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ABSTRACT: Thermal management problems in high-power
flexible electronics are exacerbated by the design complexity and
requirement of stringent temperature control to prevent skin burns.
Thus, effective heat dissipation methods applicable to flexible
electronics on polymer substrates are an essential device design
component. Accordingly, this study investigates the pool boiling
heat transfer characteristics and potential enhancements, enabled
by laser-induced graphene (LIG), which is both highly porous and
bendable. Patterned LIG with a mesh spacing of 200 μm was
formed on flexible polyimide substrates by laser direct writing, and
the resulting surfaces exhibited enhanced heat transfer character-
istics. Pool boiling experiments were conducted with an FC-72
working fluid to investigate the heat removal capability of LIG, and
its performance was further improved by separating the liquid supply passages from the vapor escape routes. Overall, the inclusion of
LIG resulted in a 2- to 3-fold increase in both the critical heat flux (33.6 W/cm2) and heat transfer coefficient (7.6 kW/(m2·K)),
compared to pristine polyimide films.
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1. INTRODUCTION

Recent advancements in flexible electronic components have
enabled the development of high-performance flexible
electronics for a variety of emerging applications such as the
mobile health technology, wearable systems, smart cities, and
Internet of Things (IoT).1 As the processing capabilities
continue to increase exponentially, so does the importance of
thermal management because the increased power consump-
tion inevitably generates excess heat. The operating temper-
ature of wearable electronics operated in close proximity to the
human body must be relatively low to prevent skin burn or
device malfunctions.2 Moreover, the polymers that provide an
essential platform for flexible electronic devices have the
disadvantage of low thermal conductivity, which hinders
effective thermal management. Over the past few decades,
the development of thermally conductive materials with
excellent flexibility has been a primary research hotspot;
however, the enhancements achieved, compared to conven-
tional polymers, is still fairly limited.3 Conventional thermal
management techniques, such as heat sinks with fans, heat
pipes, and vapor chamber, could be used to address these
problems, but they are relatively difficult to apply to flexible
substrates. Researchers have also attempted to remove heat
using ultrathin heat pipes or flexible vapor chambers; these
techniques incur high costs with only moderate performance

improvements because they use thermal interfacial materials
(TIMs) for thermal contact.
Modern microfabrication and advanced coating technologies

have enabled material surface properties to be manipulated for
enhanced boiling heat transfer capabilities.4−7 For instance,
Wang et al.8 fabricated copper dendrite micro-pin fin arrays for
enhanced boiling performance with increased surface rough-
ness. Lu et al.9 grew silicon nanowires to achieve a maximum
critical heat flux (CHF) enhancement that was ∼3 times
higher than that of smooth surfaces. In addition, Liter and
Kaviany10 fabricated heterogeneous boiling surfaces by adjust-
ing the contact angle and improved the boiling heat transfer by
separating liquid and vapor paths. These studies present
multiple mechanisms and avenues for improving the boiling
performance; however, most of them rely on metal-based
materials, making them inherently difficult to be adopted in
systems utilizing flexible polymer substrates.11
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Graphene, a carbon nanoallotrope, can play an important
role in thermal management because of its superior
mechanical, electrical, and thermal properties. Furthermore,
it can be readily used in flexible electronics because its two-
dimensional (2D) structure and inherent flexibility render its
implementation in flexible systems very easy.12−17 Many
studies have been conducted to investigate the techniques to
improve the thermal characteristics of flexible materials by
graphene synthesis. For example, Li et al.18 and Cui et al.19

achieved higher thermal conductivities of 6.6 and 21.8 W/(m·
K) with vertically aligned graphene aerogel and a graphene-
polymer film, respectively. Unfortunately, several promising
methods of realizing improved heat transfer have practical
limitations because their synthesis and fabrication are relatively
complex and expensive for scale-up, selective-area patterning,
and fast fabrication.20,21

