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ABOUT DTIC AND DSIAC

The Defense Technical Information Center (DTIC) collects, disseminates, and analyzes scientific
and technical information to rapidly and reliably deliver knowledge that propels development
of the next generation of Warfighter technologies. DTIC amplifies the U.S. Department of
Defense’s (DoD’s) multibillion dollar annual investment in science and technology by collecting
information and enhancing the digital search, analysis, and collaboration tools that make
information widely available to decision makers, researchers, engineers, and scientists across
the Department.

DTIC sponsors the DoD Information Analysis Center’s (IAC’s) program, which provides critical,
flexible, and cutting-edge research and analysis to produce relevant and reusable scientific and
technical information for acquisition program managers, DoD laboratories, Program Executive
Offices, and Combatant Commands. The IACs are staffed by, or have access to, hundreds of
scientists, engineers, and information specialists who provide research and analysis to
customers with diverse, complex, and challenging requirements.

The Defense Systems Information Analysis Center (DSIAC) is a DoD IAC sponsored by DTIC to
provide expertise in nine technical focus areas: weapons systems; survivability and
vulnerability; reliability, maintainability, quality, supportability, and interoperability; advanced
materials; military sensing; autonomous systems; energetics; directed energy; and non-lethal
weapons. DSIAC is operated by SURVICE Engineering Company under contract FA8075-21-D-
0001.

A chief service of the DoD IACs is free technical inquiry (TI) research, limited to 4 research hours
per inquiry. This Tl response report summarizes the research findings of one such inquiry
jointly conducted by DSIAC.
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ABSTRACT

DSIAC subject matter experts performed a search of the open literature to locate new research
pertaining to visible, infrared, and thermal signature management. The search focused on
developments since 2018, when a previous summary was provided. Areas covered include
manipulation of emissivity; reflectivity; adsorption; refraction and backscatter using
multispectral camouflage materials; multilayered, cavity-coupled plasmonic systems;
metamaterials; nanoparticles; carbon nanotubes; glass microspheres; nanofibers;
electrochromatic fabric; metasurfaces; waveguides; and lenticular lens materials.
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1.0 Tl Request

1.1 INQUIRY

What are the latest developments on signature management technologies for reducing visible,
infrared (IR), and thermal signatures?

1.2 DESCRIPTION

A critical component of asset protection is the reduction of visible, IR, and thermal signatures.
As such, research into materials and techniques for signature management for soldiers and
stationary vehicles is continuously evolving. This report provides a summary of materials and
techniques for signature management published over the past few years.

2.0 Tl Response

Defense Systems Information Analysis Center (DSIAC) material and signature management
subject matter experts (SMEs) from Georgia Tech Research Institute performed a search of the
open literature to locate new research pertaining to visible, IR, and thermal signature
management. The search focused on developments since 2018.

2.1 U.S. ARMY ULTRA-LIGHTWEIGHT CAMOUFLAGE NET
SYSTEM AND MULTISPECTRAL CAMOUFLAGING NETS

A recent development is the U.S. Army ordering a new ultra-lightweight camouflage net system
(ULCANS) from Saab [1] and FibroTex [2]. The Saab Barracuda ULCANS offers multispectral,
lightweight, and easy-to-handle camouflage that protects against visual and near-IR, thermal
infrared, and broadband radar threats [3]. The FibroTex 2D technology ULCANS provides more
persistent IR, thermal, and counter-radar performance at a greater range. The FibroTex design
is two-sided to allow different patterns and capabilities on each side. This allows soldiers and
stationary systems to blend in with different operating environments with a single piece of
equipment.

Closely related to the ULCANS are multispectral camouflaging nets (MCNs). An example MCN is
the multispectral camouflage products produced by PROFILE Equipment [4]. These materials
are designed to “blend with the background” instead of simply blocking the self-emission. An
India-based competitor, Sterlite Camotech (https://www.sterlitecamotech.com/),
manufactures nets made of synthetic fabrics and near-IR reflective coatings to improve stealth
capabilities in the visible, near-IR, thermal IR, and broadband radar wavebands.

