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Supplementary Notes

1 Generalized Lorenz-Mie extension using the far-field method

Calculating scattering (.., extinction Q).,; and absorption (), efficiency of a single micro-
sphere using the far-field approximation:
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with m = m,/m,,, where m, = n, + ik, and m,, = n,, + ik,, are the particle and matrix
complex refractive indices, respectively. x = 27r /) is the size parameter, ¥, (p), &.(p), ¥, (p),
and &, (p) are Riccati-Bessel functions and their derivatives with respect to the argument p.
When both k,,x << 1 and k,,, << n,,, the above equations will reduce to the conventional
Lorenz-Mie form. !0

2 RTE analysis

2.1 Refraction angle and surface reflection

In ray tracing the path length of photons within the medium changes with the entrance
angle, thus, calculation of refraction angle #y at the air-medium interface (nq, ki-no, ko) is
handled using the generalized Snell’s law: ("]

ptanfy = nytan ' (sin6,), (3)



where 6, is the incidence angle and

p=3 {\/(n% — k2 — n?sin? 91)2 + 4n3k3 + (n% — k3 — nsin® 61) (4)

The surface reflectance is calculated using Fresnel’s relations:[”
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where subscripts || and L denotes parallel and perpendicular to the air-medium interface,
respectively. While

1
¢=; {\/(n% — k2 — n?sin® 91)2 + 4n3k3 — (n3 — k3 — nisin®6;) (6)

and the surface specular reflectance R'? = (R, + R))/2.

2.2 Effective medium theory

For calculating the specular reflectance R'2, the medium complex refractive index is retrieved
using the Maxwell-Garnett effective medium theory, as a function of the volume fraction of
particles f,, the dielectric function of the matrix €, and the particles ¢,:

2fy (€p — em) +€p + 264,

27 Foft =€ 2em +ep — fo(ep — Em) (7)

The refraction and absorption indices of the medium can be expressed in terms of the complex
dielectric function, g5 = &), + ich:
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K =

eh 4+ 1/eh? + 5’2’2>
—&5 4+ /€52 + 5’2’2)

(8)

N N

2.3 Collision-based forward Monte Carlo method

The phase function ®(€2, 2) in the radiative transfer equation (RTE) is approximated using
the Henyey-Greenstein phase function

1—g?
(1+ g2 —2gcos©)¥?

(I)HG(@) = (9)
where ¢ is the asymmetry factor and © is the angle between the direction of the ray before
scattering (€2') and after scattering (€2).[" In terms of Cartesian coordinate, ®(6'¢'; 6, ¢),
if the incident ray is in the direction of one of the axes, for example z, then the angular
deviation can be expressed using only two angles, 6 (polar) and ¢ (azimutal).®!

The MC simulation consists of individually tracing the propagation of N, photon bundles,
also referred to as rays, which interact with the absorbing and scattering medium. A ray is



characterized by its position, wavelength, and direction during its propagation throughout
the medium. !

Each new ray is launched at the upper boundary of the medium. It may be reflected back
or enter the medium. If it enters the medium, possible scattering and absorption events
will take place. Rays that hit the internal side of the interfaces are reflected or transmitted
accordingly. If the ray is reflected back to the medium it will go through another process
of possible absorption or scattering. On the other hand, if it is transmitted through the
top boundary it will contribute to the reflectance. If it is transmitted through the bottom
boundary, it contributes to transmittance.

3 Thermal model analysis

3.1 Analytical model

We consider thermal dissipation from the human body to the ambient as a one-dimensional
steady-state heat transfer problem. Heat generated by the human body is lost by three
different heat transfer processes (conduction, radiation, and convection), thus the equality
between total heat dissipation with metabolic heat generation (Q,.,) indicates an overall
thermal comfort.

