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This study demonstrates, for the first time, the use of reversible sequin fabrics as inexpensive, scalable,
and durable variable emittance surfaces. First, the spectral normal-hemispherical reflectance’s of commer-
cially available gold/black and silver/black reversible sequin fabrics were measured at room temperature
for wavelength between 0.25 and 20 pum. The surface roughness and material composition of the sequins
were also characterized. The dynamic range of the total hemispherical emittance of the gold/black sequin
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Spacecraft radiation by simply adjusting the sequin pattern. The experimental measurements were in good agree-
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Cloaking ment with a first order transient thermal model. Finally, thermal infrared images were taken of the sequin
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fabrics to illustrate their capabilities for thermal camouflage, illusion, and messaging.
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1. Introduction

Thermal control by variable surface emissivity (or emittance)
has been investigated extensively in various engineering applica-
tions including spacecraft thermal control [1-3], thermal camou-
flage [4-6], and thermal management of spacesuits to extend the
duration of extra-vehicular activity missions [7].

The Stefan-Boltzmann law expresses the heat transfer rate q (in
W) radiated from an opaque surface of surface area A at tempera-
ture T (K) as [8]

q = o eAT? (1

where ¢ is the total hemispherical emittance of the surface while
o = 5.67 x 1078 W/m2/K* is the Stefan-Boltzmann constant. In
addition, a surface exposed to solar irradiance Gs in space or in
absence of convective heat transfer reaches a steady-state temper-
ature given by [8]

T— (%%)”4 2)

& O

where changes in the solar absorptance to the emittance ratio os/¢
determines the range of equilibrium surface temperature achiev-
able.

One way to increase the radiated heat transfer rate is by in-
creasing the surface area A such as in deployable panel radiators
for spacecraft thermal management [1,9]. Another way to control

* Corresponding author.
E-mail address: pilon@seas.ucla.edu (L. Pilon).

https://doi.org/10.1016/j.ijheatmasstransfer.2021.122167
0017-9310/© 2021 Elsevier Ltd. All rights reserved.

the amount of heat dissipated from the surface is to adjust its
emissivity. In order to compare variable emittance technologies,
the emittance dynamic range Ae can be defined as [8]

A€ = Emax — Emin (3)

where &max and €, are the maximum and minimum values of
the total hemispherical emittance, respectively.

Louvers are the most commonly used device for passive ther-
mal control of spacecraft [10]. They consist of pivoting aluminum
blades supported by an aluminum frame mounted on the space-
craft surface. The blades are passively controlled by bimetallic ac-
tuator springs that rotate in response to temperature changes. The
resulting change in emissivity stemmed from the difference be-
tween the emissivity of the aluminum blades and that of the
mounting surface, resulting in a typical dynamic range of Ae = 0.6
[10]. Although louvers have extensive space mission heritage, they
are rigid, relatively bulky, and very expensive structures [1,10,9].
Therefore, they do not scale well to smaller spacecrafts [1]. In a
similar concept of operation, MEMS coatings have been proposed
based on electrically actuated microscopic shutters to achieve a
theoretical dynamic range of Ae = 0.7, although no experiment
was conducted [11]. In general, implementation of MEMS variable
emittance surface requires a large power source along with a com-
mand and data handling module [3,12,13].

Moreover, Sparrow and Lin [14] found that the apparent spec-
tral hemispherical absorptance of opaque V-groove cavities with
specularly or diffusely reflecting surface and under diffuse or colli-
mated irradiation can be varied by adjusting the cavity angle of the
V-groove. The authors defined the apparent spectral hemispherical
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Nomenclature

A
Bnh,A

C
Cseq
Cp
Dyp,»,
Ep;.

g
Gr
Gs
h

k

L

L
Nu,
Pr

surface area (m?2)

spectral normal-hemispherical reference intensity
(%)

constant in Eq.(15)

heat capacity of sequins (J/K)

specific heat at constant pressure (J/kg/K)
spectral normal-hemispherical dark signal (%)
spectral blackbody radiation emissive
(W/m?)

gravitational acceleration, g = 9.81 m/s?
Grashof number

collimated solar radiation (W/m?)

convective heat transfer coefficient (W/m?2/K)
thermal conductivity (W/m/K)

thickness (m)

characteristic length (m)

mean Nusselt number

Prandtl number

heat transfer rate (W)

surface roughness (nm)

Rayleigh number

measured spectral normal-hemispherical reflected
signal

absolute temperature (K)

mean temperature (K)

time (s)

width (m)

direction in space

power

Greek symbols

o
B
e
En
&
Ag
At
AXx
A

m
o

P
Pa

Pnh, A
Pstd, A

hemispherical absorptance

volumetric thermal expansion coefficient (K1)
total hemispherical emittance

total normal emittance

spectral hemispherical emissivity

dynamic range of &, A& = €max — Emin
discretized difference in time (s)
discretized difference in space (m)
wavelength (pm)

dynamic viscosity (kg/m/s)
Stefan-Boltzmann constant,

o =567 x 10-8 W/m2/K4

density (kg/m3)

area density (kg/m?)

spectral normal-hemispherical reflectance
standard normal-hemispherical reflectance

Superscripts and subscripts

a

Al
cond
conv
fab
A
max, min
nh

q
rad
seq
std
S
sur

refers to an arithmetic mean roughness
refers to the material aluminum

refers to heat transfer by conduction
refers to heat transfer by convection
refers to fabric

refers to a spectral property

refers to maximum and minimum values
refers to a normal-hemispherical measurement
refers to a root mean square roughness
refers to radiation

refers to the sequins

refers to the high reflecting standard
refers to the solar radiation, or of the sun
refers to the surrounding conditions

