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Radiative heat management for personal comfort using photonic engineered textiles has the potential
to provide a substantial advantage for an energy-efficient and sustainable society. Here, we propose a
Janus-yarn design approach for a dual-mode double-sided thermoregulating fabric: a passive-radiative-
management textile using asymmetric yarn composition, leading to dual-emissivity characteristics. The
fabric provides both passive cooling and heating functions, achieved by wearing the textile inside out. The
very strong emissivity contrast is achieved by utilizing both metallic and dielectric fibers within the yarn,
benefiting from the plasmonic gap on the one hand and Fabry-Perot and multipole localized modes on the
other. This tailored combination of reflective and absorptive structures leads to a substantial emissivity
asymmetry between the two surfaces of the fabric (Ae = 0.72). Consequently, the fabric provides a very
wide 13.1°C set-point temperature window, with the wearer staying comfortable between 11.3 and 24.4°C.
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I. INTRODUCTION

To keep up with the rapidly expanding gap between
clean energy production and overall energy demand, opti-
mizing the consumption becomes a necessity. From the
various major energy-loss channels, heating and cooling
of mostly empty spaces in buildings stands out [1,2].
Therefore, instead of large-scale energy-demanding sys-
tems, passive personal thermal management can become
a critical measure to lower consumption and guarantee a
sustainable future.

For personal thermal-management technologies, more
specifically for textiles, controlling the radiative heat trans-
fer has gained more attention than the other mechanisms,
due to its universality and high tunability. To a large extent,
the human body loses its metabolically generated heat by
emitting infrared (IR) radiation centered near 10 um [3].
Specifically, in an indoor setting such as an office, more
than 50% of the heat loss is attributed to IR radiation.

Several state-of-the-art membranes, fibers, and nano-
or microparticle-based fabrics have been designed and
fabricated for passive (requiring no energy input), single-
mode (cooling or heating), and dual-mode (both heating
and cooling) thermal-management textiles [4—24]. These
designs often rely on photonic designs to control and
manipulate radiative transfer from the human body to the
ambient. The most attractive thermal-management fabrics
are those that provide a dual functionality, as they possess
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both cooling and heating modes and switch between modes
without external energy input [25-28].

The radiative characteristics of any fabric depend on
absorptance, transmittance, and reflectance (which sum to
unity). Furthermore, Kirchhoff’s law states that at thermo-
dynamic equilibrium, the absorptance equals the emissiv-
ity. Fundamentally, in order to cool (heat) the human body,
there are two options. One can highly promote (suppress)
the transmission of radiation directly through the fabric to
the ambient, by designing a transparent (reflective) fabric
[e.g., infrared transparent visible opaque fabric (ITVOF)
and dynamic transmittance switch textile (DTST)] [4,28].
Alternatively, one can substantially increase (decrease)
the radiative emission from the fabric to the ambient,
by designing a high- (low-) outer-surface-emissivity tex-
tile [26].

Recently, Janus-membrane fabrics have been reported
with asymmetric radiative properties, due to both low- and
high-emissivity materials [29—35]. However, unlike fab-
rics made out of fibers and yarns, membrane-based tech-
nologies often lack air and moisture permeability to pro-
vide the required thermal comfort, so other technologies
should be developed.

In this work, we demonstrate a promising Janus-yarn
framework for a personal thermoregulating fabric. The
passive fabric is composed of a staggered asymmet-
ric structure, which controls the radiative transfer from
the human body to the ambient by strongly modulating
the emissivity. We perform a comprehensive numerical
study of the optical and thermal properties of the design
to determine optimized parameters for both heating and
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cooling functionalities. The switching between the cool-
ing and the heating mode is achieved through physical
flipping of the fabric. The design capitalizes on numer-
ous photonic effects that stem from the design geometry
and material choice, as both metallic and dielectric mate-
rials are present. The photonic and thermal properties lead
to a substantial emissivity contrast (Ae = 0.72) between
the two surfaces of the fabric, providing the two modes
of operation. Consequently, this leads to a very significant
13.1°C set-point temperature window for comfort.