In the air gap by assuming there is no natural convection, the total heat flux Qg is
constituted from conduction (between skin and textile) and radiation (between skin and
fabric as well as between the skin and ambient):

Qair - Qcond,air + Qrad,air + Qrad,t'ran
dr 4 4 4 4
= _kaiT<T)% + €s,t0 (Tskin - T'm) + €s,a0 (Tskzm - Tamb) )
where o is the Stefan-Boltzmann constant, ku;.(7") is the thermal conductivity of the air
in the gap, which depends on the local temperature T'(x), Tsin and Ty are the skin and
ambient temperatures, Tj, is the fabric inner side temperature, and the effective emissivity
calculated using surface to surface net-radiation method (see Figure S10):
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with skin e, ambient &,,,,, and fabric ; emissivity and fabric transmittance 7. The total
heat flux in the fabric is composed of heat conduction and radiation transmission from skin

to the ambient:
Qtemtile = Qcond,tem + Qrad,tran
dr

= _kMMDF(T)% + €600 (Tapin — Toomp) -

with kyrypr(T) the effective thermal conductivity of the fabric.
By considering an air flow in the ambient, the total heat flux from the outer fabric surface
is constituted by convection and radiation (between fabric and ambient as well as between

(12)



the skin and ambient):

Qamb - Qconv + Qrad,amb + Qrad,tran
= h (Tour — Tumd) + 6,00 (T — Too) + €5.00 (Totein — Tos)

out amb skin amb

(13)
with h a convective heat transfer coefficient, T, is the fabric outer surface temperature, and

1
€ta = —q -1 :
€t + Camb — 1

(14)

In light of the above analyses (see Eq. 10, 12, and 13) one must note that the absorb-
ing/emitting semitransparent nature of the fabric is modeled by combining Q,ad.airs Qrad,ambs
and Qrqd tran- This stems from the following points: @yqd tran is the same in the air gap, inside
the textile and in the ambient (in front of textile), therefore, this equality defines the transpar-
ent nature of the fabric. For example, if the fabric becomes opaque, then Q44 tran = 0. 19 On
the other hand, Q,qd.4ir and Qrad.amp defines the absorbing/emitting nature of the fabric. For
example if the fabric becomes non-absorbing/non-emitting, then Q,ag.4ir = Qrad.ams = 0.1

In steady-state case, heat fluxes are constant in the system, thus the temperature field
can be determined using the energy equation.'>'3] Based on Figure S4a, for 0 < z < t; (air
gap thickness t,;,)

d dT
L k(M| =0, 15
& | (15)
and for ¢t; < x <ty (fabric thickness t)
d dT
— | =k p(T)—| = 0. 16
o | ] (16

The boundary conditions for the above two second-order differential equations are the
continuity of temperature on the skin-air gap and air gap-fabric interfaces, as well as con-
tinuity of heat flux on the air-fabric interface and the fabric-ambient interfaces (7°(0) =
Tskina T(tl) = T;‘n, Qair (tl) = Qteztile(t1)7 and Qtewtile(tQ) = Qamb(tQ))~ MU-ltlple integration of
Eq. 15 and Eq. 16 using the boundary conditions gives

I
—— koir(T)dT (17)
Cl Tskin
and
1 Tout
tz == tl - E kMMDF(T)dT, (18)
2 Tin

where C'; and C) are integration constants. The physical meaning of C' is conduction in the
air gap (Qcond,eir) annd Cs is conduction in the fabric (Qcond,tex)-

Using the energy balance of total heat fluxes in each layer (Eq. 10, Eq. 12, and Eq. 13)
with heat flux boundary conditions, we introduce three more equations:

Qgen = Cl + €500 (Ts4kzn - T(;lmb) + Est0 (Tjkm - Tﬁz)
Co = Ch + €540 (Topin — Tin) (19)

skin

Co = h (Tout — Tambv) + €600 (Tt — Tr) -

out amb



This leads to five equations with five unknowns (7, Tous, Tums, C1, and Cy), thus in order to
find a solution we define a vector function f(z) with variables z = {T},, Tout, Toms, C1, CQ}T
and f = {f1, fo, f3. [, f5}" with its elements defined by

T;
fi = Cits + / Feasn (T)dT,

Tskin
Tout
fo=Co(ta —th) + / kyivpr(T)dT,
f3 = Qgen - Cl — &5,00 (Ts4kzn - Tcilmb) — Est0 (Tjkzn - jjzi,)
fi=Cr = Co+e010 (T — Tiy)
f5 = C2 —h (Tout - Tamb) + 8t,a0- (T;Lut - T;mb> .