TC refers to the thermocouple
00 refers to the ambient conditions

absorptance as the ratio of the total absorbed energy to the total
incoming blackbody radiation. As a fraction of the incident radia-
tion is absorbed by the surface upon each reflection, the apparent
absorptance increases when the incident light is reflected within
the V-groove a greater number of times. Similarly, the number of
reflections increased as the cavity angle decreased. The authors
dubbed this “the cavity effect” and developed a graphical model
to predict the dynamic range with respect to the cavity angle. For
example, a flat diffuse surface with emittance of 0.3 can reach an
apparent emittance of 0.7 when featuring V-grooves with a cavity
angle of 30°, for a dynamic range of A¢ = 0.4 [14].

More recently, Mulford and co-workers [15-18] investigated ex-
perimentally the use of origami-inspired tessellated designs for
thermal management systems based on the analysis developed by
Sparrow and Lin [14]. When deployed, such origami structures
transitioned from a folded structure with cavities to a smooth sur-
face. Aluminum shim stock with total hemispherical emissivity of
0.028 at room temperature was used to create these folding struc-
tures [15]. For a cavity angle of 14°, the authors found that the
apparent emissivity of the origami surface increased to 0.21 for
a dynamic range Ae¢ of 0.182. This dynamic range was in agree-
ment with Sparrow and Lin’s model within experimental uncer-
tainty. However, the total amount of energy emitted by a surface
depends not only on its apparent emissivity but also on its sur-
face area A, as expressed by Eq. (1). When folding the origami, the
apparent emissivity increases but the beneficial cavity effect is re-
duced by the simultaneously decrease in surface area A. Other vari-
able emittance technologies with different mechanical actuation
methods have been investigated. For example, Hu et al. [19] pre-
sented a wearable fabric that was able to modulate the amount of
IR radiation by more than 35% as strain was applied to the yarn in
response to a change in humidity levels.

Moreover, variable emittance technologies based on elec-
trochromic and thermochromic materials can achieve a relatively
large dynamic ranges, as reviewed by Lang et al. [20]. Elec-
trochromic materials reversibly changed their optical properties
through redox reactions occurring when a potential difference is
applied across the surface. Demiryont and Moorehead [21] were
able to achieve a dynamic range A& = 0.8 between 7 and 12 um
for a Li-based rigid multilayer electrochromic device operated be-
tween +1 V. Electrochromic devices have also been made from
graphene with intercalated ionic liquids [22,23]. Although flexible,
these devices were observed to have a dynamic range Ae > 0.5
in the 2.5-45 pum spectral window [6]. Flexible electrochromic
devices were also fabricated using polymers such as polyaniline
(PANI), polythiophene or poly(aniline-co- diphenyl amine), with
dynamic range Ae on the order of 0.5 in the mid- to far-IR
[24,25]. Although it showed fast switching times, the polymer de-
graded with cycling, and the organic materials became unstable
at high temperatures and in presence of UV light. In addition,
electrochromic devices need a power system and control modules,
adding weight and complexity [20].

