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Personal radiative thermal management using photonic smart textiles has become a center of atten-
tion due to its potential to facilitate thermal comfort, and to decrease the energy cost for heating and
cooling. Here, we provide an approach for a dynamic transmittance switch textile (DTST): a dynamic,
passive, radiative thermal regulating fabric that controls the infrared (IR) transmission by adapting to
the ambient temperature and humidity. The DTST is constituted from metal-coated monofilaments and
stimuli-responsive polymer actuator beads, in this way benefiting from multiple IR photonic effects to
strongly control the wide-band transmission of thermal radiation and to provide for a sharp, dynamic
response. This design shows a wide dynamic ambient setpoint temperature window of approximately
16 ◦C, meaning that the wearer is comfortable between 9.5 and 25.7 ◦C, wider than any theoretically
reported or fabricated switchable fabric. This performance indicates a polyvalent user comfort and an
important energy saving potential for residential and office buildings.
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I. INTRODUCTION AND MOTIVATION

Recently, natural disasters due to extreme weather con-
ditions have become frequent events in some parts of the
world. There is mounting evidence that these events relate
to the Earth’s climate change and global warming [1,2]. As
far as humankind is concerned, global warming imposes
a severe existential threat and has to be addressed [3–
5]. Even though there are various human-induced factors,
the imbalance between the increasing energy consump-
tion and clean energy production stands out. Because of
this, the rapid switch to renewable energy sources is dif-
ficult, and solutions to significantly decrease the energy
consumption are crucial. From the total global energy con-
sumption, a substantial amount (approximately 50%) is
used in commercial and residential buildings for heating
and cooling purposes [6,7]. Recently, passive and active
personal thermal management using smart textiles, which
provide a localized thermal regulation, has become an
excellent candidate to save energy.

At a normal skin temperature of 34 ◦C, our skin emits
infrared radiation (IR) with a peak wavelength around
9.6 μm. This IR heat dissipation channel contributes to
more than 50% of the total body heat loss in indoor
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environments [8]. Therefore, with proper IR management,
one can tailor and design both active and passive radiative
thermal regulating textiles.

State-of-the-art active radiative thermal regulating tex-
tiles have a dynamic switching capability, thus allowing
both a heating and cooling functionality simultaneously
[9]. However, this technology requires an external input,
such as an applied voltage or mechanical pressure, result-
ing in energy consumption. On the other hand, passive
radiative thermal regulating textiles do not require any
external input to operate, making them a better, sustain-
able choice. Thus far, most of the reported passive radiative
thermal regulating textiles are nonresponsive to environ-
mental changes, lacking a dynamic nature to regulate
heating and cooling functionalities [10–29].

Although extensive research has been devoted to the
design of a dynamic and passive radiative thermal man-
agement textile, to date, it remains a considerable chal-
lenge. Among the state-of-the-art fabrics, Zhang et al. [30]
designed and fabricated a textile that uses bimorph fibers
coated with carbon nanotubes to dynamically control the
IR emissivity. The major drawback is that the dynamic
nature of the fabric can only be triggered by humidity,
such that the user has to sweat for actuation, causing dis-
comfort. Another state-of-the-art fabric is reported by Hsu
et al. [31], a dual-mode textile designed and fabricated to
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provide both heating and cooling functionalities, based on
different emissivities of the outer fabric surface. However,
one has to flip the textile to switch between the distinct
modes.

In this work, we provide a promising framework for a
dynamic transmittance switch textile (DTST) technology:
a dynamic, passive, radiative thermal regulating fabric that
controls the IR transmission by adapting to the ambi-
ent temperature and humidity. The dynamic transmittance
modulates the thermal heat transfer between the human
body and the ambient environment, which is vital for the
wearer’s comfort. We perform a careful numerical study
of the photonic properties of the design, in order to deter-
mine optimized geometric parameters for both a heating
and cooling functionality. The dynamic switchable trans-
mittance is achieved by utilizing the diverse photonic band
gaps exhibited due to the design geometry and material
properties of a metallic coating. The functionality mainly
capitalizes on the metallic photonic effect (or plasmonic
gap), and its spectral properties shift as a function of the
design parameters. Furthermore, with thermal calculations,
we determine that a woven-configuration DTST shows an
approximately 16 ◦C ambient setpoint temperature win-
dow, which is very large compared to previously reported
technologies.

In Sec. II A we provide a detailed explanation of the
working principle of the proposed technology. In Sec. II B
we introduce the electromagnetic calculations, scaling
method, and figures of merit. In Secs. III A and III B
we assess the results from electromagnetic calculations
for transverse-electric (TE) and transverse-magnetic (TM)
polarizations, and further evaluate these findings for flex-
ible textiles in Sec. III C. In Sec. III D we evaluate the
potential of the technology based on thermal calculations,
and in Sec. IV we conclude the paper.

II. DESIGN AND METHOD

A. Design working principle

The DTST fabric incorporates monofilaments coated
with a conductive material, which are arranged in a pho-
tonic array geometry in a suitable combination with a
shape-memory polymer. The concept builds on the follow-
ing factors: material properties (i.e., scattering properties
of the metallic coating, thermal and mechanical properties
of the stimuli-responsive polymer actuator), design geom-
etry (i.e., shape and arrangement of the monofilaments),
and environmental factors (i.e., relative temperature and
humidity).

