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ARTICLE INFO ABSTRACT
Keywords: Recent advances in microelectronics and biomedical technology has led to capabilities for inte-
Fluid flow grating programmable cooling mechanisms into bioelectronic devices for pain management and

Tissue strain
Phase change
Vaporization
Localized cooling

other important applications in human health. However, achieving localized and precise targeted
cooling remains a challenge due to the influence of tissue mechanics during device placement/
operation, viscous effects in the flow of coolants, and critical physical parameters that locally
affect tissue temperature and mechanical responses. Recent studies demonstrate that bio-
electronic devices can be equipped with microfluidic structures designed to support phase-change
cooling mechanisms, with cooling power adjustable by control of fluid flow rates. When operated
in closed-loop feedback schemes based on measurements of temperature at the tissue interface,
these platforms can achieve precise temperature control of regions of peripheral nerves involved
in pain signaling. Establishing a theoretical model to understand the effects of these devices on
the underlying soft and deformable tissues, along with microfluidic deformations that can alter
the heat transfer cooling process in viscous flow, is critical for optimized design and operation. To
address this, a theoretical model is developed to describe the influence of remote strain in the
tissue and to quantify the spatial temperature distribution of tissue cooled by fluid phase change
in deformable microfluidic channels. A scaling law is derived to quantify the steady-state tem-
perature distribution in the tissue under physiologically relevant mechanical loads, fluid viscos-
ity, flow rates, and thermal conductivities, enabling the prediction of liquid and gas flux based on
expected temperature changes and saturated vapor pressure in the deformed tissue and micro-
channel. These findings reveal that within a reasonable physiological range, the influence of fluid
viscosity on temperature changes can be neglected, and the ratio of fluid to tissue thermal
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conductivity minimally impacts the temperature change at relatively high flow rates. Addition-
ally, the model suggests a limit to tissue cooling for a given fluid, which may not necessarily
increase with higher fluid volumes.

T Temperature in the tissue (K)

To Environment temperature (K)

AT Temperature difference T-Ty (K)

AH Enthalpy change due to liquid evaporation (J/mol)

Do Initial pressure in the microfluidic channel (Pa)

D Pressure in the microfluidic channel after tissue deformation (Pa)
Ap Pressure change p-pg in the microfluidic channel (Pa)

Voly Initial volume of the microfluidic channel (m®)

Vol Volume of the microfluidic channel after tissue deformation (m3)

€ Applied strain in the tissue

E Elastic modulus of the tissue (Pa)

v Poisson’s ratio of the tissue

Uf Viscosity of the gas (kg/m-s)

p Saturated vapor pressure (Pa)

Py Standard atmospheric pressure (Pa)

£ Liquid-to-gas molar ratio

X Gas passing through per unit time before liquid evaporation (mol/s)
p Volume fraction of the mixed gases after liquid evaporation

y Mass fraction of the mixed gases after liquid evaporation

% Average flow rate of the mixed gases after liquid evaporation (m/s)
d Diameter of the microfluidic channel (m)

d Diameter of the deformed microfluidic channel (m)

Q Heat absorption per unit time due to liquid evaporation (W)

Pf Density of the mixed gases after liquid evaporation (kg/m®)

cf Specific heat capacity of the mixed gases after liquid evaporation [J/(kg -K)]
Af Thermal conductivity of the mixed gases after liquid evaporation [W/(m -K)]
At Thermal conductivity of the tissue [W/(m-K)]

Vin University constant 0.00224 m®/mol of gas molar volume (m3/m01)

My, Mg Molar mass of gas A and gas B (kg/mol)

Ca, CB Specific heat capacity of gas A and gas B [J/(kg -K)]

PA, PB Density of gas A and gas B (kg/m3)

Aa, AB Thermal conductivity of gas A and gas B [W/(m-K)]

AT* Average temperature over the cross-section of reaction (z = 0) in the microfluidic channel (K)