Alternatively, the optical properties of thermochromic materials
changed as a result of metal-insulator phase transition caused by
temperature changes [20]. Two such materials are perovskite man-
ganese oxide MnOx and vanadium dioxide VO,. Perovskite MnOx-
based thermochromic devices achieved a maximum dynamic range
of 0.43 [20,26,27]. However, the complete phase transition oc-
curred across a large temperature range from —176 to 100 °C [20].
This large temperature range renders it hard to implement for ap-
plications that operate at smaller ranges close to room tempera-
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ture. The dynamic range achieved by a VO,-based structure varied
from Ag = 0.67 in the 3-5 um spectral window for VO,/metal %é%%oo
multilayers [28] to Ag; = 0.9 at wavelength A = 7 um for VO, @ EEEExx .
thin films [29]. However, a major drawback of VO, is its relatively Sg2gT ‘&j Ej g,ng
large transition temperature around 68 °C [28,29]. W-doping can E EEEE2E oo ET‘E
decrease the transition temperature of VO, [30]. For example, in- EEEEEgg 2P
creasing W-doping from 1 to 2 wt.% reduced the transition tem- fowuwiECSEE o
perature from 55 to 35 °C, but it also decreased Ag from 0.3 to . ; RRRR g gg Egs >,§
0.2, measured in the spectral range from 7.5-14 pm [30]. Overall, o | & E 5 S § EE g%é g_:g E
W-doping can lower the transition temperature of VO, but it also = Z SRR ES T3 E Gl §
reduces the emittance dynamic range [30]. ,‘E PR %%E ER-A
Thermal camouflage, or thermal cloaking, is the process by S| SELLEETEERER S
which dedicated systems are used to hide objects from detec- . S
tion across the thermal radiation spectrum. With the emergence %% [
of thermal cameras, concealing objects in the infrared has become v == 8 g
part of military tactics. The thermal, or IR camera works by using a s 23 S-S %
microbolometer for every pixel. The microbolometer contains an IR E g o ?:, °g § E g £ ‘5
absorbing material that, when exposed to thermal radiation, heats E E E 25588 E £ g =
up and changes electric resistance. The resulting resistance is pro- w| R E ‘5 £ g §§ ‘E %é = 73
cessed as a surface temperature and each pixel is assigned a color. o | = § ° %Z g § EE ?;» é g o
Since emissivity is a measure of a surface’s effectiveness in emit- = EE é E g 828855 EgY_- g
ting thermal energy, a surface with low emissivity will emit less }E’ ﬁ Lo _g, E g%%”é
thermal radiation and will be perceived as cold while a surface at _
the same temperature but with high emissivity will be perceived 5
as hot. This property is useful in thermal camouflage applications, Eo
since the emissivity of the object can be adjusted so that a hot g
object may be observed as a cold object and vice versa. In addi- 5
tion, if the amount of the radiation intensity emitted by an object ;:f _ oo nSwe
matches that of the background, they will have the same perceived s E N I E v E SES]
temperature and the thermal imager will not be able to distinguish ElCd I SdAdNAN A
the object from its surroundings. Thermal camouflage systems are 2 em S oS emoma
usually evaluated by their ability to (i) match varying background 1955333833385 5
temperatures or (ii) conceal hot (or cold) objects as cold (or hot) = - - o
ones by decreasing (or increasing) their emissivity [20,23]. 3|28 RERE R8 X34
. . « W|o 1l oooo | oo [=N=l=}
Many technologies have been used in thermal camouflage )
applications. Dynamic camouflage is preferred for environments Z e § 9 lﬁ Q gg ol eliag)
where the background temperature varies. Hu et al. [31] reviewed S|<|Ss 1S5S 183 SS9
emerging technologies in this field. Some activation methods in- % 2 -
clude (i) optical (UV) modulation with a maximum dynamic range S S P
in emissivity of 0.16; (ii) strain modulation with a dynamic range % =y 5 2
from 0.5 to 0.81 (at an ambient temperature of 623 K); and (S| riisrs 1aS
(iii) chemical and wetted modulation that can achieve dynamic E ]
ranges close to 0.64 [31]. Another way thermal camouflage can g oo 838
be achieved is with the creation of “virtual” heat sources or ther- z - BT fé %
mal illusion. Hu et al. [32] experimentally investigated the effect E: g == 858 -
of geometry and location of the virtual heat sources in order to El Ecggregs g EE‘JE
. . . . . . cE BB =35 b=
achieve good thermal illusion. Although effective, creating a virtual E SREEBET gaus
heat source is often more difficult than controlling dynamically the S = E g § E E % 2 § § § g =
thermal radiation emitted by a surface. £ gE sed gEEEE52 8
Finally, Song et al. [33] investigated theoretically the use of G £EE828 4 = Eg e § ‘%E
metal/insulator/metal (MIM) microstructures to tune the emissiv- -Ea g g ?ﬁ ;EZE gja it Sé’ qun EIE
ity of a surface pixel-by-pixel using magnetic polaritons at a mi- ED .;g g g I:% % z E ::E, =2 e
croscopic scale. For example, a non-uniform temperature distribu- cIE|E%EE E - T g
tion on a plate could be perceived by an IR camera as uniform by 2l ‘EE SSPEETEE K k=
adjusting the emissivity of each pixel. Such surfaces can also cre- 2 = |SHESAR0OZEREEZSS
ate patterns, images, or messages, leading to thermal illusion and g _EEEE EEEEE
messaging capabilities. Furthermore, Liu et al. [34] experimentally ® PEEEEEEEEE
demonstrated thermal camouflage using a metal- liquid-crystal- S|B|SEEEEES5555 &
metal (MLCM) platform. The angle of the crystals in the liquid }“j’ e é E § é E EEEEEL %E
crystal layer were adjusted to vary the emittance between 0.81 and z g ug" &"J % % % g JEJ g g JE é g §
0.98. Although this metasurface has a limited range of emittance, =:
it achieved some level of thermal camouflage. = 1':5
Table 1 summarizes and compares the performance of the dif- E @
ferent variable emissivity technologies previously discussed. In or- - E P g
der to be effective, the thermal management device should feature % E |2 CRRIERES £
= wn

(1) a large dynamic range near room temperature of Ae > 0.7 [21],
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Fig. 1. Photograph of the (a) gold and black and (b) silver and black coated sequin
fabrics investigated. Note how a brushing action reveals the gold or silver underside
of the sequins by flipping them over.

(2) flexibility as opposed to a rigid structure [6], (3) scalability so
it can be applied to large and small structures alike [21], (4) sim-
plicity and durability of the design and compatibility with the en-
vironment of its intended use [20]. Each of these properties can be
found in some of the technologies previously reviewed, yet none of
these technologies meet all these requirements. The reader is re-
ferred to Refs. [19,20,31] and references therein for a thorough re-
view of the different types of variable emittance devices and their
applications.

Finally, sequin fabrics consist of overlapping parallel rows of
sequins tethered by a thread lining the edge of the sequin. This
enables the individual sequins to flip in a direction perpendicu-
lar to the rows along which they are sewed. In addition, sequins
have different coating on each face so that brushing across the se-
quins results in the fabric taking on different arbitrary appearances
and emittances. Such fabric is widely used in fashion and in in-
terior design. However, to the best of our knowledge, it has not
been considered as a variable emittance surface for thermal man-
agement and camouflage applications. The present study aims to
demonstrate the use of reversible sequin fabrics as simple, flexi-
ble, scalable, and durable variable emittance surfaces with a large
emittance dynamic range to be used in thermal management and
thermal camouflage.