Here, a metal is used as a coating material due to
its high reflectivity in the wavelength range of human
body emission. In contrast, with dielectric monofilaments
(without metal) below an optimum diameter, the IR trans-
mission would rapidly increase, as large wavelengths only
weakly interact. However, due to conductivity, metal-
coated monofilaments act like little antennae, which scatter
and strongly interact with IR radiation, even if the monofil-
ament diameter is much smaller than the wavelength. In
this way, a strong IR transmission control is possible, with
efficient thermal body regulation, as shown later. Metals
such as silver, gold, and aluminum can all be used as a
coating on a dielectric-core monofilament, which can be
composed of natural or synthetic textile materials such as
cotton and polyester.

In Fig. 1 we show the detailed mechanism of the DTST,
in comparison with a traditional textile fabric. Traditional
textiles [Fig. 1(a)] can only be used comfortably in a
limited window with respect to temperature and humid-
ity. In cold weather, the temperature of the human body
is higher than the ambient temperature, and this leads to
radiative heat loss from the body. Thus, one can utilize

(a) (b) Static (traditional textile fabric) Dynamic (DTST fabric)

One mode Heating mode:
cold, T < Tc

Metal-coated
monofilament

(i) Cooling mode:
hot, T > Tc

(ii)

FIG. 1. Comparison of traditional textile with the DTST principle. (a) Traditional textile fabric with a single-mode, static operation,
(b) DTST with dynamic two-mode flexibility: (i) heating and (ii) cooling.
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a warm winter cloth that blocks the heat loss from the
body and benefit from the warming nature of the fabric
(e.g., with low IR transmittance). On the other hand, in
hot weather conditions, one needs a summer cloth that
allows the human body to relieve heat stress (e.g., with
high IR transmittance). However, it is impossible to use a
single static fabric comfortably in both weather conditions,
which restricts their performance: there is no adaptation to
a changing environment, with only a fixed function (e.g.,
IR transmittance) by design.

With the DTST [Fig. 1(b)] there are two modes: a heat-
ing mode for warming functionality (low IR transmittance)
and a cooling mode for cooling functionality (high IR
transmittance). These two modes coexist simultaneously in
the fabric, with a passive switching mechanism to change
from one mode to the other. Here, stimuli-responsive poly-
mer actuator beads in between the fibers are proposed as
a driving force for passive switching [32]. More specifi-
cally, a well-trained reversible two-way thermo-humidity
responsive shape-memory polymer creates the operation
mechanism. These polymers are dual-shape materials that
belong to the group of actively moving polymers, and
change from a shape X to another shape Y. Shape X is a
temporary shape that is obtained by mechanical deforma-
tion and subsequent fixation of that deformation [33–36].
Thus, such materials have the ability to return from the
temporary shape X to their original shape Y in a short
time after an external stimulus, and in our case, devia-
tions in temperature and humidity can be exploited. Recent
studies have reported that polymers such as bio-based
polylactide urethane [37], polyurethane [38,39], and other
polymers [40,41] show programmed shape-memory prop-
erties around the human body temperature. Therefore, the
proposed polymer beads can be made from these types of
materials. Note that care must be taken while choosing the
right polymer actuator. Essentially, even though sensitivity
to temperature and humidity are the basic criteria, a sig-
nificant IR transparency must be ensured for the radiative
functionality.

For example, at a predetermined comfort zone temper-
ature and humidity below a critical temperature Tc and
critical humidity Hc, the polymer beads determine a par-
ticular fiber geometry. When the temperature rises above
Tc (or humidity above Hc), the polymer beads expand,
thus increasing the separation distance d (Fig. 2) between
two neighboring monofilaments. This results in a new
geometric configuration with an expected increased IR
transmittance, and a subsequent increase in radiative heat
transfer to the environment. On the other hand, when the
ambient temperature and humidity drop below Tc and Hc,
the polymer shrinks, thus decreasing d. As a result, the
geometric configuration will change, and the IR transmit-
tance is expected to decrease, thus reducing the radiative
heat loss. Thus, the DTST provides a dynamic, pas-
sive cooling and heating functionality by facilitating or

TE

TM

H

H

E

E
K

y

d
r

xz

K

FIG. 2. The simulated model for the IR response: d denotes
the separation distance between two neighboring monofilaments,
r denotes the radius. The polarization convention and incidence
direction are indicated. The pattern is repeated in the vertical y
direction. H, magnetic field; E, Electric field; K, Wave vector.

suppressing the radiative heat transfer generated by the
human body.

B. Electromagnetic modeling

We implement two steps for calculating the essential
IR optical response of the proposed textile design. First,
we implement an electromagnetic simulation for a spe-
cific geometry with a fixed wire separation distance d,
and a varying filling ratio f = 2r/d, where r is the radius
of the monofilament (Fig. 2). Second, by benefiting from
the scale invariance property of Maxwell’s equations, we
rapidly compute spectra for an extended set of d values.
The latter procedure significantly speeds up the process, so
we can calculate an integrated figure of merit over a wide
range of geometric parameters.