Accordingly, laser-induced graphene (LIG) has recently
drawn significant research attention in various fields. In
general, laser irradiation of polymers has been shown to
generate three-dimensional (3D) porous carbonaceous materi-
als via pyrolysis.22,23 When polyimide, a common substrate for
flexible electronics,22 is used as a precursor, the resulting
carbon material is specifically identified as graphene and is thus
termed as LIG.24−27 Conventional pyrolysis methods require
bulk heating by a furnace system, whereas laser irradiation can
induce a localized temperature in polyimide that is sufficiently
high to instantly convert it to LIG. This laser pyrolysis process
is a facile and highly efficient fabrication method that bodes
well for large-scale production. Moreover, LIG exhibits
excellent mechanical flexibility,28 a large surface area-to-volume
ratio,29 and high electrical30 and thermal conductivities31,32

(see Supporting Information for flexibility test details, S1).
Because of this unique combination of properties, LIG on
polyimide has been widely studied for use in supercapacitors,
batteries, electrocatalysts, and sensors,33 but its application in
thermal management systems has rarely been studied, despite

it having similar thermal properties to those of graphene
films.34

Therefore, this study investigates the pool boiling heat
transfer enhancement achieved by fabricating an LIG surface
on a flexible polyimide substrate. Direct laser-induced pyrolysis
was performed to produce a porous carbonized surface, which
was then patterned into a mesh with 200 μm spacing over a
total area of 12 × 12 mm2. The pool boiling heat transfer
performance of the LIG surfaces was evaluated experimentally
and compared to the performance of smooth polyimide
surfaces as a control. In addition, the porous surface design was
optimized to maximize the heat transfer dissipation through
the LIG surface. This work is an important step forward
toward utilizing the unique and valuable heat transfer
properties of LIG in flexible electronics and other emerging
applications.

2. EXPERIMENTAL METHODS
2.1. Laser-Induced Graphene Fabrication and Visualization.

To prepare LIG-patterned polymer surfaces, a commercial polyimide,
Kapton (wfilm = 125 μm), was irradiated with a continuous-wave
(CW) CO2 laser (Coryart, Inc., model C40; wavelength: 10.6 μm).
The focused laser beam (1/e2 spot diameter = 260 μm) was scanned
over the film surface at a scanning speed of 200 mm/s and power of
5.3 W (corresponding power density = 20.3 kW/cm2) under ambient
conditions. The scanning path was programmed to obtain a mesh-like
pattern with 200 μm spacing. These parameters ensured that no
significant thermal damage occurred in the polyimide bulk, while laser
pyrolysis was confined to a limited depth from the film surface. Figure
1 presents a schematic of the laser irradiation system and the laser
scanning scheme. The optical penetration depth of the infrared (IR)
light into Kapton is shallow; thus, light absorption occurs near the
film surface. As a result, the temperature of the irradiated polyimide is
instantly increased over its pyrolysis point, transforming the polyimide
at the surface into an LIG layer. The presence of graphene in the LIG
was confirmed by Raman spectroscopy (see Supporting Information
Figure S2) and our previous report.33

The pore size and quantity were analyzed using an open image
processing program, ImageJ, and the surface properties were

Figure 1. Schematic of the laser-induced graphene fabrication setup and scanning scheme.

Figure 2. (a) Schematic of the experimental setup used to measure the liquid spreading velocity and (b) sequential high-speed optical images of
liquid spreading on a sample LIG surface. The dotted circles represent the droplet boundary (yellow) and wetting front (green).
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characterized using 3M Fluorinert FC-72 as a dielectric working fluid.
The LIG surface was visualized by scanning electron microscopy
(SEM) (S-3400N, Hitachi, Japan) and 3D confocal microscopy
(OLS4100-SWF, Olympus Co., Ltd., Japan).
2.2. Measurement of Surface Properties. Figure 2a presents a

