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" The orthotropic material with the in-plane thermal conductivity much larger than the off-plane one can

. control the heat flow direction. This feature provides unique benefits in thermal management of micro-
scale inorganic light-emitting diodes (j.-ILEDs) device for biointegrated applications by helping the heat
dissipation from p-ILEDs along the in-plane directions to lower the p-ILED temperature and prevent the
heat dissipation to the tissue along the off-plane direction to ensure a low tissue temperature. Three-
dimensional analytical models, accounting for the coupling between the Fourier heat conduction in the

. p-ILED device and the Pennes bioheat transfer in the human skin, are established to investigate the

. thermal behaviors of p-ILEDs on an orthotropic substrate integrated with the human skin. Both the

. operations of -ILEDs in a constant mode and pulsed mode are studied. The maximum temperature
increases of p-ILED and in the tissue are derived and their dependences on various parameters such as

. the thermal conductivities of the orthotropic substrate, substrate thickness, and loading parameters

© (e.g., duty cycle, pulse period) are investigated. These results pave the theoretical foundation for the

. thermal management of p-ILED devices for biointegrated applications.

. Recent advances in materials and mechanics'~> enable high performance stretchable electronic and optoelec-

. tronic systems that are capable of wrapping on soft, curvilinear surfaces with applications in advanced biointe-

. grated applications. Flexible and stretchable systems of microscale inorganic light-emitting diodes (u-ILEDs)

. have attracted much attention due to their unique appealing optical advantages in would healing acceleration,

. photosensitive drug activation, wearable health/wellness monitoring and optogenetics®-.

: To achieve the mechanical compatibility with the biological tissue (e.g., human skin), the p-ILEDs are inte-
grated with a thin compliant substrate with the thickness on the order of ~100 um or even smaller. The compliant
substrate is usually made of a polymer with a low thermal conductivity on the order of 0.1 Wm™'K~!. Thermal
management of p-ILEDs is critically important for the design of u-ILEDs for biointegrated applications because

. of the following reasons: (1) the low thermal conductivity of the substrate, which prevents the heat dissipation to

* the surrounding medium, may induce a high pu-ILED temperature rise to reduce its performance; (2) the small

. thickness of the substrate, which is benefit for heat dissipation to the tissue, may induce a high temperature rise

© at the substrate/tissue interface to cause tissue lesion or discomfort (even for a few degrees of temperature rise).

To reduce the adverse thermal effects of i-ILEDs, many researchers have investigated the thermal behaviors

of u-ILEDs and developed design guidelines by optimizing the material, geometric and loading parameters®'*.
Most of existing studies on thermal management of u-ILEDs are for the system involving an isotropic substrate
such that the heat dissipation in the substrate is uniform in the in-plane and off-plane (to the tissue) directions.

It is hard to maintain the low temperature in p-ILEDs and tissue simultaneously. The recent work on thermal

* metamaterials’>-'” with the ability to control the heat flow direction could offer an appealing advantage to achieve
. the goal in thermal management. It is shown that the layered thermal metamaterials consisting of two layered
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Figure 1. Schematic structure of the u-ILED device on a layered orthotropic substrate integrated with human
skin.

materials with different thermal conductivities (e.g., metal and polymer) yields an orthotropic thermal behavior
with the in-plane and off-plane thermal conductivities as
ki +k, 2kk,

k. = sk g ane = )
in—plane ) off —plane k1 + k2 )

where k, and k, denote the thermal conductivities of two layered materials, respectively. For a large difference in
kyand ky, k;,,  pjane > Ko piane>» which indicates the heat dissipation along the in-plane directions is much larger
than that along the off-plane direction. This orthotropic feature provides a unique benefit for thermal manage-
ment of p-ILEDs in biointegrated applications, which could help the heat dissipation from p-ILEDs along the
in-plane directions to lower the p-ILED temperature increase'® and prevent the heat dissipation to the tissue
along the off-plane direction to ensure a low tissue temperature increase.

