the Historically Black
Colleges and Universities and Minority Institutions (HBCU/MI) are aimed at providing infrastructure and
incentives to improve the diversity of U.S. basic research programs (see CHAPTER 2-1X). In addition to
supporting the education of graduate students through basic research grants, the National Defense Science and
Engineering Graduate (NDSEG) fellowship program is another mechanism through which ARO fosters the
training of a highly-educated workforce skilled in DoD and Army-relevant research, which is critical for the
future of the nation (see CHAPTER 2-X). ARO also has extensive programs in outreach to pre-graduate education
to encourage and enable the next generation of scientists (see CHAPTER 2-XI). In addition, ARO guides the
transition of basic research discoveries and advances to the appropriate applied-research and advanced-
development organizations. ARO is actively engaged in speeding the transition of discovery into systems, in
part through involvement in the development of topics and the management of projects in the Small Business
Innovation Research (SBIR) and Small Business Technology Transfer (STTR) programs (see CHAPTER 2-VIII).



B. Coordination for Program Development and Monitoring

The research programs and initiatives that compose ARO’s extramural research program are formulated through
ongoing and active collaborations elsewhere in ARL, including the:

* ARL S&T Campaigns, in addition to the ARL Extramural Basic Research Campaign
— Computational Sciences Campaign
— Materials Research Campaign
— Sciences-for-Maneuver Campaign
— Information Sciences Campaign
— Sciences for Lethality-and-Protection Campaign
— Human Sciences Campaign
— Assessment and Analysis Campaign

+ ARL Essential Research Areas (ERAs), in addition to the Discovery ERA
— Human Agent Teaming
— Artificial Intelligence and Machine Learning
— Cyber and Electromagnetic Technologies for Complex Environments
— Distributed and Cooperative Engagement in Contested Environments
— Tactical Unit Energy Independence
— Manipulating Physics of Failure for Robust Performance of Materials
— Science of Manufacturing at the Point of Need
— Accelerated Learning for a Ready and Responsive Force

* ARL Directorates:
— Computational and Information Sciences Directorate (ARL-CISD)
— Human Research and Engineering Directorate (ARL-HRED)
— Sensors and Electron Devices Directorate (ARL-SEDD)
— Survivability/Lethality Analysis Directorate (ARL-SLAD)
— Vehicle Technology Directorate (ARL-VTD)
— Weapons and Materials Research Directorate (ARL-WMRD)

ARO programs are also formulated through collaborations with other Federal research organizations, including:
+ RDECOM’s RDECs
* Army Medical Research and Materiel Command (MRMC)
» Army Corps of Engineers (ACE)
» Army Research Institute for the Behavioral and Social Sciences
* Army Training and Doctrine Command (TRADOC)

ARO’s extramural research program provides foundational discoveries in support of the ARL S&T Campaign
Plan. While the ARL Directorates and the RDECOM Centers are the primary users of the results of the ARO
research program, ARO also supports research of interest to ACE, MRMC, other Army Commands, and DoD
agencies. Coordination and monitoring of the ARO extramural program by the ARL Directorates, RDECs, and
other Army laboratories ensures a highly productive and cost-effective Army research effort. The University
Affiliated Research Centers (UARCs) and Multidisciplinary University Research Initiative (MURI) centers
benefit from the expertise and guidance provided by the ARL Directorates, RDECs, and other DoD, academic,
and industry representatives who serve on evaluation panels for each UARC.

The ARO-managed OSD research programs include the University Research Initiative (URI) programs, and the
Research and Educational Program (REP) for HBCU/MIs. These programs fall under the executive oversight of
the Defense Basic Research Advisory Group. This group is led by the ASD(R&E) Director for Research,
representatives from the Office of Naval Research (ONR), the Air Force Office of Scientific Research (AFOSR),
the Defense Advanced Research Projects Agency (DARPA), ARO, and ASAALT.



IV. REVIEW AND EVALUATION

The ARO Directorates, Divisions, and Programs are evaluated by a wide range of internal (Army) and external
(Academic, other Government) reviews, such as the biennial ARO Division Reviews. For additional information
regarding these review processes, the reader is encouraged to refer to the corresponding presentations and reports
from each review (not included here).

V. ARO ORGANIZATIONAL STRUCTURE

The organizational structure of ARO mirrors the departmental structure found in many research universities.
ARO’s scientific divisions are aligned to a specific scientific discipline (e.g., chemical sciences), and supported
by the Operations Directorate (see FIGURE 1).
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FIGURE 1

ARO Organizational Structure. ARO’s scientific divisions fall under the Physical Sciences, Engineering
Sciences, and Information Sciences Directorates. Each scientific Division has its own vision and research
objectives, as described further in CHAPTERS 3-11. *Army Contracting Command — Army Proving Ground (APG),
Research Triangle Park (RTP) Division executes the contracting needs for ARO-funded research; however, as
part of the Army Contracting Command (i.e., not ARL), it also performs contracting activities throughout
RDECOM.
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CHAPTER 2: PROGRAM DESCRIPTIONS AND FUNDING SOURCES

As described in the previous chapter, ARO pursues a variety of investment strategies to meet its mission as the
Army's lead extramural basic research agency in chemical sciences, computing sciences, electronics, life
sciences (including social science), materials science, mathematical sciences, mechanical sciences, network
sciences, and physics. In this role, ARO serves as ARL’s lead for the Extramural Basic Research Campaign
(refer to CHAPTER 1 - Section III). ARO implements its investment strategies through research programs and
initiatives that have unique objectives, eligibility requirements, and receive funding from a variety of DoD
sources. This chapter describes the visions, objectives, and funding sources of these programs, which compose
the overall ARO extramural research program.

The selection of research topics, proposal evaluation, and project monitoring are organized within ARO
Divisions according to scientific discipline (refer to the organizational chart presented in CHAPTER 1). ARO’s
Divisions are aligned with these disciplines, each with its own vision and research objectives, as detailed in
CHAPTERS 3-11. Each Division identifies topics that are included in the broad agency announcement (BAA).
Researchers are encouraged to submit white papers and proposals in areas that support the Division’s objectives.
It is noted that the ARO Divisions are not confined to only funding research in the academic departments that
align with the Division names. The Divisions 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.

I. OVERVIEW OF PROGRAM FUNDING SOURCES

ARO oversees and participates in the topic generation, proposal solicitation, evaluation, and grant-monitoring
activities of programs funded through a variety of DoD agencies, as listed in the following subsections.

A. Army Funding

The Army funds the majority of the extramural basic research programs managed by ARO, as listed below.
» The Core (BH57) Research Program, funded through basic research “BH57” funds (see Section II).
* The University Research Initiative (URI), which includes these component programs:
— Multidisciplinary University Research Initiative (MURI) program (see Section III)
— Presidential Early Career Awards for Scientists and Engineers (PECASE; see Section IV)
— Defense University Research Instrumentation Program (DURIP; see Section V)

* Two University Affiliated Research Centers (UARCs; see Section VI)

ARO coordinates with the Office of the Secretary of Defense (OSD) in managing the URI programs and also
manages the Army’s Small Business Technology Transfer (STTR) program (see Section VIII).

B. Office of the Secretary of Defense (OSD) Funding

The funds for a variety of programs managed or supported by ARO are provided by OSD.

* Research and Educational Program (REP) for Historically Black Colleges and Universities and Minority
Serving Institutions (HBCU/MSTI; see Section 1X)

» National Defense Science and Engineering Graduate (NDSEG) Fellowships (see Section X)

* Youth Science Activities (see Section XI)



These activities are mandated by DoD’s Chief Technology Office, the Assistant Secretary of Defense for
Research and Engineering ASD(R&E). Each of these OSD-funded programs has a unique focus and/or a unique
target audience. ARO has been designated by ASD(R&E) as the lead agency for the implementation of REP for
HBCU/MSI activities on behalf of the three Services. OSD oversees ARO management of the Army-funded
URI and its component programs (MURI, PECASE, and DURIP).

C. Other Funding Sources

In addition to the Army- and OSD-funded programs described earlier in this section, ARO leverages funds from
other DoD sources (e.g., Defense Advanced Research Projects Agency [DARPA]) to support a variety of external
programs with specific research focuses. These joint programs have objectives consistent with the strategies of
the corresponding ARO Program. Due to the unique nature of these cooperative efforts, each externally-funded
effort is discussed within the chapter of the aligned scientific Division (see CHAPTERS 3-11).

II. ARO CORE (BH57) RESEARCH PROGRAM

ARO’s Core Research Program is funded with Army basic research “BH57” funds and represents the primary
basic research funding provided to ARO by the Army. Within this program and its ongoing BAA, research
proposals are sought from educational institutions, nonprofit organizations, and commercial organizations for
basic research in electronics, physics, and the chemical, computing, life, materials, mathematical, mechanical,
and network sciences. The goal of this program is to utilize world-class and worldwide academic expertise to
discover and exploit novel scientific discoveries, primarily at universities, to provide the current and future force
with critical new or enhanced capabilities.

ARO Core Research Program activities fall under five categories, discussed in the following subsections:

(a) Single Investigator awards, (b) Short Term Innovative Research efforts, (¢) Young Investigator Program,

(d) support for conferences, workshops, and symposia, and (e) special programs. ARO’s Core (BH57) Research
Program represents the principal mission of ARO and is where the majority of the Army funds are used. A
summary of the Core (BH57) Research Program budget is presented in Section XIII.

A. 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. This program focuses on basic research efforts by one or two faculty members along with
supporting graduate students and/or postdoctoral researchers and is typically a three-year grant.

B. Short Term Innovative Research (STIR) Program

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

C. Young Investigator Program (YIP)

The objective of the YIP is to attract outstanding young university faculty to Army-relevant research questions,
to support their research, and to encourage their teaching and research careers. Outstanding YIP projects may be
considered for the prestigious PECASE award (see Section IV).



D. Conferences, Workshops, and Symposia Support Program

The ARO Core Program also provides funding for organizing and facilitating scientific and technical
conferences, workshops, and symposia. This program provides a method for conducting 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. In particular, workshops are a
key mechanism ARO uses to identify new research areas with the greatest opportunities for scientific
breakthroughs that will revolutionize future Army capabilities.

E. Special Programs

Although the ARO SI, STIR, YIP, and conference-support programs constitute the primary use of BH57 funds,
the ARO Core Research Program also supports a variety of special programs. These special programs include
matching funds applied to the ARO Core-funded HBCU/MSI program, and also the Army-supported High
School Apprenticeship Program (HSAP) and Undergraduate Research Apprenticeship Program (URAP), which
are part of the Youth Science Activities (see Section XI).

F. International Programs

Beginning in FY 16, ARO initiated international programs with the goal of identifying academic investigators
who are the forerunners in particular fields of research of which U.S. scientists do not currently hold the lead.
Based on a detailed data analytics study that assessed 39 countries and their research publication output from
2009-2014, ARO identified seven scientific areas critical to the future Army, components of which are led by
researchers outside of the U.S. These areas were grouped into three key geographic locations: the Atlantic,
Pacific, and Americas regions.

These international programs are part of ARL and ARO’s comprehensive approach to ensure that Army basic
research funds are used efficiently to find the scientists best suited to drive high-risk, high-payoff Army crucial
research, regardless of whether these researchers are in the U.S. or abroad. The seven ARO International
Program Managers are each aligned to a particular ARO Division and focus on key research areas to identify
international investigators with skills and ideas in areas not led by researchers within the U.S., as well as to
engage and partner those researchers with existing Army and DoD programs. These international research areas,
the corresponding aligned Division, and the locations where the International PMs are stationed are listed below.

* Energy Transport and Storage (Chemical Sciences Division) - Tokyo, Japan

* Advanced Computing (Computing Sciences Division) - Sdo Paulo, Brazil

 Synthetic Biology (Life Sciences Division) - Tokyo, Japan

* Human Dimension (Life Sciences Division) - London, United Kingdom

* Innovation in Materials (Materials Science Division) - London, United Kingdom

* Network Science and Intelligent Systems (Network Sciences Division) - London, United Kingdom

* Quantum Scale Materials (Physics Division) - Tokyo, Japan

II1. MULTIDISCIPLINARY UNIVERSITY RESEARCH INITIATIVE (MURI)

As described in Section I: Overview of Program Funding Sources, the MURI Program is part of the University
Research Initiative (URI) and supports research teams whose research efforts intersect more than one traditional
discipline. A multidisciplinary team effort can accelerate research progress in areas particularly suited to this
approach by cross-fertilization of ideas, can hasten the transition of basic research findings to practical
applications, and can help to train students in science and/or engineering in areas of importance to DoD.



In contrast with ARO Core program SI research projects, MURI projects support centers whose efforts require a
large and highly collaborative multidisciplinary research effort. They are typically funded at $1.25 million per
year for three years with an option for two additional years. These efforts are expected to enable more rapid
research and development (R&D) breakthroughs and to promote eventual transition to Army applications.

Oversight of the MURI program comes from the Basic Research Office of ASD(R&E) to the Service Research
Offices (OXRs), where OXR program managers (PM) manage the MURI projects. The OXRs include ARO, the
Air force Office of Scientific Research (AFOSR), and the Office of Naval Research (ONR). OXR PMs have
significant flexibility and discretion in how the individual projects are monitored and managed, while
ASD(R&E) defends the program to higher levels in OSD and has responsibility for overall program direction
and oversight. Selection of Army research topics and the eventual awards are reviewed and approved by
ASD(R&E) under a formal acquisition process.

Eight MURI projects were selected for funding and began in FY16. These projects are based on proposals
submitted to the FY16 MURI topic BAA, which was released in late FY14. Each new-start project, lead
investigator, and lead performing organization are listed here, immediately below the corresponding MURI
topic, topic authors/PMs, and the ARO Division responsible for monitoring the project. A description of each
project can be found in the corresponding Division’s chapter, based on the topic’s lead author.

» Sequence-Defined Synthetic Polymers Enabled by Engineered Translation Machinery; PMs: Dr. Dawanne
Poree (Chemical Sciences) and Dr. Stephanie McElhinny (Life Sciences)

Project Selected: Engineering the Translation Apparatus for the Synthesis of Electronically Active
Sequence-defined Polymers; Professor Michael Jewett, Northwestern University - Evanston
* Discovering Hidden Phases with Electromagnetic Excitation; PMs: Dr. Marc Ulrich (Physics) and
Dr. Pani Varanasi (Materials Science)
Project Selected: Quantum Materials by Design with Electromagnetic Excitation; Professor David
Hsieh, California Institute of Technology
* Modeling and Analysis of Multisensory Neural Information Processing for Direct Brain-Computer
Comms; PMs: Dr. Liyi Dai (Computing Sciences) and Dr. Frederick Gregory (Life Sciences)
Project Selected: Closed-Loop Multisensory Brain-Computer Interface for Enhanced Decision
Accuracy; Professor Maryam Shanechi, University of Southern California
* Modular Quantum Systems; PMs: Dr. T.R. Govindan (Physics) and Dr. T. Curcic (AFOSR)
Project Selected: Scaling Modular and Reconfigurable Quantum Systems; Professor Christopher
Monroe, Department of Physics, University of Maryland - College Park
» Spin Textures and Dynamics Induced by Spin-Orbit Coupling; PMs: Dr. Joe Qiu (Electronics), Dr. John
Prater (Materials Science), and Dr. Marc Ulrich (Physics)
Project Selected: Magnetoelectrics and Spinorbitronics in Topological Heterostructures and
Superlattices; Professor Kang Wang, University of California - Los Angeles
* Defining Expertise by Discovering the Underlying Neural Mechanisms of Skill Learning;
PMs: Dr. Frederick Gregory (Life Sciences) and Dr. Virginia Pasour (Mathematics)
Project Selected: Neural Foundations of Expertise Based on Optimal Decision-making, Physical
Control and Responses to Stress; Professor Scott Grafton, University of California - Santa Barbara
* Media Analytics for Developing & Testing Theories of Social Structure and Interaction; PMs: Dr. Purush
Iyer (Network Science) and Dr. Lisa Troyer (Life Sciences)
Project Selected: SCAN: Socio-Cultural Attitudinal Networks; Professor V. S. Subrahmanian,
University of Maryland - College Park
* Fundamental Properties of Energy Flow and Partitioning at Sub-nanoscale Interfaces; PMs: Dr. Robert
Mantz (Chemical Sciences) and Dr. Ralph Anthenien (Mechanical Sciences)

Project Selected: Multi-modal Energy Flow at Atomically Engineered Interfaces; Professor Jon-Paul
Maria, North Carolina State University

The following topics were published in FY 16 and constitute the ARO portion of the FY17 MURI BAA.

* Additive 3D Self-Assembly of Responsive Materials
PMs: Dr. John Prater (Materials Science) and Dr. Dawanne Poree (Chemical Sciences)



» Anyons in 2D materials and Cold Atomic Gases
PMs: Dr. Paul Baker and Dr. Marc Ulrich (Physics)

* Information Content in Data for Multimodal Data Analysis
PM: Dr. Liyi Dai (Computing Sciences)

* Nutritional and Environmental Effects on the Gut Microbiome and Cognition
PMs: Dr. Frederick Gregory and Dr. Bob Kokoska (Life Sciences)

» Spectral Decomposition and Control of Strongly Coupled Nonlinear Interacting Systems
PMs: Dr. Samuel Stanton and Dr. Matthew Munson (Mechanical Sciences)

» Toward Room Temperature Exciton-Polaritonics
PMs: Dr. Michael Gerhold (Electronics) and Dr. Marc Ulrich (Physics)

* Cyber Deception through Active Manipulation of Adversaries’ Cognition Process
PMs: Dr. Cliff Wang (Computing Sciences) and Dr. Lisa Troyer (Life Sciences)

IV. PRESIDENTIAL EARLY CAREER AWARD FOR SCIENTISTS AND ENGINEERS (PECASE)

The PECASE program, also part of the URI program, attracts outstanding young university faculty members,
supporting their research, and encouraging their teaching and research careers. PECASE awards are the highest
honor bestowed by the Army to extramural scientists and engineers beginning their independent research careers.
Each award averages $200K/year for five years. PECASE awards are based in part on two important criteria:

(1) innovative research at the frontiers of science and technology that is relevant to the mission of the sponsoring
agency, and (ii) community service demonstrated through scientific leadership, education, and outreach.

The PECASE winners for each calendar year’s competition are announced by the White House. The winners of
the 2014 PECASE competition were announced in FY16. Of the candidates nominated by ARO, four
investigators were selected to receive PECASE awards. These awards began as “new start” projects in FY 16 and
are listed in this section, with the project title followed by the principal investigator (PI), performing
organization, ARO PM and corresponding scientific division. Additional details for each of these projects can
be found in the corresponding scientific division’s chapter.

» Synthesis and Fundamental Studies of Atomic Layers, Atomic Quilts, and van der Waals Heterostructures
PI: Professor Deji Akinwande, University of Texas - Austin
ARO PM: Dr. Chakrapani Varanasi, Materials Science

* Governmentality and Social Capital in Tribal/Federal Relations Regarding Heritage Consultation
PI: Professor Sarah Cowie, University of Nevada - Reno
ARO PM: Dr. Lisa Troyer, Life Sciences

* Ab Initio Design Of Noncentrosymmetric Metals: Crystal Engineering In Oxide Heterostructures
PI: Professor James Rondinelli, Drexel University
ARO PM: Dr. Marc Ulrich, Physics

» Weakly Supervised Learning for Scalable Semantic Parsing
PI: Professor Luke Zettlemoyer, University of Washington
ARO PM: Dr. Purush Iyer, Network Sciences



V. DEFENSE UNIVERSITY RESEARCH INSTRUMENTATION PROGRAM (DURIP)

DURIP, also part of the URI program, supports the purchase of state-of-the-art equipment that augments current
university capabilities or develops new capabilities to perform cutting-edge defense research. DURIP meets a
critical need by enabling university researchers to purchase equipment costing $50K or more to conduct DoD-
relevant research. In FY16, the Army awarded 61 grants at $12,118,204 total, with an average award of $227K.

VI. UNIVERSITY AFFILIATED RESEARCH CENTERS (UARCS)

The University Affiliated Research Centers (UARCs) are strategic DoD-established research organizations at
universities. The UARCs were formally established in May 1996 by ASD(R&E) in order to advance DoD long-
term goals by pursuing leading-edge basic research and to maintain core competencies in specific domains
unique to each UARC, for the benefit of DoD. One DoD Agency is formally designated by ASD(R&E) to be the
primary sponsor for each UARC. The primary sponsor ensures DoD UARC management policies and
procedures are properly implemented. Collaborations among UARCs and the educational and research resources
available at the associated universities can enhance each UARC'’s ability to meet the long-term goals of DoD.
ARQO is the primary sponsor for two UARCs, with involvement in a third.

* The Army’s Institute for Soldier Nanotechnologies (AISN), located at the Massachusetts Institute of
Technology (MIT). The AISN is discussed further in CHAPTER 3: CHEMICAL SCIENCES DIVISION.

» The Army’s Institute for Collaborative Biotechnologies (AICB), located at the University of California -
Santa Barbara, with academic partners at MIT and the California Institute of Technology. The AICB is
discussed further in CHAPTER 6: LIFE SCIENCES DIVISION.

» The Army’s Institute for Creative Technologies (AICT), located at the University of Southern California.
In contrast to the AISN and AICB, the AICT is co-managed within ARL by both ARO and the Human
Research and Engineering Directorate (HRED). Funding for the AICT is managed through ARO while
HRED provides technical guidance with ARO support.

VII. MINERVA RESEARCH INITIATIVE (MRI)

The Minerva Research Initiative (MRI) is a DoD-sponsored, university-based social science basic research
program initiated by the Secretary of Defense and focuses on areas of strategic importance to U.S. national
security policy. It seeks to increase the intellectual capital in the social sciences and improve DoD’s ability to
address future challenges and build bridges between DoD and the social science community. Minerva brings
together universities, research institutions, and individual scholars and supports multidisciplinary and cross-
institutional projects addressing specific topic areas determined by DoD.

Minerva projects are funded up to a five-year base period, with awards ranging from small, single investigator
grants for 2-3 years to large multidisciplinary projects for $1-2 million per year for 5 years. The program is tri-
service managed, with ARO managing 2-5 year projects dealing with causes and consequences of regime
change, development of new models to pinpoint sources and effects of protest movements, relationships between
natural disasters and sociopolitical instability, identification of demographic factors contributing to rise of global
violent extremist organizations. ARO also provides scientific, technical, and managerial support to OSD in
formulating the overall program.



The management of the OSD MRI program transitioned to the ARO Life Sciences division beginning in FY16.
Due in part to this transition, there were no FY 16 new-start MRI projects; however, new start projects are
planned to begin in FY'17.

VIII. SMALL BUSINESS INNOVATION RESEARCH (SBIR) AND
SMALL BUSINESS TECHNOLOGY TRANSFER (STTR) PROGRAMS

Congress established 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 DoD SBIR and STTR
programs are overseen and administered by the Office of Small Business Programs within the Office of the
Under Secretary of Defense for Acquisition, Technology and Logistics. The Army-wide SBIR Program is
managed by RDECOM, while the Army-wide STTR Program is managed by ARO.

A. Purpose and Mission

The purpose of the SBIR and STTR programs is to (i) stimulate technological innovation, (ii) use small business
to meet Federal R&D needs, (iii) foster and encourage participation by socially and economically disadvantaged
small business concerns (SBCs), in technological innovation, and (iv) 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 companies must partner with universities, federally
funded research and development centers, or other non-profit research institutions to work collaboratively to
develop and transition ideas from the laboratory to the marketplace.

B. Three-phase Process

The SBIR and STTR programs use a three-phase process, reflecting the high degree of technical risk involved in
funding research, and developing and commercializing cutting edge technologies. The basic parameters of this
three-phase process for both programs within the Army are shown in TABLE 1.

TABLE 1

Three-phase process of the SBIR and STTR programs. Phase | is an assessment of technical merit and
feasibility, Phase Il is a larger R&D effort often resulting in a deliverable prototype, and Phase lll is a project
derived from, extending, or logically concluding prior SBIR/STTR work, generally to develop a viable product or
service for military or commercial markets.

SBIR Contract Limits STTR Contract Limits

* 6 months, $100K max

Phase | * 3-month option (at Government’s * 6 months, $150K max
discretion), $50K max, to fund * No options
interim Phase II efforts

Phase Il * 2 years, $1 million max * 2 years, $1 million max

* No time or size limit * No time or size limit

Phaselll |\ SBIR/STTR set-aside funds « No SBIR/STTR set-aside funds




1. Phase I. Phase I of the SBIR and STTR programs involves a feasibility study that determines the scientific,
technical, and commercial merit and feasibility of a concept. Each SBIR and STTR BAA contains topics
seeking specific solutions to stated government needs. Phase I proposals must respond to a specific topic in the
BAA, and proposals are competitively judged on the basis of scientific, technical, and commercial merit. The
Phase I evaluation and award process marks the entry point to the program and cannot be bypassed.

2. Phase II. Phase II represents a major research and development effort, culminating in a well-defined
deliverable prototype (i.e., a technology, product, or service). The Phase II selection process is also competitive.
Phase I contractors can submit Phase II proposals during one of the respective program’s submissions cycles, as
there are no separate Phase Il BAAs. Typically 50% of Phase II proposals are selected for award. SBIR Phase II
awardees may be selected to receive additional funds as an invited Subsequent Phase II, Phase II Enhancement,
or via the Commercialization Readiness Program (CRP). STTR Phase II awards may also be selected to receive
additional funds as an invited Subsequent Phase II.

3. Phase III. 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.
Commercialization is the ultimate goal of the SBIR and STTR programs.

C. ARO FY16 SBIR and STTR Topics

The following SBIR and OSD Defense Health Program SBIR topics were published in the FY 16 SBIR BAAs.
The lead topic author (who serves as the topic PM) and corresponding Division are listed with each topic.

» Enhanced Analysis for Pulsed Voltammetry Evaluation Tool / System For Improved Power Systems; Dr.
Robert Mantz, Chemical Sciences

* High Quality Factor, Thin-Film, Electrically Tunable Varactors and Filters; Dr. James Harvey,
Electronics

» Low-Loss Commercial Deposition Technology for Thick Ferrites and Ferrite/Insulator Films on Printed
Circuit Boards; Dr. James Harvey, Electronics

» Optical Thin Film Technologies for High Energy Lasers; Dr. Pani Varanasi, Materials Science
e Artificial Vaccines Based on DNA Origami; Dr. Stephanie McElhinny, Life Sciences

The following STTR topics were published in the FY16 STTR solicitations. The lead topic author and
corresponding Division are listed following each topic title.

* Compressive 3D Infrared Imaging; Dr. Liyi Dai, Computing Sciences

* Quantification Model and Systems for Assessing and Developing Resilient Wireless Communication
Operation; Dr. Cliff Wang, Computing Sciences

* Field Drug Identification Kit; Dr. Dawanne Poree, Chemical Sciences

* Acoustically/Vibrationally Enhanced High Frequency Electromagnetic Detector for Buried Landmines;
Dr. James Harvey, Electronics

* Green Diode Lasers (480-550 nm Spectral Regime); Dr. Michael Gerhold, Electronics

o Situational Awareness System; Dr. Edward Palazzolo, Network Sciences

D. ARO FY16 SBIR and STTR Phase II Contract Awards

The following SBIR topics were selected for Phase II contracts in FY16. The lead topic author/PM and
corresponding Division are listed following each topic title.

 Universal Software-Defined Receiver for Assured and Seamless Position, Navigation, and Timing (PNT);
Dr. Joe Qiu, Electronics

* Rapid Analysis of Suspicious Powders; Dr. Bob Kokoska, Life Sciences
* High Operating Temperature Long Wave HgCdTe Focal Plane Arrays; Dr. William Clark, Electronics



Very High Dynamic Range RF Two Tone Measurement Instrument and Sensor; Dr. James Harvey,
Electronics

Oxygen Separation from Air to Provide Supplemental Oxygen for Injured Soldiers; Dr. Robert Mantz,
Chemical Sciences

The following STTR and CBD STTR topics were selected for Phase II contracts in FY16. The lead topic
author/PM and corresponding Division are listed following each topic title.

Ultra-Coherent Semiconductor Laser Technology; Dr. Michael Gerhold, Electronics

Powerful Source of Collimated Coherent Infrared Radiation with Pulse Duration Fewer than Ten Cycles;
Dr. James Harvey, Electronics

High-Performance Magnesium Alloys and Composites by Efficient Vapor Phase Processing; Dr. David
Stepp, Materials Science

Low Power Monolayer MoS?2 Transistors for RF Application; Dr. Pani Varanasi, Materials Science
Regulate Circadian Rhythm for Health and Performance; Dr. Virginia Pasour, Mathematical Sciences

Cryogenic Low-Noise Amplifiers for Quantum Computing and Mixed-Signal Applications; Dr. T.R.
Govindan, Physics

Biologically-Derived Targeted Antimicrobials for Textile Applications; Dr. Stephanie McElhinny, Life
Sciences

Parallel Two-Electron Reduced Density Matrix Based Electronic Structure Software for Highly
Correlated Molecules and Materials; Dr. James Parker, Chemical Sciences

Advanced Computational Technologies for Multiphase Internal/External Coupled Ballistic Flows; Dr.
Joseph Myers, Mathematical Sciences

Intracavity Nonlinear Optical Generation of THz Radiation; Dr. Michael Gerhold, Electronics
Stochastic Electromagnetic / Circuit Analysis; Dr. James Harvey, Electronics
Terahertz Nano-Radio Platform with Integrated Antenna and Power Source; Dr. Joe Qui, Electronics

Novel Lightweight Thermoacoustic Materials and Processes for Noise Cancellation of Military Ground
Combat Vehicles (GCV); Dr. Pani Varanasi, Materials Science

Compressive 3D Infrared Imaging; Dr. Liyi Dai, Computing Sciences

EMS Monitor & Broadcast Training Capacity Enhancement; Dr. Robert Ulman, Network Sciences
Compact Integrated Ion Trap Quantum Systems; Dr. T.R. Govindan, Physics

Lithium Ion / Super Capacitor Hybrid System; Dr. Robert Mantz, Chemical Sciences

Advanced Fibers for High Efficiency Capture and Release of Human Cellular Material for Forensic DNA
Analysis; Dr. Stephanie McElhinny, Life Sciences

Robust Training System for Autonomous Detectors; Dr. Micheline Strand, Life Sciences

Innovative Concept for Detection and ID of Biological Toxins; Dr. Dawanne Poree, Chemical Sciences

E. ARO FY16 SBIR Sequential Phase II Contract Awards

The following SBIR and CBD SBIR topics were selected for Sequential Phase II contracts in FY'16. The lead
topic author/PM and corresponding Division are listed following each topic title.

Nanostructured Electrode Materials for Enhanced Biological Charge Transfer; Dr. Stephanie McElhinny,
Life Sciences

Inferring Social and Psychological Meaning in Social Media; Dr. Joseph Myers, Mathematical Sciences
Ultra-Coherent Semiconductor Laser Technology; Dr. Michael Gerhold, Electronics

Fabrication of High-Strength, Lightweight Metals for Armor and Structural Applications; Dr. David
Stepp, Materials Science

High Quality AlGaN Epitaxial Films with Reduced Surface Dislocation Density; Dr. Pani Varanasi,
Materials Science



 Direct Ethanol Fuel Cell; Dr. Robert Mantz, Chemical Sciences
» Coherent Beam Combining of Mid-IR Lasers; Dr. Michael Gerhold, Electronics

* Rapid Detection System for Decontaminated Bacillus Thuringiensis Al Hakam Spore Strips; Dr. Dawanne
Poree, Chemical Sciences

F. ARO FY16 SBIR Phase II Enhancement Contract Awards

The following SBIR topics were selected for Phase II Enhancement contracts in FY16. The lead topic
author/PM and corresponding Division are listed following each topic title.