2. Materials and methods
2.1. Materials characterization

Black fabrics covered with sewn sequins (David's Accessories)
were used as representative of commercially available reversible
sequin fabrics. Fig. 1 shows (a) gold and black and (b) silver and
black reversible sequin fabrics that were characterized as received.
Each sequin was a disk 5 mm in diameter with a 1 mm hole at the
top for sewing. The face of the sequins can be reversed by simply
brushing a hand over the sequins’ surface in the direction opposite
to the sequin’s alignment.

2.1.1. Surface roughness characterization

The roughness of a surface is known to have a strong effect
on its emittance [8]. Thus, individual sequins were cut off the fab-
ric and the root mean square Rq and the arithmetic mean R, sur-
face roughnesses were measured for each side of the sequins using
Atomic Force Microscopy (Veeco Dimension 3000, Digital Instru-
ments Inc.) in tapping mode. The surface roughness of the sequins
was measured over a surface area of 15 x 15 um? at three differ-
ent locations on both sides of each of the sequins. The average and
standard deviation of the roughnesses R; and R, were calculated
for each side of the sequins from measurements at these three dif-
ferent locations.
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2.1.2. Bulk material characterization

To identify the substrate material of the sequins, the coating on
individual sequins was first removed. The coatings for the gold se-
quins were removed by placing them in aqua regia HNO3 + 3 HCl
(Fisher Scientific, USA) until the coating dissolved. The coatings for
the silver sequins were removed by performing a stripping reac-
tion using sulfuric acid. Once the coatings were removed, the se-
quins appeared transparent. For each sequin fabric, several trans-
parent sequins were then hot pressed to obtain a film of thick-
ness around 40 um, as illustrated in Fig. S1. Then, composition
analysis was performed using a nitrogen-purged FTIR spectrome-
ter (Nicolet™ iSTM50, Thermo Scientific) in transmittance mode
in the 2.5-20 pum spectral range. The absorption spectra were an-
alyzed and compared to the Hummel Polymer Sample Library in-
cluded in the Thermo-Fischer OMNIC software. This process was
performed on the sequins of both sample fabrics.

2.1.3. Optical properties in the UV and visible range

Before measuring the properties of the sequin fabric, 5 x 5 cm?
coupons were cut and wiped clean with a non-abrasive alcohol-
free wipe. Then, the normal-hemispherical reflectance p,,; of
each face of the two sequin fabrics in the spectral range of 250-
1100 nm was measured using a UV-Vis spectrometer (Evolution™
201 UV-Visible Spectrophotometer, Thermo Scientific) fitted with
an integrating sphere accessory (DRA-EV-600, Thermo Scientific).
The spectral normal-hemispherical reflectance oy, , was estimated
according to [35]

Snh,x — Dnn,a
Pnh, Bunr — Dpns Ostd, )

Here, the spectral normal-hemispherical reflectance signal S ;
measured by the FTIR was corrected by subtracting the dark sig-
nal Dy, measured by blocking any light from reaching the de-
tector. The difference S, - Dy, was normalized by the cor-
rected baseline spectral reflectance measurement By, - Dpp,; cor-
responding to the spectral normal-hemispherical reflectance of a
calibrated specular reflection standard mirror (NIST certified STAN-
SSH, Ocean Optics) with known standard normal-hemispherical re-
flectance pgq ;. For each side of both sequin fabrics, the reflectance
measurements were repeated at five different spots on the sequin
fabric and averaged to account for intra-sample variability in the
sequin properties and alignments.

2.14. Emittance of the sequin fabrics

First, the spectral normal-hemispherical transmittance and re-
flectance of samples of the two sequin fabrics (Fig. 1) were mea-
sured at wavelength between 1 and 20 um using the same FTIR
spectrometer (Nicolet™ iSTM50, Thermo Scientific) equipped with
an integrating sphere (PIKE Technologies, USA). A KBr beamsplit-
ter and a liquid-nitrogen cooled Mercury-Cadmium-Telluride (MCT)
detector were used in the spectral range between 2 and 20 pum
and a Calcium fluoride (CaF,) beamsplitter with an InGaAs detec-
tor were used in the 1-2.5 wm range. In addition, transmittance
measurements were performed on the fabric alone to ensure that
it was opaque in the IR. The spectral transmittance for both the
sequin fabrics and the fabric alone was found to vanish across the
spectral window of 2-20 um (see Supplementary Material, Figs.
S2 and S3) and confirmed that the samples were opaque. Then,
according to Kirchhoff’s’ law, the sequin fabrics’ spectral normal
emissivity &, ; can be expressed as [8,36]

Enj) =0Qp) = 1- Pnh,a- (5)

Moreover, the total normal emissivity &, can be calculated from
the spectral normal emissivity ¢, ; according to [8,36]
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—=Ehermocouple.

o
DAQ
-Sequins

Polystyrene

Fig. 2. (a) Photograph of the experimental setup with the solar simulator (TriSol TS-300, OAI, USA), (b) a close-up of the test setup of the black sequins in a polystyrene
casing, with the thermocouple and the DAQ module, and (c) the gold, (d) black, and (e) mixed sequin configurations used to test the thermal response under solar irradiation.

_ fgo Eb,)\ (T)Sn,k d)\' (6)
T I Epa(T) dA

where Ey ; (T) is the spectral Planck’s blackbody radiation emissive
power at surface temperature T (in K) [8]. Note that the integrals
in both the numerator and denominator of Eq. (6) were truncated
to the range 2-20 um while the sample temperature T was 296 K.
The lower limit for this truncation results from the fact that the
fraction of blackbody radiation at room temperature in the 0-2 um
range is effectively zero and that the sequins are opaque in the 2—
20 pum spectral window. This approach was validated for the to-
tal normal emissivity of optically smooth surfaces with small (gold
and aluminum) and large (fused silica glass) emissivities calculated
using Eq. (6) for different integration limits, as summarized in Ta-
ble S1 in Supplementary Materials.