The thermal behaviors of p-ILEDs on an orthotropic substrate for biointegrated applications are rarely stud-
ied. In this paper, an analytical model, validated by finite element analysis (FEA), is established to investigate the
thermal behaviors of i-ILEDs on an orthotropic substrate integrated with human skin and to pave the theoretical
foundation for the optimal design of u-ILEDs to minimize the adverse thermal effects. The Pennes bioheat trans-
fer equation, accounting for the effects of blood flow and metabolism, suffices for modeling the heat transfer in
the skin and is given by,

&’T  9°T  0°T oT
shin| 57 + > o — @ e(T — 1) + g, = PucnCkin 5 @)

k
where kg;, is the thermal conductivity of the skin, w, is the velocity of the blood flow, p,, is the density of the blood,
¢y is the heat capacity of the blood, T, is the temperature of the blood (which is usually taken as the body tem-
perature), and g,,,, is the metabolic heat generation. Equation (2) becomes the Fourier heat conduction equation
when the second and third terms on the left hand side are not included, which is applicable for modeling the heat
transfer in p-ILED device. The coupling between the Fourier heat conduction in p-ILED device and the Pennes
bioheat transfer in the human skin is accounted in the model, which can be easily extended to study p-ILED sys-
tem with different layouts and materials for various biointegrated applications.

Thermal model under a constant power

Figure 1 shows the typical layout of a p-ILED system integrated with the human skin. Due to the symmetry of
the structure, only one quarter geometry is illustrated. The pu-ILED system is composed of a p-ILED encapsulated
by an encapsulation layer on an orthotropic substrate consisting of two layered materials. The thicknesses of the
p-ILED, encapsulation layer, substrate and human skin are denoted by 1, gp, Aepcaps P and b, respectively. The
half-length and half-width of the u-ILED are denoted by a and b, respectively. The coordinate system (x, y, 2) is
established with the origin located at the top surface as shown in Fig. 1. The p-ILED is modeled as a planar heat
source since the heat transfer mainly occurs through its top and bottom surface. For simplicity, the encapsulation
layer is assumed to be an isotropic material. Under a constant power, the steady temperature T(x, y, z) satisfies

2 2 2
_312"+_a€+_a§:0 0 <2 < Ry
Ox dy 0z
’T T T
:L;;W + kﬁhw + fubg =0 Mencap < 2 < Meegy + Py

o’'r o' 9T
kskin @ + W + ? - wbpbcb(T - ’1;7) + Doer = 0 hencup + hsub <z< henmp + hsuh + hskin’

(3
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where the subscripts encap, sub, and skin represent the encapsulation, substrate and skin, respectively, and k is
the thermal conductivity with the superscripts x, y, z denoting for the values along x, y, and z directions. The top
surface has a natural convection boundary and the bottom surface has a constant core body temperature T},
The temperature of the blood is taken as the body temperature, i.e., T, = T}, The temperature and heat flux are
continuous across the skin/substrate interface. At the encapsulation/substrate interface, the temperature is con-
tinuous while the heat flux satisfies the heat source condition. These boundary and continuity conditions yield

oT
ey, | =TT z=0
Z l2=0
oT oT
kencap_ - szub_ = QO)T =T Z:henmp,ofxga,oﬁyfh
0z |,_,- 0z |,_,+ 4ab s t
2=Nencap Z=hencap Z=hencap 2=Nencap
oT . OT
kencapg - :ksuhg . T =T . 2= Hppeapr X > a5y > b
Z:henmp Z:henmp Z:henmp Z:hencap
oT oT
z
subg .= ksking L T _ z= henmp + B
Z=(hencup+hsuh) Z=(hencap+hsub) Z=(hencap+hsub)
=T
4
Z:(hencap+hsub)
T = Tyoa 2= hoeap + Py + Pin
2 Heneap-+heub-hskin i’ v (4)

with £ as the coefficient of the natural convection and T, as the ambient temperature. The temperature T(x, y, 2)
can be solved by superposing the solutions of the following two problems:

(I) The steady temperature T'(x, y, z) when the power is not applied (i.e., the p-ILED is not working) with
the constant core body temperature at the bottom surface and the natural convection boundary at the top
surface;

(II) The temperature increase T,(x, y, z) due to the applied power (i.e., the p-ILED is working) with zero tem-
perature at the bottom surface and the adiabatic condition at the top surface.