In Sec. II, we explain in detail the working principle of
the Janus-yarn textile. In Sec. III, we present both mod-
eling schemes: the electromagnetic (Sec. III A) and the
thermal approach (Sec. IIIB). In Sec. IV, we assess the
modeling results and evaluate the design performance and
Sec. V concludes.

II. PROBLEM STATEMENT AND DESIGN
PRINCIPLE

Traditional textiles can only be utilized comfortably in a
limited temperature window, functioning only in one mode
(cooling or heating), even under dynamic ambient temper-
ature changes. In a cold environment, where the ambient
temperature is below the natural comfort zone, one must
use fabrics designed for warming purposes, such as win-
ter garments, or increase the number of layers of clothing.
On the other hand, in a hot environment, when the ambi-
ent temperature is above the natural comfort zone, clothing
that relieves heat stress from the human body is necessary.

However, when the ambient temperature changes, tradi-
tional fabrics fail to accommodate both cooling and heat-
ing functionalities. Due to temperature fluctuations, which
have become more common in recent years, addressing the
lack of flexibility in single-mode textiles is an important
challenge, potentially leading to fewer health problems.
However, single-mode fabrics push the temperature win-
dow only in a single direction. In contrast, our design
for a Janus-yarn fabric possesses dual-mode functional-
ity, with a static switching capability (via inversion of
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FIG. 1. The working principle of emissive Janus-based tex-

tile. When a high-emissivity layer faces the ambient, the fabric
is in cooling mode (left). Once the textile is flipped and the
low-emissivity layer faces outside, the fabric is in heating mode

(right).

the fabric). This provides an opportunity to thermoreg-
ulate for a large ambient temperature variation, conse-
quently resolving both traditional and single-mode textile
flexibility issues.

The core principle relies on the outer-surface emissiv-
ity of the fabric. This stems from the Stefan-Boltzmann
radiative-emission law, which states that the total power
radiated from an object with a surface area S, tempera-
ture 7, and emissivity ¢ is P = Seo T*, where o is the
Stefan-Boltzmann constant. Changing this emissivity from
low to high strongly modulates the radiative heat transfer
to the ambient (see Fig. 1). Therefore, for cooling func-
tionality, the high-emissivity layer of the fabric faces the
ambient such that the surface acts as an infrared radia-
tor. On the other hand, flipping the same fabric exposes
the low-emissivity side to the ambient, acting as radiative
insulation. Further, because the fabric is constituted out of
yarns, which are bundles of fibers, it provides the required
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(a) The simulation model, with the polarization convention and incidence direction. The pattern is repeated in the vertical y

direction. (b) The main heat-flow channels when the fabric covers skin, with an air gap in between. (c) The thermal-circuit analogy.
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air permeability, water-vapor transmission, and moisture-
wicking properties for standard thermal comfort [36,37].

The asymmetric emissivity of the fabric is achieved
from the photonic structure of the Janus yarns, which
use two different materials: highly absorbing or highly
emitting dielectric microfibers and highly reflecting non-
absorbing or emitting metallic microfibers [Fig. 2(a)]. Both
dielectric and metallic fibers are staggered in a specific
photonic geometry to provide the optimal Janus function-
ality. Consequently, for the heating (cooling) mode, the
metal (dielectric) side of the yarn faces the ambient, as
discussed further on.

III. MODELING APPROACH

The proposed Janus-yarn textile provides comfort over
a large temperature range (called the set-point tempera-
ture window) when the design parameters are optimized.
To determine this temperature window, first we utilize an
electromagnetic model (Sec. III A) to retrieve the spectral
and total radiative parameters and consequently we feed
these characteristics into the thermal model (Sec. 111 B).

A. Electromagnetic model

To study the IR radiative response of the design,
we utilize a commercial finite-element-based Maxwells-
equations solver (COMSOL Multiphysics). The geometry is
constituted from metallic fibers with radius »; on one side
and dielectric fibers with radius 7, on the other [Fig. 2(a)],
all in a hexagonal pattern with center-to-center distance
d. The perfect electric conductor (PEC) boundary condi-
tion is used around the metal fibers. Consequently, perfect
reflection without any material loss is achieved from these
surfaces, which is a very good approximation for many
metals in the relevant IR wavelength range [28].