Finally one needs to find the vector z that satisfies f(z) = 0. The Newton-Raphson method
can be used to solve the equations iteratively. '

3.2 Effective thermal conductivity coefficient

The effective thermal conductivity coefficient in the fabric layer is calculated using a model
for dilute metal-dielectric particulate composites developed by Ordonez-Miranda et al. ")

Evnpr  kp(1420) + 2xkn + 2 [k (1 — 1) — Xkn) fo

Km kip(1 + 20) + 29k, — [kp(1 = 1) — Xk fo

(21)

with metal microsphere thermal conductivity k, = k. + kpp (where k. and ky, are electron
and phonon thermal conductivity, respectively), x the electron-phonon coupling factor, k,,
the thermal conductivity of the matrix, f, the volume fraction of microspheres, | = Rk, /r
(with r the radius and R the interfacial thermal resistance). 121316l

3.2.1 Temperature dependent air thermal conductivity coefficient

The temperature dependent thermal conductivity of air is fitted using a fourth order poly-
nomial of the form asT* + a3T® + aoT? + a,T + ay, where T is temperature (see Table 1).

Property  Unit aq as as ai ag
kair (T) W/mK 2.98 x 107" 519x 10712 —254x10"% 7.56x 10~° 0.0236

Table 1: Fitting polynomial for k..

3.3 Thermal circuit analogy

The total heat loss of the system (4, is balanced by the metabolic heat generation @ gen,
and takes the following form in terms of total effective heat transfer resistance R.s¢:

Qgen = heff (Tskm - Tamb)

1 (22)
- (Tskzn - Tamb) .
Reyy




We use the thermal circuit model shown in Figure S3b, and implement basic summing rules:

1 1 !
R = + 23
1 (Rair + Rcond,tea: + Ramb Rrad,trans) ( )

1 1 - 1 1\
Rai'r — d Ram - . 24
(Rrad,air - Rcond,air) o ’ (Rrad,amb - Rconv> ( )

Following Fourier’s law for thermal conduction, the conductive thermal resistances through
the air gap and the textile are

with

t(zir t
Rcond,air = and Rcond,te:{: =

kair

: 25
kMMDF ( )

where t,;,, and t are air and textile thickness, k,;. is thermal conductivity coefficient of air
and kpapr is the effective thermal conductivity of the fabric. Following Newton’s law of
cooling, the convective thermal resistance of the ambient air is:

1
hJ
where h is the convective coefficient of air. For the radiative thermal resistances in the air
gap and the ambient, we have

Rcon'u = (26>

1 1 1 1 1 1
RTCL air — | e - + - 1 d Rqﬂa amb — T =2 - _|'_ - ]. 27
* 40_T3kin,in <53 €t ) o dramb 40T3ut,amb (575 Eamb ) ( )

where o is the Stefan-Boltzmann constant, €, 4mp are the emissivities of the skin, textile, and
ambient environment. Here we considered the following simplification for temperatures: "’
T4 =Ty =~ (T? — T3)(Ty + Ty)(Ty — Ty), and we assume

— (T +T\?

ﬁ:(1;2>%ﬂn, (28)
so T4 — T} = 4T°AT, where AT = T, — Ty. For the thermal resistance for radiation
transmitted between the skin and the ambient environment through the textile, we have

1 1
Rrad,tran = T /1 (_) (29)

40T T

skin,amb

Tskin+Ta
2

where Tskin,amb = mb and 7 is the transmissivity of the textile.