The problem (I) can be approximated by the one-dimensional heat transfer along the z direction since the size
of u-ILED is small comparing with other characteristic dimensions. Therefore, T,(x, y, z) = T,(z), which satisfies

d*T;

;21:0 ngghencup
d*T;

;21 =0 hencap <z< hencap + hsub

d*T;
kskin?zl - wbpbcb(Ti - Ti?) + Dt = 0 hencap + hsub <z< hencap + hsuh + hskin’

®)
with boundary and continuity conditions
dT,
encupd_l = h(Tl - Too)
z z=0
dT dT
encapd_l = kszubd_1 > Tl = Tl
z Z=he_nmp Z=het1mp Z=he_nmp Z=h:;l[ﬂp
dT, dT,
sZubd_l = skind_1 L Tl = Tl N
z Z=(henmp+hsub) Z=(henmp+hsub) Z=(henmp+hsub) Z=(hencap+hsub)
’Ii = ’Iimdy'
z:henmp+hsub+hskin (6)
T, can then be obtained as
Tlgmap = Alz + Bl + T;:ody 0<z< hencap
b
Tlsu = AZZ + BZ + Timdy hencap <z< hencup + hsub
ki _
Tls "= ASeEZ + BSe o +4q+ Tbody hencap + hsub <z< hencap + hsub + hskin' (7)

where
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with E = whpbcb/kskin’ q= qmet/(wbpbch)’ TO = Too - Tbody and

hh e, hh
¢ = [ p Py — 1)+ tanh(fy,£).
encap sub skin 9)

The temperatures at the skin/substrate interface and in p-ILED due to the heating of the body are then given
by

ki b
Tlx it — AZ(hencap + hsub) + BZ + T;Jody (10)
and
TILED = Athncap + BZ + Thody’ (11)
The solution T,(x, y, z) for the problem (II) satisfies

2 2 2
L 9T 8TZ:0 0<z<h

Ox* 6y2 oz* encap
o, O, 9T,
x 2 2 z 2 _
sub 6362 + ks)r;b 8}/2 + ksub azz =0 hencap <z< hencup + hsuh
N
kskin[? F ? - whpbchTZ =0 heﬂcup + hsuh <z< hencap + hsub + hskin’
x ly z (12)
with boundary and continuity conditions
T,
Keneap—==| =0 z=0
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z=0
0T, T, Q
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oT, oT,
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z Z:(hencup+hsub) z Z:(hencap+hsub) Z:(hencup+hsub)
= T2 N
Z:(hentap+hsub)
T =0 2 = opegp + Poup + Psgin
: 'z=hencap+hsub+hskin ? ( 1 3)

The Fourier Cosine transform f“z(a, B, z) = j; > j; > T,(x, y, z)cos(ax)cos(By)dxdy is applied to Egs (12) and
(13), and yields
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82 24
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and
dr;
encupd_zz =0
z=0
dfz 2 df"z Q, sin(aa)sin(Bb) A
encupd_ - suhg W TZ = L
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with 17° = @, pcp/ ket €, = Voo + 3, §, = \/(kwba + k2, )/kfuh, and ¢, = Ja? + 3% + n*. Equations (14)

and (15) have the followmg solutions

f;map = Al sinh(élz) + él cosh(flz) 0<z< hmap
~sub ~ A
T, = A,sinh({z2) + B, cosh(ézz) Pencap < 2 < hopap + hoy
A~ skin A
T2 = A3 Slnh(§3(z - (hencap + hsub + hskin)) hem:up + hsub <z< hencap + hsub + hskin’ (16)

where the coefficients A and B are obtained as

0
£
A~ su tanh hs in) T ks in tanh hsu —r
A Sy tanh(Ehgi,) + kg, tanh(hy,)] cosh (€ rog)
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apa
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+kz 62 tanh(§2 sub)tanh(€3 skm) + ksubkskin§2£3 (18)

The inverse Cosine transform T,(x, y, z) = — f f Tz(oz, B, z)cos(ax)cos(By)dadf3 gives the temperature

rise due to the applied power Q, in the encapsulatlon, substrate and skin. For example, the temperature rise in the
substrate is given by

Tzsub(x, ¥, 2) = % J;“’j;oo [Az sinh(fzz) + l§2 cosh(fzz)]cos(ax)cos(ﬁy)dadﬁ. (19)

The maximum temperature increase in the skin due to the applied power occurs at the point A (0, 0, h,,,.
cap T Baup) On the skin/substrate interface and is given by

y
(T3 ) max

Tlsub(o’ 0, hencup + hsuh)

% fo * fo - {A2 SInh[€(oegp + Pis)

+ éz COSh[SZ(hencap + hsub)

}dadﬁ. 0
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The temperature rise of u-ILED can be obtained by averaging the temperature rise over the whole surface of
p-ILED, ie.,

T," x, ». h )
LED a encap
T, f f (a+h)hLED ——————~dxdy.