schematic of the glass chamber used to measure the spreading
characterization of the working fluid on the LIG surface. A sample,
either smooth polyimide or LIG, was placed at the center of the
chamber on the top surface of the copper substrate and was wrapped
with a bundle of cloth to increase the relative humidity and prevent
errors caused by evaporation during the experiment. Next, the
working fluid (3M Fluorinert FC-72) was added, which filled the
chamber to a level just below the substrate surface. The chamber was
then left undisturbed until it became saturated by evaporation
(approximately 20 min). A single droplet of FC-72 was then
dispensed at the center of the sample, and optical images were
recorded at 250 fps with a high-speed camera (Photron FastCAM
Mini UX100). A droplet volume of 2 μL was used so that the bond
number (Bo), defined as the ratio of gravity to capillary force, would
be less than 1, thereby minimizing gravitational effects.35 Figure 2b
shows the sequential optical images of the spreading area of an LIG
sample used to measure the spreading rate.
2.3. Pool Boiling Experimental Setup and Procedure. Once

the wetting characteristics of polyimide and the LIG samples were
examined, the heat transfer characteristics were determined using a
pool boiling test setup (Figure 3a). This setup consisted of a stainless
steel (SUS304) chamber with transparent polycarbonate (PC)
windows on the front and the back, enabling bubble formation to
be observed during boiling tests. An immersion heater (up to 1.1 kW)
was installed on the side wall of the chamber, which was used for both
degassing noncondensable gases before the test and maintaining the
working fluid at the saturated condition during the test. Vaporized
working fluid was condensed and returned to the liquid bulk by a
coiled condenser at the top cover of the chamber, which was
connected to a circulating chiller (Jeio Tech Co., HH20). The
temperature and pressure inside the chamber were monitored by a K-
type thermocouple and an OMEGA absolute pressure transducer,
which were controlled through the NI Compact DAQ modular data
acquisition system using LabVIEW code. The boiling images were
captured by a Photron FastCAM Mini UX100 high-speed camera
with an ARRI 2000 plus light source.
The structure of the test module is illustrated in Figure 3b. First,

the polyimide film was ultrasonically cleaned sequentially with ethyl
alcohol, acetone, and isopropyl alcohol for 5 min each and then rinsed
with DI water. Then, the film was attached to the top surface of a
silicon substrate (525 μm) with a thermal interfacial material (TIM,
Chemtronics, Inc., CW2460, k = 1.6 W/(m·K)) to minimize thermal

resistance during the thermal tests. The thickness of the TIM layer
(wtim) was determined by subtracting the known thicknesses of the
polyimide film (wfilm) and the silicon substrate (wsi) from the total
thickness of the test module (wtot)

= − −w w w wtim tot film si (1)

A titanium/platinum (10/100 nm) thin-film resistive heater with
an area of 10 × 10 mm2 was deposited by electron-beam evaporation
on the bottom surface of the silicon substrate. The test module was
then cured in a vacuum oven for 1 h at 60 °C to prevent any surface
deformation during LIG formation and thermal testing. Then, the
LIG pattern was formed on the top surface of the polyimide film
through the process described in Section 2.1.

During the boiling experiment, the test module was placed at the
bottom of the chamber and sealed with high-temperature silicone
(Permatex, High-Temp. Red RTV) to prevent leakage. The FC-72
working fluid was poured into the chamber and vaporized for 30 min
by the immersion heater with simultaneous condensing, while any
noncondensable gases were allowed to escape to the ambient
surroundings. Then, DC power (HP 6030A power supply) was
supplied to the thin-film heater. The total power input to the heater
was measured with a customized voltage dividing circuit, consisting of
0.05 Ω ± 1.0% and 5 k Ω ± 0.1% resistors, to prevent the DAQ
system from being damaged by high voltages during the measure-
ments. The heated surface temperature was measured by an IR
thermal imaging camera (FLIR E75). The thin metal film heater was
black-painted with a high-emissivity surface (ε = 0.93) before the
measurement, and the IR measurement was precalibrated using a K-
type thermocouple (see Supporting Information S3 for the detailed
calibration procedure and results). Once the heater surface reached a
quasi-steady temperature (fluctuations less than 2 °C for 1 min), the
datasetincluding the voltage, current supplied to the heater, heated
surface temperature, chamber temperature, and chamber pressure
was obtained for 30 s using the DAQ system. Then, the applied heater
power was increased in steps of 2 W, and the procedure was repeated
with each step until CHF occurred.