1. Introduction

Thermal management, the mechanism for regulating temperature or heat transfer in designated areas of interest through
specialized materials, interfaces, and design or thermal techniques, finds extensive technological application across various engi-
neering and scientific fields (Do et al., 2022; Ghasemi Zavaragh et al., 2017; Habibi Khalaj and Halgamuge, 2017; Kong et al., 2023;
Zhai et al., 2022). Cooling and regulated temperature reduction is a critical aspect of thermal management and holds significant
importance for ensuring safety operation of engineering systems (Rao et al., 2022; Weng et al., 2022; Zhang et al., 2024), enhancing
micro-electro-mechanical systems (MEMS) performance (Li et al., 2010), advancing medical diagnosis and treatments (Do et al., 2022;
Kameda and Okada, 2023; Reeder et al., 2022), and promoting thermal regulation techniques for human comfort (Ma et al., 2021; Xue
et al., 2024). With ongoing technological advancements in thermal systems, with an emphasis on quality of life, and heightened
environmental awareness, the focus on cooling strategies has evolved from merely developing high-efficiency thermal control methods
to designing lightweight, miniature, and targeted thermal management devices. This interest exists particularly in areas of
bio-interfaced microelectronics and medical devices where thermoregulation is a critical physiological process that underpins health
and wellness. As new bioelectronic cooling technologies designed for operation outside hospitals and clinics, with capabilities in
continuous and on-demand monitoring and thermal regulation, it becomes important to consider the influence of non-expert user
placement in the context of tissue mechanics and deformations. Ensuring that physiologically relevant strain levels, which occur
during the conformal integration of the device into soft tissues, are accurately captured is crucial since external mechanical fields can
deform critical device dimensions and affect the heat transfer efficiency.

In the context of microelectronic devices, the miniaturization of cooling systems holds significant importance. In recent years,
cooling modules and interfaces have been combined with conventional electronic systems for thermal control (Dhumal et al., 2023;
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Mathew and Krishnan, 2021). In medical applications, cooling technology serves multiple purposes, including pain management and
discomfort reduction during treatment and mitigation of adverse effects post-treatment (Cooper et al., 2023; Koc et al., 2006). While
extensive cooling can alleviate pain temporarily, it may also adversely affect neighboring tissues as extreme temperatures and tem-
perature gradients can alter biological functions. Localized targeted cooling offers a promising solution for on-demand pain relief
(Reeder et al., 2022), inflammation reduction (Fujishima et al., 1995), and bleeding control (Barker et al., 1965). The key lies in
controlling the depth, distribution, and extent of cooling to localize the thermal effect to the target areas without affecting surrounding
tissue.

Researchers have proposed several approaches and techniques for temperature reduction and management, including air cooling (E
etal., 2018), liquid cooling (Bar-Cohen et al., 2006; Gullbrand et al., 2019), thermoelectric cooling (Chen and Liu, 2022; Zaferani et al.,
2021), and phase change cooling (Du et al., 2018; Lu, 2000; Tan and Tso, 2004), among others. Notably, the phase change cooling
method offers distinct advantages such as rapid heat absorption, significant cooling capacity, low inflow temperature requirements, all
without additional energy consumption for heat absorption. These attributes make phase change cooling suitable for implementation
in multiple environments, such as biomedical systems and other devices that require thermal management, which has led to a range of
applications. Fundamentally, the phase change method relies on rapidly absorbing heat that typically triggers a transition from liquid
to vapor phase. Therefore, by leveraging the chemistry and phase change theory of saturated vapor pressure, targeted and adjustable
cooling can be attained and implemented in a controlled fluidic system.

Most research on cooling technology focuses on enhancing the cooling efficiency and designing cooling equipment structures.
However, as microelectronics and biomedical technologies continue to advance, a growing emphasis is on localized cooling for
thermoregulatory control in both microelectronic devices and human tissues. Achieving precise targeted temperature control remains
a challenging aspect of current research in biomedical technologies as the fundamental heat transfer mechanisms can vary widely
across biological tissues and device layouts. In our previous work (Reeder et al., 2022), we developed a soft bioresorbable cooler, as
illustrated in Fig. 1, that uses the phase-change in microfluidic channels to achieve precise targeted cooling for nerve conduction
blockage. The result provides on-demand pain relief as an alternative to highly addictive opioids for treating pain. This system exhibits
excellent thermal management and cooling capabilities for localized thermal blocking. In this study, we introduced nitrogen and
perfluoropentane (PFP) liquid into the microchannels for mixing. The interaction between the two leads to vaporization of the PFP
liquid, which absorbs heat. Simultaneously, nitrogen gas is introduced in the microfluidic system to carry the low-temperature gas
resulting from the reaction further into the microfluidic channel. As a result, this low-temperature gas exchanges heat with the sur-
rounding tissue, effectively reducing its temperature and producing the nerve-blocking effect.