The superposition of the problem (I) and (II) then gives the temperature distributions under a constant power.
The maximum temperature in the skin, which occurs at the skin/substrate interface, and the u-ILED temperature
are obtained as

(21)

(Tskin) _ Tlxkin/suh + (szkin)max) (22)

max
and

TLED _ TLED | TLED (23)
respectively. The above two equations serve as the theoretical basis in thermal management for u-ILEDs in bioin-
tegrated applications under a constant power.

Thermal analysis under a pulsed power

The p-ILED:s in pulsed operation can provide an effective strategy in thermal management!®-'? and more benefits
in biointegrated applications such as optogenetics’, where a pulsed mode operation is required. Under a pulsed
power, the temperature in the system increases a fluctuating way and then reaches saturation within a constant
band. Let 0(x, y, z, t) denote the saturation temperature under a pulsed power Q(t), which satisfies the transient
heat conduction equations

enmp(a 2 y g) P 0<2< hygp
. 0% %9 2% 99
‘””a 7t AS)""’W + )\;Ahy T =0 hencup <z< hencup + hop

o 0 0| 08 me

q
ol — O —T) + —" =0 hypey + oy < 2 < ooy + My + Bgins
skin| Ox? 3}12 62’2 ot PrirCekin b PoirCskin encap sub encap sub skin (2 4)

with the boundary and continuity conditions same as Eq. (4) except that a constant power Q, is replaced by the
pulsed power Q(t). Here p and c are the mass density and heat capacity, respectively, A= k/(pc) is the thermal dif-
fusivity. Similar to the case under a constant power, the temperature 6(x, y, z, t) can also be solved by superposing
the solutions of the two problems:

(I) The steady temperature 6,(x, y, z) when the power is not applied (i.e., the p-ILED is not working) with
the constant core body temperature at the bottom surface and the natural convection boundary at the top
surface;

(II) The temperature increase 0,(x, y, z, t) due to the applied power (i.e., the u-ILED is working) with zero
temperature at the bottom surface and the adiabatic condition at the top surface.

The steady temperature 0, is same as T and therefore, we will focus on solving 0,(x, y, z, t) below, which
satisfies

%, 9%, 0%, 00,

emp(aﬁayﬁazz)—;:O 0<2< hyp
9%, 9%, %, 00,
;;;;87 + )‘s};bﬁ + Adw 2 o 0 Mencap < 2 < Meeay + sy

0, TPy
- 57 - 792 =0 henmp + hsub <z< hzm:ap + hsub + hskin’
t Pokin®skin (25)

2%, 9%, 0%,
skin| 2 + 2 + 2
Ox dy 0z

with the boundary and continuity conditions same as Eq. (13) except that a constant power Q, is replaced by the
pulsed power Q(#).
The pulsed power can be expressed via its Fourier series by

1 0<t< T

o0
0 7<t<t, ay + Z(“n cosnwt + b, sinnwt) |,

- (26)

Q(t) = Qo‘[ = Qo

where 7 is the pulse duration time, ¢, is the pulse period, Q, is the power amplitude, a,= D = 7/t,, w=27/t,,
a, = sin(2nwD)/(nm), and b, = [1 — cos(2nwD)]/(nm). The superposition of the solution for each sinusoidal
power Q, sinnwt (or Q, cosnwt) gives 0,(x, y, z, t).