1. Simulation setup

To study the IR transmission of the design, we employ
the finite-element method to calculate rigorous solutions
of Maxwell’s equations, using commercial software (COM-
SOL Multiphysics® v5.3). Since the metal-coated monofil-
aments are considered infinitely long, identical, parallel
cylinders, the geometry is two dimensional, consisting of
an array of circular, metal-coated monofilaments, hexag-
onally arranged and surrounded by air (Fig. 2). We use
air as the background medium, as the shape-memory poly-
mer beads take only a very small volume in the structure.
Moreover, the refractive index of such polymers, typically
below 1.5, would only slightly increase the effective index.

In the relevant IR wavelength range, many metals can
be approximated as perfect electric conductors, with an
infinite conductivity. Thus, we can implement the perfect
electric conductor (PEC) boundary condition around the
monofilaments. This leads to a complete reflection of inci-
dent radiation from these surfaces, without any material
losses. Floquet periodic boundary conditions are used on
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the top and bottom boundaries, to represent an infinite
repetition in the vertical direction of Fig. 2. The vari-
ous diffraction orders that originate for smaller wavelength
excitations are computed with port conditions (on the left
and right sides of Fig. 2).

A plane-wave source with perpendicular incidence
impinges upon the structure. The IR transmittance depends
strongly on the polarization of the incident radiation.
Therefore, it is of crucial importance to take into account
both a TE (one electric field component out of plane) and
TM (one magnetic field component out of plane) case.
After calculating the transmission spectra, we determine
the figure of merit τ given by

τ =
∫ λ2
λ1

T(λ)φbb(λ) dλ
∫ λ2
λ1

φbb(λ) dλ
, (1)

where T is the transmission spectrum of the fabric, φbb is
Planck’s black body distribution for a skin temperature at
34 ◦C, and (λ1, λ2) is the wavelength interval that covers
nearly all of the human body emission spectrum (we use
4–45 μm). Hence, τ will be used throughout this work as
a standard measure of how much emitted thermal radiation
by the human body is transmitted through the fabric to the
ambient environment.

2. Scaling

A large parameter range needs to be studied: distance
d = 0.4–18 μm, filling factor f = 0.01–0.5, and the whole
wavelength range of human body emission (4–45 μm).
Most of the recent literature uses 5–25 μm for the wave-
length range; however, more than 15% of thermal body
radiation is above 25 μm, so we employ a wider range. We
vary f from 0.01 to 0.5 in steps of 0.025 for a fixed value
of d, leading to simulations of 20 different geometries for a
single d. Each simulation requires extensive computational
time and memory, but we can fortunately limit the number
of simulations by exploiting a scaling method.

In classical electromagnetism the field equations are
scale invariant in the absence of any source (i.e., charge
and current). Specifically, Maxwell’s equations are invari-
ant under the transformations x − λx and t − λt, so solu-
tions of a micrometer-scale structure at IR wavelengths
are the same as those for the nanometer-scale structure
at optical wavelengths (without material dispersion). By
following this principle we develop a scaling technique
to procure all the solutions for d = 0.4–18 μm using the
result from a single simulation at d = 10 μm.

The use of PEC conditions allows us to implement
the scaling method, as, in principle, real metals with
wavelength-dependent or dispersive electromagnetic prop-
erties break the invariance. However, the scaling approach
remains highly accurate for our IR situation, where real
metals are highly conductive. Indeed, we compared sim-
ulations with metals (such as silver) and PEC conditions,
and the results are quasi-identical (see Fig. 2 within the
Supplemental Material [42]).

III. RESULTS AND DISCUSSION

We discuss in detail the electromagnetic calculation
results for both TE (Sec. III A) and TM (Sec. III B) polar-
izations, leading to qualitative differences between the
cases. Furthermore, we discuss these electromagnetic find-
ings for dynamic textile applications (Sec. III C). Finally,
we evaluate the overall efficiency with respect to the user’s
thermal comfort, which is strongly enhanced (Sec. III D).

A. TE polarization

As we will see, the TE transmission spectra are very dis-
tinctive, and provide good opportunities for thermal tun-
ing. Simulations of TE transmittance are shown in Fig. 3
for selected parameters: each panel fixes f and shows spec-
tra with varying d. The spectra have specific wavelength
regions or bands due to a number of photonic effects.
Note a similarity between the curves, with varying band

1.0

0.0

1.0

0.0

1.0

0.0

(a) (b) (c)

FIG. 3. Simulations of TE transmittance as a function of wavelength for d = 2, 4, 10, and 12 μm and (a) f = 0.15, (b) f = 0.35, (c)
f = 0.45 (solid lines). The dashed line depicts the human body emissivity at a skin temperature of 34 ◦C.
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positions along the wavelength axis (shifting to right or
left) and band magnitudes (higher or lower transmittance).

For a clear example, we examine the curve for d =
10 μm in Fig. 3(b) ( f = 0.35, orange line). For larger
wavelengths, above a cutoff wavelength of about 17 μm,
the spectrum exhibits a wide (semi-infinite) stopband with
low transmission, called the plasmonic gap, leading to
a complete blockage of thermal radiation transmission
[43–47]. Interestingly, this gap does not originate from
the geometry of the design, but rather from the physical
property of the perfectly conducting scatterers [48].

Next to the plasmonic gap, there is a first transmission
band, extending from 12 to 17 μm, with a center wave-
length following the Bragg condition, similar to dielectric
photonic crystal band gaps [49]. This transmission band
presents three resonance peaks, similar to Fabry-Pérot cav-
ity modes of finite photonic crystals or multilayers with
only a few layers [48,50].