In this paper, we propose a theoretical model, building upon our previous work (Reeder et al., 2022), to simulate the cooling
process of the fluid by the gas mixture occurring in the deformable microfluidic channels. We also describe the heat transfer mech-
anisms that govern the cooling process for physiologically relevant parameters. In addition, we consider the flow rate of the fluid inside
the microfluidic channel and the effect of changes in channel dimensions due to tissue deformation on heat transfer mechanisms. Finite
element analysis (FEA) is used to numerically determine the temperature distribution in the fluid and the surrounding tissue for the set
of experimental variables used in our previous nerve-blocking application. Subsequently, we establish a scaling law to describe the
cooling effect of the microfluidic structure on the tissue through a set of non-dimensional parameters that can be used to locally control
the cooling process. Lastly, we determine the optimal ratio and quantity of the two gases required to flow into the microfluidic cooler,
based on the desired temperature reduction goals and the results of the scaling law, to provide guidance for the practical operation of
the device.

The article is organized as follows: First, in Section 2, we establish the model for the vaporization of the liquids to identify the key
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Fig. 1. (a) Diagram of the soft, bioresorbable, evaporative microfluidic cooler for an on-demand nerve block application; Reprinted with permission
from (Reeder et al., 2022)Copyright 2022, AAAS. (b) 3D model of the nerve, wrapped by the microfluidic cooler, embedded in the tissue.
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parameters governing the phase change and define the variables controlling the target cooling. Then, in Section 3, a mechanical
analysis is presented to describe the influence of applied strain in the tissue on the deformation of microfluidic channels. A thermal
analysis is presented to discuss the effect of fluid viscosity. The steady-state temperature distributions are solved from the heat transfer
equation. A scaling law is built to quantify the spatial temperature distribution of tissue considering the deformation of microfluidic
channels. In Section 4, we examine the effects of the fluid, heat transfer coefficient, validating the assumptions to simplify the scaling
analysis to capture only cooling effects due to heat convection in the microchannels and surrounding tissue. Finally, Section 5 discusses
the framework for determining the required amounts of gas and liquid inside the microchannels to locally achieve a desired tem-
perature change.

2. Model of the vaporization of liquids

The microfluidic cooler is supplied with liquid A and gas B concurrently. The vaporization reaction between liquid A and gas B in
the microfluidic channel can be represented by the following equation

5Aliquid + Bgas_’ngas + Bgas (€8

where ¢ is the molar ratio of liquid A to gas B (¢ mol of liquid A for 1 mol of gas B in the above reaction); for each liquid, £ depends on
temperature T as given by £ = 1%?. Here Py is the standard atmospheric pressure, and P(T) is the saturated vapor pressure, i.e., the
maximum pressure achieved by the volatilization of a liquid in a confined space and it depends on the temperature T. This saturated
vapor pressure P(T) is measured experimentally and is considered known for each liquid (Crowder et al., 1967), therefore so is £ as a
function of temperature. Let AH denote the enthalpy change of liquid A during evaporation, which is considered a known property of
each liquid (Cachadina and Mulero, 2009). The heat absorbed for complete vaporization is then given by £AH.

Let X denote the quantity (mol) of gas B passing through per unit time. The quantity of gas A (after liquid evaporation) is then £X.
The volume (per unit time) of the mixed gases is X(1+£)V;,, where V;, = 0.00224 m®/mol is the molar volume of gas, which gives the
average flow rate v in the cross section in Eq. (2). For £X mol of liquid A (per unit time), the heat absorption Q per unit time due to
evaporation of liquid A is, therefore, £XAH, i.e.,

_AX(1 + &)V,
B d? (2)
Q = EXAH

where d is the diameter of the microfluidic channel.
In the mixture of gases A and B, the volume fraction $ and mass fraction y of A are given by

Map,

_ . 3
b Maps + (1/8)Mgpy ?