Finally, although the emittance of all surfaces exhibit some de-
pendence with direction, the total hemispherical emissivity & typ-
ically does not differ greatly from the total normal emissivity ey
over a wide angular window around the normal direction for di-
electric materials [8]. Therefore, the total (or spectral) hemispher-
ical emissivity can be approximated as the total (or spectral) nor-
mal emissivity for nonconductors, i.e., € ~ &, [8].

The solar absorptance o was calculated according to 8]

_ J& Ep s (Ts)en ; dA
J& Epa(Ts) dA

where Ts is the temperature of the sun treated as a blackbody at
Ts = 5800 K [8]. Then, ag was calculated by truncating the limits
of the integrals in Eq. (7) to 0.25-3 um for both the numerator and
the denominator.

(7)

2.2. Proof of concept demonstrations

Two experiments were conducted in order to illustrate the ap-
plications of sequin fabrics’ for thermal management and thermal
camouflage. The first experiment aimed to evaluate the use of the
variable emittance sequin fabric for thermal management under
incident simulated solar radiation. Fig. 2(a) and 2(b) show the ex-
perimental setup consisting of (i) surface area A = 7.6 x 7.6 cm?

sequin fabric attached with thermal paste (AATA-5 G, Arctic Sil-
ver) to an aluminum plate of thickness Ly = 12.7 mm with the
same surface area, (ii) a solar simulator (TriSol TS-300, OAI, USA)
providing collimated simulated solar radiation in the wavelength
range between 0.4 and 1.1 um with total radiation flux incident
on a surface perpendicular to the collimated simulated radiation
of Gs = 1 kW/m?, and (iii) a thermocouple connected to a data ac-
quisition system (Personal DAQ/55, I0Tech) and to a computer to
record the temperature of the Al plate for different sequin config-
urations. The Al plate was placed in a custom-made polystyrene
casing to ensure proper thermal insulation and leaving the sequins
flush with the top surface. A type-T thermocouple (OMEGA, USA)
was embedded at depth L;c = 1.3 mm below the top surface of
the aluminum plate through a hole drilled from the back of the
plate and secured with thermal paste. Three types of sequin con-
figurations were tested namely (1) all black, (2) all gold, and (3) a
combination of half black and half gold, as illustrated in Fig. 2(c)
to 2(e).

The second experiment aimed to illustrate their thermal cam-
ouflage capabilities through IR images [5]. Here, an IR camera (E4,
FLIR systems, USA) was used to capture IR images of sequin fabric
draped over an open acrylic box. Fig. 3 shows images of the ex-
perimental setup taken indoors at room temperature (21 °C) and
featuring an incandescent lightbulb, acting as a heat source, (a)
without the sequin and behind the gold sequin fabric sheets in (b)
either black or gold modes, (c) striped mode, and (d) with UCLA
letters written in black on the gold sequins.

3. Thermal analysis
3.1. Schematic and assumptions

Fig. 4 shows the schematic of the experimental setup consisted
of the sequin fabric in thermal contact with an aluminum plate
and embedded in a polystyrene casing along with the associated
coordinate system. An energy balance for the sequins at tempera-
ture Tseq (t) and for the aluminum plate at Ty (x,t) was performed.
The sequins absorbed the simulated solar irradiance Gs and lost
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Fig. 3. Photographs of the experimental setup used to demonstrate thermal camouflage, illusion, and messaging. (a) The lightbulb is shown sitting inside an open acrylic
box. (b,c,d) box covered by the gold sequin fabric sheet in different configurations in (b) either black or gold modes (lamp on), (c) striped pattern (lamp on), and (d) with

UCLA letters written in black on gold (lamp off).

Simulated solar
irradiance, G,

Surroundings, 7,
“

Air
(h,T,) CONVECTION fRADIATION
Sequin fabric EXCHANGE
s, & Tioy(t)
. ~ NN\~ ABSORPTION
Polystyrene ! Lrc lCONDUCTION e
foam —|—— . |
SRS Aluminum Plate, Ty;(x,?) Thermocouple, Tyc(t)

to DAQ

Fig. 4. Schematic of the modeled experimental setup depicting the sequin fabric at Tgq4(t) exposed to convection and collimated and normally incident simulated solar
radiation and in thermal contact with the aluminum plate at Ty (x,t) inside a polystyrene foam casing ensuring thermal insulation. Not to scale.

energy by natural convection to the ambient air at temperature
T, by radiation exchange with the surroundings at Ty, and by
conduction to the aluminum plate of thermal conductivity k.

To make the model mathematically trackable, the following as-
sumptions were made: (1) the temperature was uniform in the
sequins. (2) One-dimensional heat transfer prevailed in the alu-

minum plate, i.e., M _ 9T _ (3) The solar radiation was col-

y — 0z

limated and normali,y incident on the sequin’s surface. (4) Heat
losses by conduction from the sequin fabric or from the aluminum
plate to the polystyrene insulation was negligible. (5) The thermal
paste used to attach the sequin fabric onto the aluminum plate had
negligible thermal resistance so that Tseq(t) = Ty(x = 0,t). (6) Se-
quins were opaque and diffuse such that their spectral hemispher-
ical emittance ¢, was equal to the spectral hemispherical absorp-
tance o, i.e., &, = a,. (7) Radiation exchange between the sequin
fabric and its surroundings was from a small surface to a large
enclosure. (8) The ambient air and surrounding temperatures-, re-
spectively denoted by T, and T, - remained constant through-
out the experiments. (9) All thermophysical properties were as-
sumed to be constant. (10) No heat generation occurred in the
system.