» UV-Enhanced Raman Sensors with High SNR and Spectral Selectivity; Dr. Michael Gerhold, Electronics
» Solid Acid Electrolyte Fuel Cell; Dr. Robert Mantz, Chemical Sciences

G. ARO FY16 STTR Phase III Contract Awards

The following STTR and CBD STTR topics were awarded a Phase 111 contract in FY15 and FY16. The lead
topic author/PM and corresponding Division are listed following each topic title. Phase III revenues can be
obtained from Government or private customers, but cannot be SBIR/STTR funds.
* Micro-Machined THz Probes for Electronic Analysis of Integrated Structures; Dr. Joe Qiu, Electronics
* Lithium lon / Super Capacitor Hybrid System; Dr. Robert Mantz, Chemical Sciences

o Innovative Concept for Detection and ID of Biological Toxins; Dr. Dawanne Poree, Chemical Sciences

H. Contract Evaluation and Funding

The Army receives Phase I and Phase II proposals in response to SBIR, STTR, CBD-SBIR and OSD-
SBIR/STTR topics that are published during solicitation periods throughout each fiscal year. Proposals are
evaluated against published evaluation criteria and selected for contract award. Contract awards are made
pending completion of successful negotiations with the small businesses and availability of funds. A summary of
funds managed for ARO-managed SBIR and STTR contracts is provided at the end of this chapter.

TABLE 2

Total Funding for ARO-managed SBIR and STTR contracts awarded in FY16. Total funding (FY16 and
reallocated FY 15 funds) for ARO-managed SBIR and STTR contracts, including Army, CBD, OSD, and other
DoD funding sources. Phase lll includes contracts deriving from, extending or completing ARO-managed Phase
| or Phase Il efforts, awarded at ARO and elsewhere within the DoD.

SBIR Contracts STTR Contracts

Phase | $2,497K $1,662K
Phase Il $2,593K $12,937K
Phase Il Enhancement $1,000K -
Sequential PH II $5,367K -
Phase lll $103K $425K

TOTAL $11,560K $15,024K




IX. HISTORICALLY BLACK COLLEGES AND UNIVERSITIES AND MINORITY SERVING
INSTITUTIONS (HBCU/MSI) PROGRAMS

Programs for HBCU/MSIs are a significant part of the ARO portfolio. Awards in FY'16 totaled $22.3 million.
These programs are discussed in the following subsections.

A. ARO (Core) HBCU/MSI Program

ARO began its HBCU/MSI program in 1980 with $0.5 million designed to encourage greater participation of
HBCUs and MSIs in basic research. The initiative has continued and in recent years has been funded at about
$1.2 million annually. These funds are made available to the ARO scientific divisions as co-funding
opportunities to support HBCU/MSI research proposals submitted through the ARO Core Program BAA. There
were 88 agreements with HBCU/MSI institutions receiving over $8.74 million in H57 funding through the ARO
Core Program during FY 16, including the 30 new starts. These figures represent total funding for HBCU/MSIs
through the core program, both awards relying on matching funds and those not utilizing matching funds.

The new-start HBCU/MSI research grants are listed below, with the project title followed by the PI, performing
organization, ARO PM, and corresponding scientific division.

* Tasks and Transitions: An Investigation of Transactive Memory Systems in Teams Performing Multi-Task
Activities, Professor Kyle Lewis, University of California - Santa Barbara; Dr. Edward Palazzolo,
Network Sciences

* Dissecting Social Dynamics and Malware Attributions for Mitigating Network-centric Attacks, Professor
Gail-Joon Ahn, Arizona State University; Dr. Cliff Wang, Computing Sciences

» Spatial-temporal memory effects in nanoelectronic neuromorphic networks, Professor Dmitri Strukov,
University of California - Santa Barbara; Dr. Joe Qiu, Electronics

o Integrated Cognitive Mobile and Social Networking, Professor Junshan Zhang, University of Arizona; Dr.
Robert Ulman, Network Sciences

» Towards Optimal Teams in Composite Networks, Professor Hanghang Tong, Arizona State University;
Dr. Edward Palazzolo, Network Sciences Division

* Epitaxial Cd3As2 for RF Device Applications, Professor Robert York, University of California - Santa
Barbara; Dr. James Harvey, Electronics

» Extending the Mechanisms of Protein Function to Non-Cellular Environments, Professor Sumita
Pennathur, University of California — Santa Barbara; Dr. Stephanie McElhinny, Life Sciences

* Correlative study of defects in semiconductors, Professor Yong Zhang, University of North Carolina —
Charlotte; Dr. Michael Gerhold, Electronics

* The II-IV Nitrides materials system as a novel design space for quantum materials, Professor Christian
Van de Walle; University of California — Santa Barbara; Dr. Pani Varanasi, Materials Science

o Trustworthy Human Centric Social Networking: Challenges and Research, Professor Yanchao Zhange,
Arizona State University; Dr. Cliff Wang, Computing Sciences

* Microscale Ocean Biophysics, Professor Shilpa Khatri, University of California - Merced; Dr. Virginia
Pasour, Mathematical Sciences

» 24th Current Trends in Computational Chemistry, Professor Jerzy Leszczynski, Jackson State University;
Dr. James Parker, Chemical Sciences

* Individual Differences in Handedness Effects on Categorical versus Coordinate Spatial Processing,
Professor Ruth Propper, Montclair State University; Dr. Frederick Gregory, Life Sciences

* Theoretical Foundations, Modeling, and Exploration for Power Obfuscation in Secure Embedded
Systems, Professor Roman Lysecky, University of Arizona; Dr. Cliff Wang, Computing Sciences

* Octree Methods for Multiscale Discretization, Professor Frederic Gibou, University of California — Santa
Barbara; Dr. Joseph Myers, Mathematical Sciences



» A New Approach to the Combustion Chemistry of Low Cetane Number Jet Fuels, Professor Kenneth
Brezinsky, University of Illinois — Chicago; Dr. Ralph Anthenien, Mechanical Sciences Division

» Ultrafast Light Emitters Using Photonic Hypercrystals and Two Dimensional Semiconductors, Professor
Vinod Menon, City University of New York (CUNY); Dr. Michael Gerhold, Electronics

» Vertical Transport in InAs/InAsSb Superlattices, Professor Sanjay Krishna, University of New Mexico-
Albuquerque; Dr. Michael Gerhold, Electronics

* Predicting and managing migration: insights from age-structured, game-theoretic, and network models,
Professor Maria-Rita D’Orsogna, California State University - Northridge; Dr. Purush Iyer, Network
Sciences

» Towards Synthetic Nonabelions in Graphene Heterostructures, Professor Andrea Young, University of
California - Santa Barbara; Dr. Marc Ulrich, Physics

* Proof of Concept for Efficient Application of Quantum-Chemical Techniques to Model Environmental
Mercury Depletion Reactions Through Transition State Theory, Professor Jerzy Leszczynski, Jackson
State University; Dr. James Parker, Chemical Sciences

* Gathering and Processing Sensor Data with Unmanned Relay Vehicles using Line-of-Sight
Communication, Professor Leonardo Bobadilla, Florida International University; Dr. Liyi Dai, Computing
Sciences

* The Impact of Landscape Characteristics on Urban Surface Energy Balance, Professor Zhihua Wang,
Arizona State University; Dr. Julia Barzyk, Materials Sciences

* The Chaotic Quantum Oscillator, Professor Bjorn Birnir, University of California - Santa Barbara; Dr.
James Harvey, Electronics

* Mechanoresponsive Polymer-Matric Composites, Professor Matthew Green, Arizona State University; Dr.
Dawanne Poree, Chemical Sciences

* Scientific Exploration of Cyber-Driven Dynamic, Distributed Big Data Forensics Systems, Professor
Sundararaj Iyengar, Florida International University; Dr. Cliff Wang, Computing Sciences

* Tailoring Vibrational Modes and Interactions in Resonators and Waveguides: Multiscale Model of
Phonon and Phonon Interactions - Transition from MEMS to NEMS, Professor Michael Stroscio,
University of Illinois — Chicago; Dr. James Harvey, Electronics

* Canonical Tensors Applied to Ab Initio Electronic Structure: Linear Scaling for Metallic Systems,
Professor Christopher Tymczak, Texas Southern University; Dr. James Parker, Chemical Sciences

* Epitaxial superconductor-semiconductor two-dimensional systems: a new platform for quan-tum
computation, Professor Javad Shabani, City College of New York (CUNY); Dr. T.R. Govindan, Physics

* Nanostructured High Entropy Alloys, Professor Enrique Lavernia, University of California - Irvine; Dr.
Michael Bakas, Materials Science

The HBCU/MSI institutions funded under the ARO Core program were also afforded the opportunity to submit
add-on proposals to fund high school or undergraduate student research apprenticeships through HSAP/URAP.
A total of 17 HBCU/MSIs were funded under HSAP/URAP in FY 16, totaling approximately $154K, (50/50 mix
of PM and Army Education Outreach Program funding). Additional information regarding HSAP/URAP can be
found in Section XI: Youth Science Activities.

B. Partnership in Research Transition (PIRT) Program

The PIRT Program was established as the second phase of what was previously known as the Battlefield
Capability Enhancement Centers of Excellence (BCE). The program’s objective is to enhance the programs and
capabilities of a select number of high-interest scientific and engineering disciplines through Army-relevant,
topic-focused, near-transition-ready innovative research. Furthering ARL’s policy of advocating and supporting
research at HBCUSs, and consistent with the stated mission of the White House Initiative on HBCUs, a secondary
objective of PIRT is “to strengthen the capacity of HBCUs to provide excellence in education” and to conduct



research critical to DoD national security functions. In FY16, $1.7 million was added to Cooperative
Agreements supporting research and student internships at these PIRT Centers:

» Center of Advanced Algorithms
Delaware State University, Dover, DE
Co-Cooperative Agreement Manager (Co-CAM): Dr. James Harvey, Electronics

* Bayesian Imaging and Advanced Signal Processing for Landmine and IED Detection Using GPR
Howard University, Washington, DC
Co-CAM: Dr. James Harvey, Electronics

» Extracting Social Meaning From Linguistic Structures in African Languages
Howard University, Washington, DC
Co-CAM: Dir. Joseph Myers, Mathematical Sciences

» Lower Atmospheric Research Using Lidar Remote Sensing
Hampton University, Hampton, VA
Co-CAM: Dr. James Parker, Chemical Sciences

* Multi-Scale Modeling Techniques and Analysis for Cementitious Materials Under Dynamic Loading
North Carolina A&T State University, Greensboro, NC
Co-CAM: Dir. Joseph Myers, Mathematical Sciences

C. DoD Research and Educational Program (REP) for HBCU/MSI

ARO has administered programs on behalf of ASD(R&E) since 1992. REP aims to enhance research capabilities
of HBCUs and MSIs and to strengthen their education programs in science, technology, engineering, and
mathematics (STEM) disciplines that are relevant to the defense mission.

Under this program, qualifying institutions were able to submit proposals to compete for basic research grants.
InFY16, BAA W911NF-16-R-0024 was issued for the DoD REP for HBCUs/MSIs. One hundred sixty-two
(162) proposals were determined to be eligible under the solicitation. In FY'16, 76 grants totaling $29.2M were
made, 29 to HBCUs, 46 to MSIs, and 1 to a TCU under the DoD REP solicitation.

D. Other HBCU/MSI Activities

ARO completed administration of the John H. Hopps Scholars Program at Morehouse College (FY08-FY'16),
which continued to serve nine scholars during FY16. ARO also provided support to AMC and RDECOM to
develop an Army Strategic Plan to address Section 233 of the National Defense Authorization Act (NDAA).

X. NATIONAL DEFENSE SCIENCE AND ENGINEERING GRADUATE (NDSEG)
FELLOWSHIP PROGRAM

The NDSEG Fellowship Program is a tri-service program administered by the Air Force Office of Scientific
Research (AFOSR), designed to increase the number of US citizens trained in disciplines of science and
engineering important to defense goals. ARO supports the NDSEG Fellowship Program along with the Office of
Naval Research (ONR) and AFOSR. 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 who intend to pursue
a doctoral degree in one of fifteen scientific disciplines of interest to the military. NDSEG Fellowships last for
three years, and Fellows are provided full tuition and fees at any accredited university of choice, a monthly
stipend very competitive with other top-tier fellowships, and up to $1K/year in medical insurance.

With approximately $5 million available to the Army in FY16, ARO selected 60 NDSEG Fellows from thirteen
categories relevant to Army fundamental research priorities. These awardees began their fellowships in the fall
of2016. Each of ARO’s divisions reviewed the applications assigned to NDSEG topic categories within their
particular areas of expertise, and selected fellows whose doctoral research topics most closely align with the



Army’s missions and research needs. The number of Fellows chosen from each discipline was based roughly on
the percentage of applicants who submitted topics in that category. The number of fellows chosen from each
scientific discipline for the FY16 NDSEG program is shown in TABLE 2.

TABLE 2

FY16 NDSEG fellows by discipline. The table displays the number of NDSEG Fellows chosen in FY16,
according to topic categories relevant to the designated Army research priorities.

NDSEG Fellows
Selected in FY16

Scientific Discipline

Aeronautical and Astronautical Engineering
Biosciences

Chemical Engineering

Chemistry

Civil Engineering

Cognitive, Neural, and Behavioral Sciences
Computer and Computational Sciences
Electrical Engineering

Geosciences

Materials Science and Engineering
Mathematics

Mechanical Engineering

Physics

[«)] —_
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TOTAL

XI. YOUTH SCIENCE ACTIVITIES

All the programs managed by the Army Educational Outreach Program (AEOP) STEM Outreach Office at
RDECOM Headquarters share one purpose: to increase the number of future adults with careers in science,
technology, engineering, and mathematics. These programs accomplish this through a variety of mechanisms,
including: providing a work/study laboratory experience, sponsoring hands-on science workshops during the
summer, showcasing talented young high school scientists at symposia, and supporting student science fairs
nationwide. Of these many programs, ARO continued to administer the High School and Undergraduate
Research Apprenticeship Programs in FY16.

During the summer of FY 16, 117 students served as interns and worked in university laboratories with mentors
though the High School Apprenticeship Program (HSAP) and the Undergraduate Research Apprentice Program
(URAP). This was a significant increase from the number of participants in FY15. These programs are
described further in the following subsections.

A. Undergraduate Research Apprenticeship Program (URAP)

URAP funds the STEM apprenticeship of promising undergraduates to work in university-structured research
environments under the direction of ARO-sponsored PIs serving as mentors. In FY 16, URAP awards provided



52 students with research experiences at 39 different universities within 22 different states. Fourteen of the
universities were HBCU/MSIs and ARO invested approximately $203K in the FY 16 URAP effort, a mix of
ARO core funding and AEOP matching funds.

B. High School Apprenticeship Program (HSAP)

HSAP funds the STEM apprenticeship of promising high school juniors and seniors to work in university-
structured research environments under the direction of ARO-sponsored Pls serving as mentors. In FY16, HSAP
awards provided 65 students with research experiences at 35 different universities within 18 different states.
Sixteen of the universities were HBCU/MSIs. ARO invested approximately $236K in the FY16 HSAP effort,
including ARO core funding and AEOP matching funds.

C. Thurgood Marshall College Fund Pilot Initiative

The Vivian Burey Marshall Academy (VBMA), named in honor of Justice Thurgood Marshall's first wife, is a
two-tiered, pilot initiative grant awarded to the Thurgood Marshall College Fund in late FY 16. This is a four-
year research grant award up to $5.7 million funded by ASA (ALT) through ARL’s Broad Agency Announcement
and consistent with the goals of the AEOP. The pilot initiative will develop in young students, grades 6-10,
STEM literacy and the basic underlying skills necessary for STEM management.

The pilot effort will be evaluated throughout the 4-year implementation to assess impact and feasibility of
program adoption. ASA (ALT) has requested Army science and technology (S&T) organizations support VBMA
sites for the initial year: RDECOM with Baltimore, MD, and ERDC with Vicksburg, MS.

D. Local Outreach

The Youth Sciences division of ARO participated in the following local outreach efforts in FY'16.

» North Carolina Science and Engineering Fair: ARO PMs volunteered to judge posters for a special
category that presents awards to high school juniors and seniors based upon the overall quality and Army
relevance of their projects.

» Regional JSHS: ARO attended and judged high school student posters for the regional competition. Top
winners advance to the national JSHS competition.

= JSHS National Symposium: scientists from ARO and sponsored PIs attended and judged student posters
as well as oral presentations of students that have previously won regional competitions. Winners are
awarded various scholarships ranging from $4,000 to $12,000.

+ Site visits to local universities that host HSAP/URAP participants: the HSAP/URAP Program
Coordinator visited host sites within North Carolina to measure program efficacy. An ARO PM
accompanied the Program Coordinator on three of the visits.

* Arts n’ STEM Expo: ARO joined US2020 RTP, a nonprofit organization that facilitates Science,
Technology, Engineering and Mathematics outreach and mentoring opportunities for underrepresented
minorities, during their “Arts n” STEM” expo. Program Managers from ARO in the fields of chemistry,
physics, mathematics and environmental, social and life sciences volunteered as speed mentors to an
estimated 350 students ranging from grades 5 to 12 at the Frontier building in Research Triangle Park,
North Carolina. The Youth Science Program Coordinator also staffed a display promoting Army
Educational Outreach Programs, including HSAP and URAP, at the event.



XII. SCIENTIFIC SERVICES PROGRAM (SSP)

ARO established the SSP in 1957. This program provides a rapid means for the Army, DoD, OSD, and other
federal government agencies to acquire the scientific and technical analysis services of scientists, engineers, and
analysts from small and large businesses, colleges and universities, academicians 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 S&T area of interest to the government.

SSP services are administered and managed for ARO through the Battelle Eastern Science and Technology
(BEST) Center located in Aberdeen, Maryland on behalf of Battelle Memorial Institute (BMI), headquartered in
Columbus, Ohio. Battelle’s responsibilities include the selection of qualified individuals, universities,
businesses, and/or faculty to perform all tasks requested by ARO, and for the financial, contractual, security,
administration, and technical performance of all work conducted under the program.

SSP awards tasks in a wide variety of technical areas, including mechanical engineering, computer sciences, life
sciences, chemistry, material sciences, and military personnel recruitment/retention. In FY16, 35 new SSP tasks
were awarded with 106 modifications to the scope and/or funding of ongoing tasks. A summary of the agencies
served under this program and the corresponding number of FY 16 new SSP tasks is provided in TABLE 3.

TABLE 3

FY16 new SSP tasks and sponsoring agencies. In FY16, 35 new SSP tasks were awarded in addition to 106
modifications of the scope and/or funding of ongoing tasks on two SSP contracts.

. e SSP
Sponsoring Organization

Army Research, Development and Engineering Command (RDECOM)
Army Research Laboratory (ARL)
Edgewood Chemical, Biological Center (ECBC)
Army Missile RDEC (AMRDEC)
Natick Soldier RDEC (NSRDEC)

A WO W

TOTAL: RDECOM

-
(=2}

Other U.S. Army
US Military Academy (USMA)
Army Materiel Systems Analysis Activity (AMSAA)
Program Executive Office Ground Combat Systems
US Army Corps of Engineers (USACE)
US Army Training & Doctrine Command (TRADOC)
US Army Medical Command (MEDCOM)

N 2, W A

TOTAL: Other U.S. Army 14

Other DoD
US Navy 3
DoD (Other)

N

TOTAL: Other DoD 5

TOTAL FY16 SSP Tasks 35




XIII. SUMMARY OF PROGRAM FUNDING AND ACTIONS

A. FY16 Research Proposal Actions

ARO PMs receive white papers throughout the year and discuss these topic ideas with the potential investigator
to identify any ways the proposed research could better align with program vision and Army needs. PMs then
encourage a subset of white papers to be submitted as full proposals; however, any eligible investigator can
submit a full proposal, regardless of PM recommendations. On average, one-fifth of the white papers received
by ARO PMs are ultimately submitted as formal, full proposals.

The actions for FY 16 extramural basic research full proposal submissions, sorted by ARO Division, are
summarized in TABLE 4.

TABLE 4

FY16 ARO Research Proposal Actions. The status of research proposals received by ARO within FY16 (i.e., 1
Oct 2015 through 30 Sep 2016) is listed for each scientific division, based on proposal actions reported through
14 July 2017. The table reports actions for extramural proposals in the basic research categories: Sl, STIR, YIP,
HBCU/MSI, REP, MRI, MURI, and DURIP.

50 44 35

Chemical Sciences 129 0
Computing Sciences 62 31 11 20 0
Electronics 109 39 45 25 0

Life Sciences 95 42 34 19 0
Materials Science 91 45 30 13 3
Mathematical Sciences 44 21 18 ) 0
Mechanical Sciences 72 27 28 17 0
Network Sciences 68 44 14 10 0
Physics 80 33 33 14 0

TOTAL 750 332 257 158 3




B. Summary of ARO Core Program Budget

The ARO FY16 Core (BH57) Research Program budget is shown in TABLE 5, below.

TABLE 5

ARO Core (BH57) Program funding. The ARO Core Program FY16 Budget is listed according to each
scientific discipline (Division) or special program; data sources: ARO Director’s Budget (for scientific disciplines)
and Status of Funds Report 28 Feb 2017 (for special programs).

o e (=) Division or Program Title AL
Program Type g Allotment

Chemical Sciences' $8,001,883
Computing Sciences $5,261,008
Electronics $6,978,782
Life Sciences $7,699,718
Materials Science’ $8,648,374
Scientific Disciplines Mathematical Sciences $5,929,016
Mechanical Sciences $7,422,453
Network Sciences $7,065,732
Physics $7,048,878
Funding by Scientific Discipline  $66,055438
Senior Scientist Research Programs $877,456
International Offices $1,230,997
Notonai Fosemeh Gonsl NR0) 450
Special Programs HBCU/MSI Program??3 $786,293
HSAP/URAP $181,268
In-House Operations $16,919,892
SUBTOTAL: Core Program $20,458,562

Funding to Special Programs

TOTAL ARO Core (BH57) Program $84,514,406

" Includes funding for some projects that began under the former Environmental
Sciences Division, now temporarily managed within these other Divisions.

2 HBCU/MSI Core Program funds are allocated at the Directorate level, and are matched
with Division funds, resulting in total FY16 HBCU/MSI Core Program funding of $1.5M.

3 Does not include the additional funds provided from OSD for the HBCU/MSI Program
(see TABLE 8).



C. Summary of Other Programs Managed or Co-managed by ARO

The FY16 allotments and funding sources for other ARO managed or co-managed programs (i.e, not part of the
ARO Core Program), are shown in TABLES 6-8.

TABLE 6

FY16 allotments for other Army-funded programs. These programs, combined with the ARO Core (BH57)
Program elements shown in TABLE 5, represent all of the Army-funded programs managed through ARO. Data
source: ARO Director’s Budget and 30 Sep 2016 Status of Funds Report (for FY 15 funds received in or
reallocated for FY16).

FY16
Other Army-funded Program Allotment

Multidisciplinary University Research Initiative $44,845,496
Presidential Early Career Award for Scientists and Engineers $2,897,748
Defense University Research Instrumentation Program $12,118,203
University Research Initiative Support $4,453,553
MINERVA Program (Project V72)' $2,910,000
Army Center of Excellence (Project H59) $509,000
HBCU/MSI — PIRT Centers (Project H0O4) $1,812,000
Army Institute for Collaborative Biotechnologies (ICB; Project H05) $6,228,000
Army Institute for Soldier Nanotechnologies (AISN; Project J12) $5,339,000
Army Institute for Creative Technologies (AICT; Project J08) $5,839,000
Board of Army Science and Technology (BAST; Project C18) $1,399,000
Small Business Innovation Research (SBIR; Project M40)*2 $7,848,342
Small Business Technology Transfer (STTR; Project 861)" $12,875,062
SBIR/STTR Services / Contract Support (Project 720) $746,079
Basic Research Initiatives — Congressional (T14) $15,000,000

TOTAL: Other Army-funded Programs $124,820,483

" Does not include additional funds provided by OSD (see TABLE 8).
2 Includes $3,612,941 of FY15 funds received in or reallocated for FY16



TABLE 7

FY16 allotment for externally-funded programs. FY16 funds received from sources other than Army or OSD
are indicated below. The Other Agencies category totals the funds from a range of sources, including the Joint
IED Defeat Organization (JIEDDO), the Joint Project Manager, Nuclear, Biological, and Chemical (JPMNBC),
and other government agencies. Data source: 31 Jan 2017 Status of Funds Report and 30 Sep 2016 Status of
Funds Report (for FY15 funds received in or reallocated for FY16).

FY16
Allotment

External Program

Scientific Services Program (SSP)' $9,182,239

Defense Advanced Research Projects Agency (DARPA)? $170,217,670

Air Force Research Laboratory (AFRL) $4,059,911
Other Agencies (e.g., JIEDDO and JPMNBC) $53,398,518
Other DoD $51,436,870

TOTAL: External Programs $288,295,208

" Includes $145,477 of FY15 funds received in or reallocated for FY16
2 Includes $16,718,543 of FY15 funds received in or reallocated for FY16

TABLE 8

OSD direct-funded programs. These funds were allocated directly from OSD to the indicated program. Data
source: 31 Jan 2017 Status of Funds Report.

. FY16
OSD Direct-funded Programs Allotment

SBIR/STTR (Project 825)"2 $1,745,678
Basic Research Initiatives - Congressional $441,000
HBCU/MSI and Research and Educational Program

(REP)34 $34,138,000
Minerva® $13,122,052

TOTAL: OSD Direct Funding $49,446,730

" Does not include additional Army funds provided for SBIR/STTR (see TABLE 6).
2 This allotment was FY15 funds received in or reallocated for FY16

3 This amount does not include the additional Army Core Program funds provided
for the HBCU/MSI Program (see TABLE 5).

4 Includes $2,292,000 of FY15 funds received in or reallocated for FY16
5 Includes $6,188,710 of FY15 funds received in or reallocated for FY16



D. Grand Total FY16 Allotment for ARO Managed or Co-managed Programs

TABLE 9

Summary of FY16 allotment for all ARO managed or co-managed programs. This table lists the subtotals
from TABLES 6-9 and the grand total FY 16 allotment for all ARO managed or co-managed programs, including
any FY15 funds received in or allocated for FY16. Refer to TABLES 6-9 for data source information.

FY16
Program Category Allotment

Core (BH57) Programs $84,514,406

Other Army-funded Programs $124,820,483

External Program Funds $288,295,208

OSD Direct-funded Programs $49,446,730
GRAND TOTAL:

(all sources) $547,076,827







CHAPTER 3: CHEMICAL SCIENCES DIVISION

I. OVERVIEW

As described in CHAPTER 1: ARO MISSION AND INVESTMENT STRATEGY, the purpose of the Army Research
Laboratory (ARL) - Army Research Office (ARO) publication ARO in Review 2016 is to provide information on
the programs and basic research supported by ARO in FY16, and ARO's mission to create basic science research
to enable new materials, devices, processes and capabilities for the current and future Soldier. This chapter
focuses on the ARO Chemical Sciences Division and provides an overview of the scientific objectives, research
programs, funding, accomplishments, and transitions facilitated by this Division in FY 16.

A. Scientific Objectives

1. Fundamental Research Goals. The ARO Chemical Sciences Division supports research to identify and
control the fundamental properties, principles, and processes governing molecules and their interactions in
materials and chemical systems that will ultimately enable critical new Army capabilities. More specifically, the
Division promotes basic research to uncover the relationships between molecular architecture and material
properties, to understand the fundamental processes of electrochemical reactions, to develop methods for
accurately predicting the pathways, intermediates, and energy transfer of reactions, and to discover and
characterize the many chemical processes that occur at surfaces and interfaces. The results of these efforts will
stimulate future studies and help keep the U.S. at the forefront of chemical sciences research. In addition, these
efforts are expected to lead to new approaches for synthesizing and analyzing molecules and materials that will
open the door to future studies that are not feasible with current knowledge.

2. Potential Applications. Research managed by the Chemical Sciences Division will provide the scientific
foundation to create revolutionary capabilities for the future warfighter. In the long term, results from the
Chemical Sciences Program may lead to materials with new or enhanced properties to protect the Soldier from
ballistic, chemical, and biological threats. The development of new computational methods may allow the
structure and properties of notional (i.e., theoretical) molecules to be calculated before they are created,
providing a significant cost savings to the Army. In addition, chemical sciences research may ultimately
improve Soldier mobility and effectiveness through the development of light-weight and small power sources,
renewable fuel sources, and new energetic materials with improved methods for ignition, detonation, and control.

3. Coordination with Other Divisions and Agencies. To effectively meet the Division’s objectives, and to
maximize the impact of potential discoveries for the Army and the nation, the Chemical Sciences Division
coordinates and leverages research within its Program Areas with Army scientists and engineers, the Office of
Naval Research (ONR), and the Air Force Office of Scientific Research (AFOSR). In addition, the Division
coordinates with other ARO Divisions to co-fund research, identify multidisciplinary research topics, and to
evaluate the merit of research concepts. For example, interactions with the ARO Life Sciences Division include
developing research programs to investigate materials for use in chemical and biological defense and to
understand how biological systems can interface with or expand the capabilities of abiotic systems. The
Chemical Sciences Division also coordinates its research portfolio with the Materials Science Division to pursue
the design and characterization of novel materials through new synthesis and processing methods, the evaluation
of bulk mechanical properties, and molecular-level studies of materials and material properties. The Division
also complements research in the Physics and Electronics Divisions to investigate the dynamics of chemical
reactions and how chemical structure influences electrical, magnetic, and optical properties. The creation of new
computational methods and models to better understand molecular structures and chemical reactions is also an
area of shared interest between the Chemical Sciences and Mathematical Sciences Divisions.



In addition, the Division’s research portfolio will reveal previously unexplored avenues for new Army
capabilities while also providing results to support (i) the Materials Research Campaign’s goals to create
multifunctional, responsive materials, and to discover and exploit materials for more efficient power generation
and energy storage, (ii) the Sciences-for-Maneuver Campaign’s goals to identify and exploit innovations in
energy sources, storage, and conversion, to discover novel materials to enable durable, damage tolerant structural
systems, to discover materials to enable damage-tolerant structural systems, and to engineer and exploit chemical
systems with biological-like functions for advanced protective equipment, and (iii) the Sciences for Lethality-
and-Protection Campaign’s goal to develop new energetic materials and predictive models of their behavior.

B. Program Areas

The Chemical Sciences Division drives the creation of new research areas, as well as identifies, evaluates, funds,
and monitors research in a range of sub-disciplines. The Division has identified several sub-disciplines, also
called Program Areas, which provide a framework for the identification, evaluation and monitoring of research
projects. In FY16, the Division managed research within these five Program Areas: (i) Polymer Chemistry,

(i1) Molecular Structure and Dynamics, (iii) Electrochemistry, and (iv) Reactive Chemical Systems. As
described in this section and the Division’s Broad Agency Announcement (BAA), these Program Areas have
their own long-term objectives that collectively support the Division’s overall objectives.

1. Polymer Chemistry. The goal of this Program is to understand the molecular-level link between polymer
microstructure, architecture, functionality, and the ensuing macroscopic properties. Research in this Program
may ultimately enable the design and synthesis of functional polymeric materials that give the Soldier new and
improved protective and sensing capabilities as well as capabilities not yet imagined. This Program is divided
into two research thrusts: (i) Precision Polymeric Materials and (ii) Complex Polymer Systems. The Precision
Polymeric Materials thrust supports research aimed at developing new approaches for synthesizing polymers
with precisely-defined molecular weight, microstructure (monomer sequence and tacticity), architecture, and
functional group location; exploring how changes in molecular structure and composition impact macroscopic
properties; and on developing polymers that exhibit programmed molecular responses to external stimuli. Of
particular interest is research related to sequence-defined polymers, self-immolative polymers, and polymer
mechanochemistry. The Complex Polymer Systems thrust focuses on controlling polymer assembly to enable
complex structures with diverse functions and new properties. Of interest to this thrust are research efforts that
explore how molecular structure influences polymer assembly into more complex, hierarchical structures as well
as influence interactions with other materials (i.e. inorganic or biological materials) to render functional hybrid
assemblies. Research efforts that explore assembly/incorporation of multiple responsive groups into a single
polymeric materials system to engender complex responsive behavior are also of interest.