For a power of Qge"™"/, the temperature takes the form of ¢(x, y, z; nw)e"" with the real part
|¢(x, y, z; nw)|cos(nwt + ~,) as the solution for the power Q, cos(nwt) and the imaginary part
|¢(x, y, z; nw)|sin(nwt + ~,) as the solution for the power Q, sin(nwt). Here v, is the phase angle of ¢(x, y, z; nw).
0,(x, y, z, t) is then given by
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sin(2nwD)

.92 t) =D 3 nn
b2y, 2. 1) ¥(0) + n;lkp(nw)\ +1 — cos(2nmD)

cos(nwt + ,)

sin(nwt + 7,)

nmw 27)
The substitution of ¢(x, y, z; nw)e™" into Eq. (25) yields
%o 0% 0% o)
mcap(i + w + g) - f’lwzﬁ =0 0<z< henmp
d* 9’ iR 0
)‘s’tcdya f + Asub?f + )‘szub7<zp - nw’aif =0 hencap <z< henmp + hsub
o Ay % Do TP
>‘skin W + W + ﬁ - m‘”g - m‘p =0 henmp + hsub <z< hencup + hsub + hskin' (28)

The boundary and continuity conditions for ¢ are same as Eq. (13). After the Fourier Cosine transform,
Equation (28) becomes

*¢ R

a—zf_glzwz() 0S2<hencup

*¢ R

822 - CZ $=0 hencap <z< hencap + h

8¢ 25

g - <3 @=0 hencap + hsub <z< hencup + hsub + hskin (29)

VVlthC Jaz + ﬁz + nwi/)\mmp,c \/(/\ ba + A bﬁz + nwi)/ S, and ¢ = Jaz + B + nwil g, + mbpbch/kskm ITtis
noted that the governing equations, boundary and continuity conditions for ¢ are same as those for T except that

& is replaced by (. Therefore, the substitution of £ by ¢ in T2 gives . The inverse Cosine transform of ¢ then gives
¢. For example, the solution of ¢ in the substrate layer is given by

%, y, 75 w) = % fo . fo £, sinh((,2) + F, cosh(¢,2)]cos(ax)cos(By)dads,

(30)
where
[EZ] - 1 _kszubgz Sinh{(z(hencap + hsub)]tanh(<3hskin) - kskin<3 COSh[Cz(hencap + hsub)}
2 ksZubCZ COSh[C2<hencup + hsub)]tanh(g3hskin) + kskin<3 Sinh[gz(hencap + hsub) (31)
with G as
encap suhc < tanh(Clhencap)tanh(gg,hskm) ozﬂab COSh(CZhsuh)
G= +kencup skinC( tanh(Clhencap)tanh(gzhsub) ., <.
Q, sin(oa)sin(5b)
suhC tanh(Czhsub)tanh(cg,hskm) + ksuhkskinczcg, (32)

The temperature rise due to the power Que™"" at point A (0, 0, A, + hy,) On the skin/substrate interface and
p-ILED are obtained by

kinfsub( ) — 2 [ [T (R o
SO; in/su (w) = ?j(; L/; {EZ Slnh[Cz(henmp + hsub)

+E cosh[(z(hmap + hsub)]}dadﬂ (33)

and

() = f f“‘ﬂ “x, Vs enmp)dxdy’

P b)h,_ED
(34)

respectively. The temperature rise under a pulsed a power in problem (II) at point A on the skin/substrate inter-
face and p-ILED are then given by

sin(2nwD)
———= cos(nwt + 7,)
askin/sub D skin/sub, 0 skin/sub, n nm ,
(O7158), (1) = Dyl (0) 1 37| G )| 1 cos(2maD)
+————"sin(nwt + vn)
nm (35)

n=1

and
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Figure 2. (a) The distribution of the steady temperature increase from the core body temperature when p-ILED
is not working. (b) The distribution of the temperature increase due to the applied power of 10 mW at the
encapsulation/substrate and skin/substrate interfaces.

sin(2nmD)

02LED(t) _ DSOLED(O) + Z|SOLED(nUJ)| nm

1 — cos(2nmwD) . ’
+—— sin(nwt +
nm ( W (36)

cos(nwt + 7,)

n=1

Finally, the maximum temperature rise of the skin and p-ILED under a pulsed a power then given by

(eskin) _ Tlskin/sub + (025kin/suh)glax’

max

(37)

and

(eLED) _ TlLED + (02LED)max, (38)

which pave the theoretical foundation in thermal management for the design of p-ILEDs in biointegrated appli-
cations under a pulsed power.