3.2. Governing equations

The transient energy balance for the sequins can be written
as

deeq

GeaZar

= AwsGs + 1<AIA% (x=0,t) — Ah(Tseq — Too)

_Aag(T?eq - Tgur) (8)
where Cseq, @5, and ¢ are the heat capacity, the solar absorptance,
and the emittance of the sequin fabric of surface area A exposed
to the simulated solar irradiance G;. In addition, kp,; is the thermal
conductivity of the aluminum plate and h is the convective heat
transfer coefficient.

In order to predict the measured thermocouple temperature
Trc = Ta(x=Lqc,t), the local temperature distribution at location x
and time t in the aluminum plate Ty (x,t) was evaluated using the
transient one-dimensional heat diffusion equation expressed as [8]

0Ty

02T
PaICp, Al ot Kaj Al

0x2

(9)
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(a)

(c)
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(d)

Fig. 5. AFM images for each of the sequins’ (a) gold, (b) gold-black, (c) silver, and (d) silver-black side and their rms R, and arithmetic mean R, roughnesses,

where py and c;, a are the density and specific heat of aluminum,
respectively. Note that at steady state, the temperature Ty (x,t) in
the aluminum plate is uniform and the thermal model simplified
to

sGs = "(Tseq — Too) + 0&(Toeq — Teur) (10)

3.3. Initial and boundary conditions

In order to solve the coupled Egs. (8) and (9) for the time-
dependent temperatures Tseq(t) and Ty (x,t), one needs one initial
condition for Tseq(t) and Ty(x,t) and two boundary conditions for
T4 (x,t). The initial temperature of all components was assumed to
be equal to the ambient air temperature T, i.e.,

Teeq(t = 0) = Ty (X, t = 0) = To, = 23 °C (11)

The heat transfer through the polystyrene insulation was as-
sumed to be negligible, so the temperature gradient at the back
surface of the aluminum plate vanished, i.e.,

8TA1

Ty ¥=Lla.)=0 (12)

The thermal resistance between the sequin fabric and the alu-
minum plate was assumed to be negligible. Therefore, the temper-
ature of the aluminum plate’s top surface was equal to the tem-
perature of the sequin fabric, i.e.,

TAl (X = 0, t) = Tseq (t) (13)

3.4. Closure laws
In order to solve Egs. (8) and (9), the properties of aluminum

Pal Cp, al» and ky were obtained from the literature [8]. The se-
quin fabrics solar absorptance o and emissivity € were measured

experimentally while their heat capacity Cseq was estimated based
on a weighted sum of that of the fabric and the sequins expressed
as
Coeq = [ (PACD) fap + (PACD)seq |A (14)
where py is the area density (in kg/m?) and ¢, is the specific heat
(in J/kg K) of the fabric or the sequins. Here, the area density p, for
the fabric and sequins were measured experimentally as 0.093 and
0.313 kg/m?, respectively. The specific heats ¢, of the fabric and se-
quins were taken, respectively as those of cotton (c, = 1340 J/kg K)
[8] and polystyrene (¢, = 1330 J/kg K) [37] to yield Cseq = 20.1 J/K.
In addition, the convective heat transfer coefficient h was calcu-
lated using a correlation for free convection over the upper surface
of a hot flat plate valid for 10* < Ra < 107 and Pr > 0.7 and ex-
pressed as [38]
m]— — @ =C RaO425
k
Here, the characteristic length L. is the ratio of the sequin fabric
surface area to its perimeter while C is a constant. The Rayleigh
number is defined as Ra = Pr Gr with the Prandtl and Grashof
numbers defined as [8]

(15)

3,52 _
Pr— HCp and Gr = Lo gﬂ(Tseq(t) Ts)

N e (16)

Here, p, i, ¢p, k, and B are the density, viscosity, specific heat,
thermal conductivity, and thermal expansion coefficient of air eval-
uated at the mean temperature T(t) = (Tseq(t) + Too)/2 and g is
the gravitational acceleration constant. Table S2 in Supplementary
Materials summarizes the values of the dimensions and properties
of the sequins, aluminum, and air used in solving the model.
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Table 2
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Summary of the mean surface roughness, solar absorptance o, total normal emissivity &,, and the ratio
o /en of the two different sequin fabrics investigated in the present study.

Gold/black sequins

Silver/black sequins

Property Gold side Black side Silver side Black side
Mean surface roughness, R, (nm) 1.3+£04 7.8 £3.9 1.5+£03 71 £16
Solar absorptance o5 (0.25-3 um)  0.39 £ 0.01 0.64 + 0.006  0.59 + 0.03 0.57 + 0.02
Total normal emittance &, 0.13 + 0.07 0.85 + 0.04 0.88 + 0.05 0.38 + 0.04
Ratio as/en 3 0.8 0.7 1.5
For laminar flow over a smooth flat plate (Ra < 107), the con- (a)
stant C has been reported as C = 0.54 [38]. However, the macro- 100 lld( ) ‘ I I
. . . . . 0. mean
scopic roughness resulting from interlocking sequins renders the Diold Cxsd)

surface rough. Thus, the constant C was found by solving the
steady-state solution of Eq. (10) using the experimental measure-
ments for Tseq for the black configuration of the sequin fabric
(Fig. 2). The resulting constant C = 0.9 was used to model free
convection for both the gold and black sequin configurations.