The research supported by this Program Area may lead to long-term applications for the Army such as light-
weight, flexible body armor, materials for clothing that are breathable but also provide protection from toxins,
and fuel cell membranes to harness renewable energy. In addition, the efforts in this program may ultimately
lead to new, dynamic materials such as photohealable polymers that can be used as a repairable coating and
mechanically- or thermally-responsive polymers and composites that can convert external forces to targeted
internal chemical reactions (i.e., to convert external force to internal self-sensing and self-repair).

2. Molecular Structure and Dynamics. The goal of this Program Area is to understand state-selected
dynamics of chemical reactions of molecules in gas and condensed phases across a wide variety of conditions,
and to develop theories capable of accurately describing and predicting these phenomena. In the long term, these
studies may serve as the basis for the design of future propellants, explosives, and sensors. This Program Area is
divided into two Thrusts: (i) Molecular Dynamics and (ii) Quantitative Theoretical Methods. The Molecular
Dynamics Thrust broadly supports research on the study of energy transfer mechanisms in molecular systems.
The Quantitative Theoretical Methods Thrust supports research to develop and validate theories for
quantitatively describing and predicting the properties of chemical reactions and molecular phenomena.

The research supported by this Program Area will likely enable many future applications such as more efficient
and clean combustion technology, the capability to accurately predict the properties of large, complex chemical
systems, and the development of novel molecules for use in energy storage applications.



3. Electrochemistry. The goal of this Program Area is to understand the underlying science that controls
reactant activation and electron transfer. These studies may provide the foundation for developing advanced
power generation and storage technology. This Program Area is divided into two research Thrusts:

(i) Reduction-oxidation (Redox) Chemistry & Electrocatalysis, and (ii) Transport of Electroactive Species. The
Redox Chemistry and Electrocatalysis thrust supports research to discover spectroscopic and electrochemical
techniques for probing surfaces and selected species on those surfaces, while the Transport of Electroactive
Species thrust identifies and supports research to uncover the mechanisms of transport through polymers and
electrolytes, to design tailorable electrolytes based on new polymers and ionic liquids, and explores new
methodologies and computational approaches to study the selective transport of species in charged environments.

Research in this Program Area will likely lead to many long-term applications for the Army, the nation, and the
world. These applications include the discovery and use of new mechanisms for the storage and release of ions
that are potentially useful in future power sources, including new battery or bio-fuel concepts. In addition,
studies of electroactive species may enable the development of multifunctional materials that simultaneously
have ionic conductivity, mechanical strength, and suitable electronic conductivity over a considerable
temperature range, while exposed to aggressive chemical environments.

4. Reactive Chemical Systems. The goals of this Program Area are to obtain a molecular level understanding
of interfacial activity and of dynamic nanostructured and self-assembled chemical systems. High-risk basic
research in this program is expected to lead to the design and synthesis of new chemical systems that will
provide unprecedented hazardous materials management capabilities and soldier survivability. This Program
Area is divided into two research Thrusts: (i) Interfacial Activity and (ii) Synthetic Molecular Systems. Within
these Thrusts, high-risk, high-payoff research efforts are identified and supported to pursue the program’s long-
term goals. The Interfacial Activity Thrust supports research on understanding the kinetics and mechanisms of
reactions occurring at surfaces and interfaces and the development of new methods to achieve precise control
over the structure and function of chemical and biological molecules on surfaces. Specific areas of interest
include adsorption, desorption, and the catalytic processes occurring at surfaces and interfaces and the interface
between nanostructures and biomolecules to generate advanced materials. Research in the Synthetic Molecular
Systems Thrust is exploring novel methods for incorporation of multi-functionality, stimuli-responsive, and
dynamic behavior into chemical systems. Specific areas of interest include the stabilization of nanostructured
and self-assembled systems, incorporation of enhanced catalytic activity into chemical systems, and the design
and synthesis of chemical systems that sense and respond to specific external stimuli.

This Program Area supports research that will likely lead to many long-term applications for the Army and the
private sector. Potential long-term applications include novel chemical sensing capabilities, selective
membranes, multi-functional surfaces for self-repair and self-healing, and new approaches to hazardous waste
management. Research in these areas may also lead to multi-functional and stimuli-responsive systems for
“smart” materials that can sense and autonomously respond in unprecedented ways for soldier protection.

C. Research Investment

The total funds managed by the ARO Chemical Sciences Division for FY16 were $53.3 million. These funds
were provided by multiple funding sources and applied to a variety of Program Areas, as described here.

The FY16 ARO Core (BH57) program funding allotment for this Division was $8.0 million and $1.3 million of
Congressional funds (T14). The DoD Multidisciplinary University Research Initiative (MURI), the Defense
University Research Instrumentation Program (DURIP), and the Presidential Early Career Award for Scientists
and Engineers (PECASE) program provided $11.5 million to projects managed by the Division. The Division
also managed $16.8 million of Defense Advanced Research Projects Agency (DARPA) programs, and $2.5
million provided by other government agencies. The Small Business Innovative Research (SBIR) and Small
Business Technology Transfer (STTR) programs provided $4.5 million for contracts. The Army’s Institute for
Soldier Nanotechnologies received $7.7 million. Finally, $1.2 million was provided for awards in the
Historically Black Colleges and Universities and Minority Institutions (HBCU/MI) Programs, which included
$0.2 million of the Division’s total ARO Core (BH57) funds, in addition to funding for DoD-funded Partnership
in Research Transition (PIRT) and DoD-funded Research and Educational Program (REP) projects.



II. RESEARCH PROGRAMS

ARO participates in the creation, leadership, and management of research programs that are supported with
funds from a variety of DoD sources. For a detailed description of the purposes and goals for each of these
programs, refer to CHAPTER 2: PROGRAM DESCRIPTIONS AND FUNDING SOURCES. Unless otherwise noted, the
following sub-sections identify the research awards managed by this Division that began in FY'16 (i.e., “new
starts”), categorized by program type.

A. ARO Core (BHS7) Program

As discussed in CHAPTER 2: PROGRAM DESCRIPTIONS AND FUNDING SOURCES, the Army provides funds for the
ARO Core (BH57) Research Program. The primary goal of the Core Program is to support high-risk, high-
payoff basic research. Research opportunities are identified by a variety of means, including discussions with
potential investigators, which may lead to white papers and proposal submissions. Proposals are selected for
funding within each ARO Division (i.e., scientific discipline) that take advantage of scientific opportunities that
address Army needs and interests with long-term, high-risk ideas. These funds constitute a key mechanism for
the Army's support of fundamental research.

The following subsections summarize projects awarded in FY'16 and managed by the Division, organized
according to the five Core Program categories. Selected projects are discussed in detail later in this chapter
(see Sections I1I-V), with a focus on recent scientific accomplishments, technology transitions, and anticipated
accomplishments.

1. Single Investigator (SI) Program. In FY 16, the Division awarded 20 new-start SI fundamental research
projects, in addition to active awards continuing from prior years. The following principal investigators (PIs)
and corresponding organizations were recipients of new-start SI awards.

Professor Rodney Bartlett, University of Florida - Gainesville; Molecular Structure and Dynamics:
Potential Energy Surfaces for Attosecond Spectroscopic Simulations

Professor Seth Cohen, University of California - San Diego; Mixed-Matrix Membranes and Fibers

Professor David Flaherty, University of Illinois - Urbana-Champaign; Mechanisms for Catalytically
Abating Organosulfur Compounds with H>O; Formed In Situ

Professor Samuel Gellman, University of Wisconsin - Madison; Effects of Nanoscale Chemical
Heterogeneity on Hydrophobic Interactions and Molecular Assembly at Surfaces

Professor Thomas Glover, University of South Alabama; Development of Biocidal Fabrics Using the
Reactive Dye Method

Professor Ayman Karim, Virginia Polytechnic Institute and State University; Supported Single Atom
Catalysts for Low Temperature Oxidation

Professor Anna Krylov, University of Southern California; Metastable Autoionizing States of Molecules
and Radicals in Highly Energetic Environment

Professor Benjamin Lear, Pennsylvania State University; On Demand, Rapid, and Tunable Curing of
Thermoset Polymers using the Photothermal Effect of Nanoparticles

Professor David Mazziotti, University of Chicago; Effect of Strong Electron Correlation in the
Description and Design of Efficient Energy-Transfer Mechanisms

Professor Kevin Noonan, Carnegie Mellon University; Controlling Sequence in Precise Semiconducting
Polymers

Professor Stephen Paddison, University of Tennessee - Knoxville; Elucidating Correlation of Morphology
with Charge Transport in Polymerized lonic Liquids

Professor Herschel Rabitz, Princeton University; Optimal Dynamic Control of Multiple Quantum Systems

for Multiplexed Bio-network Analysis and Optogenetics



* Professor James Radich, Auburn University; Photoelectrochemical Hydrogen Production from Urea

* Professor Robson Storey, University of Southern Mississippi; Structure, Morphology, Property
Relationships in Polyisobutylene-Based Triphasic Block Copolymers Containing Hydrophilic/Functional
Block Elements

* Ms. Beth Anne Stuebe, The Electrochemical Society; Digitization Project To Make A Large Volume Of
Content Hosted Online And To Digitize The Molten Salts Compendium

¢ Professor Rein Ulijn, CUNY; Transient Nanopatterns by Biocatalytic Self-Assembly

* Professor Krista Walton, Georgia Tech Research Corporation; Advanced Processing of Multifunctional
Materials for Adsorptive Removal and Sensing of Chemical Warfare Agents

* Professor Yan Xia, Stanford University; Catalytic Synthesis of Shape-Persistent Ladder Polymers and
Control of Their Intrinsic Microporosity

* Professor Ting Xu, University of California - Berkeley; Rational Design of Random Copolymers to
Incorporate Proteins into Synthetic Materials

* Professor Richard Zare, Stanford University; Preparation of highly vibrationally excited H> molecules by
Stark induced adiabatic Raman passage

2. Short Term Innovative Research (STIR) Program. In FY 16, the Division awarded 3 new STIR projects to
explore high-risk, initial proof-of-concept ideas. The following PIs and corresponding organizations were
recipients of new-start STIR awards.

* Professor Kuppuswamy Arumugam, Wright State University; Electrochemically Controlling the Ring Size
and Molecular Topology of Cyclic Polyesters

* Professor Matthew Green, Arizona State University; Mechanoresponsive Polymer-Matrix Composites

* Professor Wei You, University of North Carolina - Chapel Hill; Controlled Chain-Growth Polymerization
of Donor-Acceptor Conjugated Monomers

3. Young Investigator Program (YIP). In FY16, the Division awarded one new YIP project to drive
fundamental research in areas relevant to the current and future Army. The following PI and corresponding
organization was awarded the new-start YIP project.

* Professor Adam Hauser, University of Alabama - Tuscaloosa; Interdigitated Capacitor Devices for
Airborne Chemical Sensing of Explosive Materials

4. Conferences, Workshops, and Symposia Support Program. The following scientific conferences,
workshops, or symposia were held in FY 16 and were supported by the Division. This support was provided via
competitive grants to academic researchers responsible for organizing or leading scientific conferences.

» [5th Polymer Electrolyte Fuel Cell Symposium; Phoenix, AZ; 11-16 October 2015
* Active and Adaptive Materials Symposium; New York NY; 22-23 October 2015

* Materials for the Mitigation of Chemical Hazards Symposium, Pacifichem 2015; Honolulu, HI; 15-20
December 2015

o Supramolecular Assemblies at Surfaces: Nanopatterning, Functionality, and Reactivity, Pacificchem
2015, Honolulu, HI; 15-20 December 2015

* Gordon Research Conference (GRC) on Electrochemistry subtitled New Directions in Electrochemistry,
New Approaches to Electrochemical Problems; Ventura, CA; 10-15 January 2016

* 2016 CEC Annual Workshop on Electrochemistry; Austin, TX; 13-14 February 2016

* 56" Sanibel Symposium; St. Simons, Georgia, 14-19 February 2016

o Systems for Solar Fuels Generation Utilizing PV and Electrolysis; Newark, DE; 7-8 March 2016
o Symposium on Electrochemistry at Solid/Liquid Interfaces; San Diego, CA; 13-17 March 2016

* Gride Scale Energy Storage Symposium; Phoenix, AZ; 28 March - 1 April 2016

» Young Giants of Nanoscience 2016 Conference; Hong Kong; 29 May - 6 June 2016

* 2016 Gordon Research Conference on Energetic Materials; Stowe, VT; 5-10 June 2016



* Japan-United States Symposium: Polymer Synthesis for a Sustainable Future; Hokkaido, Japan; 24-28
June 2016

* 2016 Gordon Research Conference on Crystal Engineering; Stowe, VT; 26 June - 1 July 2016

* Gordon Research Conference on Molecular Interactions and Dynamics; Easton, MA; 9-15 July 2016
* Molecular Rotors, Motors, and Switches; Telluride, CO; 18-22 July 2016

* Polymer Composites and High Performance Materials Workshop; Santa Rosa, CA; 25-28 July 2016

* Polymers with Sophisticated Branched Structures Symposium, Fall 2016 American Chemical Society
National Meeting; Philadelphia PA; 21-25 August 2016

5. Special Programs. In FY 16, the ARO Core Research Program provided approximately half of the funds for
all active HBCU/MI Core Program projects (refer to CHAPTER 2, Section IX). The Division also awarded 13
new High School Apprenticeship Program (HSAP) / Undergraduate Research Apprenticeship Program (URAP)
grants to support summer research efforts by promising high school or undergraduate students, to be completed
at academic laboratories in conjunction with active Core Program awards (refer to CHAPTER 2, Section X).

B. Multidisciplinary University Research Initiative (MURI)

The 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: PROGRAM DESCRIPTIONS AND FUNDING SOURCES. These projects constitute a significant
portion of the basic research programs managed by the Division; therefore, all of the Division’s active MURIs
are described in this section.

1. Ion Transport in Complex Organic Materials. This MURI began in FY 10 and was awarded to a team led
by Professor Andrew Herring at the Colorado School of Mines. This MURI team is investigating the interplay of
chemical processes and membrane morphology in anion exchange.

Ion transport in complex organic materials is essential to many important energy conversion approaches.
Unfortunately, ion transport is poorly understood in terms of its relationship to water content, morphology, and
chemistry. While a great deal of research has focused on proton exchange membranes, little work has been
performed with anion exchange membranes. This MURI team is studying the fundamentals of ion transport by
developing new polymer architectures (e.g., polymer membranes) using standard and novel cations. These new
polymer architectures and aqueous solutions containing representative cations will serve as a model system for
studies of anion transport and its relationship to polymer morphology. In the longer term, the design and
synthesis of robust, thin alkali-exchange membranes, combined with an improved understanding of ion exchange
gained through the characterization of these membranes, could enable the development of new classes of fuel
cells. If the MURI team can characterize the fundamental processes of ion exchange across these polymer
membranes, future fuel cells using similar membranes could harness alkali exchange, resulting in inexpensive,
durable, and flexible-source power for the Army and commercial use.

2. Peptide and Protein Interactions with Abiotic Surfaces. This MURI began in FY11 and was awarded to a
team led by Professor Zhan Chen at the University of Michigan, Ann Arbor. This MURI is exploring the
processes that occur at biological/abiological interfaces. This research is co-managed by the Chemical Sciences
and Life Sciences Divisions.

The objective of this research is to develop a systematic understanding of biological/abiological interfaces and
how to design systems for predicted biological structure and function. The MURI team is using a combination
of modeling and experimental techniques to understand the interactions of peptides and proteins covalently
immobilized on abiotic surfaces. Specifically, the team will be investigating two peptides and one enzyme, with
a variety of surfaces, such as self-assembled monolayers, chemically functionalized liquid crystalline films, and
chemical vapor deposited polymers. The immobilized biological species will be characterized to determine not
only structure but also activity. The investigators will utilize systematic modifications of the surface to probe the
effect of chemical composition, morphology, and hydrophobicity on biological structure and function. The role
of water will also be probed to determine how hydration affects not only immobilization, but also structure and



function. Results from this research may ultimately enable the incorporation of nanostructured abiotic/biotic
materials in applications such as sensing, catalysis, coatings, drug delivery, prosthetics, and biofilms.

3. High-Resolution Quantum Control of Chemical Reactions. This MURI began in FY 12 and was awarded
to a team led by Professor David DeMille at Yale University. This MURI is exploring the principles of ultracold
molecular reaction, where chemical reactions take place in the sub-millikelvin temperature regime. This
research is co-managed by the Chemical Sciences and Physics Divisions.

The study of ultracold molecular reactions, where chemical reactions take place in the sub-millikelvin
temperature regime, has emerged as a new field in physics and chemistry. Nanokelvin chemical reactions are
radically different than those that occur at “normal” temperatures. Chemical reactions in the ultracold regime
can occur across relatively long intermolecular distances, and no longer follow the expected (Boltzmann) energy
distribution. The reactions become heavily dependent on nuclear spin orientation, interaction strength, and
correlations. These features make them a robust test bed for long-range interacting many-body systems,
controlled reactions, and precision measurements.

The objectives of this MURI are to develop a fundamental understanding of the nature of molecular reactions in
the nanokelvin temperature regime and to extend the cooling technique previously demonstrated by Professor
DeMille! (through a previous ARO award) to other molecular candidates. The researchers will focus will be on
the implementation of novel and efficient laser cooling techniques of diatomic molecules, and to understand the
role of quantum effects, including the role of confined geometries, on molecules that possess vanishingly-small
amounts of thermal energy. This research could ultimately lead to new devices or methods that explicitly use
quantum effects in chemistry, such as the precision synthesis of mesoscopic samples of novel molecular
compounds, new avenues for detection of trace molecules, and a new understanding of combustion and
atmospheric chemical reactions.

4. Coherent Effects in Hybrid Nanostructures. This MURI began in FY 12 and was awarded to a team led by
Professor Naomi Halas at Rice University. This MURI is investigating nanomaterials and how these materials
can control the propagation of electromagnetic (EM) energy.

Fundamental research involving metamaterials, quantum dots, plasmonic nanostructures, and other materials
systems during the last decade has demonstrated the unique ability to selectively and actively control and
attenuate electromagnetic energy from the far infrared (IR) through ultraviolet (UV) regions. The absorption
frequency is dependent on shape, size, orientation, and composition of the nanomaterial. The nanoparticles act
as antennae that redirect, focus or otherwise re-radiate the incoming energy. Because this is a resonance
phenomenon, the media is generally transparent over a broad frequency range, with one or more resonances that
absorb at specific frequencies. A goal in the control of the propagation of EM energy is the design of a material
that absorbs over a broad frequency range and is transparent at one or more specific frequencies.

The objective of this research is to develop a fundamental understanding of nanomaterials to control the
propagation of EM energy, with a particular emphasis on designing and investigating materials that have a broad
spectrum absorption with a narrow, selective window of transmission. The MURI team is using a combination
of computational, nanoscale fabrication, and characterization techniques to tailor electromagnetic properties for
materials in specific, selected regions of the spectrum. The research team is focusing on designing, synthesizing,
and combining nanoparticles and nanoparticle-based complexes to yield nanocomplexes exhibiting optimized
coherent effects. This research may ultimately enable the design of materials with precisely-positioned
transparency or absorbency windows that will impact Army applications in broadband scattering and absorption.

5. Theory and Experiment of Cocrystals: Principles, Synthesis and Properties. This MURI began in FY13
and was awarded to a team led by Professor Adam Matzger of the University of Michigan at Ann Arbor. This
MURI team is investigating molecular co-crystal formation and the implications for controlling solid-state
behavior. This research is co-managed by the Chemical Sciences and Materials Science Divisions.

The largely untapped potential for creating new molecular crystals with optimal properties is just beginning to be
realized in the form of molecular co-crystallization. Co-crystallization has the potential to impact the macro-

! Shuman ES, Barry JF, DeMille D. (2010). Laser cooling of a diatomic molecule. Nature. 467:820-823.



scale performance of many materials, ranging from energetic materials, to pharmaceuticals, to non-linear optics.
Unfortunately, the dynamics of molecular co-crystal formation is poorly understood. Molecular co-crystals
contain two or more neutral molecular components that rely on non-covalent interactions to form a regular
arrangement in the solid state. Co-crystals are a unique form of matter, and are not simply the result of mixing
two solid phases. Organic binary co-crystals are the simplest type and often display dramatically different
physical properties when compared with the pure ‘parent’ crystals. A significant amount of research on co-
crystal design has been carried out by the pharmaceutical industry for the synthesis of pharmaceutical
ingredients. However, co-crystal design has not been exploited in broader chemistry and materials science
research areas. A recent breakthrough discovery demonstrates that co-crystallization can be used to generate
novel solid forms of energetic materials.

The objective of this MURI is to develop a fundamental understanding of intermolecular interactions in the
context of crystal packing, and to use the knowledge gained for the design of new co-crystalline molecular
materials with targeted, optimized physical and chemical properties. In the long term, a better understanding and
control of molecular co-crystallization has the potential to improve the properties of a variety of materials,
including: energetic materials, pharmaceuticals, organic semiconductors, ferroelectrics, and non-linear optical
materials.

6. Artificial Cells for Novel Synthetic Biology Chassis. This MURI began in FY 13 and was awarded to a
team led by Professor Neal Devaraj at the University of California - San Diego. The goal of this MURI is to
understand how biological and biomimetic synthetic cellular elements can be integrated to create novel artificial
cells with unprecedented spatial and temporal control of genetic circuits and biological pathways. This research
is co-managed with the Life Sciences Division.

The field of synthetic biology aims to achieve design-based engineering of biological systems. Toward this goal,
researchers in the field are identifying and characterizing standardized biological parts for use in specific
biological organisms. These organisms serve as chassis for the engineered biological systems and devices.
While single-celled organisms are typically used as synthetic biology chassis, the complexity of even these
relatively simple organisms presents significant challenges for achieving robust and predictable engineered
systems. A potential solution is the development of minimal cells which contain only those genes and
biomolecular machinery necessary for basic life. Concurrent with recent advances toward minimal biological
cells, advances have also been made in biomimetic chemical and material systems, including synthetic enzymes,
artificial cytoplasm, and composite microparticles with stable internal compartments. These advances provide
the scientific opportunity to explore the integration of biological and biomimetic elements to generate an
artificial hybrid cell that for the first time combines the specificity and complexity of biology with the stability
and control of synthetic chemistry.

The objective of this MURI is to integrate artificial bioorthogonal membranes with biological elements to create
hybrid artificial cells capable of mimicking the form and function of natural cells but with improved control,
stability, and simplicity. If successful, these artificial cells will provide a robust and predictable chassis for
engineered biological systems, addressing a current challenge in the field of synthetic biology that may
ultimately enable sense-and-respond systems, drug-delivery platforms, and the cost-effective production of high-
value molecules that are toxic to living cells (e.g., alternative fuels, antimicrobial agents).

7. Attosecond Electron Dynamics. This MURI began in FY 14 and was awarded to a team led by Professor
Stephen Leone at the University of California - Berkeley. The goal of this MURI is to use attosecond light
pulses to study the electron dynamics of atoms and small molecules. This research is co-managed with the
Physics Division.

Attosecond dynamics is a new field of scientific investigation which allows one to examine dynamics
phenomena on the natural timescale of electronic processes in atoms, molecules, and materials. The timescale of
microscopic dynamics in quantum systems occur at a timescale about one order of magnitude less than those for
less-energetic processes, such as valence electronic transitions in molecules and semi-conductor materials. A
recent scientific breakthrough known as double optical gating has lead to the production of broadband laser pulse
widths as short as 67 attoseconds, making direct observation of a variety of electronic phenomena possible in
real time. Thus, now there exist opportunities to examine a variety of electron-dynamics phenomena that arise
from electronic motions in molecules on the attosecond timescale.



The objective of this research is to harness attosecond pulses of electromagnetic energy to probe matter

(e.g., atoms, molecules, plasmas) at attosecond time scales for the real-time observation, control, and
understanding of electronic motion in atoms, molecules, and materials. If successful, this research may lead to
new synthesis methods, such as plasmonically-enhanced catalysis for the direct reduction of CO, to create fuels,
new schemes and manufacturing methods for solar photovoltaics, nano-catalysts for fuel combustion, and high-
density specific impulse propellants.

8. Multistep Catalysis. This MURI began in FY 14 and was awarded to a team led by Professor Shelley
Minteer at the University of Utah. The goal of this MURI is to enable multi-step chemical reactions through the
rational design of architectures that control the spatial and temporal pathways of precursors, intermediates, and
products. This research is co-managed with the Materials Science Division.

The Krebs cycle is an exquisite example of a regulated enzyme cascade which biological systems use to
precisely control charge and reactant transport to produce energy for the cell. Conversely, man-made systems
typically involve a series of conversions with intermediate purification steps to achieve a desired product, with
yield losses that compound with each step. The current approach to achieve multi-step reactions in a single
reactor is an arbitrary combination of multiple catalysts that is likely to lead to poor yield with unreacted
intermediates or byproducts of reactants that have reacted with the incorrect catalysts. Recent breakthroughs in
materials synthesis, such as self-assembly and lock-and-key type architectures, offer control of surface
arrangement and topology that enable a much more effective approach to achieving multi-step reactions through
control of spatial and temporal transport of reactants, electrons, intermediates, and products.

The objective of this research is to establish methodologies for modeling, designing, characterizing, and
synthesizing new materials and structures for the design and implementation of multi-step catalysis. In
particular, integrated catalytic cascades will be created from different catalytic modalities such that novel
scaffolding and architectures are employed to optimize selectivity, electron transfer, diffusion, and overall
pathway flux. If successful, this research will provide unique paradigms for exploiting and controlling multistep
catalysis with dramatically enhanced efficiency and complexity. In the long term, the results may lead to new
energy production and storage technologies.

9. Multi-Scale Responses in Organized Assemblies. This MURI began in FY 16 and was awarded to a team
led by Professor Sankaran Thayumanavan, at University of Massachusetts - Amherst. The goal of this MURI is
to understand 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 multi-scale events to realize
signal amplification. This research is co-managed with the Materials Science Division.

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 multi-scale 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 Professor Thayumanavan is comprehensive and addresses each of the key
elements needed to understand the fundamental multi-scale 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 non-
equilibrium 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.

10.Sequence-Defined Synthetic Polymers Enabled by Engineered Translation Machinery. This MURI
began in FY 16 and was awarded to a team led by Professor Michael Jewett at Northwestern University —
Evanston. The goal of this MURI is to engineer the translation machinery to accept and polymerize non-
biological monomers in a sequence-defined manner using non-traditional chain growth polycondensation
chemistries (beyond amide and ester linkages). This research is co-managed by the Chemical Sciences (lead)
and Life Sciences Divisions.

Employing only four nucleotides and twenty amino acids, a plethora of biopolymers (e.g., proteins, DNA) with
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.

C. Small Business Innovation Research (SBIR) — New Starts

Research within the SBIR program have a more applied focus relative to efforts within other programs managed
by ARO, as is detailed in CHAPTER 2: PROGRAM DESCRIPTIONS AND FUNDING SOURCES. The Division managed
eight new-start SBIR contracts in FY 16, in addition to managing active projects continuing from prior years.
These new-start contracts aim to bridge fundamental discoveries with potential applications. A list of SBIR
topics published in FY'16 and a list of prior-year SBIR topics that were selected for contracts are provided in
CHAPTER 2, Section VIII.

D. Small Business Technology Transfer (STTR) — New Starts

In contrast to many programs managed by ARO, the STTR program focuses on developing specific applications,
as is described in CHAPTER 2: PROGRAM DESCRIPTIONS AND FUNDING SOURCES. In FY 16, the Division managed
seven new-start STTR contracts, in addition to active projects continuing from prior years. These new-start
contracts aim to bridge fundamental discoveries with potential applications. A list of STTR topics published in
FY'16 and a list of prior-year topics that were selected for contracts are provided in CHAPTER 2, Section VIII.



E. Historically Black Colleges and Universities / Minority Institutions (HBCU/MI) Programs — New Starts

The HBCU/MI and related programs include the (i) ARO (Core) HBCU/MI Program, which is part of the ARO
Core BAA, (ii) Partnership in Research Transition (PIRT) Program awards, (iii) DoD Research and Educational
Program (REP) awards for HBCU/MI, and (iv) DoD Instrumentation awards for Tribal Colleges and Universities
(TCU). InFY16, the Division managed five new REP awards, in addition to active projects continuing from
prior years. Refer to CHAPTER 2: PROGRAM DESCRIPTIONS AND FUNDING SOURCES for summaries of new-start
projects in these categories.

F. Presidential Early Career Award for Scientists and Engineers (PECASE) — New Starts

The PECASE program provides awards to outstanding young university faculty members to support their
research and encourage their teaching and research careers. Although PECASE nominations were submitted by
this Division in FY 16, selections had not yet been made by OSD nor announced by the White House. For
additional background information regarding this program, refer to CHAPTER 2: PROGRAM DESCRIPTIONS AND
FUNDING SOURCES.

G. Defense University Research Instrumentation Program (DURIP)

As described in CHAPTER 2: PROGRAM DESCRIPTIONS AND FUNDING SOURCES, the DURIP program supports the
purchase of research equipment to augment current university capabilities or to develop new capabilities for
conducting cutting-edge research relevant to long-term Army needs. In FY16, the Division managed five new
DURIP projects, totaling $1.0 million. The university laboratory equipment purchased with these awards is
promoting research in areas of interest to ARO.

H. University Affiliated Research Center (UARC): Army Institute for Soldier Nanotechnologies (AISN)

The AISN, located at the Massachusetts Institute of Technology (MIT), carries out fundamental,
multidisciplinary, nanoscience research that is relevant to the Soldier. Nanoscience research creates
opportunities for new materials, properties, and phenomena as material properties (e.g., color, strength,
conductivity) become size dependent below a critical length scale of about 100 nanometers. The research
performed at the AISN falls into three Strategic Research Areas (SRAs): (i) Lightweight, Multifunctional
Nanostructured Materials (ii) Soldier Medicine, and (iii) Blast and Ballistic Threats. Each SRA is further divided
into research themes. Detailed descriptions of each SRA and its corresponding themes are available at the AISN
program website (http://mit.edu/isn/research/index.html).

In FY16, the AISN supported 27 faculty, 65 graduate students, and 25 postdoctoral fellows across 14
departments at MIT. The AISN program is unique in that it currently has 10 industrial partners positioned to
receive promising technical results and work to bring new products and capabilities to the Soldier, as well as a
mechanism for additional industry partners to join and leave the Institute, depending on needs and activities. A
U.S. Army Technical Assessment Board and an Executive Steering Board biannually review the AISN research
portfolio, assessing the goals of the various projects and research results. The AISN and its industry partners are
well-situated to perform basic and applied research in response to Soldier needs now and in the future. A total of
$7.7 million of program funds was allocated to the AISN in FY16, which was the fourth year of a contract that
was renewed in FY 12 for a five-year period. Of these FY 16 funds, $4.7 million was allocated for 6.1-basic
research and $2.0 million was allocated for six applied-research projects.

I. DARPA Agnostic Compact Demilitarization of Chemical Agents (ACDC) Program

DARPA's Agnostic Compact Demilitarization of Chemical Agents (ACDC) program is exploring new
technologies for neutralization of bulk stores of chemical warfare agents (CWAs) and organic precursors at or
near the site of storage. ACDC is developing and demonstrating the technologies needed to construct a
transportable, prototype system that converts organic compounds into constitutive carbon/nitrogen/phosphorous/
sulfur oxides and stable alkali or alkaline earth metal salts, or another demonstrated safe form. A final ACDC
system would feature chemistries for agent destruction and sequestration of halogens and other components



using locally available resources. ARO is providing subject matter exptertise and an ARO program manager is
serving as the COR on the awarded efforts.

J. DARPA Make-It Program

The DARPA Make-It program aims to address these challenges by developing technologies to accelerate
chemical discovery and production beyond conventional batch-based capabilities by exploiting continuous
synthetic approaches. The goal of Make-It is to develop a fully automated chemical synthesizer that can
produce, purify, characterize and scale a wide range of small molecules. Make-It systems would likely include
components for knowledge-based computational tools for reaction pathway prediction; algorithms for
automation and process control; and interconnected fluidic modules for continuous synthesis, in-line
characterization, purification and formulation. If realized, such a system would not only speed the pace of
chemical innovation and small-molecule manufacturing, but would also provide an accessible chemical synthesis
platform for non-specialists. ARO is providing subject matter exptertise and an ARO program manager is
serving as the COR on the awarded efforts.