DISTRIBUTION A. Approved for public release: distribution unlimited. 1
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2.2 MULTILAYERED, CAVITY-COUPLED, PLASMONIC, ADAPTIVE
IR CAMOUFLAGE

A group at the University of Central Florida reported on adaptive IR (3—5 um and 8-12 um)
camouflage systems actuated by exploiting the semiconductor-to-metal phase transition of
vanadium oxide, VO3, which alters the reflection spectra of the multidimensional, cavity-
coupled plasmonic structure [5]. “In its semiconducting state, VO, is transparent to infrared
such that incident light couples to the entire cavity length. However, in the metallic state, VO,
behaves like a mirror and shortens the cavity length by isolating the SiO; layer from the system
[5]”. The optical response of the described system may be controlled by changing the hole/disk
diameter and periodicity of the plasmonic crystal. Figure 1 depicts a schematic illustration of
the plasmonic system. Increasing the VO, temperature results in active information
camouflage, as demonstrated in Figure 2, where the reflection from a device witha 1.3 x 1.7
mm? image of Albert Einstein is actively controlled.

(a)

sus

Mirror

Figure 1: Schematic lllustration of the Plasmonic System With Tunable Cavity Length [5].

N N

295 K 320 K 360 K

Figure 2: A Set of FTIR Scan Generated Images of the Plasmonic Surface Acquired for Semiconducting (T = 295
K), Phase-Separated (T = 320 K), and Metallic (T = 360 K) States of VO2 [5].
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2.3 HIERARCHICAL METAMATERIALS FOR MULTISPECTRAL
CAMOUFLAGE

A Korean team demonstrated the application of hierarchical metamaterials (HMMs) for
multispectral camouflage in the IR (8—12 pum) and microwave (2.5-3.8 cm) spectral ranges [6].
Control of IR and microwave signature from the target is accomplished through the emission of
absorbed energy by microwave selective absorbers and IR-selective emitters, as schematically
illustrated in Figure 3. They evaluated the effectiveness of the HMM-based stealth coating
using simulations of IR and microwave signatures of supersonic aircraft. Figures 4 provides
graphical results of the HMM surface, though the article shows the simulated microwave
signature for a supersonic aircraft with and without the HMM surface. With the HMM stealth
surface, the visibility in the IR and microwave ranges were reduced by 70% and 99%,
respectively.

Microwave Infrared
Selective Selective
Absorption Emission

= Layer |
Layer ||
y \ ™ Layer Ill
/£ X Au B FRe
i ) ns Bl Carbon
N '.f Quartz Cu
\ -
""-'—-._.-...--"""'"

Figure 3: Principle of Operation and Schematic of the HMM Structure [6].
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Figure 4: Simulated IR Signature for a Supersonic Aircraft Without (A) and With (B) the HMM Surface [6].

2.4 METAMATERIAL, SELECTIVE EMITTER FOR IR CAMOUFLAGE

Lee et al. used a metamaterial selective absorber/emitter (MSAE) structure for IR camouflage
(3—5 um and 8-12 um) [7]. To ensure the IR camouflage of the target, the emissive energy of
the target should be decreased leading to an increase of the target’s temperature due to the
accumulated energy. By controlling geometrical parameters of the MSAE structure, in
particular, diameter and pitch of metal discs, energy balance between emitting and
accumulated energies of the target is tweaked to realize effective IR camouflage.

2.5 THERMAL COLOR AND EMISSIVITY OF PIGMENTS ON
CAMOUFLAGE CLOTHING

Pimenta et al. investigated thermal color and emissivity of white, black, yellow, magenta, and
cyan blue pigments printed on cotton and polyester knitted fabrics for the development of
diurnal and nocturnal camouflage clothing [8]. Emissivity of printed fabric samples was
evaluated by using a thermal manikin and an adiabatic chamber. All printed pigments showed
yellow thermal color, the predominant thermal color in diurnal and nocturnal thermal images
of outdoor environments at 24 °C and 18 °C, respectively.