3.5. Method of solution

The energy conservation equations expressed by Egs. (8) and
(9) were discretized using an implicit scheme of backward differ-
ence in time and central difference in space (see Supplementary
Material). The discretized equations were solved numerically using
Matlab.

4. Results and discussion
4.1. Material characterization

4.1.1. Surface roughness characterization

Fig. 5 shows one of the three AFM surface roughness measure-
ments taken for each of the sequin samples for the (a) gold, (b)
gold-black, (c) silver, and (d) silver-black sides. Table 2 summarizes
the averages of the arithmetic mean surface roughness R, mea-
sured at three different locations on both faces of the same sequin.
It indicated that the average roughness of the colored sides (gold
and silver) were both around 1.5 nm while the average roughness
of the black sides on both sequin samples remained below 8 nm.
Therefore, the sequin surface roughness was much smaller than
the wavelengths considered. As such, the individual sequins can be
assumed to be optically smooth.

4.1.2. Bulk material identification

Figure S4 shows the IR transmittance spectrum of an un-
coated sequin. The first two matches for similarity in the absorp-
tion spectra was atactic polystyrene at 27% and vinylidene chlo-
ride polystyrene at 21%. These percentages are too small to confi-
dently identify the specific plastic that makes up the substrate of
the sequins but the IR absorption spectrum points to some form
of polystyrene characterized by two major absorptance peaks at
wavenumbers 3000 cm~1, 1500 cm~! and a broad band peak be-
tween 1400 and 1000 cm~!. Note also that the substrate was a
transparent plastic that did not dissolve in sulfuric acid, thus fur-
ther pointing to some form of polystyrene.

4.1.3. Optical properties in the UV and visible range

Fig. 6 shows the spectral normal-hemispherical reflectance
Onn,y. Of the (a) gold and (b) silver sequins as a function of wave-
length A between 200 and 1100 nm. It also shows experimen-
tal uncertainty bands corresponding to two standard deviations

black (mean) o
~|black 2x sAdA)’\ 7

0 } t t t
400 600 800 1000
Wavelength, A (nm)
(b) 100 T T T T
silver (mean)
7 silver 2 x s.d.)
80 4 black (mean)
~ Iblack 2xs.d.)

60

401

20

400 600 800 1000

Wavelength, A (nm)

Normal-hemispherical reflectance, p,;,;, (%) Normal-hemispherical reflectance, p,;,; (%)

Fig. 6. Spectral-hemispherical reflectance py,; as a function of wavelength A in the
visible and NIR for (a) the gold and black sequin fabric and (b) the silver and black
sequin fabric.

around the mean spectral reflectance corresponding mostly to vari-
ations in the orientation of the sequins among the measurements
at six different locations of the same sample. Fig. 6 indicates that
the spectral reflectance oy, ; of black sides of both the gold and
the silver sequins were similar and fell below 8% for wavelength
between 200 and 700 nm and increased sharply to exceed 60% be-
yond 700 nm. On the other hand, the gold side feature larger re-
flectance than the black side across the spectral window of interest
with a broad absorption peak around 375-450 nm. However, the
reflectance of the silver side was nearly constant around 30-40%
above 300 nm and fell below that of the black side for wavelength
A > 700 nm.
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Fig. 7. Spectral normal emissivity ¢, ; as a function of wavelength X (a) for the gold
and black sequin fabric and (b) for the silver and black sequin fabric.

4.2. Spectral normal emittance &, ,

Fig. 7 shows the spectral normal emittances ¢, ; of (a) the gold
and black and (b) the silver and black sequin fabrics as functions
of wavelength A between 1 and 20 pm. Here also, the experimen-
tal uncertainty corresponds to the shaded sections while the mean
value shown as the solid line. The difference in emissivity between
the two sequin sides is the most pronounced for the gold and black
sequin fabric. In fact, the difference in spectral normal emittance
Ag, between the black and the gold side is greater than 0.72 in
the spectral range of 4-20 pum. However, the difference in spec-
tral normal emissivity &, ; between the silver and the black sides
of the silver/black sequins varied between 0.88 and 0.38 across the
spectral range considered due to large variations in the spectral
normal emissivity of the black side.

The measured spectral normal emittance &, ; was used to cal-
culate the total normal emittance ¢, and the total hemispheri-
cal emittance ¢ based on Eq. (6) and on the fact that e ~ ¢, [8].
Table 2 summarizes the total normal emissivity ¢, and the solar
absorptance «g of each side of the sequin along with their re-
spective standard deviations. The gold/black sequin fabric featured
a dynamic range Ae = 0.72 £+ 0.11 at room temperature. Unex-
pectedly, on the other hand, the silver side had a higher emissivity
than the black side. The dynamic range of the silver/black sequin
fabric was Ae = 0.50 £ 0.09. The difference in emissivity between
one face and the other can be attributed to differences in the com-
positions of the substrate and coating and to the thickness of the
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Temperature, T (°C)
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Fig. 8. (a) Experimental temperature measurements for black, 50, 50% black/gold,
and gold sequin fabric. (b) Comparison between experimental and simulated tem-
perature of the aluminum plate for all black and all gold configurations.

coating. Unfortunately, this information was proprietary and could
not be reversed engineered. Nevertheless, the coating is expected
to be a relatively simple paint and the substrate is suspected to be
some form of polyester for both sequins (see Section 4.1.2). Regard-
less, these results demonstrate that the sequin mechanism can be
used for variable emissivity surfaces. Then, the sequin fabric can
be optimized for any specific application by selecting the substrate
and coatings materials and thickness to achieve the desired total
hemispherical emittance and/or solar absorptance to emittance ra-
tio.