III. SCIENTIFIC ACCOMPLISHMENTS

This section identifies fundamental research discoveries, results, and accomplishments that originated from
research funded and/or monitored by the Chemical Sciences Division.

A. Photocatalysis at TiO2-Supported Au Nanoparticles
Professor John Morris, Virginia Tech, Single Investigator Award

The goal of this research is to formulate a mechanistic understanding of activation and charge transfer that
govern thermal- and photocatalytic chemistry on the surface of TiO,-supported Au particles. Previous work
provided insight into the thermal- versus photooxidation mechanisms of methanol on Au/TiOs.

In FY'16, the research team shifted their investigation to propene adsorption and oxidation on Au/TiO, catalysts
(see FIGURE 1). Using a combination of DFT calculations and Fourier transform infrared (FTIR) spectroscopy
data, two distinct propene-surface binding motifs were identified: one corresponding to propene bound to the
surface through a w-interaction at TiO> sites remote from the Au particles; and the other corresponding to a (wo)-
interaction at a single atomic Au site. Temperature programmed desorption and calculated binding enthalpies for
the minimum energy configurations revealed that the propene-Au interaction has a stronger binding energy
relative to the propene-TiO, interaction (see FIGURE 2). Upon coordination to Au, the double bond of propene
weakens and elongates, a critical first step in the activation and epoxidation to form propene oxide. The next
stage of research will focus on elucidating the role of photonic excitations in driving the oxidation of propene
and other small organic compounds.
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Temperature programmed desorption of propene on Au/TiO,. Integrated absorbance of the 1550 and 1630
cm™ IR bands at specific temperatures throughout the temperature ramp.



B. Dynamic Control of Self-Organized Assemblies Using Near-Infrared and Visible Light Activated
Azo-BF: Switches
Professor Ivan Aprahamian, Dartmouth College, Single Investigator Award

The goal of this research is to decipher the fundamental factors that control the photophysical properties of BF,-
azo switches and implement the switches as chiral dopants that effectively and efficiently control the optical
properties of liquid crystals. Previous research on a series of azo-BF, complexes demonstrated that a range of Z
to E isomerization rates (seconds to hours) could be obtained using visible and near IR light sources. Addition of
electron donating para-substituents on the azo-BF, complexes red-shifted the activation wavelength of the
complexes but also resulted in a dramatic shortening of the isomerization half-lives.

In FY16, to tailor the same red-shift effect without negatively impacting the isomerization half-life, the research
team investigated expansion of the z-system from a quinolinyl group to a phenanthridinyl group (see FIGURE 3).
The modified compound, 1, was irradiated with visible light and demonstrated a small red-shift in activation
wavelength relative to the parent compound. More importantly, the system forms supramolecular aggregates in
solution which drastically modulates the Z to E thermal isomerization rate by up to a factor of 1800 (from
seconds to days). The thermal Z to E isomerization rates is linearly dependent on the degree of aggregation in
solution: the higher the concentration, the larger aggregates in solution, and the slower the isomerization rate
(see FIGURE 4). This unprecedented discovery is a promising approach to control the thermal properties of
photochromic compounds.

Parent 1

FIGURE 3
Structure of parent azo-BF, complex and compound 1.
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FIGURE 4
The concentration dependent Z to E isomerization half-lives of 1 in CD,Cl, at room temperature.

C. Highly Vibrationally Excited (v > 4) H2 Molecules by Stark-induced Adiabatic Raman Passage
Professors R. Zare and N. Mukherhee, Stanford University, Single Investigator and DURIP Awards

The investigators have previously shown preparation of an ensemble of vibrationally excited (v = 1) diatomic
hydrogen molecules in a supersonically espanded molecular beam using a coherent Raman method that they
term as Stark-induced adiabatic Raman passage (SARP). The method should have general applicability, but,
until now it has only been shown for the case of HD (v=0to v=1). To further demonstrate the utility of SARP,
the investigators have completed experiments in which one hundred percent of the population of HD (v=0, J =



0) in a supersonically expanded molecular beam is transferred to HD (v =4, J=0). This was achieved with a
sequence of partially overlapping nanosecond pump (355 nm) and Stokes (680 nm) single-mode laser pulses of
unequal intensities (see FIGURE 5). By comparing the experimental data with theoretical calculations, the
investigators draw two important conclusions: (1) using SARP, a large population (more than 10'° molecules per
laser pulse) is prepared in the (v =4, J = 0) level of HD, and (2) the polarizability of the Raman overtone
transition (v = 0 to v = 4) is only about five times smaller than that for the (v =0 to v = 1) fundamental Raman
transition. Additionally, the SARP process selects a specific rotational level in the vibrational manifold and can
prepare one or a phased linear combination of magnetic sublevels (M states) within the selected vibrational-
rotational level. This capability of preparing selected, highly excited vibrational levels of molecules
undercollision-free conditions opens new opportunities for fundamental reactive or non-reactive scattering
experiments. It is likely that SARP will be a key method for future landmark experiments of state-selected
chemical reactions.
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FIGURE 5

Experimental (2+1) REMPI signal from SARP excited X 'X*; HD (v = 4, J = 0) as a function of Stokes
frequency. Pump fluence is approximately 12 J/mm? and Stokes fluence is approximately 1.3 J/mm? and
detuning for the pump to Stokes delays of 3 ns, 6 ns, 8 ns, and 10 ns.

D. Integrated Multi-Scale Approach For Understanding Ion Transport In Complex Heterogeneous
Organic Materials
Professors Andrew Herring (lead PI), Colorado School of Mines, MURI Award

The objective of this research is to develop thin robust anion conducting polymer electrolyte membranes (PEM)
from the ground up using theory, directed polymer synthesis and advanced analytical tools. This MURI team is
led by Professor Andrew Herring and includes the co-PIs Daniel Knauss at the Colorado School of Mines,
Professor E. Bryan Coughlin at the University of Massachusetts - Amherst, Professor Matthew Liberatorre at the
University of Toledo, Professors Gregory Voth and Thomas A. Witten at the University of Chicago, and
Professor Vito Di Noto at the University of Padova.

By definition a PEM that is an anion conductor must be functionalized with organic cations. Even the simplest
organic cation, trimethyl benzyl ammonium has a strong dipole. These dipoles have a tendency to line up head
to tail causing clustering of the cations in the PEM. This makes the issues of designing a high performance PEM
much more complex, not only will increasing the ion exchange capacity (IEC) of the material result in
uncontrollable swelling, but as the concentration of cations increases they tend to cluster and no matter how
many cationic groups are added to a random polymer the ionic conductivity will not increase. To investigate this
phenoma and to work out a solution the MURI team made a large series of polymers consisting of polyisoprene
(PI) and polyvinylbenzyltrimethyl ammonium (PVBTMA), (see FIGURE 6)
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Analysis of Pl and PVBTMA-containing polymers. Bromide conductivity for a Pl-ran-PVBTMA polymer (left)
and for a PI-b-PVBTMA polymer (right) at 95% RH. Note that for a random polymer there was no increase in
bromide conductivity after an IEC of 1.3. This was improved by taking the same polymer composition and
making a block co-polymer, where the conductivity threshold now occurs at a IEC of 1.6.

The team found that by using polymer cross-linking to lock the morphology in place further performance
improvements could be made. The idea was to control water uptake and lock the morphology via cross-linking,
either thermally or by photochemical methods. Photo-crosslinking offers several advantages over thermal-
crosslinking: (i) ambient reaction temperatures greatly reduce possible side reactions, (ii) efficient crosslinking is
achieved within seconds to minutes, and (iii) the application area is readily adjustable, thus larger and thinner
membranes can be prepared. Photoinduced radical mediated thiolene chemistry has been widely used to obtain
cross-linked networks and to functionalize polymers. Additionally the cross-linker can be chosen to add
hydrophilicity or hydrophobicity to the polymer.

Broad band electric spectroscopy (BES) is a powerful tool for understanding the mechanical transitions and
polarization events in PEMs. Many of the BES studies of anion conducting PEMs were extremely complex and
often showed a transition between 30 - 60°C attributed to clustering of the cationic dipoles in the PEM. The
researchers found that in a BES of a PI-6-P[VBTMA]OH" polymer, the conductivity (o) rises rapidly at the
melting point of water, showing a dependence of conductivity on liquid water, however it falls rapidly a few 10’s
of degrees higher in temperature (see FIGURE 7). This fall in conductivity was assigned to Ts, a disorder/order
transition where the cations have enough energy to overcome their spacing on the polymer backbone and cluster,
dramatically lowering the local anionic conductivity. The same transition is observed in small angle x-ray
scattering (clusters around 30 nm) and mechanical data implying that it could also lead to a weakening of the
material in applications where it is cycled. The BES of a photo cross-linked PI-ran-P[VBTMA] CI" polymer was
found to be unusually simple when compared to similar materials. One beta relaxation (due to the cationic side
chains) and two modes of conductivity, are observed, in contrast with the complex BES behavior observed for
the PI-6-P[VBTMA] polymer. Again a large increase in conductivity at 273K is observed as the water in the
film melts and the water-mediated conductivity dominates. Interestingly the order disorder transition seen in
non-cross-linked analogues is not observed, and the conductivity plateaus and dominates the BES spectrum to
>100°C. This material, which is currently being investigated, is a scalable polymer system that can be rapidly
cross-linked and in the future functionalized with more chemically stable advanced cations.
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FIGURE 7
Broad band electric spectrums of (A) Pl-b-P[VBTMA] OH" and (B) photo-crosslinked Pl-ran-P[VBTMA] CI

polymer.

E. Understanding the Novel Stimuli Responsive Transport Properties of Multifunctional, Nanostructured
Block Polymer Membranes
Professor William Phillips, Notre Dame University, Young Investigator Award

The objective of this research is to develop systematic structure-property-performance relationships for the
design of self-assembled block polymer membranes. Such membranes have the potential to render a novel

membrane platform that possesses require high throughput, high surface area, a well-defined pore size, and
varying material functionality.

In FY16, research efforts resulted in significant progress on three fronts related to this overarching objective.
First, the research team began identifying the molecular interactions that generate a unique, long-lived hysteretic
response to solution pH in block polymer membranes. The enhanced understanding of the polymer physics
governing the response of a nanoscale polymeric material that has a memory of its previous environment
provides insight into the design and manipulation of next-generation sensors and gating materials. Second, the
self-assembly and non-solvent induced phase separation (SNIPS) fabrication technique was integrated with the
dip coating archetype in order to produce high performance block polymer membranes in the hollow fiber
configuration. The development of block polymer membranes in the hollow fiber geometry is crucial to
expanding their utility to a broader range of applications because, when applied in full-scale modules, hollow
fiber membranes are able to provide higher packing densities (i.c., active surface area per module volume) and,
in turn, a higher throughput of processed solution. Finally, the chemical versatility purposefully built into this
novel block polymer membrane platform was used to affix heavy metal binding ligands within the nanopores of
the membranes and demonstrated the use of these functionalized thin films as high capacity adsorbers in water
treatment applications (see FIGURE 8).

Bare Membrane  After Copper Test After Acid Wash

FIGURE 8
Block polymer copper-selective membrane used to affix heavy metal binding ligands within nanopores.

While the nanopore chemistry is moleculary engineered for the removal of heavy metal pollution from water in
the team’s initial efforts, the functional advantages of the materials demonstrated could easily be extended to
other recalcitrant pollutants or applications beyond the environmental science and engineering sphere (e.g., as a



high capacity urea adsorber for dialysis in biomedical applications). These initial results grounded in
fundamental polymer science and engineering are promising. As such, this research presents an opportunity to
make significant progress toward elucidating the structure-response relationships for block polymer membranes
that offer enhanced throughput and improved selectivity in traditional and emerging membrane applications.

F. Novel Thermal Radiation Management Using Advanced Photonic Crystals
Professors Ivan Celanovic, John Joannopoulos, and Marin Soljacic, Massachusetts Institute of Technology,
AISN (UARC)

This research, led by investigators at the Army Insitiute for Soldier Nanotechnologies (AISN), aims to expand
the frontiers of high-temperature nanophotonics, explore new physical phenomena that enable unprecedented
control of thermal radiation and radiative heat transfer at the nanoscale and at very high temperatures (>800°C),
and demonstrate novel materials, devices, and system level applications ranging from chipscale MEMS based
thermophotovoltaics (TPV), small-scale radioisotope power sources, all the way to nonconventional infrared
(IR) light sources and room-temperature IR detectors.

In FY 16, the research team has demonstrated how a plain incandescent tungsten filament (3,000 K) surrounded
by a cold-side nanophotonic interference system optimized to reflect infrared light and transmit visible light for a
wide range of angles could become a light source that reaches luminous efficiencies (~40%) surpassing existing
lighting technologies, and nearing a limit for lighting applications (see FIGURE 9). The research team
experimentally demonstrated a proof-of-principle incandescent emitter with efficiency approaching that of
commercial fluorescent or light-emitting diode bulbs, but with exceptional reproduction of colors and scalable
power. The ability to tailor the emission spectrum of high-temperature sources may find applications in
thermophotovoltaic energy conversion and lighting.
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FIGURE 9

Experimental demonstration of thermal emission tailoring. Measured (blue, solid) and modelled (grey,
dashed-dot) spectral intensity of the combined emitter-tailoring-structure system (‘Emitter + stack’) normalized to
the intensity of the plain emitter (black, dashed) that consumes the same amount of power. The fabricated
structure consists of 90 layers and is made of two materials (SiO, and Ta,Os) deposited on a silica substrate. The
spectrum is measured at 0° (front view) and 45° (side view). The sensitivity of the human eye (luminosity
function) is shown in shaded purple. For the same amount of input power, the luminous flux is 3.07 (2.90) times
enhanced at 0° (45°) compared with that of a plain emitter.



IV. TECHNOLOGY TRANSFER

ARO Scientific Divisions seek to identify promising scientific breakthroughs and facilitate the transition of
cutting-edge research concepts and data to potential applications. This section describes basic research results,
observations, and/or theories that transitioned elsewhere in ARL and/or to external organizations and customers.

A. Interfacial Damage and Water Sensor for Composites Using a Rhodamine Spirolactam
Investigator: Jeffrey W. Gilman, NIST, STIR Award
Recipient: Owens Corning

The goal of this research was to use mechanophores and single-molecule fluorescence microscopy (SMFM) to
create super-resolution sensors in the interphase in polymer nanocomposites to see if this spectroscopic
technique can be applied to heterogeneous polymeric materials. The ARO-funded investigators successfully
developed a rhodamine spirolactam mechanophore which is easily incorporated at a composite interface, or in
the matrix, using a simple 1 or 2 step procedure. DFT studies revealed that the mechanophore is stronger than
other spyropyran-based mecnahophores, is thermally-reversible, has sufficient quantum yield and photostability
to enable fluorescence lifetime imaging of damage in mechanically stressed composites (see FIGURE 10). It was
also discovered that this fluorogenic probe can also work as a water sensor in composites. These mechanophores
transitioned to Owens Corning, which then evaluate these two probe systems using fluorescence imaging to
develop tougher, lightweight, durable composites. These studies began in FY 16 as a two-year cooperative
research agreement with NIST.
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FIGURE 10

Activation of MP at the interface of a single fiber bundle silk epoxy by mechanical deformation. (A)
Uniaxial tensile response of single fiber bundle composites after the application of moderate strain (¢ = 0.20) and
critical strain (¢ = 0.64). (B-D) Corresponding TP-FLIM images of fiber composites. (B) Prior to deformation,
minimal fluorescence is observed. (c) At € = 0.20, a uniform, low intensity fluorescence is observed with minimal
visible damage to the fiber surface. (D) At € = 0.64, the sample fractures, the fluorescence intensity is
heterogeneous but overall brighter than at moderate strain, and numerous microcracks can be seen on the
surface of the fiber bundle.

B. Electrode/Electrolyte Interface of All Garnet Solid State Li-Ion Batteries
Investigator: Professor Chunsheng Wang, University of Maryland College Park, STIR Award
Recipient: Ceramatec, Inc.

The objective of Professor Wang’s research is to understand origins of the large interfacial resistance between
electrode and Lis;La3Zr,01> (LLZO) solid electrolyte with the aim to develop a safe, high-performance all-solid-
state lithium battery. Research efforts in FY 16 focused on reducing the interface resistance between the LiCoO>
(LCO) cathode and LLZO solid electrolyte. Professor Wang and his team developed an innovative approach to
reduce the huge LCO/LLZO interfacial resistance in the Li/LCO solid state Li batteries by creating an artificial



Li,CO3 solid electrolyte interphase between LCO cathode and LLZO electrolyte. A superior LCO/LLZO
interface was achieved with the simultaneous improvements in the interfacial contact, electrochemical and
chemical stability, ionic conductivity and mechanical strength, leading to significant improvement in
electrochemical performance of all ceramic Li/LLZO/LCO cells. The interphase-engineered Li/LLZO/LCO
cells delivered a large reversible capacity (106 mAh/g) for 40 cycles with a high-rate capability (up to 1 C) at
100 °C, representing the best performance of the all ceramic LLZO-based SSBs reported to date (see FIGURE 11).
It is a major breakthrough towards the development of safe, high-performance all-solid-state lithium batteries.
These results have transitioned to Ceramatec, Inc., which is evaluating the discoveries for potential
commercialization.
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FIGURE 11

Electrochemical performances of the interphase-engineered Li/LLZO/LiCoO; all ceramic cell.
Charge/discharge profiles in the first three cycles (A) and cycling stability (B) of Li/LLZO/LiCoO. all ceramic cell at
0.05 C; The charge/discharge behavior (¢) and capacity (D) of Li/LLZO/LiCoO; all ceramic cell at different rates
from 0.05Cto 1 C.

C. LizS-Carbon Composite Technology for Li and Li Ion Batteries
Investigator: Professor Gleb Yushin, Georgia Institute of Technology, Single Investigator Award
Recipient: Sila Nanotechnologies, Inc.

The goal of this research is to investigate hierarchical nanocomposite particle-shell architecture of Li,S cathode,
which offers the multi-level protection against damages within protective coatings of particles. Low-cost sulfur-
based cathodes offer an order of magnitude higher gravimetric capacity compared to traditionally used lithium
metal oxide cathodes and additionally allow for significantly enhanced safety features. Their common limitations
include rapid degradation, low capacity utilization and low rate performance. The unique architecture of the
Li,S cathode not only drastically reduces internal stresses within outer shells, but also allows one to achieve high
capacity utilization of insulative Li,S for a relatively large size of the composite particles (see FIGURE 12). Ata
moderate temperature of 45 °C the cell with hierarchical Li,S-based active particles showed reversible capacities
of 1020-1310 mAhgs™! at very high (for this chemistry) C rates of 5C-1C, respectively, which are even higher
than the previously reported graphene/CNT/S nanocomposites. Such remarkable rate performance and small
hysteresis are due not only to small sizes of Li»S nanocrystals and high electrical conductivity of carbon matrix,
but also to prevention of polysulfide dissolution and the related lack of resistive layers build-up on the surface of
both electrodes. Virtually no degradation could be detected within 100-600 cycles. The proposed particle



architecture and general synthesis route could be effectively utilized for building electrochemical cells with a
variety of other conversion-type cathode materials, which undergo significant volume changes during cycling
and suffer from undesirable interactions with electrolytes and low conductivity. These results have transitioned
to Sila Nanotechnologies, Inc., which is evaluating surface-protected hierarchical Li,S material technology for
commercial applications in ultra-high specific energy batteries.

FIGURE 12
TEM characterization of the hierarchical composite Li,S-C samples (graphitic outer shell indicated by top arrow).

D. Heat Engines Using a Non-Ideal Fluid Model with Higher Efficiencies Vs Ideal Gas Model
Investigator: ki Kim, North Carolina A&T State University, HBCU Award
Recipients: ARL Vehicle Technology Directorate (ARL-VITD), NASA Glenn Research Center

The objective of the originating research is to determine how scaling down into the nanoscale affects the ability
to define thermodynamic variables in electrochemical experiments, as well as building and controlling
thermodynamic machines. In FY'16, Professor Kim’s team found that a real engine model can go beyond its
ideal-gas counterpart in efficiency, whereas as well-known, the maximum Carnot efficiency is the same for both
ideal and non-ideal gas engines. Interestingly, the team found that the higher the non-ideality is, the higher
efficiency tends to be found, especially in the low-temperature regime, but with more shrinkage in the range of
physically allowed compression ratio, determined by the Carnot upper bound, namely, the Second Law of
thermodynamics. Specifically, the researchers considered both Otto and Diesel heat engine cycles running upon
the working substances modeled by the van der Waals fluid as a simple non-ideal gas model. This advance was
noteworthy when compared to data that the actual non-ideal gas in thermal processes of the typical internal
combustion engines of industry would produce, for a given internal pressure, the lower internal temperature (as a
measure of the available thermal exergy) than its counterpart calculated from the ideal gas model. The team’s
findings imply that in addition to the engine architectures and bath temperatures, the properties of working
substances should also be taken into consideration in the performance study of heat engines, the theoretical
model aspects of which have not sufficiently been discussed so far. These studies transitioned to ARL-VTD and
the NASA Glenn Research Center for further study to explore potential applications in other non-ideal fluid
models and for the efficient management of thermal and mechanical energy at macro level, such as in the
optimal design of next-generation heat engines for ground and air vehicles.

E. Determination Of Oxygen And Hydrogen Mass Transfer Coefficients In PEMFC GDE And Their
Separation Into Gas And Electrolyte Contributions
Investigators: T. V. Reshetenko and J. St-Pierre, Hawaii Natural Energy Institute, University of Hawaii
Recipient: Industry

The objective of this research is to develop and validate a method of determination of reactant mass transfer
coefficients in proton exchange membrane fuel cells (PEMFCs). The method is based on limiting current
distribution mathematical mode and variations in oxygen/hydrogen diluent molecular weight. In FY16 the
reproducibility of two methods based on local and average limiting current models was demonstrated for oxygen
stream. The separation of the oxygen mass transfer coefficient into gas phase molecular diffusion and a
combination of diffusion in fine pores (Knudsen diffusion) and the ionomer/water films was simplified by
decreasing the number of gas diluents from 9 to 3 (He, N> and C3F3) reducing cost and measurement time.



Analytical physical impedance models (one-dimensional and quasi-two-dimensional) were validated to
determine transport parameters. These results have transitioned to Nuvera Inc. and 3M, that will collaborate by
validating the methodology for different flow field designs and electrode structures. If successful, the research
will provide a tool for diagnostics of mass transport limitations in PEMFC and a guidance for improvement of
membrane/electrode assembly design, decreasing of fuel cell size in applications with volume restrictions and
support cost reduction efforts.

F. Cobalt-free and Uranium-free Nanocrystalline Alloy
Investigator: Professor Chris Schuh, AISN (UARC)
Recipient: Veloxint, Corp

AISN researchers, in collaboration with ARL and ARDEC scientists have discovered a nanocrystalline metal
alloy with extraordinary properties (e.g. >200% stronger) that is free of both carcinogenic cobalt and hazardous
depleted Uranium. Initial field tests show promising performance with potential military applications that
include penetrators, armor, and lightweight aerospace or vehicle components. These studies were published in
FY16 by the AISN, ARL, and ARDEC researchers.? The new alloy has transitioned to ARL-WMRD and
ARDEC for further study to determine if the material can provide a significant weight reduction for a variety of
applications that are being pursued such as carbide replacements for small and medium caliber penetrators and
related high-density metals products.

G. Shape Memory Alloy for Potential Electronics Applications
Investigators: Professors Chris Schuh and Raul Radovitzky, AISN (UARC)
Recipient: Kinalco, Inc.

Army sponsored AISN researchers have developed a continuous oligocrystalline shape memory alloy (SMA)
wire produced by melt spinning in the AISN laboratory. AISN researchers have discovered the critical physics
that permit continuous casting of super meter scale Cu-based SMA microfibers directly into a desirable
oligocrystalline microstructure. Previously, SMA oligocrystals were produced in a 2-step process that involved a
grain growth heat treatment. The new discovery permits a single-step production method that leads to a
favorable texture as well as achieving large superelastic strains. Results from the new method may lead to a
manufacturing route for inexpensive smart fabrics and textiles. This AISN work on superelastic alloy research
has transitioned to the startup company Kinalco, Inc., to produce oligocrystalline fibers and wires for a variety of
applications that range from orthodontics and electronics to Army-relevant protective materials.

H. Integrated Multi-Scale Approach For Understanding Ion Transport In Complex Heterogeneous
Organic Materials
Investigators: Professor Andrew Herring, Colorado School of Mines, MURI Award
Recipient: ProtonOnSite

This MURI team is studying the fundamentals of ion transport by developing new polymer architectures (e.g.,
polymer membranes) using standard and novel cations. These new polymer architectures and aqueous solutions
containing representative cations will serve as a model system for studies of anion transport and its relationship
to polymer morphology. In the longer term, this research may enable new classes of fuel cells.

Professor Herring and co-PI Professor E. Coughlin at the University of Massachusetts - Amherst, recently
discovered anion exchange membranes with very desirable properties. The new polymers have high hydroxide
conductivity and dramatically improved stability, and also have easily scalable synthetic routes and are
processable into thin films. The base polymer has a triblock hydrocarbon structure that is prepared in only two
steps. This material is also easily cross-linked by methods developed at U. Mass that enable the tuning of its

% Corderoa ZC, Carpenterb RR, Schuha CA, Schusterc BE. (2016). Sub-scale ballistic testing of an ultrafine grained tungsten alloy into
concrete targets. International Journal of Impact Engineering. 91: 1-5



mechanical properties. The key is to functionalize the material with a methyl pyrrolidinium cation that has
recently been identified as having very high stability. Results revealed that a polymer functionalized with this
cation has the highest stability in accelerated testing, compared with the 5 carbon ring methyl piperidenium
cation and strikingly the first generation trimethyl-ammmonium benzyly cation and the bulky phosphonium
cation (see FIGURE 13). These results are also borne out in conductivity testing at 95% RH where the triblock
polymer with the methyl pyrrolidinium cation and modest IEC has the highest conductivity approaching 0.1 S
cm-1 at 80°C. The swelling from water vapor is minimal and even from liquid water is half that of a typical
proton exchange membrane. The materials are tough due to the nature of the cross linking that occurs during
thermal processing and the films can be made as thin as 20 um. Anion exchange membranes have the potential
to completely change direct polymer electrolyte membrane fuel cells, electrolysis for hydrogen production or for
the production of electrofuels such as ammonia as the catalysts are non-precious metals. These results have
transitioned to ProtonOnSite, which will evaluate the membranes for commercial applications in electrolyzers.
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FIGURE 13

Stability data for the triblock polymer in 1M KOH at 80 °C, and hydroxide conductivity data at 95% RH.
Results are shown for the same polymer substituted with nonamethyltriphenyl phosphonium cations (triangles),
methyl pyrrolidinium cations (squares), methyl piperidenium cations (circles), or benzyltrimethylammonium, first-
generation cations (diamonds).

I. Interaction of Peptides and Proteins with Abiotic Surfaces: Towards Water-Free Biologics
Investigator: Professor Zhan Chen, University of Michigan, MURI Award
Recipient: Imbed Biosciences, Inc.

The objective of this multidisciplinary research, led by Professor Chen at the University of Michigan, is to
understand the properties that control biological-abiological interfaces and how to design systems for predicted
biological structure and function. Professor Chen and his team have been focusing on the development of
abiotic surfaces displaying hydromimetic functionalities that stabilize the native structure and function of
biological molecules in the absence of bulk water. Towards this aim, it is critical to understand the water
behavior at the abiotic surfaces for peptide and protein immobilization and the abiotic/biotic interfaces in air at
different humidity levels. In FY16, co-PI Nick Abbott has studied the factors that influence the recruitment of
water to surfaces that present a range of non-polar, polar and charged chemical functional groups of relevance to
design of abiotic-biotic interfaces, including surfaces that present immobilized antimicrobial peptides. Quartz
crystal microbalance with dissipation (QCM-D) studies revealed the central role that hydrogen bonding and
charge interactions at surfaces play in recruitment of water. The results were shown to extend to the amino acid
composition of immobilized peptides. Specifically, the number of charged residues within the peptide influence
the recruitment of water to peptide decorated self-assembled monolayer surfaces (see FIGURE 14). Hybrid
peptide, Cecropin A-Melittin, has five charged resides and recruits 1.3 water molecules per residue. Peptides
with additional charged residues (Cecropin P1 (7); MSI-78 (8-9)) recruit 1.5-1.7 water molecules per residue.
QCM-D studies also revealed that as peptide (Cecropin P1) surface coverage decreased from 0.3 peptide/nm? to
0.14 peptide/nm? to 0.1 peptide/nm?, water adsorption increased from 1.5 to as much as 7 water molecules per
residue before decreasing to 5 at the lowest peptide densities. Similar trends were observed for other peptides.
These results suggest that a decrease in peptide surface coverage may decrease inter-peptide interactions on the
surface, thus facilitating peptide-water interactions. In FY16, Professor Abbott transitioned this new
understanding of factors that control recruitment of water to surfaces to Imbed Biosciences to enable the design
and fabrication of new antimicrobial surfaces for advanced wound dressings.
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FIGURE 14

Recruitment of water to surfaces with immobilized antimicrobial peptides. (A) Number of water molecules
per one residue of each of the five immobilized peptides at 97% RH versus the number of charged residues in
peptides. (B) Number of water molecules per residue versus peptide surface coverage density (% of EG4-NH,
within SAMs).

J. Patterned Nanoporous Gold SERS Substrates
Investigator: Professor Sharon Weiss, Vanderbilt University, PECASE Award
Recipient: Molecular Diagnos-SERS

The objective of this research, led by Professor Weiss, was to systematically study the size-dependent
infiltration, pre-concentration, and detection of small molecules into nanoscale porous silicon materials with
tunable pore diameters between 10-100 nm. To successfully pattern porous materials with nanoscale resolution,
Professor Weiss developed a one-step, direct patterning technique that does not require intermediate polymer
processing or dry etching steps. Direct imprinting of porous substrates (DIPS) utilizes reusable stamps with
micro- and nanoscale features that are applied directly to a porous material to selectively compress the porous
network, resulting in the transfer of the stamp to the porous material with high fidelity, vertical resolution of 5
nm or less, and lateral resolution below 100 nm (see FIGURE 15). Using this process, both cost-effective and
high performing porous silicon diffraction grating sensors and patterned nanoporous gold surface enhanced
Raman scattering (SERS) substrates have been fabricated.

In FY16, Parks Technology licensed both the direct imprinting of porous substrates and nanoscale porous gold
film SERS template inventions. Parks Technology has created a new company, Molecular Diagnos-SERS, to
commercialize the patterned nanoporous gold SERS substrates.
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FIGURE 15

Direct imprinting of porous substrates (DIPS). (A) lllustration of DIPS technique; (B) SEM image of a
representative surface morphology of a patterned nanoporous gold SERS template.



K. Foundational AISN Research Leads to Launch of Advanced Functional Fabrics of America
Investigators: Professors Yoel Fink, Steven Johnson, John Joannopoulos, MIT, Institute for Soldier
Nanotechnolgies (UARC)
Recipient: Advanced Functional Fabrics of America (AFFOA)

AISN and MIT researchers, Professor Yoel Fink, Steven Johnson, and John Joannopoulos, have led ARO-funded
research at the AISN since the Institute began. In FY16, U.S. Secretary of Defense Ash Carter announced the
launch of the new Advanced Functional Fabrics of America (AFFOA) Institute, first proposed by Professor Fink
based in part on ARL-sponsored multifunctional fiber research at the AISN, and Army collaborators at NSRDEC
and ARL. AFFOA is a large scale private-public partnership that is a consortium of manufacturers, universities,
and non-profits that is focused on MRL 4 to 7 advancements. Led by MIT with an ARDEC Program Manager,
AFFOA's mission is to enable a manufacturing based revolution by transforming traditional fibers, yarns, and
fabrics into highly sophisticated, integrated and networked devices and systems. The AFFOA Institute has the
potential to create a whole new industry, based on the breakthroughs in fiber materials and manufacturing that
have originated at the ARO sponsored AISN. Through multimaterial fiber device discoveries with radically new
geometries and functions and by harnessing recently discovered phenomena such as fiber fluid instabilities, in-
fiber phase transitions and novel crystallization mechanisms,, the novel technical textiles may advance multi-
domain battle protection and situational awareness capabilities for the Soldier



V. ANTICIPATED ACCOMPLISHMENTS

The nature of basic research makes it difficult to predict a timeline for scientific discovery; however, ARO-
funded research is often on the verge of important achievements. This section describes selected scientific
accomplishments predicted to emerge during the next fiscal year.