Supplementary Figures
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Figure S1. Modeling framework: First, we implement extended Lorenz-Mie solutions to cal-
culate the optical properties of a single metallic microsphere, which includes scattering Qgca
(both forward QL and backward QP.,), extinction Q.;, and absorption Qqps efficiencies, and
scattering phase function ®(0), where scattering angle © is the angle between the incident
Y and scattered € directions. Second, using incoherent summation rule we calculate the
effective radiative properties of a microsphere cloud uniformly dispersed in a polymer matrix
(such as asymmetry factor g, scattering albedo wy, effective absorption kg, scattering o,
and extinction feg coefficients). Third, we solve radiative transfer equation using a collision-
based forward Monte Carlo simulation to calculate spectral reflectance R, transmittance T,
and absorptance A. Fourth, we calculate total reflectance p, transmittance 7, and absop-
tance a. Finally, we utilize a heat balance analysis to study thermal transport through the
fabric, leading to the ambient setpoint temperature.
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Figure S2. a) Qsca, Qext, and Qups- b) g as a function of wavelength for r =1.5 pm Ag microsphere.
c) Effective scattering coefficient (ocrs) as a function of wavelength and g for r =1, 1.5, 2, and 4 pm Ag
microspheres. d) Effective forward scattering coefficient ag , e) backward scattering coefficient crsz, f)
absorption coefficient o.¢s, g) total reflectance (p), h) transmittance (7), and i) absorptance («) for r =1,
1.5, 2, and 4 pm Ag microspheres.
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Figure S3. Flowchart for Monte Carlo solution of ray propagation in an absorbing and scattering semi-
transparent medium. Where 6; and 6, are incident and entrance angles, A wavelength, N, number of rays,
rnd is generated random number, R'? and R?! are boundary specular reflectances, s = s,i+ s,j + s,k is the
incoming direction, I is the extinction length, [,, is the distance to the nearest boundary, ¢ is the thickness

of fabric.
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Figure S4. a) The main heat flow channels when the fabric covers skin, with an air gap in between. b)

Thermal circuit analogy of semi-transparent fabric (MMDF). ¢) Thermal circuit analogy for opaque and
transparent fabric.
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Figure S5. a) Ambient setpoint as a function of volume fraction for air gap thickness t,;- = 2.5mm. The
ambient air circulation effect is investigated, where the convective transfer coefficient h is varied. With
increasing air circulation, the cooling functionality improves considerably, while negatively impacting the
heating functionality. b) Ambient setpoint comparison between blackbody (¢, = 1) and gray body (g, =
0.9) ambient. The upper bound setpoint temperature (cooling) is the same for both black and gray body
ambient. In contrast, the lower bound setpoint temperature has a minimal change of about 0.1 °C. This is
due to the net radiative exchange between fabric surface and ambient increases when the ambient emissivity
decreases, thus, the heating functionality reduces.
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Figure S6. a) Refractive index (n) and extinction coefficient (k) of silver (Ag), copper (Cu), gold (Au),
and aluminum (Al).1'"] b) Qe and Qps of single metal microsphere with a size of 7 = 1.5 ym for Ag, Cu,