Due to its strong IR-absorbing property in the relevant
wavelength region (4—25 wm), silicon carbide (SiC) is
used as the dielectric fiber material, with refractive indices
derived from Ref. [38] (see Fig. 1 in the Supplemental
Material [39]). However, other materials with significant
IR absorption (such as cellulose and polydimethylsilox-
ane) could be employed accordingly, by taking factors such
as size, mechanical flexibility, manufacturing techniques,
and so on into consideration [34,40-42].

Simulations are performed with perpendicular incidence
(for TE- and TM-mode polarization) from both sides:
(1) the metallic side [on the left in Fig. 2(a)] and (2) the
dielectric side [on the right in Fig. 2(a)]. Floquet peri-
odic boundary conditions are used on the top and bottom
to represent an infinite repetition in the vertical direc-
tion [see Fig. 2(a)] and the different diffraction orders
are included using port conditions on the right and left
sides. Due to computation time and resources, the geo-
metric optimization is done using two-dimensional (2D)

simulations. However, as discussed later on, full three-
dimensional (3D) simulations are deployed to validate the
2D results and for the best-performing designs.

For the thermal model, one needs the total radiative
quantities: transmittance (t), absorptance (o = ¢), and
reflectance (p). These are the spectrally integrated trans-
mission 7, reflection R, and absorption A, weighted with
the human-body emissivity, for which we employ the
Planck distribution (¢ ) With a skin temperature of 34°C:

22 T/A/RG) e (1)
22 o (R

T/a/p = (1)

with the wavelength range from A =4 um to A, =
25 um, containing most of the human-body radiation.

B. Thermal model

The cooling and heating performance is assessed with
the ambient set-point temperature, which is determined
from a heat-transfer analysis using thermal-circuit mod-
els (see the details in the Supplemental Material [39]).
We treat the thermal dissipation from the human body to
the ambient as a one-dimensional steady-state heat-transfer
problem in dry conditions, hence ignoring mass transfer
through the fabric. The three heat-transfer channels, when
the fabric covers the skin with an air gap in between, are
radiation, conduction, and convection [see Fig. 2(b)]. Note
that the schematic only presents the cooling model: the
dielectric side (¢4) faces the ambient, the metallic side (&)
faces the skin.

For a semitransparent (absorbing and emitting) fabric
layer, radiative (QOradair) and conductive (Qcondair) heat-
transfer processes constitute the exchange through the air
gap, while the heat dissipation from the fabric to the ambi-
ent is via radiation (Qradamb) and convection exchanges
(Oradconv)- Conductive exchange (Qcondex) contributes to
the heat transfer in the textile. Furthermore, radiation
(Orad tran) €xchange occurs between the skin and the ambi-
ent with transmission through the fabric layer. When the
transmission through the fabric is low, one can assume
an opaque layer, S0 Onduran = 0 [see Figs. 3(a) and 3(b)
in the Supplemental Material [39]]. Note that convective
heat transfer in the air gap is negligible, due to the small
Rayleigh number, which stems from the relatively small
air-gap thickness [43].

The corresponding thermal-circuit model is constructed
with thermal resistances [Fig. 2(c)], where T, and &5 are
the skin temperature and emissivity. T,y and g, are the
ambient temperature and emissivity. 7j, is the inner and
Tout the outer textile surface temperature. Rpagair (Which
varies with fabric flipping) and Rcondair are the radiative
and conduction thermal resistances of air. Reondtex 1S the
textile conductive thermal resistance, Ryaqan the thermal
resistance of radiative transmission, Ryaqamp (Which varies
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(a) The TE- and TM-mode absorptance (4), transmittance (7), and reflectance (R) of Janus yarn (r; = 0.6 um, r, =

1.125 um, d = 3 pm) illuminated from the metallic side. (b),(c) The (b) TE- and (c) TM-mode absorptance (4) for fixed r; (0.6 pwm)
while varying 7, (1 and 1.125 pum) and the number of SiC fibers (7 and 10), with incidence from the dielectric side.

with fabric flipping) is the radiative thermal resistance of
ambient, and R,y the convective thermal resistance.