A. Metal/Lithium Fluoride/Lithium-Ion Electrolyte Interactions in Carbon Nanopores
Professor Gleb Yushin, Georgia Institute of Technology, Single Investigator Award

The objective of this research is to, for the first time, perform a systematic study to reveal the fundamental
principles governing the metal/lithium fluoride/lithium-ion electrolyte interactions in a confined space of the
carbon nanopores. The proposed study will reveal critical factors affecting the stability and electrochemical
characteristics of nanoconfined metal fluorides and is expected to contribute to the development of stable, ultra-
high energy density battery systems (see FIGURE 16).
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FIGURE 16
Schematic of the synthesis procedure of infiltration of metal fluorides (MF) into C nanopores.

This innovative research will change the way researchers design electrical energy storage materials and will
contribute to the development of innovative and transformative energy storage technologies, critically needed for
the DoD. At the most fundamental level, the proposed work will reveal the roles that the nanoscale curvature,
surface chemistry, complex interfaces, electrolyte composition and molarity and various electrolyte reduction
products may play in ion transport and electrochemistry in general and the way the porous nanocomposites can
be designed to effectively regulate the nanoscale transport processes. It is anticipated that in FY'17, the team



determine the impact of the pore size on the reversibility and rate of electrochemical reactions of nano-confined
selected metal fluorides with Li ion electrolytes of various salt composition and concentrations. It is also
expected that we will elucidate the influence of electrolyte and passivation layer structural and transport
properties on the rate and reversibility of the conversion reaction of metal fluorides.

B. New Polymeric Materials Incorporating Heteromatic Phosphabenzene Units
Professor Kevin Noonan, Carnegie Melon University, Single Investigator Award

The objective of this research is to combine the concepts of sequence control with chain-growth
polycondensation for semiconducting polymers. It is anticipated that in FY'17, the Noonan laboratory will have
prepared n-conjugated materials with narrow dispersities that consist of different monomer arrangements along
the polymer backbone. These constructs are essential to explore how sequence changes along the backbone
impact electronic structure as well as solid-state organization of the material (see FIGURE 17). Building from
poly(3-hexylthiophene) as a benchmark, incorporation of different group 16 heterocycles (furan, selenophene
and tellurophene) is under investigation. Additionally, systematic changes in the side chain of the polymer
(ester, amide and cyano) is also being evaluated. To date, solid-state order (n-stacking and lamellar spacing) of
periodic alkyl thiophene-selenophene copolymers has been shown to be strongly dependent on sequence.
Remarkably, random copolymer analogues do not show the same dependence on content of the two monomers.
Further studies are in process to better understand this observation, while also expanding to other monomers and
side chains. These studies may provide insight into how perturbations along the polymer chain impact electronic
transport in organic materials. These studies are likely to be relevant for future Army applications including
chemical and biological sensing, as well as energy conversion.
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FIGURE 17
Impact of sequence on the electronic properties and solid-state organization of alkyl thiophene-selenophene
copolymers.

C. Molecule-Surface Dynamics in Functionalized Mesoporous Silicon
Investigator: Professor Sharon Weiss, Vanderbilt University, Single Investigator Award

The objective of this research is to gain a fundamental understanding of the impact of porous silicon (PSi)
functionalization chemistry and morphology on the surface interaction mechanisms involved in macroscopic
diffusion and attachment of different chemical and biomolecular species in PSi films and membranes. This
research will provide critical information of how molecular attributes such as polarity, size, and ionicity will
affect transport through PSi films and membranes. Initial work in FY 16 focused on understanding analyte
transport and reaction in open- and closed-ended porous materials. A combination of theoretical and
experimental studies indicated that a flow-through PSi membrane is most beneficial for facilitating analyte



transport under modest flow velocities (5-17 pL/min) and reduces the volume of solution required for analysis
(see FIGURE 18). In addition, the flow-through scheme indicates improved mass transport for larger analytes
(see FIGURE 19). Initial investigation of thermal carbonization of PSi as an alternate method of surface
passivation compared to thermal oxidation was carried out.
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Comparison of transport kinetics in flow-through PSi membrane. The plots reveal the effect of flow velocity
in (A) binding and (B) volume of consumed analyte.
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Flow-through scheme indicates improved mass transport for larger analytes. (A) Simulated sensor
response time with various analytes; (B) simulated real-time response when D=10 um?s.

In FY17, it is anticipated that the team will continue to refine the thermal carbonization techniques to achieve a
graphene-like internal surface coverage in pores that sufficiently passivates the surface against chemical attack
while maintaining the desired optical properties of the silicon films. In addition, the team will investigate
different porous silicon morphologies and multilayer geometries that will provide a better understanding of mass
transport and binding kinetics of small molecules in the pores. This effort will impact Army relevant areas in
biosensing, filtration, and catalysis.

D. Effect of Strong Electron Correlation in the Description and Design of Efficient Energy Transfer
Mechanisms
Professor David M. Mazziotti, University of Chicago, Single Investigator Award

The goal of this research is to significantly improve the ability of the variational two-electron reduced density
matrix (2-RDM) method to treat strongly correlated excited states. It is anticipated that in FY17, the investigator
will explore two complementary approaches: (i) the improvement of linear-response algorithms in which excited



states are extracted from the ground-state 2-RDM. Basic linear-response algorithms for the 2-RDM have been
proposed and implemented by the investigator and others. However, there exist areas for improvement including
the incorporation of better reconstruction of higher RDMs from lower RDMs as well as the generation of more
consistent solutions of the generalized eigenvalue equation, and (ii) the development of direct excited-state
algorithms in which the excited state 2-RDMs are directly computed by the variational 2-RDM method. The
investigator will use a set of “orthogonality” conditions to remove the part of the 2-RDM’s convex set that
corresponds to the ground state. Minimization of the energy in the orthogonality-constrained set will directly
generate the 2-RDM of the first excited state. Higher excited states will be obtained by including additional
orthogonality constraints. Furthermore, the investigator will make improvements to the boundary-point
algorithm for SDP, especially through the incorporation of stochastic sampling of projections onto the convex set
to accelerate optimization with respect to the set in the context of an easily parallelizable algorithm. The
investgator will also develop O(r*)-scaling 2-RDM algorithms for treating very large molecules by exploiting
sparse tensor techniques, including spatial locality and tensor factorizations, to represent both electron integrals
and the 2-RDMs. This work will build upon a recent O(r*)-scaling prototype 2-RDM algorithm. The investigator
will develop a new 2-RDM based algorithm for molecular conductivity that can, in a practical way, treat
conductance in strongly correlated molecules. There is currently no existing method that can do this. Finally, the
investigator plans to extend the parametric 2-RDM method to excited states. In the parametric 2-RDM method
the N-representability conditions are incorporated implicitly through the parameterization of the 2- RDM. The
methods have a lower computational prefactor than traditional pair correlation methods such as coupled cluster
with single and double excitations as well as the ability to capture some multi-reference correlation effects. The
parametric 2-RDM method was developed with previous ARO support, and is available for download from the
group’s website. The method has been applied to diradical intermediates and transition states, such as the
diradical isomers of olympicene and the transition state connecting cis and trans diazene, where it yields
energies that are 10-15 kcal/mol lower than those from conventional single-reference wave function methods.
Applications have also been made to studying the stability of oxywater and the relative energies of the cage and
prism isomers of water hexamer. The investigator will develop a parametric 2-RDM method for excited states in
which constraints are added to the energy functional to enforce a set orthogonality conditions, based on those in
configuration interaction with single and double excitations. Excited states can also extracted from the ground-
state 2-RDM by the linear-response algorithms to be further developed for 2-RDMs.
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CHAPTER 4: COMPUTING SCIENCES DIVISION

I. OVERVIEW

As described in CHAPTER 1: ARO MISSION AND INVESTMENT STRATEGY, the purpose of the Army Research
Laboratory (ARL) - Army Research Office (ARO) publication ARO in Review 2016 is to provide information on
the programs and basic research supported by ARO in fiscal year 2016 (FY16), and ARO's mission to create
basic science research to enable new materials, devices, processes and capabilities for the current and future
Soldier. This chapter focuses on the ARO Computing Sciences Division and provides an overview of the
scientific objectives, research programs, funding, accomplishments, and transitions facilitated by this Division in
FY16.

A. Scientific Objectives

1. Fundamental Research Goals. The principal objective of the ARO Computing Sciences Division is to build
the fundamental principles and techniques governing computational methods, models, and architectures to
establish the foundation for revolutionary advances in intelligent, trusted, and resilient computing that provide
increased performance and computational capability to enhance warfighter situational awareness, decision
making, command and control, and weapons systems performance. The Division supports basic research in new
computing architectures and models for intelligent and trusted computing in data fusion and extraction
techniques for efficient information processing, to create new capabilities in social informatics, and in resilient
computing systems for mission assurance. The results of these efforts will stimulate future studies and help keep
the U.S. at the forefront of computing sciences research.

2. Potential Applications. This program identifies and addresses the Army's critical basic research problems in
the computing sciences where progress has been inhibited by a lack of novel concepts or fundamental
knowledge. Computing science is pervasive in nearly all Army systems, particularly Command, Control,
Communications, Computing, Intelligence, Surveillance, and Reconnaissance (C4ISR) systems. The number of
information sources on the battlefield will grow rapidly; computing and information science research must
provide capabilities to process this in real-time and ensure that Soldiers and commanders do not experience
information overload that could adversely affect their ability to make decisions. Also, in spite of the increased
complexity of future battlefield information systems, dependence on them will only increase, therefore they must
be extremely reliable and secure. Research in this program has application to a wide variety of developmental
efforts and contributes to the solution of technology-related problems throughout the Army’s Future operational
goals. For this reason, computing science is a key technology underpinning future Army operations.

3. Coordination with Other Divisions and Agencies. The Computing Sciences Division supports ARL’s
Information Sciences Campaign in the areas of information understanding, information fusion, and
computational intelligence. Collaborative efforts aim at discovering scientific principles and creating innovative
frameworks and analytical approaches for the representation, dimensionality reduction, information content
extraction, and integration of multimodal data that will revolutionize information processing to convert data into
actionable intelligence to support Army information processing. A joint workshop was organized by the division
and the ARL Cyber Security Research Consortium to explore new research opportunities in moving target cyber
defense. The Computing Sciences Division has worked with ARL’s Computational and Information Sciences
Directorate (CISD) to develop two new Small Business Technology Transfer (STTR) projects that will enhance
computational capability through novel computing system architectural design. Division staff have engaged the
ARL Human Sciences Campaign and the Sciences-for-Lethality and Protection Campaign to create a new
computer simulation capability for acoustic modeling for human studies and for radio frequency (RF)
propagation in urban environments.



The Division’s research investment strategy is coordinated with partner disciplines and computer scientists at
ARO, other directorates within ARL, other Army agencies, and related programs in other DoD and Federal
organizations. The Division’s research portfolio is supported by Army basic research Core funding with
substantial additional resources from the Assistant Secretary of Defense for Research and Engineering
[ASD(R&E)], including the Multidisciplinary University Research Initiative Program (MURI), and from other
agencies, such as the Defense Advanced Research Projects Agency (DARPA).

To effectively meet Division objectives and to maximize the impact of potential discoveries for the Army and the
nation, the Computing Sciences Division frequently coordinates and leverages efforts with Army scientists and
engineers and with researchers in other DoD agencies. In addition, the Division frequently coordinates with
other ARO Divisions to co-fund awards, identify multi-disciplinary research topics, and evaluate the
effectiveness of research approaches. For example, interactions with the ARO Life Sciences Division include
promoting research to investigate effective human-computer communication mechanisms and developing new
metrics and benchmarks for social media analysis. The Division also coordinates efforts with the Network
Sciences Division to explore new techniques for robust and resilient mobile ad hoc networks, to establish
adversarial models for effective cyber defense, and to investigate fundamental principles for trusted social
computing. These interactions promote a synergy among ARO Divisions and improve the goals and quality of
each Division’s research areas. Each of the Program Areas within the Division balances opportunity-driven
research with high risk, high-payoff scientific exploration and needs-driven efforts that look for scientific
solutions to the near-term needs of the warfighter.

B. Program Areas

The Computing Sciences Division drives the creation of new research areas, as well as identifies, evaluates,
funds, and monitors research in a range of sub-disciplines. The Division has identified several sub-disciplines,
also called Program Areas, which provide a framework for the evaluation and monitoring of research projects.
In FY 16, the Division managed research within these four Program Areas: (i) Information Processing and
Fusion, (ii)) Computational Architectures and Visualization, (iii) Information and Software Assurance, and (iv)
Social Informatics. As described in this section and the Division’s Broad Agency Announcement (BAA), these
Program Areas have their own long-term objectives that collectively support the Division’s overall objectives.

1. Information Processing and Fusion. The goal of this Program Area is to understand the fundamental
principles and to establish innovative theories for data processing, information extraction, and information
integration toward real-time situational awareness and advanced targeting. There are three thrusts for this
program area: (i) foundations of image and multimodal data analysis, (ii) data and information fusion, and (iii)
active and collaborative sensing. With the ubiquitous availability of data acquisition capabilities in future
military operations, effective data and information processing is of increasingly critical importance to defense
missions. This program emphasizes mathematical theories, methodologies and algorithms for image
understanding, video analysis, and data/information fusion. This research supports the development of novel
representations of multimodal data to enable the understanding of multimodal sensor data and contextual
information. Also supported is research on detection of events, actions, and activities to extract activity-based
intelligence, especially when the events are rare and no extensive training data is available. Potential
applications include detection of improvised explosive devices and persistent surveillance.

The increased capability of electronic systems and the proliferation of sensors are generating rapidly increasing
quantities of data and information to the point that system operators and commanders are overwhelmed with data
and saturated with information. An area of increasing importance is data and information integration or fusion,
especially fusion of data from disparate sensors and contextual information. Research activities address several
basic issues of data fusion, including information content characterization of sensor data, performance modeling,
and the value of information.

2. Computational Architectures and Visualization. The two main Thrusts of this Program Area are
Computational Architectures (CA) and Visualization (V). The goal of the CA Thrust is to discover new effective
architectures, computational methods, and software tools for future computing systems with special emphasis on
the effect that the technological shift to heterogeneous, multi-core processors will have on newly-developed
systems. The goal of the V Thrust is to make very large simulations and the visualization of massive data sets



more computationally efficient and more interactive for the user. An overarching theme for both Thrusts is the
efficient managing and processing of massive data sets. This is due to the fact that the Army’s ability to generate
data of all types from the battlefield to the laboratory far outpaces the Army’s ability to efficiently manage,
process, and visualize such massive amounts of information. The CA Thrust attempts to address this issue by
investigating innovative architectural designs of both hardware and software components and their interfaces.
The V Thrust addresses the issue by investigating innovative algorithms to render massive data sets and/or
massive geometric models and to perform large scale simulations of importance to the Army.

The long-term payoffs of the CA Thrust for the Army include new computer modeling and design concepts (or
paradigms) as well as software libraries that take advantage of these new multi-core processors and that are
scalable (usable on large-scale complex problems and able to handle massive amounts of data) and accurate
(precise enough to predict and detect phenomena of interest) for both the laboratory and the battlefield. A payoff
associated with the V Thrust is the development of more efficient, interactive, and physically realistic battlefield,
training, and scientific simulations.

3. Information and Software Assurance. The goal of this Program Area is to understand the fundamental
principles of robust and resilient cyber information systems that can enable the corresponding functions to be
sustained under adversarial conditions. The studies guided by this program will enable and lead to the design
and establishment of trustworthy computing and communication, regardless of threat conditions. The ARO
program on Information Assurance currently has two major Thrust areas: (i) Highly Assured Tactical
Information and (ii) Resilient and Robust Information Infrastructure. The goal of the Highly Assured Tactical
Information Thrust is to gain new scientific understandings for trustworthy tactical communications and for
establishing fundamental principles and to ensure their trustworthiness. The Resilient and Robust Information
Infrastructure Thrust promotes research on cyber situation awareness theories and frameworks that combines
intrusion prevention, detection, response, and recovery to establish fundamental scientific principles for building
mission-sustaining information systems (e.g., software/hardware, computing/communication systems).

Within these research areas, high-risk, high pay-off research efforts are identified and supported to pursue the
program’s long-term goal. Research in the Resilient and Robust Information Infrastructure Thrust is focused on
exploring and establishing resilient computing and survivability principles, and understanding system trade-offs
such as performance, resiliency, and, survivability. The Highly Assured Tactical Information Thrust may lead to
the development of novel situation awareness theories and techniques that help defenders obtain an accurate
view of the available cyber-assets, to automatically assess the damage of attacks, possible next moves, and
impact on cyber missions, and to model the behavior of adversaries to predict the threat of future attacks on the
success of a mission. The warfighters must have unprecedented situational awareness (including enemy and
friendly awareness) at all times. Information assurance must address the delivery of authentic, accurate, secure,
reliable, timely information, regardless of threat conditions, over heterogeneous networks consisting of both
tactical (mobile, wireless) and fixed (wired) communication infrastructures.

4. Intelligent Systems. The goal of this Program Area is to establish the scientific foundation of next generation
intelligent systems and create cutting-edge capabilities in machine learning that can greatly enhance the Army’s
capabilities in mobility, agility, lethality, and survivability. There are two main research thrust areas: (i)
Advanced Learning and (ii) Intelligent Systems.

The Advanced Learning thrust focuses on establishing the theoretical foundation of machine learning. New
learning approaches will need to be addressed for both dimensionality challenges and temporal characterization
of “big data,” which may evolve continuously. In addition, new techniques must address robustness where the
learning system will be able to deal with incorrect input due to noise and observation errors, and potentially
malicious input that aims to disrupt learning. Adaptation in learning is another major challenge. It is
conceivable that due to complexity, non-steady behaviors, fast changing context and environment, it may not
ever be possible to fully capture a dynamic changing world, especially under the condition of incomplete
information and with information uncertainties. It is critical to develop an advanced system that can
continuously learn, update its knowledge base accordingly, and dynamically adapt its reasoning, decisions, and
actions.



The Intelligent Systems thrust focuses on creating autonomous entities with advanced cognitive capabilities that
can successfully integrate advanced learning, knowledge representation and organization, cognitive reasoning,
adaptation, and autonomous action. Quite often intelligence systems are engaged in sensing, perception,
reasoning and understanding, learning, collaboration, and take actions in an autonomous way. For these systems,
sensing and vision processing play a critical role in learning, perception, and establish situation awareness for
decision making and for intelligent actions such as navigation, while language processing and communication
help build coordination, collaboration, and contribute to a shared knowledge base, planning, and team decision
making. A common trait of intelligent systems lies in their capability to process information along with suitable
context and environment to make the best decisions and to take appropriate actions. An ideal intelligence system
should have a strong cognitive capability that enables itself to deal with environmental changes, to carry out new
tasks, and to cope with unknown situations.

C. Research Investment

The total funds managed by the ARO Computing Sciences Division for FY16 were $19.4 million. These funds
were provided by multiple funding sources and applied to a variety of Program Areas, as described here.

The FY15 ARO Core (BH57) program funding allotment for this Division was $5.3 million and $1.2 million of
Congressional funds (T14). The DoD Multi-disciplinary University Research Initiative (MURI), the Defense
University Research Instrumentation Program (DURIP), and the Presidential Early Career Award for Scientists
and Engineers (PECASE) program provided $5.4 million to projects managed by the Division. The Division
also managed $5.6 million of Defense Advanced Research Projects Agency (DARPA) programs. The Small
Business Innovative Research (SBIR) and Small Business Technology Transfer (STTR) programs provided $0.7
million for contracts. In addition, $2.1 million was provided for awards in the Historically Black Colleges and
Universities and Minority Institutions (HBCU/MI) Programs, which includes $0.9 million of ARO Core (BH57)
funds, in addition to any funding for DoD-funded Partnership in Research Transition (PIRT) and DoD-funded
Research and Educational Program (REP) projects.



II. RESEARCH PROGRAMS

ARO participates in the creation, leadership, and management of research programs that are supported with
funds from a variety of DoD sources. For a detailed description of the purposes and goals for each of these
programs, refer to CHAPTER 2: PROGRAM DESCRIPTIONS AND FUNDING SOURCES. Unless otherwise noted, the
following sub-sections identify the research awards managed by this Division that began in FY'16 (i.e., “new
starts”), categorized by program type.

A. ARO Core (BH57) Program

As discussed in CHAPTER 2: PROGRAM DESCRIPTIONS AND FUNDING SOURCES, the Army provides funds for the
ARO Core (BH57) Research Program. The primary goal of the Core Program is to support high-risk, high-
payoff basic research. Research opportunities are identified by a variety of means, including discussions with
potential investigators, which may lead to white papers and proposal submissions. Proposals are selected for
funding within each ARO Division (i.e., scientific discipline) that take advantage of scientific opportunities that
address Army needs and interests with long-term, high-risk ideas. These funds constitute a key mechanism for
the Army's support of fundamental research.

The following subsections summarize projects awarded in FY'16 and managed by the Division, organized
according to the five Core Program categories. Selected projects are discussed in detail later in this chapter (see
Sections III-V), with a focus on recent scientific accomplishments, technology transitions, and anticipated
accomplishments.

1. Single Investigator (SI) Program. In FY 16, the Division awarded 18 new-start SI fundamental research
projects, in addition to active awards continuing from prior years. The following principal investigators (PIs)
and corresponding organizations were recipients of new-start SI awards.

* Professor Gail-Joon Ahn, Arizona State University; Dissecting Social Dynamics and Malware
Attributions for Mitigating Network-centric Attacks

* Professor Reza Azarderakhsh, Rochester Institute of Technology; Emerging Side-channel Resistant and
Resource-friendly Elliptic Curve Algorithms and Architectures

* Professor William Enck, North Carolina State University; Correct Enforcement of Access Control Policy
in Modern Operating Systems

* Professor Timothy Havens, Michigan Technological University; Multisensor Analysis and Algorithm
Development for Detection and Classification of Buried and Obscured Targets

* Professor Thomas Huang, University of Illinois at Urbana - Champaign; Very Low-Resolution Face
Recognition In The Wild

* Professor Yier Jin, University of Central Florida; Bridging the Hardware-Software Gap: A Proof-
Carrying Approach for Computer Systems Trust Evaluation

* Professor Ari Juels, Cornell University; Toward Principled Foundations for Honey Objects in Information
Security

* Professor Ming Lin, University of North Carolina - Chapel Hill; Efficient Computational Models for
Simulating Large-Scale, Heterogeneous Crowds

* Professor Vishal Patel, Rutgers University - New Brunswick; Adaptive Sparse and Low-Rank Models for
Real-World Visual Recognition

+ Professor Radha Poovendran, University of Washington; Multi-Layer Adaptive and Proactive Strategic
Cyber Defense

* Professor Balakrishnan Prabhakaran, University of Texas at Dallas; Robust 3D Surveillance

* Professor Aswin Sankaranarayanan, Carnegie Mellon University; Scalable Inference on High-
Dimensional Data via Task- and Domain-Specific Embeddings



* Professor William Scherlis, Carnegie Mellon University; Global Mapping of Cyber Security Threats:
Actual and Perceived

* Professor Jinyuan Sun, University of Tennessee at Knoxville; Security Through Invisibility for
Dynamically Changing Wireless Sensor Networks

* Professor Gene Tsudik, University of California - Irvine; Remote Attestation of Critical Infrastructure
Components

* Professor Xiaofeng Wang, Indiana University at Bloomington; How to Compose Security Protection for
Third-Party Applications

* Professor Ying Wu, Northwestern University - Evanston; Handling Adverse Visual Conditions for Target
Tracking and Recognition

* Professor Ning Xi, The University of Hong Kong; Compressive Feedback for Featureless Video-based
Tracking Control

2. Short Term Innovative Research (STIR) Program. In FY'16, the Division awarded 10 new STIR projects
to explore high-risk, initial proof-of-concept ideas. The following PIs and corresponding organizations were
recipients of new-start STIR awards.

* Professor Leonardo Bobadilla, Florida International University; Gathering and Processing Sensor Data
with Unmanned Relay Vehicles using Line-of-Sight Communication

+ Professor Vasiliki Ikonomidou, George Mason University; Change Point Detection for Video-Based
Stressor Identification

* Professor Sundararaj Iyengar, Florida International University; Scientific Exploration of Cyber-Driven
Dynamic, Distributed Big Data Forensics Systems

* Professor Hamid Krim, North Carolina State University; Neuron-based Measurements for Brain
Functionality Understanding

* Professor Yue Lu, Harvard University; Analyzing the Large System Limit of Stochastic Proximal Gradient
Methods for Online Estimation

+ Professor Nasser Nasrabadi, West Virginia University; Task-Driven Coupled Dictionary Design for
Heterogeneous Sensory Data

* Professor Gang Qu, University of Maryland - College Park; Building Robust and Practical Physically
Unclonable Functions with Configurable Ring Oscillators

* Professor Carlo Tomasi, Duke University; Multiscale Path Metrics for the Analysis of Discrete Geometric
Structures

* Professor Dong Wang, University of Notre Dame; Quality-of-Information-Aware Data Collection and
Analysis for Active and Collaborative Sensing

* Professor Yue Wang, Clemson University; Trust-based Optimal Guidance and Navigation for Multiple
Manned-Unmanned Vehicles

3. Young Investigator Program (YIP). In FY16, the Division awarded one new YIP project to drive
fundamental research in an area relevant to the current and future Army. The following PI and corresponding
organization was a recipient of the new-start YIP award.

* Professor Domenic Forte, University of Florida - Gainesville; Human-to-Device: A Novel Anti-Tampering
Mechanism Driven by Cardiovascular Biometric and Obfuscation

4. Conferences, Workshops, and Symposia Support Program. The following scientific conferences,
workshops, or symposia were held in FY 16 and were supported by the Division. This support was provided via
competitive grants to academic researchers responsible for organizing or leading scientific conferences.

» US-Europe Workshop on Cryptography and Hardware Security for the Internet of Things; College Park,
MD; 8-9 October, 2015

* Trustworthy Human-Centric Social Networking: Challenges and Research Directions; Phoenix, AZ; 12-
13 May 2016

* Institute of Electrical and Electronics Engineers (IEEE) Symposium on Security and Privacy; San Jose,
CA; 23-25 May 2016



* 2016 Image Science Gordon Research Conference; Easton, MA; June 5-10, 2016

» The Optical Society (OSA) Imaging Systems and Applications Conference; Heidelberg, Germany; 25-28
July 2016

* OSA Computational Optical Sensing and Imaging Conference; Heidelberg, Germany; 25-28 July 2016

* Workshop on Multimodal Data Analysis for Human Activity Detection and Understanding; Marina del
Rey, CA; 23-24 August 2016

e 23" [EEE International Conference on Image Processing; Phoenix, AZ; 25-28 September 2016

5. Special Programs. In FY16, the ARO Core Research Program provided approximately half of the funds for
all active HBCU/MI Core Program projects (refer to CHAPTER 2, Section IX). The Division also awarded four
new High School Apprenticeship Program (HSAP) / Undergraduate Research Apprenticeship Program (URAP)
grants to support summer research efforts by promising high school or undergraduate students, to be completed
at academic laboratories in conjunction with active Core Program awards (refer to CHAPTER 2, Section X).

B. Multidisciplinary University Research Initiative (MURI)

The 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: PROGRAM DESCRIPTIONS AND FUNDING SOURCES. These awards constitute a significant
portion of the basic research programs managed by the Computing Sciences Division; therefore, all of the
Division’s active MURIs are described in this section.

1. Value-centered Information Theory. This MURI began in FY 11 and was awarded to a team led by
Professor Alfred Hero III at the University of Michigan. The objective of this MURI is to lay the foundation for
a new information theory that applies to general controlled information gathering and inference systems and
accounts for the value of information. The theory will be built on a foundation of non-commutative information
theory, free probability theory, differential geometric representations of information, and the theory of surrogate
information measures. This theory will improve the scientific understanding of the fundamental limits of
performance and create better algorithms for extracting and exploiting information in distributed sensor systems.

This research focuses on multiple-modality multiple-sensor fusion problems that use consensus fusion,
contextual graphical models, gossip algorithms, and likelihood maps to aggregate information for tracking,
surveillance, and other tasks. Topics of interest include resource management in adversarial environments,
mobile sensors, and multistage mission planning. Emphasis is placed on creating a powerful theory of
actionable information that accounts for value of information and the economic costs of deploying or
maneuvering sensors to achieve a particular mission objective. The research comprises three inter-related
research themes that collectively address the most critical research challenges in distributed sensing. These
thrusts are: (i) information-driven structure learning and representation, (ii) distributed information fusion, and
(iii) active information exploitation for resource management. An end-to-end framework will be created that
will result in better raw sensor data acquisition and processing, more accurate multi-target tracking, and
improved fusion.

3. Adversarial and Uncertain Reasoning for Adaptive Cyber Defense: Building the Scientific Foundation.
This MURI began in FY 13 and was awarded to a team led by Professor Sushil Jajodia of George Mason
University. Adaptive defense mechanisms are essential to protect our nation’s critical infrastructure (computing,
communication, and control) from sophisticated adversaries who may stealthily observe defense systems and
dynamically adapt their attack strategies. This research aims to create a unified scientific foundation to enable
the design of adaptive defense mechanisms that will maximize the protection of cyber infrastructure while
minimizing the capabilities of adversaries.

The research will leverage recent advances in security modeling, network science, game theory, control theory,
software system and network protocol security to create the scientific foundation, which may include general
models for defense mechanisms and the systems they protect as well as irrational and rational adversaries. This
research will develop a new class of technologies called Adaptive Cyber Defense (ACD) that will force
adversaries to continually re-assess, re-engineer and re-launch their cyber attacks. ACD presents adversaries



with optimized dynamically-changing attack surfaces and system configurations, thereby significantly increasing
the attacker’s workloads and decreasing their probabilities of success.

4. Noncommutativity in Interdependent Multimodal Data Analysis. This MURI began in FY'16 and was
awarded to a team led by Professor Negar Kiyavash at the University of Illinois at 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 machine learning. 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: (i) human action and collective behavior
recognition, and (ii) crowd-sourcing in a network of brain-machine interfaces. The framework will provide
answers to questions such as: 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 in order 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 brain-computer interfaces will provide new capabilities, including
improved time-sensitive, dynamic, multi-source information processing, actuation, and performance prediction
guarantees.

5. Closed-Loop Multisensory Brain-Computer Interface for Enhanced Decision Accuracy. This MURI
began in FY16 and was awarded to a team led by Professor Maryam Shanechi at the 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 to 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) machine-learning 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 to prototype a BCI for enhanced decision accuracy. The modeling efforts will span Bayesian
inference, stochastic control, adaptive signal processing, and machine learning 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.



C. Small Business Innovation Research (SBIR) — New Starts

No new starts were initiated in FY'16.

D. Small Business Technology Transfer (STTR) — New Starts

In contrast to many programs managed by ARO, the STTR program focuses on developing specific applications,
as is described in CHAPTER 2: PROGRAM DESCRIPTIONS AND FUNDING SOURCES. In FY 16, the Division managed
three new-start STTR contracts, in addition to active projects continuing from prior years. The new-start projects
consisted of two Phase I contracts and one Phase II contract. These new-start contracts aim to bridge
fundamental discoveries with potential applications. A list of SBIR topics published in FY 16 and a list of prior-
year SBIR topics that were selected for contracts are provided in CHAPTER 2, Section VIII.