In addition to the plasmonic gap, we observe a structural
band gap for wavelengths just below the first transmission
band [51,52], which originates from the geometric design,
and extends from 9 to 12 μm, again blocking the trans-
mission of thermal radiation. Finally, below the structural
band gap, there is a continuous second transmission band
below 9 μm, with a complicated set of resonances.

Now we can assess the impact of d and f on these partic-
ular ranges. When d increases (decreases), the spectra shift
to longer (shorter) wavelengths. For example, for f = 0.35
[Fig. 3(b)], when increasing d from 10 to 12 μm, the spec-
trum shifts to the right: plasmonic gap (from greater than
17 μm to greater than 22 μm), first transmission band
(from 12–17 μm to 14–21 μm), structural band gap (from
9–12 μm to 11–14 μm), and second transmission band
(from less than 9μm to less than 11 μm).

For the effect of the fill factor f , we can compare,
e.g., the three spectra for d = 10 μm [orange graphs
in Figs. 3(a)–3(c) for f = 0.15, 0.35, and 0.45]. Over-
all, the magnitude of the transmission bands decreases
when f increases, as we indeed expect more scattering.

Furthermore, if we examine the first transmission band,
the large wavelength edge shifts much more than the
small wavelength edge. Consequently, for increasing f , the
first transmission band becomes noticeably narrower. The
structural band gap, however, remains fairly constant in
width.

The variations of d and f thus have significant conse-
quences, especially concerning band shifting. This effect
is imperative for the dynamic fabric, as the human body
emissivity is fixed (dashed black line in Fig. 3), while the
textile transmission can switch by tuning d and f . Now, we
need to find optimal parameter values that allow the fabric
to operate efficiently in two different modes (cooling and
heating modes), for which we use the integrated transmit-
tance τ [see Eq. (1)] as a figure of merit, with the inte-
gration performed over the emissivity of the human body
(λ1 = 4 μm, λ2 = 45 μm) at a skin temperature of 34 ◦C.

In Fig. 4(a) we map τ as a function of d and f , where we
can distinguish five regions: (i) bottom-left corner where
both f and d are very small (f < 0.1, d < 2 μm), (ii)
bottom-right corner where f is large and d is relatively
small (f > 0.4 and d < 2 μm), (iii) top-left corner where f
is small and d is large (f < 0.1 and d > 10 μm), (iv) top-
right corner where both f and d are very large, (v) the
middle where d is from 2 to 10 μm and the whole range
of f = 0.02 to 0.45. We now discuss these regions, with an
eye to dynamic textile application.

In region (i), τ is close to zero, and this implies that,
when both f and d are small, the proposed design will
reflect most of the thermal radiation back to the human
body. As a result, the DTST is operating in a heating mode.
The very low τ in this region is because the plasmonic
gap shifts to short wavelengths, as far as below 5 μm [see
d = 2 μm (red curve) in Fig. 3(a)], covering most of the
human body emissivity curve. So the first transmission
band has almost no overlap with the human emissivity,
resulting in a very low τ .

In region (ii), τ becomes even smaller. With increasing
f , the transmission band becomes weaker, and shifts even

(a) (b) (c)

0.50

1.0

0.00.0

1.0

FIG. 4. Spectrally integrated transmittance τ for TE polarization. (a) Map showing τ as a function of f and d. (b) Plot of τ as a
function of d for constant radii r. (c) The maximum of dτ/dd as a function of r.
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further to smaller wavelengths, leading to even less over-
lap. Therefore, the fabric can operate in the heating mode
in this region as well, profiting from the plasmonic gap.

In region (iii), τ is above 0.7 due to a large d and small
f , which fosters the dominance of the second transmis-
sion band. In this case, both the plasmonic gap and the
structural band gap are shifted towards larger wavelengths,
beyond the main human body emissivity range. Therefore,
thermal radiation transmission from the human body to
the environment increases; thus, this region can facilitate
a cooling mode.

Region (iv) presents a moderate τ , in the range of 0.4 to
0.5. In this case, the important second transmission band
due to increased d is counterbalanced by the decrease of
the magnitude of this specific band due to an increase in
f . In addition, the structural band gap broadens due to
f . Moreover, the plasmonic gap shifts to shorter wave-
lengths, decreasing τ [see d = 12 μm (purple curve) in
Figs. 3(a)–3(c)].

In region (v) there is a bump around d = 4–5 μm that
exists for a wide range of f , and then stretches and flat-
tens for higher f . Interestingly, the reason behind this bump
is the dominance of the first transmission band under the
emissivity curve for d = 4 μm (blue curve in Fig. 3). More
specifically, below d = 2 μm, the first transmission band
has not entered under the human body emissivity curve, yet
gradually with increasing d it shifts to the right and over-
laps. Around d = 4 μm, the majority of this band overlaps,
leading to a higher τ bump. Furthermore, since the first
transmission band shrinks with increasing f , the bump flat-
tens for larger f . One has to keep in mind that, overall,
increasing f decreases τ . The dip around d = 6 μm, imme-
diately after the bump, is due to the structural band gap
sliding under the emissivity curve. Upon further increas-
ing f , the structural band gap shifts and is replaced by the
second transmission band.