The requirement for a wearer’s thermal comfort is the
balance between metabolic heat generation (Qeq) and total
heat loss in dry condition (Qgry). The total heat loss is con-
trolled by the total thermal resistance Ry, between skin and
ambient. The total heat flux through the air gap and fabric
to the ambient is given by

Ogen = Oy = —2__—2m0 )

Further necessary thermal constants are detailed in the
Supplemental Material [39].

Crucially, due to the asymmetric emissivity character-
istics, the Janus fabric possesses two different Ry, values
for heating and cooling modes, respectively, which we can
calculate using the thermal-circuit model. Subsequently,
by considering a constant metabolic heat generation of
70 W/m? (for a sedentary individual with a skin temper-
ature of 34°C) and with &y, = 0.98 and &,,,, = 1, we can
determine the cooling and heating set-point temperatures,
as discussed later on.

IV. RESULTS AND DISCUSSION

This section presents results from electromagnetic and
thermal calculations: the IR response highlighting vari-
ous photonic properties (Sec. IV A), geometry optimiza-
tion and 3D-simulation validation (Sec. IV B), and fabric
performance analysis using thermal properties (Sec. IV C).

A. Electromagnetic properties

For a given geometry (r; = 0.6 um, r, = 1.125 pm,
d =3 pm), the IR response from the metallic side (4,
T, R) for the TE mode (solid lines) and the TM mode
(dashed lines) are displayed in Fig. 3(a). For the TE mode,

R (solid red line) and T (solid green) show a plasmonic
gap stationed above a cutoff around A =4 um, a funda-
mental metallic effect that blocks the TE-mode radiation
from transmitting to the dielectric fibers and through the
yarn [28,44-48]. As a result, there is a close-to-zero over-
all TE-mode absorption (solid blue line), leading to a very
low emission from the metallic side of the yarn.

However, unlike the TE-mode case, there is no plas-
monic gap for TM-mode polarization. Therefore, the TM
mode is transmitted through the metallic fibers and a
substantial amount is absorbed (dashed blue line) in the
dielectric fibers or reaches the ambient (dashed green).
Unfortunately, this TM-mode absorption and transmis-
sion increases the averaged unpolarized characteristics,
which would negatively affect the heating mode oper-
ation. However, a crossed configuration of the metallic
fibers [see inset of Fig. 5(a)] benefits both polarizations,
which drastically cuts the unpolarized transmission and
absorption.

The crossed-metal-wire configuration works as follows:
the TE-mode orientation for the first array behaves as the
TM mode for the second (90° rotated) array and vice versa
[see the inset of Fig. 5(a)]. Subsequently, there is always an
array with an electric field parallel to the wire, leading to a
strong reflection on one of the arrays due to the plasmonic
gap [see Figs. 2(a) and 2(b) in the Supplemental Material
[39]]. Accordingly, the total emissivity from the metal side
with crossed wires is very close to the spectrally integrated
value for the TE mode in the 2D situation (without crossed
wires, which is validated with 3D simulations), at about
em = 0.017, guaranteeing a very low emissivity from the
metallic side and allowing a heating mode.

Most of the TE-mode and TM-mode radiation imping-
ing from the dielectric side enters the Janus yarn and is sub-
stantially absorbed by the dielectric fibers [see Fig. 3(b)].
Radiation that passes the dielectric fibers in the TE mode
is reflected by the metallic fibers due to the plasmonic gap
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(a) The TE-mode absorptance of a yarn (r, = 1.125 um) for separations d of 2, 3, and 5 um, dielectric incidence. (b) The

electric field norm at (1) A =19.8 um, 2) A =19 um, 3) A =5.5 um, (4) A = 8.7 um, (5) A = 4.45 um, and (6) A = 7.13 pum.
(b) The TE-mode absorptance of single-fiber SiC with diameters of 1.5, 2.25, and 3.75 um (with d = 2, 3, and 5 um ). (d) The electric
fieldnormat (1) A = 19.8 um, 2) A = 19 um, 3) A = 5.5 um, (4) A = 8.7 um, (5) A = 4.45 um, and (6) A = 7.13 pum.