DISTRIBUTION A. Approved for public release: distribution unlimited. 4
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2.6 MULTIFUNCTIONAL THERMAL CAMOUFLAGE USING
NANOPARTICLES ON LEATHER

Wang et al. developed a multifunctional thermal camouflage armor by direct editing the natural
insulation structure of cowhide [9]. A layer of SiO, nanoparticles was grown on front and back
sides of the hierarchically-fibrous scaffold of leather. As shown in Figure 5, the thermal
signature of a human hand is effectively shielded using the leather-based armor. The inherent
disadvantage of leather-based armor is hydrophilicity caused by the microporous structure of
the cowhide. The effectiveness of the armor was detailed as being due to the following [9]:

...adding a polydimethylsiloxane coating on the front side of the SiO»-
leather/SiO; material increases water contact angle to 130°, which still presents
thermal camouflage performance even when water was poured onto its surface.
...Finally, it was shown that leather-based armor is also flame resistant and
cannot be ignited, even in direct contact with the flame.

Figure 5: Thermal Image of Human Hand Covered by the Leather-Based Armor [9].

2.7 CARBON NANOTUBE-DOPED AEROGEL FOR THERMAL
CAMOUFLAGE

Xu et al. designed a fabric composite comprised of a carbon nanotube-doped aerogel (CNTA)
sandwich structure deposited on one side of polyimide (PI) fabric by hot pressing and then
coated with a low-emissivity, Al-doped ZnO (ZAO) on the other side [10]. The low surface
emissivity and thermal conductivity demonstrated by the composite makes it a good candidate
for the thermal camouflage applications. Thermal images of Pl fabric and PI-fabric based
composite at different stages of development (with ZAO coating only, with CNTAs only, and
final sandwich ZAO/CNTAs/PI fabric structure) is shown in Figure 6.

DISTRIBUTION A. Approved for public release: distribution unlimited. 5
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Figure 6: IR Thermal Images of (a) Pl Fabric, (b) ZAO/PI Fabric, (c) CNTAs/PI Fabric, and (d) ZAO/CNTAs/PI Fabric
[10].

2.8 IR CAMOUFLAGE FABRIC BASED ON SILVER-PLATED,
HOLLOW GLASS MICROSPHERES

Xu et al. also reported on effective IR camouflage fabric based on silver-plated, hollow glass
microspheres doped with aluminum powder [11]. They were produced by PANi in situ
polymerized firstly and followed with electroless plating.

Recently, scientists from the Chinese Academy of Sciences’ Suzhou Institute of Nanotech and
Nanobionics demonstrated IR stealth properties with materials made of Kevlar nanofibers
drenched in polyethylene glycol (PEG) [12, 13]. The combination of thermal insulation from the
Kevlar nanofibers and IR emission absorption from the PEG makes the material suitable for IR
concealing technologies. Figure 7 depicts the effectiveness of the Kevlar-PEG material for IR
masking of a ceramic plate under sunlight and darkness conditions.

DISTRIBUTION A. Approved for public release: distribution unlimited. 6
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Figure 7: Infrared stealth property of KNA/PEG under outdoor environment. (a) Schematic representation of the
infrared stealth mechanism of KNA/PEG under outdoor environment. (b) DSC curves of KNA/PEG1.5k and
KNA/PEG10k. (c—f) Thermal images displayed on the infrared thermal camera for exposure to sunlight (c,e) and
turning off the sunlight (d,f). The sunlight was controlled by a solar simulator [13].

2.9 ELECTROCHROMATIC COLOR-CHANGING FABRIC

Yu et al. developed a novel, wearable electrochromic fabric that changes color between
vegetable green and soil brown [14]. In addition, the fabric is flexible, stable, and lightweight,
which makes it suitable for fabricating flexible transparent devices on plastics and “chameleon
camouflage” on human skin. Preparing the fabric involved spray coating commercially available
indium tin oxide liquid onto synthetic fabric through the striped mask. The bent, back, and side
views of the developed fabric are shown in Figure 8.