Au, and Al. ¢) Calculated p, 7, and « as a function of f, for a fabric thickness of ¢ = 150 pm for Ag, Cu,
Au, and Al microspheres.
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Figure S7. a) Schematic of core-shell microsphere with radius (r), core radius (r') and shell thickness Ar.
b) Qsca and ¢) Qups of single plain zinc-oxide (ZnO), silicon-dioxide (SiOz), and titanium-dioxide (TiOz)
microsphere with a size of r = 1.5 nm. Qg., comparison between plain Ag and coreshell d) Ag/ZnO, e)
Ag/SiOg, and f) Ag/TiO, with different coating thickness (Ar). A similar comparison for Qs is presented
in g), h) and i) respectively. These results indicate that a Ar about 100 nm (solid pink line) and above gives
the same radiative response as a plain metal microsphere of the same size (r = 1.5 pm).
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Figure S8. a) Qscq and Qqps of single metal microsphere with a size of r = 1.5 pm embedded in a nanoporous
polymer medium for different air-pore volume fraction (f,, = 0,0.15,0.25, and 0.35). The corresponding
particle cloud b) oers and c) kepy with microsphere volume fraction of 0.05 and air-pore volume fraction
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Figure S9. a) The effective complex index of refraction of the fiber is retrieved from mesy = neps +
ikepf = \/€cifhess using size dependent Maxwell-Garnet Mie (MGM) effective medium theory. 1819 Where
eff = €m{l +4y[S(0) + S1(m)]} and pepy = 14 iy[S(0) — Si(m)] are the effective electric permittivity and
magnetic permeability of the fiber. Here, €,, is the dielectric constant of the medium (polymer), S(0) and
S1(m) are the forward and backward scattering amplitudes calculated using the dielectric constant of Ag
particle (e,). While, the factor v = 3f,/2X?3 with volume fraction of the particles f, and size parameter in
the medium X = n,,k,r. Where, n,, is the refractive index of the medium, k, is the wave vector in free
space, and r is the radius of the particles. b) To calculate the IR radiative response (mainly reflectance R)
of the ordered fibers design geometry, we use a finite-element-based Maxwell equations solver (COMSOL
Multiphysics). The simulated geometry is constituted from ordered fibers with radius (r¢) in a hexagonal
arrangement. The calculations are performed with incidence radiation in the z direction for transverse
electric (TE) and transverse magnetic (TM) polarization. Floquet periodic boundary conditions are used on
the top and bottom to represent an infinite repetition in the vertical direction, and the different diffraction
orders are included using port conditions on the right and left sides. c¢) For the randomly distributed fiber
configuration, we utilized collision-based Monte Carlo calculations to retrieve R, while each fiber’s radiative
property is acquired using Lorenz-Mie solutions for cylindrical geometry.
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Figure S10. Schematics used for the net-radiation method to calculate radiative exchange between the skin,
textile, and ambient. The detailed modeling reads as follows: For the transmitted part of the radiation, at the
skin surface, ¢;,1 + Qrad,tran = Go,1 and qo1 = £10T 5, + (1 — €5) ¢;,1. At the ambient, ¢; 4 = Qrad,tran + do,a
and go.a = €amb Ty, + (1 = Eamp) Gia- At the textile surface, ¢o2 = ;37 + ¢i2p and ¢o3 = gi 2T + i3p-
Where 7 and p are the total reflectance and transmittance of the fabric. The outward and inward radiative
heat fluxes g, and ¢; are related as i3 = o4, ¢i,2 = 0,1, ¢i,1 = o,2, and ¢; 4 = ¢o,3. These relations are
solved for Qrqd,tran, Which is the transmitted radiative flux through the textile from the skin to the ambient:

Q dt _ U(T4 T(;lmb)
rad,tran — T .
T am T2

Es

For radiative heat transfer between skin and textile inner surface, at the skin surface, ¢;,1 + Qrad,air = Go,1
and ¢,1 = es0T4 wein + (1 —€5) gi,1. At the textile inner surface, ¢; 9 = Qrad,air + go,2 and go2 = eoTh +
(1 —¢4) qi2- Using, ¢;1 = ¢o,2 and g; 2 = go,1 and solving these relations for @Qqq,qir, which is the radiative
exchange between the skin and the inner side of the textile results in:

o (T4 T4
Qrad,air = (Sssj-”; — Zln) .

For radiative heat transfer between the textile outer surface and ambient, at the textile outer surface,
qi,3 + Qrad amb = {o,3 and qo,3 = EtUTout + (1 - Et) qi,3- At the ambient qia = Qrad amb + Go,4 and Go, 4 =
sambaTamb + (1 — €ams) gi,a. By utilizing, g; 3 = ¢o4 and g; 4 = ¢, 3 and solving these relations for Qqd,amsb
results in:

T, — T4
Qrad,amb E j_Ut am]l?> .

€amb
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