(which acts as an IR mirror), enhancing the absorption path
length and the emission. On the other hand, the TM-mode
radiation that manages to pass the dielectric largely passes
the metallic fibers, as the plasmonic gap is absent, which
negatively affects the emission. Note that this can again be
solved by using the crossed-wire configuration.

In cooling mode, the main design goal is to achieve
a high emissivity from the dielectric side; hence, one
can optimize the various geometric parameters to increase
the absorption: fiber size, separation distance, number of
fibers, and so on (see Fig. 4 in the Supplemental Mate-
rial [39]). To illustrate, we present the absorptance for
a fixed fiber-separation distance (d = 3 pum) with vary-
ing fiber size (r, = 1 and 1.125 pum) and number of SiC
fibers (seven and ten) [see Figs. 3(b)-3(c)]. The geometry
with ten SiC fibers contains three additional fibers to the
right of Fig. 2(a) (adding another layer in the hexagonal
arrangement).

Under the human-body emissivity curve, for the TE
mode [Fig. 3(b)], the absorption contrast between differ-
ent fiber sizes (solid and dashed lines), as well as between
different numbers of fibers (light blue and dark brown) is

small. On the other hand, for the TM mode [Fig. 3(c)],
there exists a noticeable contrast: increasing the size and
the number of fibers gives better absorption. For example,
the best-performing structure is the largest , = 1.125 um
with ten fibers (solid dark brown line), while the least-
performing is 7, = 1 um with seven fibers (light blue
dashed line).

Next, we vary the fiber separation (d = 2, 3, and 5 um)
for a fixed radius (r; = 0.6 um and r, = 1.125 um) and
ten dielectric fibers [for the TE-mode absorption, see
Fig. 4(a)]. In general, the absorption is high; however,
there are variations, originating from various photonic
characteristics. One distinguishes three regions: (i) narrow
peaks at shorter wavelengths (49 um), (ii) a relatively
constant high-absorption plateau at medium wavelengths
(10—15 pm), and (iii) broader resonances at longer wave-
lengths (1625 pm).

These regimes are interpreted via the field profiles (elec-
tric field norm) at specific peaks [see Fig. 4(b)]. Within
region (i), panels (3)«6) show localized higher-order
multipole-type resonances, with, e.g., quadrupoles in panel
(3) (d =3 um, A = 5.5 um) and hexapoles in panel (5).
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This leads to multiple narrow-band increases of the local
field and the absorption. Within region (iii), panel (1)
(d=3 pum, x =19 pum) shows globally a Fabry-Perot
type mode, with an envelope and multiple maxima. Panel
(2) (d =3 pum, A = 17.6 um) develops coupled localized
dipolar modes. The latter modes are lower order and thus
more broadband. On the other hand, region (ii) is relatively
featureless, leading to a plateau of high absorption, which
can be understood via the large absorption of SiC in this
range (see Fig. 1 in the Supplemental Material [39]).

To obtain a clearer understanding of the multifiber yarn
modes, we compare with a single dielectric fiber period of
the same size [for the TE-mode absorptance, see Fig. 4(c)],
with field profiles in Fig. 4(d). Similar to the yarn, in
region (i), the single-fiber spectral curve exhibits narrow
peaks (higher-order multipoles); for example, panels (3)
(d=3pum,A=55um)and (4) (d =5 um, A = 8.7 um)
show trilobal modes [similar to Fig. 4(d) (3) and (4)],
whereas panels (5) (d =3 um, A =4.45 um) and (6)
(d = 3 um, . = 7.13 um) show sextupolelike modes [sim-
ilar to Fig. 4(d) (5) and (6)]. In region (ii), there exists a
broad high-absorption peak, similar to the plateau of the
yarn [Fig. 4(a)]. In region (iii), there is a dipolar peak
or shoulder for d = 5 um (panel 2), similar to the dipole
observed in the yarn profile [Fig. 4(b) (2)].