max

Results and Discussion

We take SU8 as the encapsulation layer from experiments with the thermal conductivity, specific heat capacity
and density as K., = 0.2 W/m/K, c,,c,, = 1200]/kg/K, and p,,,, = 1090 kg/m?, respectively". The thermal con-
ductivity along the z direction, specific heat capacity and density of the substrate are kZ, = 0.17 W/m/K,
Cap=1460]/kg/K, and p,,, = 970kg/m?>, which correspond to those of PDMS?. The thermal conductivity, specific
heat capacity and density of the skin are kg;, =0.37 W/m/K, cgy;, = 2846 J/kg/K, and pg;, = 1000 kg/m>>!. The
thicknesses of the encapsulation layer and ji-ILED are set as h,,.,, =7 ppm and h; ;= 6.5um from experiments'.
Unless otherwise specified, the substrate thickness is 4, = 200 um, the in-plane thermal conductivity of the sub-
strate iskj, = k), = 1.7 W/m/K, and the size of u-ILED is 2a x 2b=100um x 100 pm. The parameters for the
skin are hg;, =4 mm for the thickness, w;, = 0.05 ml Blood/ml tissue/s for the blood flow velocity, p, = 1000kg/m?
for the blood density, ¢, = 4218]/kg/K for the specific heat capacity of the blood, and g,,,,, = 368.1 W/m?® for the
metabolic heat generation?!.

A three-dimensional finite element model is established in ABAQUS to validate the analytical models. The
in-plane dimension of the encapsulation, substrate and skin is 12 mm x 12 mm. The side surfaces are all adiabatic
boundaries. The top surface of the encapsulation layer has a natural convection boundary with the coefficient of
heat convection as =25 W/m?/K. The bottom surface of the skin is T},,4, = 37°C, which is equal to the core body
temperature. The ambient temperature is T, = 25°C. The continuous element DC3D8 is used to discretize the
geometry. When a power is applied, the p-ILED is modeled as a volume heat source. The applied power is set as
Q,=10mW in all calculations.

Figure 2(a) shows the distribution of the steady temperature increase from the core body temperature
T1(2) — Tyoqy when the p-ILED is not working. The good agreement between the analytical prediction and FEA
validates the analytical model. It can be found that the temperature increase decays exponentially in the skin
due to the Pennes bioheat transfer and then decays linearly in the substrate and encapsulation layers due to the
Fourier heat conduction. The steady temperature increase of p-ILED is —1.3 °C while the temperature increase
at the skin/substrate is —1°C. When the power Q,=10mW is applied, the distributions of the temperature
increase Ty(x, 0, z) at the encapsulation/substrate (z= h,,,,,) and skin/substrate (z= h,,,, + h,) interfaces along
x direction are shown in Fig. 2(b). The analytical predictions agree well with FEA. At the encapsulation/substrate
interface, the maximum temperature occurs within the region of p-ILED (—50 pm <x <50 um) and then decays
quickly as the distance to p-ILED increases. The temperature increase at the skin/substrate interface becomes
more flat due to the heat sink effect of the skin.
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Figure 3. Effects of the orthotropic substrate on the p-ILED temperature increase and the maximum skin
temperature increase under a constant power of 10 mW.
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Figure 4. Effects of the substrate thickness on the pu-ILED temperature increase and the maximum skin
temperature increase under a constant power of 10 mW.

The influences of the orthotropic substrate on the ji-ILED temperature increase T, "~ and the maximum tem-
perature increase (T;ki”)max in the skin under a constant power of 10 mW are shown in Fig. 3. The thermal con-
ductivity of the substrate along the z direction is fixed ask’;, = 0.17 W/m/K. The maximum temperature increase
in the skin is much lower than the p-ILED temperature increase due to the substrate’s thermal insulation effect.
The increase of the in-plane thermal conductivity (k;;, and k) of the substrate increases more heat to dissipate
along the in-plane directions, and reduces both the p-ILED temperature increase and the maximum temperature
increase in the skin. As the thermal conductivity ratio kg, /kZ,, increases from 1, corresponding to an isotropic
substrate, to 20, the p-ILED temperature increase drops 73.4% from 196.6 °C to 52.1°C and the maximum tem-
perature increase in the skin drops 88.8% from 22.4°C to 2.5°C. As the thermal conductivity ratio k,;,/kZ,, fur-
ther increases, both TP and (T3, drop slowly.