Figure 4(a) is a parameter framework that allows one
to identify a specific range of parameters f and d that are
suitable for a dynamic textile. Each τ point on the map
corresponds to a certain d, f , and r, as f = 2r/d. Thus,
for most variations in the map, the wire radius r changes,
which is difficult in a practical realization. However, one
can fix the radius r and assess the behavior of τ as a func-
tion of f and d. This is done by extracting τ from the map
[Fig. 4(a)] for a fixed r, which gives a hyperbola when
plotted as a function of f and d [see Fig. 1(a) within the
Supplemental Material [42] ].

In detail, in Fig. 4(b) we present τ as a function of d
for various r. The arrow indicates the decreasing nature of
τ with increasing r. Furthermore, the curve behaves dif-
ferently for various d regions: for d < 4 μm, τ increases
with a steep slope, then, around d = 2 to 6 μm, it flattens,
and after d > 6 μm, starts to increase gradually. The steep
slope indicates a very useful switching region with respect
to the wire distance d. A change in d of approximately

2 μm for r = 0.41 μm results in a transmittance change of
�τ = 0.4, and for r = 0.07 μm in a change of �τ = 0.7
for example.

In light of this, as a figure of merit, we introduce the
derivative of τ with respect to d [see Fig. 1(b) within the
Supplemental Material [42] ]. The maximum of dτ/dd is
plotted as a function of r in Fig. 4(c). For r < 0.1 μm,
there is a very large value of dτ/dd (0.45–0.55 μm−1),
decreasing upon increasing r. This is because a smaller r
corresponds to a smaller f , which results in a larger τ and
dτ/dd.

Now we can determine a suitable r for efficient oper-
ation: a very small r gives the largest and best dτ/dd,
and accordingly the best switching efficiency. The practical
limit for the size of the monofilament diameter in cur-
rent textile technology can go to the submicrometer scale.
For example, for a carbon-based nanofiber, the reported
diameter is around 200 nm [53]. If this is the fabrication
limit, r < 0.1 μm is not practical. As a result, we use
r ≥ 0.1 μm, which corresponds to dτ/dd ≤ 0.4 μm−1 for
the proposed fabric.

B. TM polarization

In this section, we analyze the electromagnetic response
for TM polarization. Numerical spectra together with the
human body emissivity are presented in Fig. 5. For longer
wavelengths, unlike for TE polarization, there is no plas-
monic gap. Instead, there is a transmission band followed
by a structural band gap. Furthermore, this structural band
gap has a strong dependence on f , and for larger f , this
band gap becomes quite deep [see f = 0.45 (green curves)
in Fig. 5]. Meanwhile, for smaller f , the structural band
gap is weak and insignificant [see f = 0.15 (blue curves)
in Fig. 5]. Furthermore, the spectra shift to the right (left)
with increasing (decreasing) d.

In Fig. 6 we show the map of τ as a function of f and d.
We can now divide this map into three regions: (i) where
f < 0.1, (ii) where f > 0.1 and d < 4 μm, and (iii) where
f > 0.15 and d > 4 μm. In regions (i) and (ii) τ is around
0.9 and, thus, close to a complete thermal transmission,
which is in contrast with region (i) for TE polarization [see
Fig. 4(a)], but analogous to region (iii) for TE polarization
[very small f and very large d in Fig. 4(a)].

In region (i), with small f , the spectral transmittance
is very high for longer wavelengths [see f = 0.15 (blue
curves) in Fig. 5]. Furthermore, even though the spectral
curve shifts to higher wavelengths with increasing d, as
long as there is no strong structural band gap, which is the
case for small f , τ stays the same and large (approximately
0.9).

Region (ii) also has a large τ : even though high f
induces the geometric band gap, for small d, this gap is
not yet under the human body emissivity curve [Fig. 5(a)].
Indeed, the spectral transmittance curve will not be the
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(a) (b) (c)
1.0

0.0

1.0

0.0

1.0

0.0

FIG. 5. TM transmittance spectra for f = 0.15, 0.35, and 0.45 μm, and (a) d = 4 μm, (b) d = 10 μm, (c) d = 12 μm. The dashed
line depicts the human body emissivity at a skin temperature of 34 ◦C.

same for all f , but the overlap with the emissivity curve
leads to very similar results.

In region (iii) τ starts to decrease gradually. There also
exists a valley with its center around d = 10 μm for larger
f , which flattens with decreasing f and increasing d. The
valley appears because the structural band gap is strongly
present for larger f . Shifting the spectral transmittance by
changing d allows for a good overlap with the emissivity
curve, which decreases τ . The center of the valley where τ

is small is exactly when the structural band gap is com-
pletely under the emissivity curve. Increasing d further
shifts the structural band gap to the right and finally out
of the emissivity curve. Consequently, this allows the next
transmission band to enter the curve, and thus τ increases,
and the valley disappears.

C. Global design aspects

Thermal radiation emitted by the human body is a
largely incoherent, unpolarized electromagnetic wave,

1.0

0.0

(i)

(ii)

(iii)

FIG. 6. Spectrally integrated transmittance τ for TM polariza-
tion as a function of f and d.

consisting of both TE and TM components. So far, we
have performed calculations for TE and TM polarizations
independently, to identify the various photonic effects as
a function of the geometric parameters. Here, we further
assess these findings for flexible textiles. For example,
we explore various monofilament configurations that could
lead to a dynamic textile.