E. Historically Black Colleges and Universities / Minority Institutions (HBCU/MI) Programs — New Starts

The HBCU/MI and related programs include the (i) ARO (Core) HBCU/MI Program, which is part of the ARO
Core BAA, (ii) Partnership in Research Transition (PIRT) Program awards, (iii) DoD Research and Educational
Program (REP) awards for HBCU/MI, and (iv) DoD Instrumentation awards for Tribal Colleges and Universities
(TCU). In FY16, the Division managed two new ARO (Core) HBCU/MI projects and four new REP awards, in
addition to active projects continuing from prior years. Refer to CHAPTER 2: PROGRAM DESCRIPTIONS AND
FUNDING SOURCES for summaries of new-start projects in these categories.

F. Presidential Early Career Award for Scientists and Engineers (PECASE) — New Starts

No new starts were initiated in FY'16.

G. Defense University Research Instrumentation Program (DURIP)

As described in CHAPTER 2: PROGRAM DESCRIPTIONS AND FUNDING SOURCES, the DURIP program supports the
purchase of research equipment to augment current university capabilities or to develop new capabilities for
conducting cutting-edge research relevant to long-term Army needs. In FY16, the Division managed nine new
DURIP projects, totaling $1.8 million. The university laboratory equipment purchased with these awards is
promoting research in areas of interest to ARO.

H. Joint NSA/ARL-ARO Advanced Computing Initiative

The Advanced Computing Initiative (ACI) is an ongoing NSA/ARL-ARO joint venture on energy efficient
computing. Specifically, energy efficiency is now a primary constraint in designing new supercomputers. In
order to provide robust performance, future systems will need to be able to dynamically trade off energy
efficiency, performance, and reliability. Initiated in FY 13, the ACI program’s objective is to support research for
enabling these tradeoffs and will run for four years at approximately $4 million/year. ARO is responsible for the
program management and contracting duties. The ACI program has a close relationship to ARL's High
Performance Computing efforts and they offer potential cost savings and reliability benefits for the Army. The
costs associated with consuming megawatts of electricity both directly and for the elaborate cooling systems to
deal with the excessive heat supercomputers generate are becoming excessive. More important is the machine's
reliability as more power to the system means more heat to the components, significantly increasing failure rates.
Developing hardware and software infrastructure to increase performance while ignoring the effects on power
consumption and reliability will not be feasible in the future. Seven grants have been awarded under the ACI
program to teams composed of members from academia, industry and the national laboratories.



III. SCIENTIFIC ACCOMPLISHMENTS

This section identifies fundamental research discoveries, results, and accomplishments that originated from
research funded and/or monitored by the Computing Sciences Division.

A. Modeling Interrelations for Understanding and Predicting Complex Human Behavior
Professor Silvio Savarese, Stanford University, MURI Award

The goal of this research is to establish new comprehensive information theory for data analysis in
noncommutative information structures intrinsic to hierarchical representations, distributed sensing, and adaptive
online processing. Non-commutativity is exploited in problems of computer vision including object pose
estimation and recognition, human action and interaction analysis, and collective behavior tracking. Human
action recognition is an extremely important research area in computer vision, and has grown dramatically in the
last decade. This recognition problem involves fusion of visual information over multiple time and spatial scales
extracted from videos and video databases.

In FY16, Professor Savarese and his team established and applied a new class of tools for addressing non-
commutative action sequence recognition based on ordinal 3D+t spatiotemporal segment models, non-
commutative information theoretic discriminants, and variational inference, particularly deep learning on
spatiotemporal graphs. Deep Recurrent Neural Network architectures, though remarkably capable at modeling
causal sequences, lack an intuitive high-level spatiotemporal structure. That is why many problems in computer
vision inherently have an underlying high-level structure and can benefit from it. Spatiotemporal graphs are a
flexible tool for imposing such high-level intuitions in the formulation of real world problems. The research
team developed an approach for combining the power of high-level spatiotemporal graphs and effective non-
commutative sequence learning using Recurrent Neural Networks (RNNs). A scalable method was created for
casting an arbitrary spatiotemporal graph as a rich RNN mixture that is feedforward, fully differentiable, and
jointly trainable (see FIGURE 1). This approach, called Structural-RNN, is generic and principled as it can be
used for transforming any spatiotemporal graph through employing a certain set of well-defined steps. The
evaluations of this approach on a diverse set of problems, ranging from modeling human motion to object
interactions, show improvement over the state-of-the-art with a large margin, as much as 44%. This work
received the Best Student Paper Award at the 2016 Institute of Electrical and Electronics Engineers (IEEE)
Conference on Computer Vision and Pattern Recognition.
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FIGURE 1

lllustration of S-RNN over spatiotemporal graph. (Bottom) An example activity (human microwaving food).
Modeling such problems requires both spatial and temporal reasoning. (Middle) Spatio-temporal graph capturing
spatial and temporal interactions between the human and the objects. (Top) Schematic representation of
Structural-RNN architecture automatically derived from the spatiotemporal graph



B. A Comprehensive Model for Adversary and the Defender Interaction
Professor V. Subrahmanian, University of Maryland - College Park, Single Investigator Award

The goal of this research is to establish a rigorous scientific framework that can be used to guide the
development of effective deception and disclosure strategies in a cyber security context to defeat cyber attacks.
A major problem in understanding both the adversary and the defender is the enormous attack surface that is
present in information systems. In order to understand how adversaries operate, it is important to understand the
environment in which they operate, namely the enterprise network of the system being protected. Every piece of
software and hardware, every protocol that is used, affords some opportunities for the attacker.

In FY16 Prof. Subrahmanian successfully created an attacker-defender game model that leads to the ability to
reason about such a complex space with sophisticated probabilistic modeling of the attacker, the environment,
and the defender that helps predict how an attacker will respond to the defense actions, and used those
predictions to better defend cyber systems (see FIGURE 2). Based on such a model of the adversary, the team
developed a mechanism by which the network can be modified by the defender so as to induce deception by
placing honey nodes and apparent vulnerabilities into the network to distract and mislead the adversary. The
team created the first algorithms to build a game-theoretic model that can be used to guide system patching and
deactivations in order to minimize both the expected damage and the probability of the attacker succeeding. The
team used the model to experiment with various attacker and defenders settings. The prototype implementation
identified the best defense strategies given different attacks predications.
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FIGURE 2

Example of system vulnerabilities dependency graph. The graph shows potential paths adversaries can take
to intrude enterprise systems.

C. Fundamentals of Human Re-identification in Videos of Crowds
Professor Mubarak Shah, University of Central Florida, Single Investigator Award

The objective of this research is to create methods for automatic re-identification in dense crowds that allows
successful monitoring and analysis of crowded events. Re-identification in crowded scenes is a challenging
problem due to the large number of people and frequent occlusions, coupled with changes in their appearance
due to different properties and exposure of cameras.

In FY'16, Professor Shah and his team worked towards creating a new framework for re-identification of a large
number of humans across multiple non-overlapping cameras, crucial both in the battlefield as well as post-event
analysis in surveillance networks. They explicitly modeled multiple personal, social, and environmental
constraints on human motion across cameras in crowded scenes. The personal constraints include appearance
and preferred speed of each individual, while the social influences are modeled by grouping and collision
avoidance. The environmental constraints model the transition probabilities between gates (entrances/exits) in
different cameras. These constraints were incorporated into an energy minimization framework for solving
human re-identification. Experimental results demonstrated the applicability of these cues for re-identification,
achieving a significant boost in performance and accuracy over existing appearance-based approaches. The
comparison of different constraints using Cumulative Matching Characteristics was performed. The introduction
of linear constraint of preferred speed gives an improvement of 19%. Quadratic constraints of grouping were



considered to improve performance, with social grouping contributing about 6% improvement while spatial
grouping added another 6% improvement. Finally, collision avoidance was employed, which gives the
maximum Area Under Curve (AUC) of 96.15%.

D. In Situ Visualization of High-Order Methods
Professors Robert M. Kirby, University of Utah, and Robert Haimes, Massachusetts Institute of Technology,
Single Investigator Award

The objective of this research is to create the theory and framework for a scalable in situ (while the calculations
are proceeding) visualization system for any PDE-based solver (independent of whether it is high-order or not),
that performs in situ visualization of higher-order results in a pixel-exact manner. Many current scientific
visualization techniques applied to higher-order solutions are inadequate when used for knowledge extraction
and assistance in reducing the error budget. This is because they transform high-order data to low-order
representations for visualization purposes — a process which in and of itself adds “visualization error” to the error
budget. The scientist is currently burdened with determining whether or not an anomaly found in an image
generated by a visualization technique is from the modeling and discretization assumptions made as part of the
simulation or as part of the visualization technique itself. In most cases that burden is high. In addition, many of
the physical problems of interest are not steady-state, leading to simulations that must run for a long time (days,
weeks, and in some cases months). The transient nature of these simulations complicates the data handling (post
processing requires the time history) and renders single snap-shots of the solution, insufficient to understand the
time-varying nature of the physics. There is now a growing acceptance in the simulation and visualization
communities that in situ processing is the most effective and least intrusive way to understand the results from
transient simulations. The goals of this effort are: (1) to generate “high-order Finite Element Method (FEM)”
appropriate dimensionality reduction feature extraction methods which can be accomplished as part of an in situ
data processing pipeline, and (2) specify the regions of interest in an in situ fashion within a simulation field
based upon the visualization objective, extract and transmit relevant high-order FEM modal information to the
visualization system, and then reconstruct the visualization features of interest (e.g., isosurfaces) in a pixel-exact
fashion.

In FY 16, this team of researchers created algorithms and software for extracting vortex core lines (i.e. areas of
high swirl) from high-order (high-accuracy and high-fidelity) fluid flow simulations in situ (see FIGURE 3). This
is extremely important to the Army as it allows Army engineers to understand the impact of various mission
requirements in aeroacoustics and fluid-structure scenarios as found with Army rotorcraft. Vortex cores
generated by rotor blade tips impinge on the body of the vehicle which creates the acoustic signature and directly
impacts the fatigue of the craft's structures. Accurately simulating the location, trajectory, and intensity of vortex
cores helps engineers produce better designs. These researchers are the first to be able to accurately extract such
high-order derived vortex tube information in situ. This research will have a significant impact at the U.S. Army
Aviation and Missile Research, Development, and Engineering Center (AMRDEC), who has had input on the
formation of the research by allowing AMRDEC engineers to fully exploit the simulation results their teams
generate for various mission scenarios.

FIGURE 3

In situ visualization of high-order methods. (/eft) Vortex tube denoted by a core line and streamlines that give
its surface envelope; (right) a vortex tube isosurface showing the magnitude of torsion. These extracted tubes
are for synthetic high-order data generated by Utah’s in situ methodology.



E. Improved Vulnerability Detection for Cybersecurity in Army Computing Systems
Professor John Cavazos, University of Delaware, Single Investigator Award

The goal of this research is to develop methods that will automatically allow for the rapid detection of software
vulnerabilities in computer code without the need for access to the source code of the application nor human
intervention. With the rapid growth of malware worldwide (see FIGURE 4) and the danger such malicious code
presents to any and all computer systems, including the Army’s, it has become critical that vulnerabilities in
software be identified quickly, efficiently, and effectively. However, state-of-the-art detection techniques require
access to the source code and are performed manually, taking from days to weeks to accomplish which is both
slow and costly. Also, source code is not always available for analysis, e.g., the code may be closed-source or
contain proprietary information.

In FY 16, this team of researchers created a software framework for vulnerability detection in computer machine
code executables (e.g. Applications or Apps) that unlike current methods, does not require access to the
developer written source code (a program written in human-readable computer language). This is extremely
important to the Army as source code is not always available for analysis. This vulnerability detection
framework is modular and pipelined to allow scalable analysis on distributed systems. This research will have a
significant impact at the CERDEC, who co-funds this effort, by allowing CERDEC engineers to very quickly
and accurately analyze many millions of lines of assembly code from binaries, significantly reducing the time
and effort necessary to assure the safety and reliability of Army computing systems.
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FIGURE 4

Rapid growth of malware. Bar graph depicting the magnitude of the number of instances (x-axis) that different
types of malware (y-axis) has appeared on computer systems worldwide.



IV. TECHNOLOGY TRANSFER

ARO Scientific Divisions seek to identify promising scientific breakthroughs and facilitate the transition of
cutting-edge research concepts and data to potential applications. This section describes basic research results,
observations, and/or theories that transitioned elsewhere in ARL and/or to external organizations and customers.

A. Fusion of Statistically Dependent Heterogeneous Information Sources
Investigator: Professor Pramod K. Varshney, Syracuse University, Single Investigator Award
Recipient: ARL Sensors and Electron Devices Directorate (ARL-SEDD)

In most research on distributed inference problems, sensor observations are assumed to be statistically
independent or at least conditionally independent for analytical tractability. In the real world, however,
observations are statistically dependent. One barrier in this area is the inability to accurately model statistical
dependence in a form that can be used for information fusion to enhance inference performance. The goal of this
research is to explore ways to accurately characterize statistical dependence and system diversity followed by
creating computationally efficient approaches that can scale to large systems.

In FY16, Professor Varshney and his team established a new approach to distributed detection with dependent
heavy-tailed signals. The new approach uses a-stable signal models with a copula-based dependence model to
characterize dependent heavy-tailed distributions. The sensor signal model is general. It does not explicitly
specify whether the phenomenon of interest is embedded in i.i.d. a-stable noise or if the a-stable model
characterizes the dynamics of the phenomenon itself. The asymptotic behavior of copula model selection is
characterized by the Kullback-Leibler distance metric. Research derived the asymptotic distribution for the
probabilities of false alarm and detection. To evaluate its performance, this method was applied to a personnel
detection problem utilizing the acoustic and seismic sensor dataset which was experimentally collected at the
Army Research Laboratory. Experiments have shown significant improvement of this new approach (GLRT)
over traditional methods of assuming independent signals (see FIGURE 5). This new approach has been
transitioned to ARL-SEDD for sensor network based personnel detection for border security.
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FIGURE §
ROCs comparing the new method (GLRT) with independent signal modeling.

B. Fault Aware Intelligent Software for Exascale Systems
Investigator: Professor Robert Lucas, University of Southern California, Single Investigator Award
Recipient: DoD and DoE Laboratories

Today’s standard model of computation, embodied in familiar programming languages, assumes that the
underlying computer runs correctly. This model is generally accepted, except in safety critical systems like
flight controls. In the near future, this will no longer be true due to the continued scaling of VSLI. In addition it
will be prohibitively expensive to enforce total operational correctness with error correction using redundancy.
The goal of this project is to design and implement software that exploits human knowledge of what faults are



significant, and what are not, to reduce the overhead of maintaining the illusion of perfect computing systems.
This will save time and energy for large-scale Defense computations.

In FY16, Professor Lucas and his research team developed an assertion language that a knowledgeable user can
use to assert what regions of a program’s state space can tolerate errors so that these programs can continue to
correct solutions. They also extended a standard programming Application Program Interface (API) to allow a
knowledgeable user to be able to provide alternative repair strategies that will reduce the frequency of check-
pointing and restarting, thus saving time and energy. They distributed versions of their assertion language to a
DoD funded investigator, Professor Vivek Sarkar at Rice University, Dr. David Bernholdt at Oak Ridge National
Laboratory, and Erik deBenedictis of Sandia National Laboratory. Also, they installed this language to a DoD
computer center for use with an up-to-date release of the ROSE Compiler Infrastructure that supports their
assertion language resilience directives at the direction of the Government.

C. Integrated Computer-Aided Cognitive Task Analysis
Investigator: Professors Peng Liu and John Yen, Penn State University
Recipient: ARL Computational and Information Sciences Directorate (ARL-CISD)

As cyber-attacks become more sophisticated, cyber-attack analysts are required to process large amounts of
cyber related data (system status information, logs, and intrusion alerts) to determine whether a certain event is
an ongoing attack attempt. Quite often they need to analyze and reason under various levels of uncertainties to
capture a complete situation awareness framework (see FIGURE 6). Cyber Analysts’ knowledge and experience
play a significant role in successfully detecting cyber-attacks. The goal of this research is to capture and study
the fine grained analysts’ cognitive processes to help researchers gain a deeper understanding of how they
conduct analytical reasoning, and elicit their procedural knowledge and experience to further improve their
performance.
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FIGURE 6

Cyber situation framework for attack analysis, prediction, and visualization. This research builds on results
from the FY09-FY 15 cyber situation awareness MURI project. This framework incorporates cyber assets, cyber
configuration, attack impact, threat analysis, and situation visualization.



In FY'16, the research team created an integrated computer-aided data collection method for cognitive task
analysis (CTA). The CTA system has three building blocks: (1) a trace representation of the fine-grained cyber-
attack analysis process, (2) a computer tool supporting process tracing, and (3) a laboratory experiment for
collecting traces of analysts’ cognitive processes in conducting a cyber-attack analysis task. This CTA method
integrates automatic capture and situated self-reports in a novel way to avoid distracting analysts from their work
and adding extra work load. The team has been working closely with cyber analysts and researchers from ARL-
CISD in the field test of the CTA tool with more than 10 full-time professional analysts. The results of the
preliminary trace analysis with ARL scientists indicate that this method may be a feasible way to gain
understanding of how analysts perform cyber-attack analysis tasks, and it may provide promising contributions
to analysts’ for self-reflection, elicitation of their procedural knowledge, or for new tool development.



V. ANTICIPATED ACCOMPLISHMENTS

The nature of basic research makes it difficult to predict a timeline for scientific discovery; however, some ARO-
funded research efforts are on the verge of important achievements. This section describes selected scientific
accomplishments predicted to emerge during the next fiscal year.

A. Statistical Inference in the Compressive Domain
Professor Aswin C. Sankaranarayanan, Carnegie Mellon University, Single Investigator Award

The objective of this project is to solve classification and inference problems on dimensionality-reduced data,
referred to as compressive inference. A key hallmark of compressive inference is the ability to directly obtain
the compressed data using novel computational cameras. The main benefits of compressive inference are
reduced storage, communication, energy, and processing costs since inference is performed directly on low-
dimensional compressed data. A critical aspect is the identification of regimes where compressive inference can
be effective, providing a theoretical analysis of the performance gains to be derived via compressive inference,
and finally, demonstrating the practicality of the schemes over multiple datasets.

The benefits of compressive inference are demonstrated in scenarios where sensing and processing are costly. It
is anticipated that research in FY'17 will establish new compressive inference techniques for estimating material
composition from infrared hyperspectral images as well as reflectance functions. Hyperspectral images have
been widely used for inferring the presence of materials in a scene (for example, presence of minerals for
mining, presence of chemicals in an adverse scenario, and oil leaks). However, detection at high fidelity requires
very precise instruments that can sense at very high spectral precision, which requires long acquisition time as
well as immense computational capabilities to process the high-dimensional data. The main goal of this research
is to learn discriminative measurement codes that alleviate both challenges. The information on material
composition will be augmented by reflectance functions which characterize surface properties like shine,
smoothness/roughness, speckle, and sub-surface scattering. Such information is complementary to the spectral
profile and hence, will lead to new methods for classification/discrimination of materials from visual information
with improved reliability and accuracy of classification.

B. Establishing Principled Foundations for Honey Objects in Information Security
Professor Ari Juels, Cornell University, Single Investigator Award

Cyber deception is a proactive technique to manipulate the mental state and decision process of the adversary so
that to degrade and mitigate their attack effectiveness. Honey objects, decoy resources used to lure, deflect, or
detect adversaries in computer systems, are a powerful tool to distract and misguide potential attackers.
Deception techniques such as honeypots have caught a great deal of interest in the past several years. In
addition, honey objects have also been proposed and deployed for networks, databases, and cyber-physical
systems to distract attackers. However, fundamental theories for deception techniques such as honey objects are
still missing.

The objective of this research is to develop a theoretical framework for honey objects by applying formalisms
from cryptography, including game-based security definitions and hardness reductions, to reason about the
security of honey objects and illuminate their design space. Professor Juels and his team will couple theoretical
exploration with a framework for empirical investigation and validation using statistical models. In addition, the
team will uncover connections with related research domains, such as steganography and censorship evasion,
show how techniques from statistics and machine learning can be recruited in the service of honey object
construction, and enable rigorous security guarantees for honey objects informed by experimental results. It is
anticipated that in FY17, the team will establish a scientific foundation by building upon the notion of
distribution-transforming encoders (DTEs) in order to make conceptual connections among a range of different
techniques including steganography, honeywords, and format-transforming encryption, among others.
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C. Efficient Computational Models for Simulating Large-Scale, Heterogeneous Crowds
Professor Ming C. Lin, University of North Carolina - Chapel Hill, Single Investigator Award

Understanding the behavior of pedestrians in a crowded scene (see FIGURE 7) has been the subject of extensive
research in multiple domains, including applied mathematics, robotics, psychology, sociology, civil and traffic
engineering, architectural and urban design. Many applications such as training for battlefield simulation and
urban warfare, intelligent surveillance, management of large mobs or unruly crowds, as well as use of robots in
battlefields and dangerous environments need improved capabilities to simulate large crowds. Such crowds are
characterized based on number of agents or pedestrians (e.g. large crowds with tens or hundreds of thousands of
people), high densities, as well as heterogeneous or varying behaviors. The current state of the art is not able to
model such large and diverse crowds that arise in different applications.

FIGURE 7

Complex crowd simulation benchmarks that will be used to evaluate performance. Stadium model (left)
used to simulate evacuation and a battlefield simulation on an uneven terrain (right).

Motivated by the practical demands of modeling and simulation and better understanding of dynamic aggregate
behaviors that are observed in modern-day Megacities, the goal of this project is to develop novel computational
models and real-time crowd simulation algorithms that can be used for battlefield simulation, personnel training,
and design evaluation. It is anticipated that in FY'17, novel data-driven crowd simulation algorithms will be
developed using Bayesian learning that exploit observed crowd behaviors captured using videos and other sensor
data.
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CHAPTER 5: ELECTRONICS DIVISION

I. OVERVIEW

As described in CHAPTER 1: ARO MISSION AND INVESTMENT STRATEGY, the purpose of the Army Research
Laboratory (ARL) - Army Research Office (ARO) publication ARO in Review 2016 is to provide information on
the programs and basic research supported by ARO in fiscal year 2016 (FY16), and ARO's mission to create
basic science research to enable new materials, devices, processes and capabilities for the current and future
Soldier. This chapter focuses on the ARO Electronics Division and provides an overview of the scientific
objectives, research programs, funding, accomplishments, and transitions facilitated by this Division in FY16.

A. Scientific Objectives

1. Fundamental Research Goals. The principal objective of research in the ARO Electronics Division is to
discover and control phenomena that involve charged particles and waves in solid state materials and plasma.
More specifically, the Division supports basic research to discover and control stimulus-response properties of
electronic materials/structures, to leverage nanotechnology for enhanced electronic properties, to comprehend
and mitigate distortion and noise, to understand and exploit complex electromagnetic and acoustic phenomena
and propagation, and to explore ultra-fast, solid state and plasma mechanisms and concepts. The results of this
research will stimulate future studies and help keep the U.S. at the forefront of research in electronics by
revealing new pathways for the design and fabrication of novel electronic structures that have properties that
cannot be realized with current technology.

2. Potential Applications. Electronics research is relevant to nearly all Army systems; therefore, research
under this program provides the underlying science for a wide variety of developmental efforts and contributes to
the solution of technology-related problems throughout the full spectrum of the Army’s “System of Systems.”
Army-relevant research in electronics spans areas such as (i) nano- and bio-electronics to provide components
that interface with biological systems, enhance the creation and processing of information, and require less
power (ii) studies in electromagnetics, acoustics, microwaves, and power to enable multimodal sensing for
detection, identification, and discrimination of environmental elements critical to decision-makers in complex,
dynamic areas , including defeat of electronic threat systems, (iii) optoelectronics, which involves the creation
and use of electromagnetic radiation from far infrared to X-ray for sensing, communication as well as
countermeasures to interrogate, disrupt, and defeat hostile infrared sensor systems and (iv) action-reaction
relationships in electronic materials and structures that may lead to new devices and methods for sensing and
communication over long ranges and within complex environments.

3. Coordination with Other Divisions and Agencies. To effectively meet the Division’s objectives, and to
maximize the impact of potential discoveries for the Army and the nation, the Electronics Division coordinates
and leverages research within its Program Areas with Army scientists and engineers, the Office of Naval
Research (ONR), the Air Force Office of Scientific Research (AFOSR), the Defense Advanced Research Projects
Agency (DARPA), as well as the various DOD Labs and other governmental activities with electronics research
missions. Moreover, the Division frequently coordinates with other ARO Divisions to co-fund awards, identify
multi-disciplinary research topics, and evaluate the effectiveness of research approaches. For example, sensing
is a research element of all ARO Divisions, and the Electronics Division serves as the focal point for ARO
sensing research. Specific interactions include joint projects with the Physics Division that promote research for
physics-based understanding of semiconductor materials, non-reciprocal materials and devices, propagation
effects, plasma devices, and stimulus response effects in condensed matter. The Electronics Division also
coordinates its research portfolio with the Materials Science Division to pursue the design and characterization
of new materials and structures, the evaluation of electrical properties, and the study of electronic processes at
the molecular level. This Division complements its research initiatives in the Chemical Sciences Division to



include research to understand how chemical changes and chemical structures influence electrical, magnetic, and
optical properties and investigations of high frequency spectroscopic techniques for use in chemical defense,
especially explosive detection. The Life Sciences Division’s Program Areas also interface with electronics
research in areas of biological detection as well as interfacing to biological organisms. Lastly, creating
computational methods and models for target recognition and understanding nano-molecular structures and
carrier transport shared research goals between the Electronics and Information Sciences Divisions.

In addition, extramural basic research in Electronics supports almost all of the other ARL S&T Campaigns,
particularly the Materials Research Campaign which is supported by all of the Division’s sub-areas with novel
electronic and photonic materials. The Computational Sciences Campaign is supported through novel Nano,
Bio, and Optoelectronic computing, Sciences-for-Maneuver by active and passive sensing, Information Sciences
by new algorithms from biosciences as well as electromagnetic discoveries, Sciences for Lethality and Protection
through targeting and directed energy, and Human Sciences through understanding and interfacing electronically
with biological systems. The Electronics Division had 7 active cooperative agreements with these campaigns
including a new cooperative agreement between the Materials Research Campaign and the State University of
New York at Stony Brook to create novel metamorphic III-V narrow band structures.

B. Program Areas

The Electronics Division drives the creation of new research areas, as well as identifies, evaluates, funds, and
monitors research in a range of sub-disciplines. The Division has identified several sub-disciplines, also called
Program Areas, which provide a framework for the evaluation and monitoring of research projects. In FY16, the
Division managed research within four Program Areas: (i) Nano- and Bio-electronics, (ii) Electromagnetics and
Radio Frequency Electronics, (iii) Optoelectronics, and (iv) Electronic Sensing. As described in this section and
the Division’s Broad Agency Announcement (BAA), these Program Areas have long-term objectives that
collectively support the Division’s overall objectives.

1. Nano- and Bio-electronics. The program focuses on the creation of novel electronic devices including nano-
and bio-based sensors and transducers based on semiconductor electronics and hybrid molecular-semiconductor
devices in addition to organic-inorganic hybrid materials. This project supports basic research that will apply
biology concepts to electronics and photonics to create biomimetic structures and devices for information
processing, information storage, electronic components, and actuators. It will also create unique electronic
sensors at the nano to the macro level that interface with biological materials in order to extract information on
biological systems. The long term goal of this task is to discover and control novel phenomena by the
combination of electronics, photonics, and bioscience to provide novel electronic technological capabilities for
defense-related applications such as sensing, data processing, communications, target recognition, navigation,
and surveillance.

2. Electromagnetics and Radio Frequency Electronics. This program area is concerned with investigation of
electromagnetic (EM) and radio frequency (RF) phenomena for integrated antenna arrays, multifunctional
antennas, EM power distribution, and new sensing modalities. It also explores acoustic phenomena and new
concepts for circuit integration for greater functionality, smaller size/weight, lower power consumption,
enhanced performance, with focus in the frequency regime from low to terahertz frequencies.

This area addresses the science behind new approaches to the generation, transmission, and reception of EM
power and signals. Emphasis is placed on the HF through terahertz spectrum, however, novel ideas at lower
frequencies down to direct current may be addressed. In the RF regime orders of magnitude improvements in
systems performance, cost, weight, reliability, size characteristics, and functionality will be sought. Issues
include the coupling of EM radiation into and out of complex structures, antennas, both active and passive,
transmission lines and feed networks, power combining techniques, EM wave analyses of electrical components,
and EM modeling techniques. Thermal problems stemming from the concentration of higher and higher power
into smaller and smaller volumes will be addressed. Antenna research will break away from the methodologies
that were developed for continuous-wave, narrowband, steady-state operation to invent new design techniques,
architectures, and materials that can dramatically increase the radiation efficiency and bandwidth of tactical
antennas while simultaneously reducing their size and signature. The EM and acoustic detection and analysis of
underground targets, landmines, and IED’s will continue to be of interest. Unusual propagation effects in the



atmosphere and gaseous plasmas offer new opportunities for sensing and detection. Army applications of this
technology include communications (both tactical and strategic), command and control, reconnaissance,
surveillance, target acquisition, and weapons guidance and control.

3. Optoelectronics. The goal of this Program Area is to discover and control novel nanostructure and
heterostructure designs for the generation, guidance, and control of optical/infrared signals in both
semiconductor and dielectric materials. The research in this program may enable the design and fabrication of
new optoelectronic devices that give the Soldier high-data-rate optical networks including free space/integrated
data links, improved IR countermeasures, and advanced 3D imaging. This program has three Thrust areas: (i)
High Speed Lasers and Interconnects, (ii) Ultraviolet and Visible Photonics, and (iii) Mid-infrared Lasers. The
research topics seek to overcome slow spontaneous lifetimes and gain dynamics, low carrier injection efficiency,
poor thermal management, and device size mismatches. Novel light emitting structures based on II1I-V
compounds, wide bandgap II-VI materials, rare-earth doped dielectrics, and silicon nanostructures are being
investigated along with advanced fabrication and characterization techniques. Nanotechnology is exploited to
allow interfacing of optoelectronic devices with electronic processors for full utilization of available bandwidth.
Electro-optic components are being studied for use in guided wave data links for interconnections and
optoelectronic integration, which are all requirements for high speed full situational awareness. In addition,
emitters and architectures for novel display and processing of battlefield imagery are also important.

4. Electronic Sensing. The goal of this Program Area is to extend the underlying science behind action-
reaction relationships in electronic materials and structures as well as understand target signatures. This Program
Area is divided into two research Thrusts: (i) Photonic Detection and (ii) Thermal, Mechanical, and Magnetic
Effects. The scientific objective of Photonic Detection is to understand and control the direct conversion of light
to charge in infrared materials and structures. This includes the design and fabrication of novel detector
structures, such as superlattice or barrier structures, as well as novel plasmonic effects. An important element in
this thrust area is the reduction of performance limiting defects in semiconductor material and structures through
lattice matching and other methods. Development of novel characterization techniques is also explored to
determine the fundamental issues behind carrier transport, lifetimes, and noise. The Thermal, Mechanical, and
Magnetic Effects Thrust includes the modalities of acoustic, magnetic, infrasound, as well as thermal effects for
infrared detection. Research in this Program Area seek to give the Soldier 100% situational awareness of
vehicles, personnel, weapon platforms, projectiles, explosives, landmines, and improvised explosive devices
(IEDs), in day/night, all weather, and cluttered environments through natural and man-made obstructions.

C. Research Investment

The total funds managed by the ARO Electronics Division for FY16 were $21.4 million. These funds were
provided by multiple funding sources and applied to a variety of Program Areas, as described here.