The substrate thickness has a significant influence on the temperature increase. Figure 4 shows the influences
of the substrate thickness on the p-ILED temperature increase TZLED and the maximum temperature increase
(Tskm) in the skin under a constant power of 10 mW. As the substrate thickness increases, both T/*” and
(T3km)  decreases sharply first and then reaches to be steady values slowly. Comparing to the case with the use
of isotropic substrate (dash line in Fig. 4), the orthotropic substrate can decrease both Ty *? and (T5¥")_ _signifi-
cantly even for a very thin thickness. For example, T drops 56.2% from 169.7°C to 74.4°C and (T3¥") . drops
71.5% from 72.3°C to 20.6 °C for a thin thickness of 50 um for k[, /kZ;, = 10. These results can help the design of
p-ILEDs for biointegrated applications under a constant power.

Under a pulsed power, the temperature after saturation will oscillate within a constant band. Figure 5 shows
the p-ILED temperature increase OZLED (t) and the temperature increase (stki”/ S“b)A (t)at point A (0, 0, Ky + Fo)
on the skin/substrate interface versus the time under a pulsed power with the duty cycle 50% and period 10 ms.
The analytical predications agree well with FEA. The p-ILED temperature increase GZLED (t) after saturation oscil-
lates from 13.5°C to 59.0 °C. The temperature increase (0;"’"" S“b)A(t) remains a constant because the substrate
thickness is set as 200 pm, which is large enough to insulate the heat oscillation from the u-ILED heat source. For
a thinner substrate with the thickness of 20 pm as shown in Fig. 6, the temperature increase (stki”/ S“b)A (t)is no
longer a constant and also oscillates since more heat will transfer into the human skin.

max
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Figure 7. Effects of the orthotropic substrate on the maximum p-ILED temperature increase and the maximum
skin temperature increase under a pulsed power with the duty cycle 50% and period 10 ms.

Figure 7 shows the influences of the orthotropic substrate on the maximum p-ILED temperature increase
(6;4EP) . and the maximum temperature increase (6;°"/**)1** in the skin. The thermal conductivity of the sub-
strate along the z direction is fixed as k,, = 0.17 W/m/K. As the thermal conductivity ratio increases from 1,
corresponding to an isotropic substrate, to 30, temperature increase (6,-”),__ drops 70.4% from 128.6°C to
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38.0°C and the maximum temperature increase (6;°"/***)™%* drops 92.3% from 11.2 °C to 0.86 °C, and both of
them drop slowly as the thermal conductivity ratio further increases. This trend is very similar to that for the case
of constant power, as shown in Fig. 3. Figure 8 shows the influences of substrate thickness on the maximum tem-
perature increase of p-ILED and maximum temperature increase in human skin under a pulsed power with the
duty cycle 50% and period 10 ms. The results show that with the increase of substrate thickness, the maximum
temperature increase of p-ILED and maximum temperature increase in human skin both decrease to a constant.
The maximum temperature increase of u-ILED drops from 62.9°C to 59.0°C, and the maximum temperature
increase in human skin drops from 48.6 °C to 0.2 °C with substrate thickness increasing from 0.01 mm to 1 mm.
Figure 9 shows the influences of duty cycle and period on the maximum ;1-ILED temperature increase (6,""")
and the maximum temperature increase (6;°"/**)™%* in the skin in a pulsed operation. The reductions of the duty
cycle and period (<0.1s) are helpful to decrease the maximum p-ILED temperature increase as shown in Fig. 9a. From
Fig. 9b, the maximum temperature increase (05"/*“?)™* in the skin decreases almost linearly with the decrease of the
duty cycle but it is almost independent on the period due to the thick substrate (200 um) used in the calculations.

Conclusions

In summary, three-dimensional analytical models, validated by FEA, are established to investigate the thermal
behaviors of p-ILEDs on an orthotropic substrate integrated with human skin. Both the operations of p-ILEDs
in a constant mode and pulsed mode are studied. The coupling between the Fourier heat conduction in the
p-ILED system and the Pennes bioheat transfer in the human skin is accounted in the model. It is shown that the
orthotropic substrate, which can control the heat flow directions, can help to reduce the maximum p-ILED and
tissue temperature increase simultaneously and shows unique benefits in thermal management. The influences of
thermal conductivities of the orthotropic substrate, substrate thickness, and loading parameters (e.g., duty cycle,
pulse period) on the maximum p-ILED and tissue temperature increase are investigated. These analytical models
can be easily extended to study p-ILED system with different layouts and materials for various biointegrated
applications.
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