4.3. Thermal management applications

Fig. 8(a) plots the experimental temperature measurements for
three configurations: black, gold, and 50, 50% black-gold. In all
cases, the temperature increased rapidly from room temperature
(Teo = 23 °C) and reached a steady-state temperature of 50.6 °C,
54.9 °C, 55.7 °C for the gold, black/gold, and black mode, respec-
tively. The temperatures of the black/gold configuration fell be-
tween those of the black and gold configurations. This demon-
strates the ability to tune the system’s temperature by adjusting
the pattern of the sequins.

Moreover, the gold side had a larger solar absorptance to emis-
sivity ratio «s/¢ than the black side. Thus, in absence of convec-
tion, the steady-state temperature of the gold sequins would reach
476 K and exceed that of the black sequins estimated at 339 K,
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Fig. 9. IR images with temperature scale in °C illustrating the use of sequin fabric (a,b) for thermal camouflage with sequin fabric in black and gold mode (lamp on). (c,d)
for thermal illusion with sequins in black mode with gold stripes and gold mode with black stripes (lamp on). (e,f) thermal messaging reading “UCLA” written in gold on

black or and black on gold (light off).

per Eq. (2). However, experimentally, the sequins were also sub-
jected to convective heat transfer which dominated over thermal
radiation emissions. Therefore, the steady-state temperature of the
black sequins was larger than that of the gold sequins because of
their larger solar absorptance as as Tseq(t — 00) ~ T + 0tsGg/h.

4.4. Thermal model

Fig. 8(b) compares the measured and simulated temporal evo-
lution of the Al plate temperature for the gold and black surfaces.
The initial temperature for both configurations was taken as 23 °C.
The shaded area between the two dotted lines represents the up-
per and lower limits of the temperature predictions for each sequin
side and corresponds to a range of possible temperatures. This in-
terval was determined using the uncertainty associated with the
emissivity and absorptance measurements (Table 2). Overall, the
experimental measurements fell within the prediction range under
the combined effect of natural convection and radiation exchanges
between the simulated solar radiation and the gold or black sequin
surfaces.

4.5. Camouflage applications

Fig. 9 shows infrared images (temperature scale in °C) of the
experimental setup of Fig. 3 featuring an incandescent lightbulb

10

behind the gold/black sequin fabric to illustrate the uses of the se-
quins for thermal camouflage, illusion, and messaging. First, the se-
quin fabrics investigated are bendable, cheap, and scalable to any
small or large surface. The sequins are also durable and compati-
ble with large scale roll to roll manufacturing. Second, Fig. 9(a,b)
shows the thermal camouflage capability of the sequin fabric. Al-
though the temperature map of the fabric was the same in both IR
images, the thermal signature of the heat source is clearly identi-
fiable in Fig. 9(a) when the black side of the sequin is used. How-
ever, the heat source cannot be seen in Fig. 9(b) as the fabric tem-
perature appears uniform after flipping the sequins from black to
gold in the region covering the lamp, thanks to the previously doc-
umented changes in emissivity between the black and gold sides of
the sequins.

Furthermore, unique patterns or images may be created by flip-
ping only particular sequins to the high-emissivity side, creating
an illusion by fooling a thermal imager into misidentifying the
cloaked object. Fig. 9(c,d) demonstrates such thermal illusion by
using stripes on the sequin fabric, as illustrated in Fig. 3(c). Such
pattern gave the illusion of the presence of a fence in front of the
heat source and/or the impression that the heat source was smaller
or had a different shape than the reality.

Finally, thermal messaging follows from the idea that patterns
or words can be created on the sequin fabric, as highlighted in
Fig. 9(e,f) with the message “UCLA” written in the IR image. Al-
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though the results may not represent the final, optimized, battle-
ready form of camouflage, it is important to note that these se-
quins were procured off-the-shelf, and were not initially intended
for thermal applications. Therefore, these preliminary results pro-
vide an illustration of sequin fabrics potential applications for ther-
mal camouflage, illusion, messaging. Further optimization of the
sequin shape, materials, coating, and connection to the underlying
fabric could address these challenges.

5. Conclusion

This proof of concept study demonstrated that reversible sequin
fabrics can be used as an effective variable emittance surface. The
emissivity dynamic range at room temperature was measured as
0.72 £ 0.11 between the two sides of the sequins of a commercial
gold and black colored sequin fabric. In addition, the solar absorp-
tion to emissivity ratio ranged from 0.8 to 3. Moreover, exposing
the fabric to simulated solar radiation for different configurations
of the sequins resulted in large differences in the systems temper-
atures thanks to the change in emissivity and solar absorptance.
A first order thermal model was able to predict the experimental
data. The sequins were also shown to be effective surface for ther-
mally camouflage, through infrared imagery. Finally, the radiation
performance of the fabric can be further optimized for a specific
application by carefully choosing the coatings and substrate of the
sequins. Similarly, an actuation method should be developed for
specific applications.
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