The FY15 ARO Core (BH57) program funding allotment for this Division was $6.7 million and $1.0 million of
Congressional funds (T14). The DoD Multi-disciplinary University Research Initiative (MURI), the Defense
University Research Instrumentation Program (DURIP), and the Presidential Early Career Award for Scientists
and Engineers (PECASE) program provided $1.9 million to projects managed by the Division. The Division
also managed $1.8 million of Defense Advanced Research Projects Agency (DARPA) programs, and $2.3
million provided by other Federal agencies. The Small Business Innovative Research (SBIR) and Small
Business Technology Transfer (STTR) programs provided $5.8 million for contracts. In addition, $1.9 million
was provided for awards in the Historically Black Colleges and Universities and Minority Institutions
(HBCU/MI) Programs, which includes $0.4 million of ARO Core (BH57) funds, in addition to any funding for
DoD-funded Partnership in Research Transition (PIRT) and DoD-funded Research and Educational Program
(REP) projects.



II. RESEARCH PROGRAMS

ARO participates in the creation, leadership, and management of research programs that are supported with
funds from a variety of DoD sources. For a detailed description of the purposes and goals for each of these
programs, refer to CHAPTER 2: PROGRAM DESCRIPTIONS AND FUNDING SOURCES. Unless otherwise noted, the
following sub-sections identify the research awards managed by this Division that began in FY'16 (i.e., “new
starts”), categorized by program type.

A. ARO Core (BH57) Program

As discussed in CHAPTER 2: PROGRAM DESCRIPTIONS AND FUNDING SOURCES, the Army provides funds for the
ARO Core (BH57) Research Program. The primary goal of the Core Program is to support high-risk, high-
payoff basic research. Research opportunities are identified by a variety of means, including discussions with
potential investigators, which may lead to white papers and proposal submissions. Proposals are selected for
funding within each ARO Division (i.e., scientific discipline) that take advantage of scientific opportunities that
address Army needs and interests with long-term, high-risk ideas. These funds constitute a key mechanism for
the Army's support of fundamental research.

The following subsections summarize projects awarded in FY'16 and managed by the Division, organized
according to the five Core Program categories. Selected projects are discussed in detail later in this chapter (see
Sections II1-V), with a focus on recent scientific accomplishments, technology transitions, and anticipated
accomplishments.

1. Single Investigator (SI) Program. In FY 16, the Division awarded 22 new-start SI fundamental research
projects, in addition to active awards continuing from prior years. The following principal investigators (PIs)
and corresponding organizations were recipients of new-start SI awards.

* Professor Norman Armitage, Johns Hopkins University; Thz Measures of Axion Electrodynamics and
Exotic Superconducting Interfaces in Topological Insulator Films and Their Heterostructures

* Professor Dennis Deppe, University of Central Florida; Scalable High Speed Laser Diode for Silicon
Integration

* Professor Dmitri Donetski, Research Foundation of SUNY at Stony Brook University; Novel
Metamorphic Heterostructures for Long Wave Infrared Optoelectronics

* Professor Yeshaiahu Fainman, University of California - San Diego; Optoelectronic Technology for
Nanosecond WDM-Based Chip-Scale Optical Networking

* Professor Timothy Havens, Michigan Technological University; Heterogeneous Multisensor Buried
Target Detection Using Spatiotemporal Feature Learning

+ Professor Hongxing Jiang, Texas Technical University; Deep UV Emitters and Polariton Lasers

* Professor Mercedeh Khajavikhan, University of Central Florida; Design, Fabrication, and
Characterization Of Electrically Pumped Coaxial Nanoscale Lasers

+ Professor Jian Li, University of Florida - Gainesville; Enhanced UWB Sensing Via RFI Mitigation and
Missing Data Recovery

* Professor Zhaolin Lu, Rochester Institute of Technology; Ultracompact, High-Speed Field-Effect Optical
Modulators

+ Professor Luke Mawst, University of Wisconsin - Madison; OD Lasers Employing Full Three-
Dimensional Active Region Carrier Confinement

* Professor Daniel Mittleman, Brown University; Terahertz Metasurfaces for Wavefront Control and
Waveform Synthesis

* Professor Mina Raieszadeh, University of Michigan - Ann Arbor; Exploring Ultimate Limits of Energy
Dissipation in Wide-Bandgap Semiconductors



Professor Shriram Ramanathan, Purdue University; Mott Transistor: Fundamental Studies and Device
Operation Mechanisms

Professor Vivek Shenoy, University of Pennsylvania; Strain Engineered Topological Phases of 2D
Materials and Their Heterostructures

Professor Volker Sorger, George Washington University; 2D Material-Based Electro-Optic Modulation
on a Silicon Platform

Professor Dmitri Strukov, University of California - Santa Barbara; Spatial-Temporal Memory Effects in
Nanoelectronic Neuromorphic Networks

Professor Han Wang, University of Southern California; Two-Dimensional Material Based Synaptic
Devices for Neuromorphic Computing

Professor Judy Wu, University of Kansas; Fundamental Physics of Carbon-Based Nanyhybrids for High-
Performance Infrared and Ultraviolet Detection

Professor Boris Yakobson, William Marsh Rice University; Computational Design Of Stacked
Heterostructures From Low-Dimensional Materials For Strategic Applications

Professor Amnon Yariv, California Institute of Technology; Investigation of Dynamic Effects and
Coherence Limits of Hybrid Si/llI-V Lasers

Professor Robert York, University Of California - Santa Barbara; Epitaxial Cd3A4s2 For RF Device
Applications

Professor Yong Zhang, University Of North Carolina - Charlotte; Correlative Study of Defects in
Semiconductors

2. Short Term Innovative Research (STIR) Program. In FY16, the Division awarded 15 new STIR projects
to explore high-risk, initial proof-of-concept ideas. The following PIs and corresponding organizations were
recipients of new-start STIR awards.

Professor Les Atlas, University of Washington; Alternatives To Digital Processing and Demodulation for
Standoff Sensors

Professor Ganesh Balakrishnan, University of New Mexico Albuquerque; Two-Step Etch Process for
Fabrication of I1I-V Nanolasers

Professor Bjorn Birnir, University of California - Santa Barbara; The Chaotic Quantum Oscillator

Professor Gregory Carman, University of California - Los Angeles; Spin Waves Generated by Elastic
Waves

Professor Yeshaiahu Fainman, University of California - San Diego; Optoelectronics: Low-Energy
Tunable Self-Modulated Nanolasers

Professor Saniya LeBlanc, George Washington University; Next Generation Additive Manufacturing:
Laser Sintering & Melting of Thermoelectric Materials

Professor Zetian Mi, McGill University; Molecular Beam Epitaxial Growth and Characterization of Two-
Dimensional BN/MoW1-xSe; Heterostructures

Professor Jagdish Narayan, North Carolina State University; Doping of Diamond beyond Thermodynamic
Solubility Limit for Electronic Applications

Professor Ram Narayanan, Pennsylvania State University; High-Resolution Radar Waveforms Based on
Randomized Latin Square Sequences

Professor Seth Putterman, University of California - Los Angeles; Non-Contact Ultrasonic Imaging

Professor Sayeef Salahuddin, University of California - Berkeley; Electronic Probing of NV Centers using
Spin-Spin Interactions for Ultra-Sensitive Imaging and Frequency Synchronization

Professor Michael Steer, North Carolina State University; Exploration and Discovery of Signals in the
Analog Domain

Professor Michael Stroscio, University of Illinois - Chicago; Tailoring Vibrational Modes and
Interactions in Resonators and Waveguides: Multiscale Model of Phonon and Phonon Interactions -
Transition from MEMS to NEMS



* Professor Yuanxun Wang, University of California - Los Angeles; Broadening the Efficiency Bandwidth
Product of Electrically Small Antenna through Direct Antenna Modulation (DAM) Transmitting

* Professor Daniel Wasserman, University of Texas - Austin; Coupling Optical Phonons to Free Space
Photons

3. Young Investigator Program (YIP).
No new starts were initiated in FY 16.

4. Conferences, Workshops, and Symposia Support Program. The following scientific conferences,
workshops, or symposia were held in FY 16 and were supported by the Division. This support was provided via
competitive grants to academic researchers responsible for organizing or leading scientific conferences.

» Workshop on Semiconductor Platforms for Synthetic Biology and Hybrid Bioelectronic Systems; Atlanta,
GA; 22-23 February 2016

* Frontiers of Neuromorphics; Los Angeles, CA; 2-4 April 2016

» [7th IEEE International Vacuum Electronics Conference; Monterey, CA; 19-21 April 2016

o 71°" International Symposium on Molecular Spectroscopy; Urbana-Champaign, IL; 20-24 June 2016
* International Conference on Metalorganic Vapor Phase Epitaxy; San Diego, CA; 10-15 July 2016

* 2016 Lester Eastman Conference on High-Performance Devices; Bethlehem, PA; 2-4 August 2016
* OSA Science and Applications of Nanolasers Incubator; Washington, DC; 7-9 September 2016

* OSA Subwavelength Photonics Incubator; Washington, DC; 21-23 September 2016

* 2016 International Conference on Infrared, Millimeter, and Terahertz Waves; Copenhagen, Denmark; 25-
30 September 2016

5. Special Programs. In FY16, the ARO Core Research Program provided approximately half of the funds for
all active HBCU/MI Core Program projects (refer to CHAPTER 2, Section IX). The Division also awarded five
new High School Apprenticeship Program (HSAP) / Undergraduate Research Apprenticeship Program (URAP)
grants to support summer research efforts by promising high school or undergraduate students, to be completed
at academic laboratories in conjunction with active Core Program awards (refer to CHAPTER 2, Section X).

B. Multidisciplinary University Research Initiative (MURI)

The 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: PROGRAM DESCRIPTIONS AND FUNDING SOURCES. These awards constitute a significant
portion of the basic research programs managed by the Electronics Division; therefore, all of the Division’s
active MURIs are described in this section.

1. Near and Far-Field Interfaces to DNA-Guided Nanostructures from RF to Lightwave. This MURI
began in FY 10 and was granted to a team led by Professor Peter Burke at the University of California - Irvine.
The goal of this research is to develop new sensing modalities for chem/bio sensing based on materials
development in nanotechnology and nanoscience, and to interface nano-electronic and nano-optical components
to biologically relevant physical properties.

In order to tap the requisite contributions from different academic disciplines (DNA chemistry,
electrophysiology, nano-electronics, optics and THz spectroscopy), three sensing hardware testbeds are being
developed for further testing, functionalization, and analysis: (i) bottom up carbon electronics (graphene,
nanotubes); (ii) top down silicon nano-electronics (top down Si nanowires); and (iii) nano-optics (CdSe and
other nanowire emitter/detector architectures). Two functionalization schemes are being be applied to these
testbeds to enable sensing: DNA origami aligned to nanowire arrays and ion channel functionalization for
electrophysiology at the nanoscale. Unique aspects of this sensing research include multiplexing (massively
parallel sensor arrays) via DNA self-assembly. Using this approach, in principle, each nanowire in an array can
have a different sensing functionality, at unprecedented pitch. In addition, direct integration of bio-electrical
signals (ion channel currents) to nano-electrodes (carbon, silicon, and nano-optics) are being explored. A key
discovery in the recent year is that the ion channel current pulses can be used to charge the quantum capacitance



of graphene, demonstrating a qualitatively new sensing modality for nanoscale electrophysiology. Lastly, single-
molecule sensitivity and novel mechanisms for selectivity at THz frequencies are being pursued. Advances in
this MURI will enable a new class of sensors for applications in biomedical diagnostics for civilian and
warfighter health care, chemical agent detection, nano-optical devices for sensing, and neural-electrical interface
at unprecedented spatial resolution.

2. Defect Reduction in Superlattice Materials. This MURI began in FY'11 and is led by Professor J. M. Zuo
at the University of Illinois - Urbana Champaign. The team consists of researchers from Arizona State
University, Georgia Tech, and the University of North Carolina - Charlotte. The objective of this project is to
determine and understand the relationship between minority-carrier lifetimes and classes of defects in
superlattice materials and to formulate strategies for growth and post processing to eliminate or mitigate defects.

This research effort includes an in-depth study of the origins and structural, electrical and optical properties of
defects, in-situ and ex-situ probing of defects during growth and fabrication, an investigation of defect reduction
techniques, a study on ways to minimize the impact of defects on performance, and testing of results through
fabrication and characterization of superlattice structures and devices. Understanding defects at the basic level
in these superlattice materials will promote advancements in lasers and modulators as well as infrared detectors.
For detectors, lifetime improvements will allow the next generation of focal plane arrays with increased long
wave resolution, much larger array formats, broader spectral range into the very long wave infrared, and higher
operating temperature to reduce life cycle costs.

3. Spin Textures and Dynamics Induced by Spin-Orbit Coupling. This MURI began in FY'16 and is led by
Professor Kang Wang at University of California, Los Angles. The team consists of researchers from University
of California, Irvine, California Institute of Technology, University of Nebraska, North Carolina State University,
and University of Texas, 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 transition metal di-chalcogenides (TMDs), and ferro-(FM)/ferri-/antiferro (AFM)-magnetic 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.

C. Small Business Innovation Research (SBIR) — New Starts

Research within the SBIR program have a more applied focus relative to efforts within other programs managed
by ARO, as is detailed in CHAPTER 2: PROGRAM DESCRIPTIONS AND FUNDING SOURCES. In FY 16, the Division
managed eleven new-start SBIR contracts, in addition to active projects continuing from prior years. The new-
start projects consisted of seven Phase I contracts and, four Phase II contracts. These new-start contracts aim to
bridge fundamental discoveries with potential applications. A list of SBIR topics published in FY 14 and a list of
prior-year SBIR topics that were selected for contracts are provided in CHAPTER 2, Section VIIIL.

D. Small Business Technology Transfer (STTR) — New Starts

In contrast to many programs managed by ARO, the STTR program focuses on developing specific applications,
as is described in CHAPTER 2: PROGRAM DESCRIPTIONS AND FUNDING SOURCES. In FY 16, the Division managed



nine new-start STTR contracts, in addition to active projects continuing from prior years. The new-start projects
consisted of four Phase I contracts and five Phase II contracts. These new-start contracts aim to bridge
fundamental discoveries with potential applications. A list of SBIR topics published in FY 14 and a list of prior-
year SBIR topics that were selected for contracts are provided in CHAPTER 2, Section VIII.

E. Historically Black Colleges and Universities / Minority Institutions (HBCU/MI) Programs — New Starts

The HBCU/MI and related programs include the (i) ARO (Core) HBCU/MI Program, which is part of the ARO
Core BAA, (ii) Partnership in Research Transition (PIRT) Program awards, (iii) DoD Research and Educational
Program (REP) awards for HBCU/MI, and (iv) DoD Instrumentation awards for Tribal Colleges and Universities
(TCU). In FY16, the Division managed two new ARO (Core) HBCU/MI projects, and three new REP awards, in
addition to active projects continuing from prior years. Refer to CHAPTER 2: PROGRAM DESCRIPTIONS AND
FUNDING SOURCES for summaries of new-start projects in these categories.

F. Presidential Early Career Award for Scientists and Engineers (PECASE) — New Starts

No new starts were initiated in FY'16.

G. Defense University Research Instrumentation Program (DURIP)

As described in CHAPTER 2: PROGRAM DESCRIPTIONS AND FUNDING SOURCES, the DURIP program supports the
purchase of research equipment to augment current university capabilities or to develop new capabilities for
conducting cutting-edge research relevant to long-term Army needs. In FY16, the Division managed nine new
DURIP projects, totaling $1.3 million. The university laboratory equipment purchased with these awards is
promoting research in areas of interest to ARO.

H. JTO Multidisciplinary Research Initiative (MRI) Programs in High Energy Lasers

ARO currently manages eight MRI programs for the High Energy Laser Joint Technology Office (HEL-JTO) in
Albuquerque (managed by OSD). Five of those are 2012 start MRIs and three of those were awarded through
ARO’s Electronics Division (the others through Materials and Physics). The three 2010 starts MRI are led by
professors at Clemson University, the University of New Mexico, and the University of Central Florida. The
latter two ended in FY16; whereas, the Clemson effort was extended an additional 2 years to further study the
potential of all-solid photonic bandgap fibers. The two that ended were on high energy laser coatings and
characterization techiques, and volume Bragg gratings. The 2012 start MRIs that are still active are led by
professors at Rutgers, Texas Tech, University of California — Riverside, Clemson, and the University of Central
Florida (Center for Research in Electro-Optics and Lasers). These MRIs are on the following topics: single
crystal fiber lasers, rare-earth doped GaN, polycrystalline AIN ceramic gain media, leaky wave and gas-filled
hollow-core fiber lasers, and nonlinearity mitigation in fiber lasers. The 2012 start MRIs are all in the final two
years. ARO continues to play a significant role in leading the MRI programs by organizing kickoff meetings and
program reviews, particularly in conjunction with the HEL-JTO Advanced Concepts Technical Area Working
Group which leads the more basic research endeavors that HEL-JTO supports. The ARL Materials Science
Campaign (ARL-CISD and ARL-SEDD) participate in HEL-JTO program evaluation through annual reviews.

I. DARPA Advanced Wide FOV Architectures for Image Reconstruction and Exploitation (AWARE)

The AWARE program focuses on technologies to enable wide FOV, higher resolution and multi-band imaging
for increased target discrimination and search in all-weather day/night conditions. The Electronics Division
coordinates research with this program by identifying and monitoring basic research projects with
complementary goals. In FY16, the AWARE program provided new funding for four university projects because
of ARO’s leadership in the area of infrared photodetectors. In one, the objective is to create low-cost zero-
dimensioned nanostructure-contained quantum disks that can be integrated into uncooled LWIR focal plane
arrays. Another will demonstrate that the extreme mobility of CdO will enable plasmonic uncooled mid-infrared
detectors. The third will determine the causes of Random Telegraph Noise and use that information to design



read out integrated circuits in advanced fabrication nodes. The fourth will create and test efficient modulators
that can achieve over 1 GHz bandwidth for SWIR (short wave infrared) Time of Flight (ToF) imaging. These
follow ARO MURIs on quantum dot photodetectors and uncooled thermal materials as well as single
investigator projects on noise and plasmonic enhancements for better photonic properties.

J. DARPA Low Cost Thermal Imaging — Manufacturing (LCTI-M)

The Low Cost Thermal Imager - Manufacturing (LCTI-M) program seeks to enable widespread use of infrared
imaging technology by individual warfighters and insertion in small systems. The Electronics Division
coordinates research with this program by identifying and monitoring basic research projects with
complementary goals. In FY16, the LCTI-M program provided additional funding for an ongoing project to
create free standing bolometer structures with thinner layers, lower heat capacity, and improved imaging
performance over existing structures by use of atomic layer deposition. This was a joint project with the
University of Colorado and DRS Technologies. ARO is the technical monitor for this project because of its
leadership of an ARO MURI concerning uncooled materials.

K. DARPA Efficient Linearized All-Silicon Transmitters ICs (ELASTx) Program

The goal of the ELASTx program is to enable monolithic, ultra-high power efficiency, ultra-high linearity,
millimeter-wave, silicon-based transmitter integrated circuits (ICs) for next-generation military microsystems in
areas such as radar and communications. The ARO Electronics Division currently co-manages two university
grants within this program that are exploring quasi-optical power combining of Doherty amplifiers, and
asymmetric multilevel outphasing of large numbers of transistor amplifiers. The program will lead to
revolutionary increases in power amplification efficiency while simultaneously achieving high linearity for
digitally modulated signals. Prototype ELASTx amplifiers are being tested by scientists in ARL-SEDD for
potential use in Army radar and communications systems.

L. DARPA Microscale Plasma Device (MPD) Program

The goal of the MPD program is to support fundamental research in the area of microplasma device technologies
and substrates for operation in extreme DoD-relevant environments. The ARO Electronics Division currently
co-manages two grants within this program that will develop fundamentally new fast-switching microplasma
devices, develop modeling and simulation design tools, and demonstrate the generation of a plasma with an
extremely high charge density (1020 - 1022 unbound electrons per cubic centimeter) in a sealed cell with solid
walls. This charge density is four to six orders of magnitude larger than is achieved in current microplasma
research and is comparable to the carrier density in metallic materials. Research results will be communicated to
ARL-SEDD Electronics Technology Branch scientists in order to identify opportunities for technology transfer.
If successful, the MPD program will provide proof-of-concept for fast-switching microplasma devices that may
enable new sources of radiated energy at sub-millimeter wave and terahertz frequencies, the enabling science
behind new high resolution imaging radar and covert communication systems.

M. DARPA High Frequency Integrated Vacuum Electronics (HiFIVE) and THZ Electronics Programs

The long-term vision for the DARPA THZ Electronics program is to develop the critical device and integration
technologies necessary to realize compact, high-performance electronic circuits that operate at center frequencies
exceeding 1012 cycles per second (i.e., | THz). The DARPA HiFIVE program will develop a compact, efficient
source of electromagnetic energy capable of generating 100 W with 5 GHz bandwidth at 220 GHz using
innovative cold cathode and micromachining technologies. The ARO Electronics Division and ARL-SEDD
Electronics Technology Branch co-manage projects within these programs with a goal of using silicon
micromachining and MEMS processes to produce precision interaction structures scaled for these extremely
small wavelengths. These programs have a high potential impact on military communications, ECM, and radar
systems. Two of the HiFive projects managed by ARO have now ended.



III. SCIENTIFIC ACCOMPLISHMENTS

This section identifies fundamental research discoveries, results, and accomplishments that originated from
research funded and/or monitored by the Electronics Division.

A. Double Tunnel Injection Quantum Dot Lasers
Professor Levon Asryan, Virginia Tech University, Single Investigator Award

Professor Levon Asryan continued to make headway in understanding the dynamics of semiconductor quantum
dot lasers. Specifically, the goal of this research is to investigate the potential of tunneling heterostructures to
enhance the modulation bandwidth. Previous heterstructure approaches have both experimentally and
theoretically shown modulation bandwidths of up to 7.5 GHz. In FY 16, the research team successfully
demonstrated the possibilities for 20 GHz 3 dB (half-power) modulation bandwidths, or equivalently, 40 Gb/s
data rates by using Professor Asryan’s more thorough modeling which allows for tunneling of both electrons and
holes into the quantum dots shows (see FIGURE 1). Such understanding can be applied to multiple material
systems and devices as well as laser cavity regimes. In particular, much smaller lasers and laser cavities than
edge-emitting lasers hold relevance to the low energy and high-speed program thrust of this endeavor. Both
nanolasers and vertical cavity surface emitting lasers can incorporate such heterostructures for short distance
interconnects that may soon be incorporated into computational platforms to revolutionize computer
communications.
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FIGURE 1

The numbers and diagrams show how various carrier transport elements are individually considered and utilized
in studying the various aspects of whether higher modulation speeds can be attained.

The work of Professor Asryan to explore the ultimate limits in modulation speed of quantum dot lasers had a
number of aspects to it. Both conventional strain induced (Stranski-Krastanow) quantum dots and lithographic
or etched quantum dots could be incorporated in the models. Realistic carrier capture and emission times as well
as transport times were studied. For carrier capture times below 1 ps and tunneling injection times below 0.1 ps
which are “fast enough” for typical diode laser regimes, the 20 GHz modulation bandwidth quoted already is still
achievable (see FIGURE 2). Why such speeds have not been achieved then already comes back to the materials
epitaxy science. Knowing these results are possible though may influence the studies of material sceintists in
terms of pushing the limits of various semiconductor alloy material systems to achieve both electron and hole
(double-sided) tunneling injection. Another reason one may want to know such results is to motivate new
heterostructure design and nanofabrication techniques. Both 2D and nanomembrane materials are under intense
investigation including heterostructure formation, of late, toward making devices with new properties. Those
properties include achieving band-offsets that are difficult to achieve with standard crystal growth epitaxy.

These results may be utilized to guide the fabrication and design goals toward making much faster quantum dot
lasers. For example there is continued interest in new techniques to make quantum dot lasers on silicon.



Although clock speeds of 7.5 GHz are sufficient currently compared to microprocessor speeds, off-chip clock
rates with multiplexed signals could be much faster and photonic integrated circuits that operate in various
functionalities (such as for new optical computing studies) may desire to move toward the 20 GHz speeds.
Quantum dot lasers are generally of such high importance in low energy nanophotonics due to their record low
threshold current densities- a key factor in reducing total energy consumption.
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FIGURE 2

Double Tunnel Injection Quantum Dot Laser modulation bandwidth as a function of carrier capture time.
Realistic carrier capture times are less than 1ps indicating the 20 GHz speed is possible via double-sided
tunneling.

B. Topological Insulators for Novel Device Applications
Professor Ki Wook Kim, North Carolina State University, Single Investigator Award

The goal of this project is to exploit the unique characteristics of topological insulator (TI) based structures for
highly functional devices beyond the limits of the current state of the art. In FY 16, the research team
successfully analyzed the nonlinear dynamics of the TI-magnet system and demonstrated an energy efficient
process/mechanism for magnetization switching and persistent oscillations via a DC electrical bias. Extending
the work reported earlier that was based on the coherent tunneling model, the investigation comprehensively
examined the mutually dependent interactions between the TI surface states and a ferro-magnet under more
realistic electron transport conditions.

When an electrical current flows in the TI surface region interfaced with a magnetic material, the resulting
natural spin polarization modulates the magnetization via the effective torque. Conversely, the reoriented
magnetization affects the T1 surface current (both the intensity and spin polarization) through the electronic band
modification. To account for these self-consistent responses in the cases of non-coherent electrical conduction
on the TI surface, an empirical approach was adopted based on the experimental and theoretical findings
available in the literature concerning the anomalous Hall current, which turned out to be very crucial for the
nonlinear magnetization dynamics (see FIGURE 3). A key finding is that an entire range of the responses, such as
reversal and auto-oscillations (with the frequencies in the GHz), are possible, even for diffusive cases, by simply
adjusting the material and excitation conditions. One unexpected behavior is the possibility to anti-align the
magnetization with respect to the effective field of the driving current. In other words, the magnetization may
end up with the —y orientation even though the driving current induces a field along the +y axis via spin-
momentum interlock. This scenario happens when the anomalous Hall effect becomes very pronounced and the
resulting anti-damping effect dominates over the Gilbert damping term, which may turn out to be an artificial
case. The PI has also examined the ballistic but incoherent case. The analysis revealed that the magnetization
dynamics remain very similar to the diffusive case; except that the required voltages are now smaller due to the
negligible resistance (thus, potential drop) in the channel. Compared with the previously reported coherent
transport, the overall picture is again very consistent. The investigation clearly indicated that the desired
magnetic behaviors such as reversal and persistent oscillation can be achieved under broad regimes of TI surface
electron transport with a simple DC electrical control. With a minimal energy requirement as low as tens of atto-
joules, the proposed mechanism offers an efficient alternative to the spin transfer torque or spin-Hall based
approaches for potential magnetic memory/logic.
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FIGURE 3

Simulation results with diffusive transport assumed in the interface region. A Magnetization dynamics
mapped on the electrical bias (V)-Gilbert damping constant (1) parameter space. The diffusive transport is
assumed for the Tl surface electrons. The solid lines separate the different dynamical regimes, while the dashed
lines in the flip-flop region indicate the smeared nature of the boundaries between the two final states (+x or —-x)
after the precession. The background color provides the corresponding frequency of the magnetization rotation.
AO stands for auto (or persistent) oscillations.

C. Fundamental Limitations on Phased Array Elements
Professor Do-Hoon Kwon, University of Massachusetts - Amherst, Single Investigator Award

Single isolated antennas have well established theoretical limitations depending on their structure and size. The
goal of this research was to explore for the first time the limitations on planar phased arrays. In FY16, Professor
Kwon'’s laboratory successfully developed a new theory based on the Lorentz reciprocity theorem, relating the
receiving properties of infinite planar array elements (vector effective height and receiving area) in terms of their
transmitting performance parameters. A new directivity quantity was introduced to describe the bidirectional
and unidirectional nature of the radiation under any given scan condition. The exact expression for the receiving
area was given for the first time. The contributing factors were found to be the radiation efficiency, the
polarization and mismatch factors, and the Floquet directivity together with the projected element cell area in the
scan direction. The fundamental upper bounds on the element matching bandwidth were derived for the first
time. Quantitative element bandwidth bounds were found in terms of the strengths of the induced electric and
magnetic dipole moments, taking into account the coupling between neighboring elements. For both resonant
narrowband and ultrawideband responses, the bandwidth upper bounds were expressed in terms of geometrical
(unit cell dimensions, scan angle, polarizabilities) as well as electrical (radiation efficiency, polarization
mismatch factor, Floquet directivity, polarizabilities) design parameters. It was shown that smaller unit cell
dimensions and strong induced dipole moments increase the bandwidth upper bound (see FIGURE 4). This new
quantitative understanding of the interaction of design parameters in phased arrays will have a significant impact
on the capability to quickly design highly efficient antenna arrays.
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Q of a Dipole Array with Respect to Scan Angle. Fractional bandwidth = 1/Q.



D. Photon Statistics and Spectral Selectivity Limits of Thermal Detectors
Professor Joseph Talghader, University of Minnesota, Single Investigator Award

The objective of this research is to determine the effects of spectral selectivity on the photon statistics and the
spectral limits of thermal detectors. The scientific theory that describes thermal infrared detectors was developed
several decades ago for devices with uniform spectral absorption. In that body of work, the photon statistics of
the detector was usually handled speciously, although since the number of modes in a typical thermal emission
process is vast, the errors were negligible as Bose-Einstein contributions average out when integrated over many
modes, leaving only standard Poisson statistics. Historically, since almost all thermal emission occurred in
systems with large numbers of modes, it has not been important to have a quantitative model of photon statistics
that incorporates Bose-Einstein contributions; however, the errors become significant for thermal detectors in
high spectral confinement, i.e. small number of modes. These effects are becoming more important for various
applications involving narrowband thermal detection, as well as coherent thermal emission and cavity quantum
electrodynamics.

In FY16, Professor Talghader successfully discovered an exact general result for thermal photon population
fluctuations for any average number of photons in any number of modes with any spectral dependence. His
method sidesteps many of the mathematical complexities of previous treatments and produces a closed form
analytic result. Using this, he further showed that the Bose-Einstein contributions could be significant in real
detectors with high spectral confinement. This work could lead to hyperspectral thermal detectors that have
higher sensitivity (due to less noise) and less uncertainty in the spectral resolution. In addition, the innovative
method used in finding the analytical solution could be used to solve further unresolved questions in
mathematics and other scientific fields.



IV. TECHNOLOGY TRANSFER

ARO Scientific Divisions seek to identify promising scientific breakthroughs and facilitate the transition of
cutting-edge research concepts and data to potential applications. This section describes basic research results,
observations, and/or theories that transitioned elsewhere in ARL and/or to external organizations and customers.

A. Vertical Cavity Surface Emitting Laser based Transceivers for Optical Interconnects
Investigator: Dr. Charles Kuznia, Ultracommunications, Single Investigator Award
Recipient: Lockheed Martin, ARL-SEDD, ARL-CISD

Fiber optic micro-transceivers with improved ruggedness, temperature range of operation, and built-in-test (BIT)
capabilities were developed thru ARO STTR investments at Ultracommunications. The micro-transceiver
represents a platform for devices of various types that address array of Army technology needs. To specialize the
functionality an ASIC (Application Specific Integrated Circuit) within the transceiver is programmed at low-
power and low data-rate or high-data rate as well as analog or digital. The microtransceiver technology has the
following features: (i) a method of coupling light between a VCSEL and fiber over wide temperature ranges, (ii)
high-fidelity electrical pathways that will enable data rates beyond 40 Gbps (digital) or 40 GHz RF photonic
links, (iii) an extremely compact package with a ‘top-down’ removable fiber connector, which can be soldered to
the PCB (without an electrical connector), and (iv) potential for low cost with the use of component produced at
the wafer scale.

Prior SBIR programs at Ultracommunications (including an ARO SBIR) aided in the development of ruggedized
optical transceivers based on VCSEL (Vertical Cavity Surface Emitting Laser) transmitters. Further
development ensued including development of a military standard for photonic packaging and ruggedization led
by working groups chaired by Ultracommunications (a pioneer in military photonic interconnects). Then, in
2011, a follow-on STTR program was developed which aimed to further reduce the size and cost with a reduced
number of parts as well as increased speeds, based on further improvements in the VCSELs. Now, in 2016,
immediately following the phase II, with the management of ARO, ARL-SEDD and ARL-CISD, the transceivers
have met military qualifications (see FIGURE 5).