(b)

Figure 8: Bent State (Left), Back View (Middle), and Side View (Right) of the Developed Fabric [14].

DISTRIBUTION A. Approved for public release: distribution unlimited. 7
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2.10 MANIPULATING MATERIAL REFRACTIVE INDEX AND MIE
SCATTERING FOR CLOAKING

Additionally, researchers from the Tokyo Institute of Technology (Tokyo Tech) described a way
of making a submicron-sized cylinder disappear without using specialized coatings [15]. Mie
scattering theory was used to visualize the relationship between the cylinder’s light-scattering
efficiency and refractive index. Next, they determined that invisibility would occur when the
refractive index of the cylinder ranges from 2.7 to 3.8. Some useful materials within this range
are silicon (Si), aluminum arsenide (AlAs) and germanium arsenide (GaAs). Scientists confirmed
the conditions for achieving invisibility with numerical modeling based on the finite-difference
time-domain method. University of Extremadura researchers proposed invisibility cloaking
based on filler cloaking, which makes the object and the filler jointly invisible [16, 17].

2.11 CURVILINEAR METASURFACE FOR ELECTROMAGNETIC
CLOAKING

In addition to pure materials, scientists from Edinburgh Napier University, in collaboration with
Queen Mary University of London and Qineteq Group Ltd., have developed a curvilinear
metasurface that could be used to hide a three-dimensional (3-D) object [18, 19]. In an
Edinburgh Napier University blog post there is a 3D-rendering of the MetaSurface surface
material making a 3-D object underneath invisible to electromagnetic waves. This surface will
make it possible to obtain sensors that can adapt themselves to conform to any curvilinear
body [18].

2.12 STRETCHY POLYMER WITH ALUMINUM DOTS TO CONTROL
IR REFLECTIVITY

A team of researchers from the University of California, Irvine, created a device inspired by a
squid’s skin [20]. They deposited dots of aluminum on a stretchy polymer. When researchers
expanded a dot, it reflected more IR light than in the contracted state. They demonstrated a
working prototype of the reflector. When expanded, the device reflected more heat than its
surroundings, making it visible to an IR camera. In its resting state, the reflector blended into
the thermal background and became invisible in the IR spectral range.

2.13 WAVEGUIDE STRUCTURE CLOAKS OBJECTS IN WATER TO
REDUCE DRAG

Two types of invisibility cloaks for water applications were designed by researchers from China
and South Korea [21]. The Chinese team installed lengthy, slim iron structures on the underside
of a water-filled tank, with a cylinder at the center [22]. This configuration operated as a

DISTRIBUTION A. Approved for public release: distribution unlimited. 8
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waveguide to confine waves to a desired location. The team from Korea made a cloak by
trapping a specimen inside a circle of 523 specially-designed small pillars—the pattern of the
pillars diverted liquid flow, bringing zero drag on the hidden object [24].

2.14 DYNAMIC CAMOUFLAGE WITH IR SIGNATURE
MANAGEMENT

Canopy Defense (https://canopydefense.com/) develops a variety of concealing solutions for
military applications [24, 25]. In particular, they develop dynamic camouflage for military
personnel and coatings with IR signature management for aircraft and other vehicles. Their
dynamic camouflage can adjust visual shape, color, brightness, and pattern frequency while
stationary or moving. This can be combined with their IR spectrum signature management
solutions for added effectiveness. Their vehicle coatings provide tailored camouflage
performance in the thermal spectrum (Figure 9).

Figure 9: Submarine Located 10 m Underwater — Control Paint (Left) and Stealth Coating (Right) [25].