My

" M+ (1/6)M; “4)

14

where M and Mp are the molar mass of gas A and gas B, respectively. The effective specific heat capacity c, density py, and thermal
conductivity A¢ of the fluid (mixture of gases A and B) is given by

¢ 1

KA T )

11j11

AT*=T(z=0")—-T(z=0")

Tissue

I I l I I

Fig. 2. Theoretical model of the microfluidic cooler inside the tissue.
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Py = Bpa+(1—P)pg ©)

A =ria+ 1~y )
where ¢4 and cp are specific heat capacity, ps and pp are density, 14 and 1p are the thermal conductivity of gas A and gas B, respectively.
3. Mechanics and thermal analysis

A three-dimensional model in cylindrical coordinate for the cooling mechanism of the tissue by a microfluidic nerve-cooler is
established in this section. Fig. 2 shows an infinite tissue, containing a microfluidic channel (along z axis) with diameter d of the
circular cross section. Tissue cooling is regulated primarily by the flow rate. On the left side of the channel (z < 0), a mixed fluid flows
at an average flow rate v, undergoes the reaction in Eq. (1) at the section z = 0 (indicated by the solid red line in Fig. 2), then continues
to flow to the right side of the channel (z > 0) at the same average flow rate. The local cooling of the tissue using a microfluidic nerve-
cooler, resulting in the vaporization of the liquid and heat absorption, is modelled by

Q= %cfpfwaT* 8)

where AT* = T(z= 0") — T(z= 0") is the temperature jump at the section z = 0 due to reaction; tvd®/4 represents the volume flow
rate such that xpfvd2/4 is the mass flow rate, and its product with c;and AT* gives the heat absorption per unit time. FEA is adopted to
determine the temperature distribution in the fluid and the surrounding tissue (details in Appendix A).

The temperature change AT (from the environment temperature Tp) of tissue is influenced by three sets of variables and parameters:
1) the position (7, 2); 2) the diameter d of microfluidic channel, and material properties such as the viscosity u5, density py, heat capacity
¢y and the thermal conductivity A of the fluid as well as the density p;, the heat capacity c;, the thermal conductivity 4;, the elastic
modulus E and the Poisson’s ratio v of the tissue; and 3) the applied strain ¢ in the tissue, the flow rate v of the fluid, and the heat
absorption Q per unit time. This relation can be symbolically expressed as

AT = AT(r7 z, d7 Cfapﬁj'f', Cts Prs ltaﬂfaE7 v,V €, Q) (C)]

The baseline values for these properties are d = 0.25 mm, ¢=947.3 J/(kg -K), py = 4.465 kg/m3, Ar=0.0782 W/(mK), c=4120 J/
(kg -K), pr =998 kg/m3, At=0.625 W/(m-K) and py= 1.7 x 107° kg/m-s (Reeder et al., 2022). The initial temperature is 37 °C for both
the tissue and inlet fluid.

First, we discuss the applied (compressive) strain ¢ along the radial direction r in the tissue, originating from the user during
placement to attach the bioelectronic into the tissue. The microfluidic channel deforms accordingly; along its length direction it ex-
tends by 1 + 2ve due to Poisson’s effect in the tissue; and its diameter changes from d to d’. The ratio of the channel volumes after and
before the deformation

Vol  d*(1 + 2ve)

— 1
Vol d? (10)
The initial pressure pg in the microfluidic channel changes to p = po+Ap after deformation. The ideal gas law gives
%dzpo - %d’z(po +Ap)(1 + 2ve) (11)

For an infinite solid containing a cylindrical hole subject to remote compressive strain ¢ along the radial direction and internal
pressure Ap inside the hole, its diameter change is given by (Sitharam and Govindaraju, 2021)
. 2ed  (1+v)Apd
d-d= -

1-v E

(12)

Elimination of Ap from Egs. (11) and (12) yields the governing equation for d’ as

3
o8 ()

~ po(1+v)

" E(1 + 20¢) 14
B _E(1 —v) —2Ee — (1 —v?)p,

B E(1—-v)