The TE calculations show a fortunate result, mainly
due to the plasmonic gap and its dynamic response. Con-
trarily, since the plasmonic gap does not exist for TM
polarization, it is not possible to utilize the same effect for
both polarizations at the same time. However, to benefit
both polarizations, a crossed array configuration provides
a solution; see Fig. 7.

In the crossed case, the polarization component which
is TE for the first array, becomes TM for the second array
(and vice versa). Thus, if we use the edge of the plasmonic
gap to modulate the transmission of the TE component via
the first array, the transmission through the second array
will be quasicomplete. Similarly, for the TM component,

TE/TM
H/E

E/H

K

y

y

x

x

z

z

d

FIG. 7. Illustration of a crossed array configuration: (left)
perspective and (right) planar view.
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the transmission through the first array will be almost
total, and the second array can be used to modulate the
transmission (as TM becomes TE for the second array). In
other words, a polarization modulated in the first array will
be largely transmitted through the second array (and vice
versa). We justify this reasoning using a three-dimensional
(3D) simulation for the crossed array configuration (see
Fig. 5 within the Supplemental Material [42]).

The crossed array can thus fully control the transmis-
sion of thermal radiation from the human body. It is also
worthwhile to note that such a crossed nature is standard
in textile production, especially for woven fabrics. As a
result, in the next section, we discuss the thermal per-
formance in two parts, for noncrossed (nonwoven) and
crossed (woven) configurations.

The operational mechanism of the DTST design is tol-
erant to moderate amounts of disorder. Fundamentally, if
some (or all) of the monofilaments are shifted from their
original position, the crucial photonic effect that drives the
operational mechanism (i.e., the plasmonic gap) is weakly
affected (see Fig. 3 within the Supplemental Material [42]).
It is expected that a substantial amount of disorder, such
as removing some monofilaments or shifting them far
from their original position, can disrupt the DTST func-
tion. However, careful integration of the design in a fabric
should allow us to minimize the disorder to a tolerable
extent. For example, one can configure the DTST fabric
to be sandwiched between two separate layers of highly IR
transparent fabric layers, made of woven fibers or aerogel
material. This would further contribute to the mechanical
rigidity, without distorting the radiative transfer channel.

In light of the TE and TM results, for the noncrossed
(nonwoven) configuration, there is a possibility to exploit
the structural band gap, as it exists in both polarizations.
However, as can be seen from Figs. 4(a) and 6, the struc-
tural band gaps from the two polarizations do not align
perfectly. As a consequence, the combined efficiency for
thermal radiation suppression is relatively weak, so this
configuration is not the best option for textile applications.

Examining a narrower wavelength range, however,
allows for alternative dynamic IR filter applications. Fur-
thermore, the dynamic contrast can be enhanced with more
periods in the geometry. In Fig. 8(a) we show the spectrally
integrated transmittance τn for a narrower wavelength
range of the human body emissivity: from λ1 = 9.6 μm
to λ2 = 10 μm [see Eq. (1)]. This time the design has an
extra layer of wires [see the inset of Fig. 8(b)], leading to
wider structural gaps, and the incoming radiation is con-
sidered unpolarized (we average TE and TM). The dark
blue valley with low τn on the map around d = 10 μm is
the result of the overlap of the structural band gaps for TE
and TM polarizations. In Fig. 7(b) we show the gradient
of τn for an optimized r = 0.9 μm, which shows a useful
sharp change (�τn = 0.6) in the range of d = 10 to 12 μm.
Thus, this design also functions as an efficient dynamic IR

�

1.0

0.0

K

K d

y

xz

TE

TM

(a)

(b)

FIG. 8. (a) Spectrally integrated transmittance τn for a nar-
rower wavelength range as a function of f and d. (b) Plot of τn
for a constant radius r = 0.9 μm (inset shows the geometry, with
an extra period).

filter, in this case around the human body peak emission
wavelength (9.6 μm).

D. Thermal evaluation

We evaluate the thermal efficiency of the fabric based on
a thermal model developed for this specific case (see the
Appendix for details). This model builds upon the work
of Siegel [54], who handled the radiative heat transfer
between two opaque surfaces with a partially transpar-
ent nonabsorbing layer in between. We further extend
this formalism to include both radiative and nonradiative
heat transfer (i.e., conduction and convection) processes.
Furthermore, the thickness of the fabric and air gap (micro-
climate) are taken into consideration. The main goal of
the modeling is to determine the maximum and minimum
surrounding environment temperatures that the textile can
maintain without affecting the wearer’s thermal comfort
(i.e., the ambient setpoint temperature). Indeed, the user of
a dynamic fabric can adapt to a wider ambient temperature
range than with a static textile.

We assume a constant body heat generation of Q =
70 W/m2, corresponding to a sedentary individual with a
skin temperature of 34 ◦C [23]. Thus, the equality between
body heat generation and the sum of radiative, conduc-
tive, and convective heat flows defines the user’s thermal
comfort. We assume a typical air gap of 1 mm for the
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microclimate thickness. Furthermore, the thermal conduc-
tivity of air is kair = 0.03 Wm−2 K−1, the effective thermal
conductivity of fabric is kDTST = 0.05 Wm−2 K−1 [55–
57], the natural convection heat transfer coefficient is
h = 3 Wm−1 K−1 [58], fabric thickness follows the rela-
tion tDTST = 2(d + r) (nonwoven) and tDTST = 4(d + r)
(woven), the emissivity of the skin is approximated as a
gray body with εskin = 0.98, the emissivity of the ambi-
ent environment is approximated as a black body with
εamb = 1, and τ is retrieved from electromagnetic calcu-
lations for r = 0.1 μm, which we identified before as a
suitable optimal size based on electromagnetic calculations
and fabrication limits.