2.15 CERAMIC COATINGS FOR WEAPON SYSTEM VISUAL AND
NEAR-INFRARED (NIR) CAMOUFLAGE

Cerakote (https://www.cerakote.com/), a division of NIC Industries, Inc., focuses on ceramic
coatings to manage visual and near-IR signatures (but not thermal) of firearms [26, 27]. These
coatings can be applied to other equipment as well. Their Gen Il NiR collection of ceramics
provides superior chemical and corrosion resistance, as well as increased durability, reliability,
and maintainability, under a wide variety of environmental conditions. These ceramics are
available in several shades to match natural environments. The coat is made to comply to the
NIR reflectivity regulations defined in U.S. military specification MIL-C-53039D [28] and MIL-
DTL-44436, as well as Australian Defense Standard DEF (AUST) 8746 [29]. Sales of the Gen Il
NiR coatings are restricted to military and law enforcement agencies only. In an article about
reducing the visual-IR signature detection of weapons, Cerakote shows an example of the Gen Il
NiR nighttime performance in the 700-1400 nm NIR spectrum. Reflectivity performance varies
with color. For example, HIR-146 Graphite Black is between 5% and 25%, while something like
CIR-267 MagPul Flat Dark Earth would be between 50% to 55%.

DISTRIBUTION A. Approved for public release: distribution unlimited. 9
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2.16 ELECTROMAGNETIC FRACTAL METAMATERIALS FOR
CLOAKING AND SHIELDING

Fractal Antenna Systems, Inc. (https://www.fractenna.com/) manufactures metamaterials for
cloaking and shielding applications. For cloaking applications, wideband resonators absorb
electromagnetic radiation and “cloak” the object by cancelling back scatter and enhancing front
scatter. For shielding applications, wideband fractal metamaterials prevent electromagnetic
penetration by absorbing radiation and diverting it through an evanescent surface wave effect
that allows controlled routing and distribution of energy across the surface [30]. An example of
an electromagnetic fractal metamaterial is shown in Figure 10.

Courtesy Fractal Antenna Systems, Inc.).

2.17 MULTISPECTRAL LENSATIC POLYMER FOR NIR, VISUAL,
AND NEAR-UV CLOAKING

HyperStealth Biotechnology Corp. (http://hyperstealth.com/) manufactures Quantum Stealth, a

multispectral polymer cloaking material. DSIAC’s previous Tl on cloaking technologies reported
early versions of the material composed of a single lenticular lens sheet of material. This
material could be relatively thin and flexible, allowing it to be wrapped around objects. It
functions by refracting broadband light around the object so that it seems to disappear (see
Figure 11). The effect depends on the viewing aspect angle and target distance behind the
material. In these early versions, the cloaking effect is best with 15 inches or greater separation
for personnel-sized objects and 12 feet or better for main battle tank-sized objects [31]. The
material can maintain the cloaking effect over a fairly broad approach angle; however, when
viewed from certain aspect/approach angles, especially when a light interference phase shift
occurs, the target will be visible and somewhat magnified. If the target is too wide with respect
to the material or too close to the material, it will become partially visible.
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Figure 11: Quantum Stealth Material Partially Obscures Man (Left) and White Helmet on Black Background and
Black Helmet on White Background (Right) [31].

The material works to some degree in the NIR, visual, and near-ultraviolet spectral ranges, as
shown in Figure 12.

NEAR ULTRAVIOLET NEAR INFRARED

,. :

SHORTWAVE IR SPECTRUM = F—[ERMAL SPECTRUM .

— 30

1

Figure 12: Quantum Stealth Material Demonstrated Obscuring Person in Various Spectral Bands [31].

The company has recently filed multiple patents and released new videos of the technology in
use. The latest version 13 of the material is composed of ~100 lenses per square inch
(HyperStealth claims to be working on getting this up to 200 lenses per square inch). Material
thickness is about % inch and weighs ~1 Ib per square foot. Required standoff distance has
been reduced to ~2 inches for a person-sized object and 2 feet for a main battle tank-sized
object. The material is generally targeted for use on ground vehicles and structures, but
HyperStealth does have a goal of developing a lightweight parachute-like material that can

cover military personnel uniforms, face/head, etc., and still allow them to breath, see, and hear
[32].
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