Its solution is
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1/3 1/3y 71
1 B3 1 1 B3 1
d_d{(ﬂ+ W*W) *(ﬂ‘ W*W) } (15

The temperature change in Eq. (9) can be simplified as
AT = AT(r’Z7d'7cf7pf7;lf7Ct7pt7/lt7,ufvv7 Q) (16)

The range of viscosity for common gas is from 0.8 x 107> kg/(m-s) to 2 x 10~*kg/(m-s) (Lemmon and Jacobsen, 2004). For these
two limits, Fig. 3 shows the distributions of temperature change AT over the space —40d'<z < 40d, 0 < r < 40d’ at a representative
average flow rate v = 35 m/s. It clearly indicates that the temperature distribution is essentially independent of the viscosity.

Fig. 4 shows the temperature change at a fixed point versus the viscosity s at different flow rates v. It confirms that the viscosity has
little effect on the temperature distribution. Therefore the temperature change in Eq. (16) can be further simplified as

AT = AT(r,2,d ¢, p5, A5, Ces Py 20, v, Q) a7

In the following we neglect the effect of fluid viscosity such that the flow rate is uniform in the microfluidic channel. The steady-
state temperature distribution T is governed by the heat transfer equation (Webb et al., 2015; Frantz et al., 2023)

10 oT 0 oT oT
The steady heat transfer equation in the tissue is (Webb et al., 2015)
10 oT 0 oT

The environmental temperature T is imposed as the remote boundary condition for the tissue. The interface between the fluid and
the tissue satisfies the continuity conditions

(7] =0 (20)
[A0T /on] = 0 (21)

where [..] stands for the jump across the interface, and n is the normal of the interface.

Based on the equations presented in this section, the difference between the steady-state temperature field inside the tissue and the
environment temperature AT = T-Tj is linearly proportional to the heat absorption per unit time Q. Its spatial distribution depends
primarily on the flow rate v, which always scales with pscras in Eq. (18). Other properties that come into analysis include the thermal
conductivity /s for the fluid and A, for the tissue; and the microfluidic channel size d’. The normalized, dimensionless temperature
difference ATA.d’/Q depends on the normalized position (r/d’, z/d"), normalized flow rate vcgpyd’/A;, the conductivity ratio Ag/A;, which
yields a scaling law for the temperature distribution

ATd A, (r z vegppd /l_f)

Q ‘\ad n u

(22)

4. Numerical results and a simplified scaling law

For representative tissue and gases used in microfluidic nerve-cooler system, their thermal conductivity ratio 1¢/1; always ranges
between 0.1 and 0.3 (Reeder et al., 2022). Fig. 5 shows the normalized temperature distribution ATAd’/Q for two limits, A/, =0.1 and
0.3 over the space —40<z/d’<40, 0 < r/d’<40, when the normalized flow rate is vcppd’/A; =30.

The nearly identical distributions in Fig. 5 for 1¢/4; =0.1 and 0.3 suggest that, for vcpd’/4; =30, the changes in tissue or fluid

b

a
40 40
gzo ! )
0
-40 -20 0 20 40

%40 20 o 20 40
2/d’ 2/d”

Fig. 3. The distribution of the temperature change (AT) with (a) s = 0.8 x 10°° (kg/m-s), and (b) s = 2 x 10°* (kg/m-s) at v = 35 m/s.
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Fig. 4. The temperature change (AT) at point z = d, r = 0.5d’ versus us for several flow rate v.
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40 25
: ! !
0 0 0

-40 -20 0 20 40 -40 -20 0 20 40
z/d’ z/d’

Fig. 5. The distribution of the normalized temperature change (ATd’4,/Q) with (a) 4/4=0.1, and (b) A/1,=0.3 at vcpd’/2, =30.

conductivity have minimal impact on the scaling law results. In other words, for the current set of fluid rate and thermal properties in
the working process of microfluidic nerve-cooler system, the non-dimensional temperature distribution is approximately independent
of the value of A¢/A;.