A typical setpoint temperature band for human thermal
comfort in buildings, especially in offices, is subjective
and requires polls and statistics in order to have a reli-
able value [59]; thus, here we consider a general average
value of 22–24 ◦C for traditional textiles from the litera-
ture [60]. A lower setpoint corresponds to a better fabric
heating performance, and a higher setpoint corresponds to
a better cooling performance.

By using a DTST fabric, based on a crossed (woven)
monofilament configuration, an expanded thermal comfort
range with the lowest setpoint of 9.5 ◦C, and the highest
setpoint of 25.7 ◦C, is achievable (Fig. 9). The lowest set-
point corresponds to τ close to zero, where d = 1.2 μm
(expected maximum shrinking limit of polymer beads),
and the plasmonic gap covers most of the human body
emissivity curve; thus, the fabric is opaque to thermal radi-
ation emitted by the human body. On the other hand, the
highest setpoint achieved by the DTST corresponds to τ =
0.9, where d = 14 μm (expected maximum swelling limit
of polymer beads), and the second transmission band is the
dominant photonic effect under the human body emissivity

1.00.0

Am
bi

en
t s

et
po

in
t (

°C
)

DTST noncrossed

FIG. 9. Ambient setpoint temperature as a function of τ and
d in crossed (dots above red font) and noncrossed (dots above
blue font) configurations for r = 0.1 μm. The setpoint temper-
ature values of bare skin and traditional (cotton) textile are also
indicated.

curve; thus, the fabric is highly transparent to thermal radi-
ation emitted by the human body. In addition, it is already
possible to achieve a satisfactory highest setpoint temper-
ature of approximately 24.5 ◦C with a limited swelling to
only d = 4 μm, which corresponds to τ = 0.68.

In comparison, the lowest setpoint is 4.8 ◦C lower than
for the Mylar space blanket (14.3 ◦C) [61], 4.4 ◦C lower
than for the dual-mode textile (13.9 ◦C) [31], and 5.2 ◦C
lower than for the nanoporous metallized polyethylene tex-
tile (14.7 ◦C) in its cotton-polyethylene-Ag configuration
[13]. Furthermore, the highest setpoint is 2.9 ◦C larger
than that of cotton (22.8 ◦C), 1.4 ◦C more than for the
dual-mode textile (24.3 ◦C) [31], and 0.6 ◦C more than for
nanoporous polyethylene textile (25.02 ◦C) [23].

Accordingly, the dynamic woven configuration pro-
vides a very wide ambient setpoint temperature window
of approximately 16 ◦C (Fig. 9). To our knowledge, the
maximum reported setpoint window in both theoretical
and fabricated textiles is 10.4 ◦C for passive (dual mode
[31]) and 8.2 ◦C for active (squid skin inspired compos-
ite textile [9]) fabrics. In essence, this makes our proposal
a very promising design, capable of preserving the ther-
mal comfort of the wearer in a highly dynamic temper-
ature situation, with fluctuations in the range of 9.5 to
25.7 ◦C.

On the other hand, for the noncrossed monofilament
configuration, the thermal calculations still show an
extended ambient setpoint temperature window of 6.9 ◦C
(Fig. 9). The lowest setpoint is 19◦C and highest set-
point is 25.9 ◦C. As a result, the warming functionality
of the design performs better than the Omni-Heat technol-
ogy [62], a commercially available garment developed by
Columbia Sportswear Company with a lower setpoint tem-
perature of 20.6 ◦C. In addition, the cooling functionality
performs better than the cooling mode of the dual-mode
textile (24.3 ◦C for the higher setpoint) [31].

The envisioned DTST fabric could be made by uti-
lizing micro- and nanofabrication techniques combined
with standard textile manufacturing methods [19,27,30].
These techniques can vary from the very advanced 3D
printing and core-shell electrospinning to the basic extru-
sion and dying processes. For example, Wang et al.
[63] implemented the following. Firstly, they extruded a
polymer from a spinneret to acquire the dielectric-core
monofilament, which was subsequently drawn through a
bath containing a metal solution. Secondly, they applied
microwave radiation to facilitate the bonding of metal
with the dielectric-core monofilament. Thirdly, the metal-
coated monofilament passed through a bath with a stimuli-
responsive polymer actuator solution to produce a layer
containing the desired polymer beads. They controlled
the polymer beads’ size by adjusting the concentra-
tion, viscosity, and solvent component of the solution,
or even by controlling the drawing velocity. In the end,
various combinations of fabrication methods can be used
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to influence the design parameters, material choice, and
efficiency.