However, some absorption peaks from the yarn [region
(ii1) in Fig. 4(a)] are not present for the single fiber. Fur-
thermore, the single-fiber field for d =3 um does not
have a particular profile [panel (1)]; thus, the yarn mode
[Fig. 4(b) (1)] points to a global Fabry-Perot type mode,
with an envelope over the whole structure, which is not
possible with the single fiber. Overall, one observes that
the interplay of local and global field enhancements aids
the achievement of strong absorption or emission via the
dielectric fibers.

B. Optimization and 3D validation

With these results, an overall design optimization using
2D simulations (with the crossed-wire approach in mind)
indicates the following geometric parameters: three metal-
lic fibers per period (r; = 0.6 um, d =3 um) to suffi-
ciently cut the transmission (z = 0.0035), leading to a low
total emissivity (&, = 0.017) for heating performance. The
latter combined with ten dielectric fibers (7, = 1.125 um,
d =3 um) delivers a large total emissivity (¢4 = 0.72)
required for cooling.

To confirm the accuracy of the 2D results and further
ground the crossed-wire method, we employ 3D simula-
tions with actual crossed metallic fibers [see the inset in
Fig. 5(a)]. The spectral response for unpolarized radia-
tion (averaged polarization) for incidence from the metallic
and dielectric side is displayed in Figs. 5(a) and 5(b),
respectively. From the metallic side, a very low spectral
absorptance and transmittance is achieved [blue and green
lines in Fig. 5(a)], leading to a very low total emissivity
(¢, = 0.017) and transmittance (r = 0.0039). Therefore,
crossing the metallic fibers has the expected, very useful,
effect of a plasmonic gap for both polarizations. From the
dielectric side [Fig. 5(b)], the absorptance is very large:
above 0.7 from 8 to 15 um and almost reaching 1 at a
peak around 9 um, resulting in a high total emissivity
(¢4 = 0.74). Finally, the transmittance is very low from
both sides, which is important for the thermal properties.

In conclusion, the simulation results using 3D model-
ing agree with 2D results [see also Figs. 2(c) and 2(d) in
the Supplemental Material [39]]. Thus, the crossed-wire
approach works very well and can be modeled efficiently
via 2D for design optimization.

Furthermore, the operational mechanism of the design is
tolerant to moderate amounts of disorder. Fundamentally,
if some (or all) of the monofilaments are shifted from their
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original positions, the crucial photonic effects that drive
the operational mechanism (i.e., the plasmonic gap, Fabry-
Perot, and multipole localized modes) are weakly affected
(see Fig. 6 in the Supplemental Material [39]).

C. Thermal properties

With the thermal model, by considering all thermal
parameters [see Table 1 in the Supplemental Material [39]]
and assuming a very low (close-to-zero) transmission, we
can determine the set-point temperature for a variety of
situations [see Fig. 5(c)].

The maximum ideal upper set-point temperature of a
cooling fabric is 26°C, which is achieved with g5, = 1 and
the inside emission no longer plays a role (horizontal pur-
ple line, which is a function of &j,). The minimum ideal
lower set-point temperature of a heating fabric is 11°C,
which is reached when &, = 0 and the inside emission
is again not a factor (horizontal orange line, which is a
function of &jy).

However, varying go, while fixing &;, to one or zero
(i.e., both give the same result) results in a wide set-point
window [the cyan curve in Fig. 5(c)]. This demonstrates
the vital importance of the outer-surface emissivity of a
fabric to modulate between upper and lower set-point tem-
peratures, in order to provide thermal comfort in a very-
low-transmission situation. The influence of increased
transmittance is discussed in detail in Figs. 3(a)-3(c) in the
Supplemental Material [39].

Most, if not all, smart fabrics for personal thermal
management with very low (close-to-zero) transmission
provide thermal comfort within this set-point window.
Single-mode fabrics have a single set-point temperature,
an upper or a lower bound, depending on their cooling or
heating function. Dual-mode fabrics have two set points,
which depend on their mode of operation.