Fig. 6 shows the normalized temperature change at a fixed point (r/d’, z/d’)=(1,1/2) versus the thermal conductivity ratio A¢/4, for
a wide range of flow rate vcgpd’/ ;. It confirms the conclusion from Fig. 5 that, at a relatively large flow rate, the normalized tem-
perature change is independent of the conductivity ratio A;/4.. However, at a low flow rate such as vcgpd’/4=2, the value of 1¢/1; has a
slight effect on the temperature change ATd’1,/Q (Fig. 6). This is due to the influence of convective and conductive heat transfer in the
working process of microfluidic nerve-cooler system. At high flow rates, the dominant cooling mechanism of microfluidic nerve-cooler
system is convection due to the fluid flow. At low flow rates, e.g., vepd’/A: < 5, the effect of the thermal conductivity in the tissue and
channel cannot be neglected since there is a combined convection-conduction effect to produce a different thermal response. However,
for practical implementation of the microfluidic cooling system, the dimensionless flow rate will always satisfy vcppd’/A; > 30 and the

12 ._______._——.———I———l
10
&
o 8} —8— ve,p; d'/AF2
E(_ vep d/A=5
o 6 veo; d/A=30
3\1 4 —¥— vc;p; d/A=50
S .
q 2 -V' \ 4 v v v
0 1 L L L L
0.1 0.2 0.3

AfAt
Fig. 6. The normalized temperature change (ATd’4,/Q) at point z/d’=1, r/d’=1/2 versus A;/4, for several normalized flow rate vcypd’/A.
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dimensionless group A¢//; can be omitted from the scaling law, i.e.,

ATd 2, 7f(r z vcfpfd’>

o feaa @y

which depends on the normalized average flow rate in addition to the position.
5. Required amount of fluids for targeted local cooling

The microfluidic nerve-cooler system (Reeder et al., 2022) operates on internal fluid flow rate control, resulting in varying degrees
of temperature reduction in tissue for different nitrogen (gas B) and PFP (liquid A) flow rates. The scaling law established in the present
study indicates that the distribution of the normalized temperature change ATd’A,/Q within the tissue is primarily governed by the
normalized flow rate vcppd’/ 4. In experiments, however, it is an inverse problem — What are the amounts of gas B and liquid A (i.e., X
and £X in Section 2) in experiments for a given targeted cooling temperature at the nerve? In the following, we demonstrate an example
to straightforwardly determine these important input variables in experiments.

We use the average temperature change AT*=AT(z = 07) (at the section at z = 0", immediately to the right of the section where the
reaction occurs) as an example, and the temperature change is averaged over the cross section of the microfluidic channel. Fig. 5(a)
shows this normalized average temperature change decreases monotonically as the normalized flow rate vcpad’/A, increases,
asymptotically approaching zero. For a targeted cooling AT*, Fig. 5(a) does not immediately yield the values of X for gas B and £X for
liquid A needed in experiments.

After substituting the expressions v and Q in terms of X in Eq. (2), the normalized temperature change and normalized velocity
become

ATd}, AT

Q  XEAH @4
verppd AX(1 + &) Vincrpy (25)
P ad A,
Multiplying Eq. (24) with Eq. (25) gives
ATd 2, veped 1 4AATV,c
dﬂt. rd 1+ ¢ fPs (26)

Q e £ TAH

which is independent of X and d’. Fig. 7(b) shows this product in Eq. (26) [multiplication of Eqgs. (24) and (25)] versus the new
normalization of flow rate in Eq. (25).

For a representative elastic modulus of tissue E = 25 kPa (Chen et al., 2024), Poisson’s ratio 0.48 for a nearly incompressible
material, and initial pressure pp=100 kPa (Reeder et al., 2022). Fig. 8 shows the product in Eq. (26) versus the normalized flow rate
using the initial diameter d of the microfluidic channel instead d’, i.e., 4X(14-&) Vicsps/(xdA,) [which comes from Eq. (25) by replacing
d’ with d, which are related via Eq. (15)]. For the applied compressive strain in tissue é=0, 10 % and 20 %, the curves in Fig. 8 all
coincide, which suggests independence of the tissue strain, i.e., the tissue deformation has a very minor effect on the determination of
the X based on Fig. 8.

a 30 b_\12
I
=
& E
S 20 X 08}
3 S
4 %
3 >
ke =~ 0-4 B
3 10 >
& =
S i~
o 1 L s L X X g 0_0 1 1 1 1 1
0 10 20 30 40 50 0 10 20 30 40 50
VCfpfd '/At 4X(1 +§) vafpf /mrd 'At