IV. CONCLUSION

We demonstrate a personal radiative thermal regulat-
ing fabric based on a dynamic transmittance switch textile,
using extensive electromagnetic and thermal calculations.
The passive design with highly conducting wires bene-
fits from various IR photonic effects to strongly control
the wide-band transmission or reflection of thermal radi-
ation. In the end, a very wide temperate setpoint window
can be achieved, with the woven fabric configuration lead-
ing to approximately a 16 ◦C setpoint window. The wearer
is comfortable between 9.5 and 25.7 ◦C, wider than any
reported switchable fabric, active or passive. The proposed
design is constituted from metal-coated monofilaments and
stimuli-responsive polymer beads, which enables a pas-
sive dynamic response. Finally, the polyvalent structure
can also be applied for narrowband, IR filter devices.
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APPENDIX: THERMAL MODEL ANALYSIS

We consider thermal dissipation from the human body to
the ambient environment as a one-dimensional steady-state
heat transfer problem. Heat generated by the human body
is lost by three different heat transfer processes (conduc-
tion, radiation, and convection); thus, the equality between
total heat dissipation with total heat generation

Qgen = Qrad + Qcond + Qconv (A1)

leads to the user’s thermal comfort [see Fig. 10(a)]. By
implementing the well-established net radiation technique,
Siegel [54] showed that the transfer between two opaque

surfaces with a nonemitting layer in between is

Qrad = σ(T4
skin − T4

amb)

1/εskin + 1/εamb + 1/τ − 2
, (A2)

where σ = 5.6 × 10−8 W/m−2 K−4 is the Stefan-Boltzmann
constant, Tskin is the skin temperature, Tamb is the ambi-
ent setpoint temperature, εskin and εamb are the emissivities
of the skin and ambient environment, respectively. Con-
ductive heat transfer through the air gap (microclimate)
follows from Fourier’s law:

Qair
cond = kair

tair
(Tskin − Tin

DTST); (A3)

conductive heat transfer through the fabric reads

QDTST
cond = kDTST

tDTST
(Tin

DTST − Tout
DTST). (A4)

Here kair and kDTST are the thermal conductivity of air and
effective thermal conductivity of the DTST fabric, tair and
tDTST are the thicknesses of the air gap and DTST fabric,
and Tin

DTST and Tout
DTST are the fabric’s inner and outer side

temperatures. The effective thermal conductivity of the
DTST fabric is anisotropic and it consists of two compo-
nents, kz and kx, in the directions parallel and perpendicular
to the filaments’ axis, respectively. The thermal conductiv-
ity in the longitudinal direction, i.e. the z direction with
reference to Fig. 10(b), is given by

kz = fkm + (1 − f ) kair, (A5)

where f is the monofilament filling fraction, km and kair
are the thermal conductivities of the filament and air,
respectively.

On the other hand, the thermal conductivity in the trans-
verse direction, i.e., the x direction [Fig. 10(b)], can be

(b)(a) y

x
z

FIG. 10. (a) Schematic of the heat transfer analysis. (b) Transverse and longitudinal thermal conductivity.
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calculated using
1
kx

= f
km

+ 1 − f
kair

. (A6)

Since we are interested in 1D heat transfer from the human
body to the ambient environment, only the transverse con-
ductivity is considered in our heat transfer analysis (i.e.,
kDTST = kx). Note that, due to the dynamic nature of the
DTST operation, the porosity of the design is not constant;
however, we consider an average value in the thermal
calculation [55–57,64,65]. Because of the small Rayleigh
number in the air gap region, the convective heat transfer is
negligible. However, convective heat transfer from the fab-
ric outer surface to the ambient environment follows from
Newton’s law of cooling:

Qconv = h(Tout
DTST − Tamb) (A7)

with h the convective heat transfer coefficient. A thermal
balance combination of Eqs. (A2), (A3), (A4), and (A7) for
the top surface, inside the fabric, and in the air gap allows
one to calculate the ambient setpoint temperature.

The DTST is an IR transparent fabric, so the absorption
or emission of the fabric is close to zero. Because of this,
the amount of heat dissipation via radiation depends on
the two emitters’ temperature and emissivity (the human
body and the ambient environment). However, with fixed
skin temperature, fixed skin and ambient emissivities, the
temperature of the ambient environment and transmit-
tance of the fabric are the only factors that determine
the radiative transfer. Thus, Qrad in the air gap, inside
the fabric, and in front of the fabric is the same. For
example, if one considers the maximum cooling capabil-
ity of the DTST (i.e., Tamb = 25.9 ◦C), Qrad contributes
approximately 90% of the total heat dissipation and
Qconv = Qair

cond + Qair
DTST contributes the remaining approx-

imate 10%. Indeed, this is expected since the DTST is
highly transmitting in the cooling mode, and Qconv and
Qcond depend linearly on the temperature gradient. On the
other hand, in the heating mode, DTST transmittance is
very low, and Qrad contributes only approximately 10%
of the total heat loss. While, with a higher temperature
gradient, Qconv = Qair

cond + QDTST
cond contributes the remain-

ing approximate 90%. However, the above two examples
are extreme cases; the dynamic nature of the DTST oper-
ation makes it hard to have static information about the
various contributing heat transfer processes (i.e., with a
different ambient temperature, the transmittance of the fab-
ric changes, and, with it, the outer and inner side fabric
temperatures).

The air gap (microclimate) thickness has a signifi-
cant effect on controlling the conductive heat transfer.
Indeed, a considerable thermal conductivity decrease can
be achieved by increasing the gap between the skin and the
textile. For example, one can increase the air gap thickness,

as long as the convective heat transfer in this region is
negligible. Another solution is to add IR transparent mate-
rial layers on the inner side of the fabric, which would cut
conduction, while avoiding an increase in convection in the
air gap.
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