A typical set-point temperature band for human thermal
comfort in buildings, especially in offices, is subjective
and requires polls and statistics; thus we consider a gen-
eral extended average of 19—23°C natural comfort zone for
traditional textiles [the light gray band in Fig. 5(c)].

The proposed Janus-yarn fabric attains a 24.4°C (blue
star on cyan curve) upper bound set-point temperature in
cooling mode (goyt = &4 = 0.74) and a 11.3°C (dark red
star on cyan curve) lower bound in heating mode (g5, =
&m = 0.017). This leads to a very large thermal-comfort
temperature window of 13.1°C.

In comparison, the lowest bound is 3°C lower than for
the Mylar or space blanket (14.3°C) [49], 2.6°C lower
than for the dual-mode textile (13.9°C) in Ref. [26], and
3.4°C lower than for the nanoporous metallized polyethy-
lene textile (14.7°C) in its cotton-polyethylene-Ag con-
figuration [7]. Therefore, the proposed design heating
functionality is not only better than typical traditional
winter fabrics but also shows superiority over various

advanced thermal-management textiles. Furthermore, the
highest bound is 1.6°C larger than that of cotton (22.8°C)
and 0.1°C more than for the dual-mode textile (24.3°C)
in [26].

Furthermore, the influence of ambient airflow on the
performance of the design is investigated by vary-
ing the convective heat-transfer coefficient [50]. Subse-
quently, as one expects, the cooling functionality improves
with increasing ambient air circulation, while negatively
impacting the heating functionality (see Fig. 7 in the
Supplemental Material [39]).

Hence, this design provides a very wide ambient set-
point temperature window of 13.1°C. A wide set-point
window of 10.4°C for a radiative-emissivity-control fab-
ric design has been reported, which was for a dual-mode
approach that also used fabric flipping [26]. Therefore,
our Janus-yarn fabric grants an additional 2.7°C window
for more flexibility to preserve the thermal comfort of the
wearer in dynamic conditions.

V. CONCLUSION

In this work, we numerically demonstrate a Janus
yarn configuration, leading to a passive personal-
thermoregulation fabric that provides both cooling and
heating functionalities. We implement a detailed 2D and
3D electromagnetic and heat-transfer analysis to evalu-
ate the radiative and thermal performance. The fabric
exhibits a strongly asymmetric emissivity, due to a tai-
lored choice of materials and geometries, providing an
optimized exploitation of photonic effects such as the plas-
monic gap and localized resonances. The fabric switches
from one mode to the other by mechanical flipping, so that
the design achieves a large emissivity contrast of about 0.7
between the two surfaces, leading to a very wide comfort
window of 13.1°C.
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APPENDIX

For TE-mode polarization, the absorption increases
slightly with d. This absorption increase is directly related
to the shift of the plasmonic gap from the lower- to the
higher-wavelength region when the fiber-separation dis-
tance increases. As a result, some electromagnetic radia-
tion reaches the SiC fibers and is absorbed. The plasmonic
gap is optimized accordingly using the fiber size and sep-
aration distance. For example, Figs. 6(a) and 6(c) show
absorptance spectra for (a) TE-mode and (b) TM-mode-
polarization incidence from the metallic side for different
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FIG. 6. (a) The TE-mode absorptance of a yarn (r; = 0.6 um,
7, = 1.125 pum) for separations d of 2, 3, 3.5, 4, and 5 um, metal
incidence. (b) The electric fieldnormat A = 13 um ford = 3 um
TE-mode polarization. (¢) The TM-mode absorptance of a yarn
(r1 = 0.6 um, r, = 1.125 pum) for separations d of 2, 3, 3.5, 4,
and 5 um, metal incidence. (d) The electric field norm at A =
13 um for d = 3 um, TM-mode polarization.

fiber-separation distances d. In addition, the corresponding
field plots of the design with d = 3 um at a wavelength of
13 pum are displayed accordingly [Figs. 6(b) and 6(d)]. For
TE-mode polarization, one can see a complete blockage

of radiative transfer by the metallic fibers due to the plas-
monic gap. On the other hand, for TM-mode polarization,
radiation is transmitted through the metallic fibers due to
the absence of the plasmonic gap.
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