Fig. 7. (a) The normalized average temperature change AT*d’4,/Q versus the normalized flow rate vcgpd’/4, where AT* is the average over the
cross-section of reaction (z = 0", immediately to the right of the section z = 0 where the reaction occurs) in the microfluidic channel; (b) Replot of
the curve in (a) to determine the amount of input fluids (gas B and liquid A).
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Fig. 8. Replot of the curve in Fig. 7(b) using the initial diameter d of the microfluidic channel, for the applied compressive strain é=0, 10 % and 20
% in the tissue.

For a given target temperature change AT* determined from the physiological application, the value of ¢ is known from the
saturated vapor pressure P by & =P(Ty-AT*)/Py, where To-AT* is the local temperature. Therefore, the vertical coordinate in Fig. 8 is
known. The curve in Fig. 8 then gives the corresponding horizontal coordinate, which determines the value of X.

Additionally, Fig. 7(b) and Fig. 8 demonstrate that there exists a limit to the cooling capacity of the microfluidic cooler for a given
gas, corresponding to the horizontal asymptotes in the figures. Once this cooling limit is reached, further adjusting the fluid flux is no
longer an effective strategy for cooling the surrounding tissue. Such an approach to determine the amounts of fluid (X for gas B and £*X
for liquid A) for a given targeted temperature change can be straightforwardly extended to any location in the tissue, such as the nerve
if its location is known.

6. Conclusion

A theoretical model is proposed to describe and quantify localized tissue cooling using microfluidic nerve-cooler system that rely on
fluid phase change to trigger the heat transfer mechanisms in specific tissue locations. The mechanics and thermal analyses account for
the effects of tissue deformation and viscous flow in the microfluidic channel on the temperature distribution in the tissue. A scaling
law is established to characterize the spatial distribution of steady-state temperature changes within the tissue for a physiologically
relevant combination of non-dimensional parameters considering the deformation of microfluidic channel. For the high range of non-
dimensional flow rate used to achieve tissue cooling, the influence of the thermal conductivity ratio between the fluid and the tissue
was minimal on the dimensionless temperature change. Instead, the key parameters that influence the thermal cooling process are the
amounts of liquid and gas, and the expected temperature change determined by the biological application. The proposed scaling law
shows that for a given liquid, there is a limit to the targeted temperature change where higher flow rates will not produce further
localized temperature reduction. Such an approach is readily applied to nerve cooling.

Statement of novelty

We proposed a theoretical model, based on mechanics and thermal analysis of bioelectronic systems, to evaluate the cooling effect
of deformable microfluidic channel coolers driven by liquid phase change heat absorption subjected to an applied strain remotely. The
established scaling law model examines the steady-state temperature changes across the tissue for relevant mechanics and thermal
parameters. By identifying the governing heat transfer mechanism at high dimensionless flowrates, we illustrate and verify the
minimal impact of the ratio of common fluid-tissue thermal conductivities, fluid viscosity, applied remote strain, and present a
simplified scaling law model for further thermal analysis. By integrating the theory of phase transitions and saturated vapor pressure,
we determine the inlet flow rate of fluid and gas required to achieve specific temperature reduction targets for precise thermal
management in bioelectronic systems for physiological applications. Additionally, the scaling law allows for accurate prediction of the
theoretical maximum cooling achieved for a given fluid where the mechanics and thermal analysis show the influence of the relevant
non-dimensional parameters. This theoretical model can guide the design of liquid phase-change heat-absorbing microfluidic channel
coolers for precise cooling and is applicable across a wide range of thermal management scenarios.
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Appendix A. Finite element analysis (FEA)

The energy and standard k-e models in the commercial FEA software Ansys Fluent were adopted to calculate the temperature
change in the fluid and tissue. Hexahedral elements were used for mesh with the minimum element size being one-tenth of the
microfluidic channel’s radius. Convergence tests of the mesh size were performed to ensure accuracy. A radiator boundary condition
was added in the section z = 0 of the microfluidic channel with heat flux to simulate the temperature change induced by the
vaporization of liquid A (as shown in Fig. 2).
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