FIGURE 5
Optical transceiver. New Ultracommunications optical transceiver with built in test capability.

This technology is transitioning through commercial product sales to prime contractors responsible for advanced
development of fiber optic systems. The product is baselined into programs for the high performance imaging
with in terrestrial and airborne applications. The product is under-going a qualification program was vetted



across multiple platforms to expand the suitability with retro-fit and next-generation fiber optic network
installations and upgrades. The sales of this product have resulted in over $1.1M in direct sales to 17 distinct
customers, and $2.5M in follow-on government programs.

These modernized fiber optic transceivers with BIT capability increase the availability and performance of Army
tactical weapons. The incorporation of BIT functionality within the fiber optic network reduces maintenance
time, and allows rapid mission re-provisioning (changing the equipment on the vehicle to optimize for a
mission). This increases the overall aircraft performance (mission-time vs. downtime) and weapons availability.
This technology offers a significant improvement in available network bandwidth. The systems can also
improve weapon accuracy with higher resolution imaging, and reduced lag in real-time video systems.

B. PN Nanojunctions in Compound Semiconductors
Investigator: Professor Gary Wicks, University of Rochester, Single Investigator Award
Recipient: Amethyst Research, Inc.

The goal of this research is to determine the important electronic phenomena at nano-scale dimensions and
design nano-sized infrared detectors. Part of this project concerned research into unipolar barrier concepts
leading to new infrared detector designs that were patented and licensed to Amethyst Research, Inc. for further
development. A unipolar barrier is a heterostructure designed so that one carrier type, either electrons or holes
and either minority or majority carriers, may flow unimpeded while the other carrier type is blocked. Professor
Wicks started with the premise that unipolar barriers can be inserted into photodetector epitaxial structures to
eliminate any dark current components with spatial makeups different than that of the photocurrent but no barrier
structure can block currents generated in the absorber without also blocking the photocurrent, thus unipolar
barriers cannot be employed to reduce Auger or diffusion currents. On the other hand, tunneling (both trap-
assisted and band-to-band) currents, Shockley—Read-Hall currents, and surface currents have spatial makeups
that are different than that of photocurrent, and thus can be blocked by proper use of unipolar barriers. His
patents showed how to best place barriers for optimal performance. In particular, he showed that nBn and pBp
structures (B is the barrier) have different applications. nBn devices should be employed when the surface
conduction of the material is n-type and must use an optical absorber that is n-type. The pBp architecture
should be employed when the surface conduction of the material is p-type and must use a p-type absorbing layer.
The unipolar barrier must be carefully engineered. It must be nearly lattice matched to the surrounding material
and have a zero band offset in one band and a large offset in the other. If a suitable material cannot be found, a
graded barrier can be created, but it can only be used as a minority carrier barrier; this graded barrier can only be
used to block surface currents and minority currents. nBn and unipolar barrier devices in the InAs materials
system have shown Auger limited performance comparable with the best HgCdTe detectors over a large
temperature range, indicating the effectiveness of unipolar barriers when applied to infrared detectors.

C. Carbon Nanotube RF Transistors
Investigator: Professor Peter Burke, UC Irvine, MURI
Recipient: Carbonics

The objective of this research was to investigate carbon nanotube synthesis and understand their radio frequency
(RF) properties for possible applications in RF electronics. To utilize the fundamental knowledge on
manufacturing and testing carbon nanotube RF transistors developed in the PI’s lab, Carbonics, a startup
company specializing in carbon nanotube devices, hired the PI’s student Dr. Rutherglen as its CTO. During his
doctoral thesis research supported by the ARO MURI grant at UC Irvine, he published an authoritative review on
nanoelectronic RF devices.! He also developed a comprehensive model to predict RF performance of nanotube
transistors as a function of array pitch. He has transitioned carbon nanotube RF transistor technology developed
in the PI’s lab to Carbonics and continues to improve its performance. Recently at Carbonics, Dr. Rutherglen
reported record performance of carbon nanotube RF transistors based on combined use of a self-aligned T-shape
gate structure, and well-aligned, high-semiconducting-purity, high-density polyfluorene-sorted semiconducting

! Rutherglen C, Jain D, Burke P. (2016). Nanotube Electronics for Radiofrequency Applications. Nat. Nanotechnol. 4: 811-819.



carbon nanotubes, which were deposited using dose-controlled, floating evaporative self-assembly method

(see FIGURE 6). These transistors show outstanding direct current (DC) performance with on-current density of
350 pA/um, transconductance as high as 310 pS/um, and superior current saturation with normalized output
resistance greater than 100 kQ-pm. These transistors create a record as carbon nanotube RF transistors that
demonstrate both the current-gain cutoff frequency (ft) and the maximum oscillation frequency (fmax) greater
than 70 GHz. Furthermore, these transistors exhibit good linearity performance with 1 dB gain compression
point (P1dB ) of 14 dBm and input third-order intercept point (IIP 3) of 22 dBm. His study advances state-of-
the-art of carbon nanotube RF electronics, which have the potential to be made flexible and may find broad
applications for signal amplification, wireless communication, and wearable/flexible electronics.
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FIGURE 6

SEM image of aligned nanotubes for RF devices. (A) The cutoff frequency and fmax improve as per a formula
described previously." This work uses that formula for improved RF performance. Atomic Force Micrograph
(AFM) of individual DNA Origami constructs. White scale bar = 100nm. (B) Cutoff frequency and maximum
frequency of oscillation, using model developed by Rutherglen, for predicting and analyzing the performance of
RF nano-devices. The record fMax achieved by Rutherglen using his PhD experience at UC Irvine applied in the
context of startup Carbonics is shown.

D. Long Antenna Performance Achieved using Coupled Short Antenna Fragments
Investigator: Professor Kamal Sarabandi, University of Michigan, STIR Award
Recipient: ARL-SEDD, ARL-VTC, ONR

The goal of this research was to demonstrate that short antenna fragments can be electromagnetically coupled in
the near field to result in antenna Q (quality factor), impedance, and bandwidth comparable to longer resonant
antennas. Electrically short antennas, with lengths much shorter than a half-wavelength suffer from extremely
high Q, low impedance, and very narrow bandwidth, in accordance with well-established theoretical grounds.
Professor Sarabandi has demonstrated, for the first time, that electrically short antenna fragments can be coupled
in the near field, with each driven by synchronized but separate power sources, resulting in lower Q, higher
impedance, and wider bandwidth. So in a swarm of small, autonomous UAV’s, where each UAV could only
accommodate an small antenna, several UAV’s could maneuver to emulate a larger resonant antenna. For
example, an autonomous swarm of UAV’s, operating well beyond line-of-sight of a controlling headquarters
element, could emulate an HF antenna for reach-back communications or vehicles in a swarm of small UAV’s
operating in and around the buildings of an urban area could form an antenna for lower frequency
communication or target detection penetrating the multiple building walls (see FIGURE 7).
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Concept for coupling electrically short antenna fragments. The three antenna elements of 1/10 wavelength
were separated by a distance that varied between 1/10 and 1/20 wavelength. As the separation decreased
(resulting in more coupling), the bandwidth and impedance varied from 10.6 MHz and 100 ohms, to 29 MHz and
200 Ohms, approaching the values for a single antenna, three times the length, 29 MHz and 250 Ohms.

The bandwidth and impedance were relatively insensitive to vertical movements of the antenna fragments (e.g.,
on UAVs), however they are very sensitive to lateral movements. Professor Sarabandi developed a technique to
detect the lateral motion using optical sensors and compensate with an automatic matching control circuit

(see FIGURE 8). He also developed a method to automatically synchronize the RF sources on the UAV’s by
coupling a master signal from the center UAV to negative resistance elements in the other UAV’s (see FIGURE 9).
These results were briefed to ARL-SEDD, ARL-VTD, ONR, Boeing, and ATD (AMRDEC). ARL-VTD
initiated a collaboration for measurement for potential exploitation in the ARL MAST program. This research
has transitioned to ONR, Boeing, and AMRDEC potential follow-on research.
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FIGURE 8
Experimental setup of antenna configuration to explore bandwidth enhancement.
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FIGURE 9

Dependence of bandwidth and impedance on antenna fragment separation. As the separation is varied
from 1/10 wavelength to 1/20 wavelength, the bandwidth and impedance approach the values for a single
resonant antenna 3 times as long (29 MHz and 250 Ohms).



V. ANTICIPATED ACCOMPLISHMENTS

The nature of basic research makes it difficult to predict a timeline for scientific discovery; however, ARO-
funded research is often on the verge of important achievements. This section describes selected scientific
accomplishments predicted to emerge during the next fiscal year.

A. Vertical Transport in InAs/GaSb and InAs/InAsSb Superlattices
Professor Sanjay Krishna, University of New Mexico, STIR Award

The objective of this work is to determine the vertical and lateral transport properties of antimonide (Sb) based
superlattices. Antimonide based superlattices have shown great potential for infrared imaging but still have not
reached their theoretical limit. Much has been learned through various studies but a few important fundamental
parameters are still unknown, key among them is the vertical mobility in this highly anisotropic system. In a
superlattice vertical transport consists of moving through multiple interfaces and it is not clear whether making
the interfaces sharper, as is norm in molecular beam epitaxy, will have a positive or negative impact on the
transport (see FIGURE 10). Professor Krishna and other researchers from the Center for High Technology
Materials at the University of New Mexico will collaborate with scientists from Air Force Research Laboratory,
Naval Research Laboratory and the Sensors and Electron Devices Directorate at the Army Research Laboratory
to perform a systematic theoretical and experimental program to investigate the vertical transport properties Type
II Superlattices with initial emphasis on long wave Ga-free structures with Sb> 50%. The lateral and vertical
mobilities and the minority carrier diffusion length in superlattices in the vertical direction will be determined
using a scientific study comprising three parallel approaches using (i) magneto-transport measurements in high
magnetic fields, (ii) pump-probe time of flight measurements, and (iii) EBIC (electron beam induced current)
measurements. The results of the measurements will be compared and fed into a theoretical model for transport
through layers. A close feedback loop between the theoretical effort and the experimental study will be
implemented. The samples will be grown using molecular beam epitaxy and special care taken to isolate the
effect of the conducting substrate from the electrical measurements. It is anticipated that in FY 17 initial samples
will be designed and grown and the measurements initiated. Each sample will be designed for the particular
measurement being performed.

FIGURE 10

Anion images from a large-area Scanning Tunneling Microscopy (STM) survey of InAs/InAsSb
superlattice.? The rough interfaces could promote carrier transport through the interfaces. Extremely smooth
interfaces could localize holes in the InAsSb layer, thereby decreasing the vertical mobility. This research effort
seeks to measure the vertical mobility and determine the limiting scattering mechanisms.

2 Wood MR, Kanedy K, Lopez F, Weimer M, Klem JF, Hawkins SD, Shaner EA, Kim JK. (2015). Monolayer-by-monolayer compositional
analysis of InAs/InAsSb superlattices with cross-sectional STM. J. Cryst. Growth. 425: 110-114.



B. CMOS-enabled Massively-parallel Intracellular Nanowire Array
Professor Donhee Ham, Harvard University, Single Investigator Award

The goal of this project is to develop a high-density array of vertical nanowire electrodes on top of a CMOS
integrated circuit (IC), to interface it with mammalian neuronal networks to record and stimulate neuronal
signals in parallel and intracellular fashion, and to apply this unprecedented parallelization of intracellular
interfacing for cellular-level neuroprosthetic operations on in vitro mammalian neuronal oscillators, blurring the
biotic-abiotic boundaries in the hybrid bio-semiconductor systems. Building upon the experimental success with
his first-generation chip (1,024 sites), the PI has fabricated a second-generation chip (4,096 sites) with much
more improved circuit design and layout strategy. This newer chip has been successfully characterized
electrically and electrochemically, demonstrating the sensitivity improvement by 10 times and is ready for
electrophysiological experiments (see FIGURES 11-12).

FIGURE 11

Second-generation chip (4,096 sites) with much more improved circuit design and layout strategy. (A) 2nd
generation CMOS IC. (B) Packaged IC with nanoelectrodes post fabricated on top. (¢) Simplified circuit
schematic of pixel design; a current stimulator and configurable amplifier are implemented at each pixel to allow
for various recording and stimulation modes.
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FIGURE 12

Performance of second-generation chip. (a) Measured transfer function of AC coupled configuration of the
pixel amplifier in the second-generation chip. (b) Heat map of passband gain (Vamp/Vnw) at 100 Hz. (c)



Histogram of passband gain of (B). (d) Output voltage noise FFT of a typical amplifier. (E) Heat map of integrated
Input referred noise from 1-4.875 kHz. (F) Histogram of integrated input referred noise of (E).

It is anticipated that in FY 17 the research team will perform electrophysiological experiments with this second-
generation chip by using both cardiomyocyte networks and neuronal networks, including neuronal oscillator
networks. The immediate goal is to perform the parallel intracellular recording from both of these biological
cellular networks. As compared to the work with the first-generation chip, the significant advance will be four
fold. First, given the increased size of the array (from 1,024 sites to 4,096 sites), the research team expects to
increase the number of sites where intracellular recording is performed simultaneously. Second, the 10 times
improved sensitivity will facilitate the work with neuronal network (going beyond the cardiomyocyte tissue).
Third, the new design of this chip, in particular, its stimulation current control, will further help improving the
electroporation protocol, which is in particular important in treating the neurons. Fourth, this new chip with its
improved design will allow more optimized manipulation of the network dynamics. It is also anticipated that the
research team will in parallel develop third generation chip, where there is a closed-loop feedback between any
site that is performing recording to any other sites to perform stimulation. While such closed-loop feedback can
be performed off chip, it would lead too significant a latency to be practical. The on-chip closed feedback will
facilitate the neuroprosthetic operation on the chip-scale platform.

C. Electro-optic Modulators with 2D Material based Microcavities
Professor Volker Sorger, George Washington University, Single Investigator Award

The objective of this research is to advance optical modulator high-speed and low energy/bit performance by
investigating the incorporation of 2D materials into three microcavity regimes including microring, hybrid
plasmonic and photonic crystal, and fully plasmonic. The three regimes will have a range of quality factors,
insertion losses, areal footprints, and other factors that will influence the modulation depth and speed for a given
driving voltage. Thermal management considerations will also be considered in terms of absorptive modulators.
Potential focus of the work will in general be on EOMs (Electro-Optic Modulators) but the modulation physics
could be either phase or amplitude modulation (see FIGURE 13). Research will be pursued in conjunction with
ARL-SEDD thru a cooperative agreement. Results expected included efficient modulation at speeds up to 100
Gb/s, with efficiencies of around femtojoules/bit (orders of magnitude below many current approaches). The
relevance of the optical modulators would be for Army battlefield communications, data processing, and related
optical sensor and computational platforms. Particular potential is coming forth presently with the start of the
DoD integrated photonics institute which this work could feed into in the long term. Advances in integrated
photonics are being pursued primarily in silicon and indium phosphide material platforms, where graphene
incorporation is already known to be possible. Other 2D materials may also be compatible but would need
considered in terms of advanced processing in a high-throughput fashion. Nonetheless, the optical modulators
show potential to advance both the speed and energy consumption metrics as well as reducing the areal footprint
of such devices. The uses of such modulators is vast since optical switches are needed in almost every
application of photonic integrated circuits. Ladar, sensors, data communications, and RF analog photonics are
four major application areas identified already for such modulators.
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FIGURE 13
Proposed modulator scheme to incorporate 2D material active regions.



D. Coherent Phonon Beams for Communications and Spectroscopy
Professor Anthony Kent, University of Nottingham, Single Investigator Award (International Technology
Center-Atlantic)

The objective of this research, co-funded through ARO and the RDECOM International Technology Center —
Atlantic, is to explore new electronic functionality based on coherent phonons. Quantum well and superlattice
structures will be pumped with coherent acoustic waves in order to acoustoelectrically generate THz frequency
range electromagnetic waves. Sub-millimeter electromagnetic waves will be heterodyne mixed with THz
acoustic waves in order to develop a new THz spectroscopy capability and applications to communications-on-a-
chip functionality will be examined. It is anticipated that in FY 17, high speed acousto-optical modulation of UV
light will be demonstrated and explored as a means of manipulation of the light, and the team will develop new
approaches to convert longitudinal-polarized bulk THz acoustic waves into transverse polarized bulk waves and
surface waves, with potential application in acoustic spectroscopy, plasmonics, and optical modulation.
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FIGURE 14

Experimental arrangement for measurement of the THz emission from straintronic devices. The long
optical delay is to compensate for the time of flight of the acoustic waves across the device substrate.
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CHAPTER 6: LIFE SCIENCES DIVISION

I. OVERVIEW

As described in CHAPTER 1: ARO MISSION AND INVESTMENT STRATEGY, the purpose of the Army Research
Laboratory (ARL) - Army Research Office (ARO) publication ARO in Review 2016 is to provide information on
the programs and basic research supported by ARO in FY16, and ARO's mission to create basic science research
to enable new materials, devices, processes and capabilities for the current and future Soldier. This chapter
focuses on the ARO Life Sciences Division and provides an overview of the scientific objectives, research
programs, funding, accomplishments, and transitions facilitated by this Division in FY 16.

A. Scientific Objectives

1. Fundamental Research Goals. The ARO Life Sciences Division supports research to discover and control
the properties, principles, and mechanisms governing DNA, RNA, proteins, organelles, molecular and genetic
systems, prokaryotic cells, eukaryotic cells, unicellular organisms, multicellular organisms, multi-species
interactions, individual humans, and groups of humans. More specifically, the Division aims to promote basic
research to elucidate the fundamental physiology underlying perception, cognition, neuro-motor output and non-
invasive methods of monitoring cognitive states and processes during normal activity; basic research to
understand antimicrobial resistance mechanisms; microbial community interactions including biofilm formation,
cell-to-cell communications, population dynamics and host-pathogen/symbiont interactions; studies of organisms
that are not culturable; studies of organisms at the single cell or mixed population (e.g., metagenomic) level;
studies of organisms that have adapted to grow or survive in extreme environments; identification and
characterization of gene function, gene regulation, genetic interactions, gene pathways, gene expression patterns,
mitochondrial regulation and biogenesis, nuclear and mitochondrial DNA replication, mutagenesis, oxidative
stress, DNA repair, and regeneration; studies in structural biology, protein and nucleic acid structure-function
relationships, molecular recognition, signal transduction, cell-cell communication, enzymology, cellular
metabolism, and synthetic biology; and research to understand human behavior across different temporal, spatial
and social scales. The results of this research will lay a foundation for future scientific breakthroughs and will
enable new technologies and opportunities to maintain the technological and military superiority of the U.S.
Army.

2. Potential Applications. Research managed by the Life Sciences Division will provide the scientific
foundation to create revolutionary capabilities for the future warfighter. In the long term, the discoveries
uncovered by ARO in the life sciences may provide new technologies for protecting the Soldier, for optimizing
warfighter mental and physical performance capabilities, for creating new biomaterials, for advances in synthetic
biology for energy production, intelligence, and bioengineering, and for new capabilities for predicting group
behavior and change.

3. Coordination with Other Divisions and Agencies. To effectively meet the Division’s objectives, and to
maximize the impact of potential discoveries for the Army and the nation, the Life Sciences Division coordinates
and leverages research within its Program Areas with many other agencies, including the Defense Threat
Reduction Agency (DTRA), the Defense Advanced Research Projects Agency (DARPA), the Joint Improvised
Explosive Device Defeat Organization (JIEDDO), the Army Natick Soldier Research Development and
Engineering Center (NSRDEC), the U.S. Army Corps of Engineers (USACE), the Army Research Institute
(ARI), the Army Medical Research and Materiel Command (MRMC), the Center for Disease Control (CDC), the
National Institutes of Health (NIH), the Intelligence Advanced Research Projects Agency (IARPA), the
Department of Homeland Security (DHS), the Army Criminal Investigation Laboratory (ACIL), the Federal
Bureau of Investigation (FBI), the Office of Naval Research (ONR), and the Air Force Office of Scientific
Research (AFOSR). In addition, the Division frequently coordinates with other ARO and ARL Divisions to co-



fund awards, identify multi-disciplinary research topics, and evaluate the effectiveness of research approaches.
For example, interactions with the ARO Chemical Sciences Division include promoting research to understand
abiotic/biotic interfaces. The Life Sciences Division coordinates its research portfolio with the Materials Science
Division to pursue the design and development of new biomaterials. The Life Sciences Division also
coordinates extensively with the Mathematical Sciences Division to develop new programs in bioforensics, and
with the Materials Science and the Mechanical Sciences Divisions to understand the effects of blast on synapses.
These interactions promote a synergy among ARO Divisions and improve the goals and quality of each
Division’s research areas.

In addition, the Division’s research portfolio will reveal previously unexplored avenues for new Army
capabilities while also providing results to support (i) the Human Sciences Campaign’s goals to discover and
predict human cognitive, physical, and social behaviors, as well as the role of training paradigms in building
expertise, and to characterize the fundamental aspects of social network dynamics involving ethics, values, trust,
social-cultural, economic, and geopolitical effects, (ii) the Assessment and Analysis Campaign’s goal to identify
human capabilities and limitations, (iii) the Information Sciences Campaign’s goal to develop predictive models
that consider the availability of power or food sources and the potential for social unrest or insurgency activity,
(iv) the Sciences for Lethality-and-Protection Campaign’s goal to predict and exploit interactions between
information and humans, including the impact of trust and value on negotiation, and (v) the Materials Research
Campaign’s goal to exploit the evolutionary solutions created by nature and create similar structures using
synthetic biology.

B. Program Areas

The Life Sciences Division drives the creation of new research areas, as well as identifies, evaluates, funds, and
monitors research in a range of sub-disciplines. The Division has identified several sub-disciplines, also called
Program Areas, which provide a framework for the evaluation and monitoring of research projects. In FY16, the
Division managed research within these five Program Areas: (i) Genetics, (ii) Neurophysiology of Cognition,
(iii) Biochemistry, (iv) Microbiology, and (v) Social and Behavioral Science. As described in this section and the
Division’s Broad Agency Announcement (BAA), these Program Areas have their own long-term objectives that
collectively support the Division’s overall objectives.

1. Genetics. The scientific goals of this Program Area are to identify and characterize the mechanisms and
factors that influence DNA stability and mutagenesis, gene expression, and genetic regulatory pathways in
prokaryotes, eukaryotes, and eukaryotic organelles. This program also seeks to understand genetic instability at
a population level. The program supports basic research on mitochondrial regulation and biogenesis, oxidative
phosphorylation, oxidative stress, and the interactions and communication between the mitochondria and the
nucleus. The Genetics Program also supports basic research to develop an empirical understanding of general
mechanisms by which genomic, transcriptomic, and proteomic components respond to alterations in the
population-genetic environment. A third area of emphasis is the identification, characterization, and modulation
of genetic pathways and molecular cascades that determine the responses to stress and trauma. A final area of
emphasis is to create the genetic foundation to be able to extract provenance information from both prokaryotic
and eukaryotic DNA.

This Program Area supports high-risk, high payoff basic research that has the potential to create new Army
capabilities, to optimize warfighter mental and physical performance capabilities, to reduce the effect of PTSD,
stress, and pathogens on warfighter readiness and Army capabilities, and to develop new sources of intelligence.

2. Neurophysiology of Cognition. The objective of this Program Area is to support non-medically oriented
research to elucidate the fundamental physiology underlying perception, sensorimotor integration and cognition.
Examples of research areas under this program can include the psycho-physiological implications of brain-
machine interfaces that optimize auditory, visual and/or somatosensory function; display and control systems
based on physiological or psychological states; measuring and modeling individual cognitive dynamics and
decision making during real-world activity and uncovering the cellular biology of neuronal function.

This Program Area is divided into two major research thrusts: (i) Multisensory Synthesis and (ii) Neuronal
Computation. Within these Thrusts, high-risk, high pay-off research efforts are identified and supported to
pursue the program’s long-term goals. Research in the Multisensory Synthesis Thrust aims to understand how



the human brain functions in relation to the interaction of multisensory, cognitive and motor processes during the
performance of real-world tasks. Basic research focused on mapping, quantifying and modeling distributed
neural processes that mediate these features are being used to develop better understanding of the underlying
bases of cognitive processes for eventual application to Soldier performance enhancement and improved human-
machine symbiosis. Research in the Neuronal Computation Thrust is focused on understanding how living
neuronal circuits generate desirable computations, affect how information is represented, show robustness to
damage, incorporate learning and facilitate evolutionary change. Cell culture, brain slice and in vivo models are
being used to develop better understanding of living neural networks for eventual application in Army systems
that might include novel direct neural interfaces.

While these research efforts focus on high-risk, high pay-off concepts and potential long-term applications,
current research may ultimately enable the development of neural biofeedback mechanisms to sharpen and
differentiate brain states for possible direct brain-machine communication, identifying individual cognitive
differences and new training paradigms for improved Soldier performance.

3. Biochemistry. The goal of this Program Area is to elucidate the mechanisms and forces underlying the
function and structure of biological molecules. This research may enable the design and development of novel
materials, molecular sensors and nanoscale machines that exploit the exceptional capabilities of biomolecules.

This Program Area supports two research Thrusts: (i) Biomolecular Specificity and Regulation, and (ii)
Biomolecular Assembly and Organization. Within these Thrusts, innovative research efforts are identified and
supported in pursuit of the vision of this program. Efforts in the Biomolecular Specificity and Regulation Thrust
aim to identify the determinants of the specificity of molecular recognition and molecular activation/inactivation
to modulate and control specificity and activity through protein engineering and synthetic biology approaches.
Research in the Biomolecular Assembly and Organization Thrust aims to explore the fundamental principles
governing biological self-assembly, to understand and control the relationships between molecular structure and
biological material properties, and to identify innovative approaches to support biological activity outside of the
cellular environment.

Research supported by this program promotes potential long-term applications for the Army that include
biosensing platforms that incorporate the exquisite specificity of biomolecular recognition, nanoscale
biomechanical devices powered by motor proteins, novel biotic/abiotic materials endowed with the unique
functionality of biomolecules, drug delivery systems targeted by the activity and specificity of biomolecules,
electronic and optical templates patterned at the nanoscale through biomolecular self-assembly, and novel power
and energy systems that utilize biomolecular reaction cascades.

4. Microbiology. This Program Area supports basic research in fundamental microbiology. There are two
primary research thrusts within this program: (i) Microbial Survival Mechanisms and (ii) Analysis and
Engineering of Microbial Communities. The Microbial Survival Mechanisms thrust focuses on the study of the
cellular and genetic mechanisms and responses that underlie microbial survival in the face of environmental
stress. These stressors include extremes in temperature, pH, or salinity; the presence of toxins including metals
and toxic organic molecules; oxidative stress; and cellular starvation and the depletion of specific nutrients.
Research approaches include fundamental studies of microbial physiology and metabolism, cell biology, and
molecular genetics that examine key cellular networks linked to survival, microbial cell membrane structure and
the dissection of relevant critical signal transduction pathways and other sense-and-respond mechanisms. The
Analysis and Engineering of Microbial Communities thrust supports basic research that addresses the
fundamental principles that drive the formation, proliferation, sustenance and robustness of microbial
communities through reductionist, systems-level, ecological and evolutionary approaches. Bottom-up analysis
of information exchange, signaling interactions and structure-function relationships for single and multi-species
communities within the context of planktonic and biofilm architectures is considered. Of joint interest with the
ARO Biomathematics Program, research efforts that advance our ability to work with complex biological data sets
to increase understanding of microbiological systems marked by ever-increasing complexity are considered.

While these research efforts focus on high-risk concepts, research supported by this program promotes a range of
long-term applications for the Army, including strategies for detecting and classifying microbes, for controlling
bacterial infections, for harnessing microbes to produce novel materials, to protect materiel, and/or to efficiently
produce desirable commodities. In addition, understanding how microbes adapt is crucial for advancing studies
in other fields, including genetics, environmental science, materials science, and medicine.



5. Social and Behavioral Science. The goal of this Program Area is to gain a better theoretical understanding
of human behavior at all levels, from individuals to whole societies, for all temporal and spatial scales, through
the development of mathematical, computational, simulation and other models that provide fundamental insights
into factors contributing to human socio-cultural dynamics and societal outcomes (see FIGURE 1).

This Program Area is divided into two research Thrusts: (i) Predicting Human Social Behavior, and (ii)
Complex Human Social Systems. The program supports research that focuses on the theoretical foundations of
human behavior at various levels (individual actors to whole societies) and across various temporal and spatial
scales. This includes, but is not limited to, research on the evolution and dynamics of social systems and
organizations, human adaptation and response to both natural and human induced perturbations (e.g., global
climate change, mass migration, war, attempts at democratization, movements for social justice), interactions
between human and natural systems, the role of culture and cognition in accounting for variations in human
behavior, human decision-making under risk and uncertainty, the search for organizing principles in social
systems, and the emergent and latent properties of dynamic social systems and networks. The research involves
a wide range of approaches, including computational modeling, mathematical modeling, agent-based
simulations, econometric modeling and statistical modeling, comparative-historical analyses, to name a few. The
program also recognizes the fact that the building and validation of models in the social sciences is often limited
by the availability of adequate and appropriate sources of primary data. A component of supported research
includes the collection of primary data for model development and testing. The program also supports research
to develop methodologies (e.g., measurement, data collection, statistical methods, and research designs) that may
provide an improved scientific understanding of human behavior.
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FIGURE 1

Estimates of shipping transportation routes for exporters and importers of fuel and grain trade to Middle
East and Northern Africa regions. This research shows the comprehensive trade systems and routes through
which grain (left panel) is imported to MENA and fuel is exported from MENA . As the map indicates, the Strait of
Hormuz and Suez Canal represent major choke points signified by large blue circles, which if compromised,
could generate considerable conflict and instability across the region. This is especially the case for countries
with dark red shading, where as much as 99% of grain imports flow through these routes. In addition, exporters
would suffer a constraint on fuel imports, further compromising grain exports, increasing the likelihood of conflict
and sociopolitical instability in MENA states, which are already volatile. This demonstrates the complex
interrelationships between trade across different domains and sociopolitical dynamics on a global scale.

Research focuses on high-risk approaches involving highly complex scientific problems in the social sciences.
Despite these risks, the research has the potential to make significant contributions to the Army through
applications that will, for example, improve decision-making at various levels (policy, combat operations), create
real-time computer based cultural situational awareness systems for tactical decision-making, increase the
predictability of adversarial and allied intent, and produce integrated data and modeling in situ for rapid socio-
cultural assessment in conflict zones and in humanitarian efforts.



C. Research Investment

The total funds managed by the ARO Life Sciences Division for FY16 were $128.7 million. These funds were
provided by multiple funding sources and applied to a variety of Program Areas, as described here.

The FY16 ARO Core (BH57) program funding allotment for this Division was $7.7 million and $1.0 million of
Congressional funds (T14). The DoD Multi-disciplinary University Research Initiative (MURI), the Defense
University Research Instrumentation Program (DURIP), and the Presidential Early Career Award for Scientists
and Engineers (PECASE) program provided $10.8 million to projects managed by the Division. The Division
also managed $86.4 million of Defense Advanced Research Projects Agency (DARPA) programs, $2.9 million
for Minerva Research Initiative projects, and $1.6 million provided by other DoD agencies. The Small Business
Innovative Research (SBIR) and Small Business Technology Transfer (STTR) programs provided $1.9 million
for contracts. The Army’s Institute for Collaborative Biotechnologies received $11.0 million. Finally, $5.6
million was provided for awards in the Historically Black Colleges and Universities and Minority Institutions
(HBCU/MI) Programs, which included $0.2 million of the Division’s total ARO Core (BH57) funds, in addition
to funding for DoD-funded Partnership in Research Transition (PIRT) and DoD-funded Research and
Educational Program (REP) projects.



II. RESEARCH PROGRAMS

ARO participates in the creation, leadership, and management of research programs that are supported with
funds from a variety of DoD source