Uncertainties in the heater surface temperature and heat flux were
determined based on the methodology proposed by Coleman and
Steele.36 The temperature of the polyimide film in contact with TIM
was calculated by assuming one-dimensional (1D) heat transfer

= − ″ + +T T q
w
k

w
k

w
ks h

si

si

tim

tim

film

film

i
k
jjjjj

y
{
zzzzz (2)

The thickness of wfilm is detailed in Supporting Figure S4.
The temperature was measured by an IR thermal camera with an

accuracy of ±2%. The accuracy of the heater power input was ±0.3

Figure 3. Schematic of (a) pool boiling apparatus and (b) test module used for thermal performance characterizations.
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W, and the errors of the recorded voltage and the current obtained
from the voltage divider were ±0.1 and ±1%, respectively. The
effective heat flux, based on the bottom polyimide film, was calculated
by considering natural convective heat loss from the bottom of the
silicon substrate with an assumed convective heat transfer coefficient
(HTC) of 5 W/(m2·K),37 and the accumulated uncertainty was
estimated to be 1.2−15.0%.

3. RESULTS AND DISCUSSION
3.1. Surface Characterization. The manner in which

fluids spread on porous media is closely related to their boiling
performance, and it is well known that higher spreading
velocities provide an increased supply of liquid to the heated
area, resulting in enhanced boiling heat transfer and CHF.38−40

Therefore, we characterized the liquid spreading on the LIG
surface to analyze its relationship with the boiling heat transfer.
We first optimized the operating conditions of the laser,
especially power and scanning speed, to prevent any film
puncturing or surface roughening during the fabrication
process. Figure 4 shows the spreading distance of FC-72
droplets over 100 ms plotted against both time (Figure 4a) and
square root of time (Figure 4b). Clearly, incorporating the LIG
on the polyimide surface increased the spreading distance by
3−4 times. In this case, the spreading rate can be quantitatively
expressed as the wetting distance, dr, based on the Washburn
model, as follows41,42

= =d
P

K
t W t

2
r

cap

(3)

where Pcap, K, t, and W denote the capillary pressure (Pa) in
the porous medium, viscous resistance ((Pa·s)/m2), time (s),
and wetting coefficient, respectively. These wetting coefficients,
estimated by simple linear regressions, were 1.53 and 0.44
mm/s0.5 for the LIG and pristine polyimide surfaces,
respectively.
Figure 5a shows the scanning electron microscopy (SEM)

image of the mesh-like patterned LIG, which features a foam-
like structure covered with entangled nanowires, as shown
more clearly in the inset. Figure 5b shows the topological
image of the LIG-patterned surface obtained using a 3D
confocal microscope. The root-mean-square roughness (Rrms)
and roughness factor (r = Atot/Ap, where Atot is the total surface
area and Ap is the projected heating area) were 6.9 and 7.1 μm,
respectively. Notably, these values were calculated as averages
found by analyzing five local spots in the 3D confocal
microscopy image. As shown in Figure 5c, pores capable of
facilitating boiling nucleation were created in the laser-
pyrolyzed portions of the polyimide film. The size and
quantity of these pores directly influence the boiling character-
istics and the heat transfer performance of the films in the
nucleate boiling region. Therefore, we selected five distinct

Figure 4. Liquid spreading distance of the pristine polyimide film and LIG surface over (a) time and (b) square root of time.

Figure 5. Images of the LIG pattern obtained by (a) scanning electron microscopy (SEM) and (b) confocal microscopy topology. The insets in (a)
and (b) show magnified images of the LIG pattern near an intersection. (c) Image processing on the magnified SEM image of the effective area of
nucleation cavities, with the inset showing image processing analysis results from ImageJ. (d) Distribution of pores with respect to pore radius.
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regions of the laser-carbonized surface and analyzed the pore
size distribution and the pore quantity using ImageJ. The
results are presented in Figure 5d, which plots the pore
quantity against the pore radius (rc) using the data obtained
from all five selected regions. Most of the pores (approximately
81%) have small radii of less than 0.5 μm, but several larger
pores of rc up to 15 μm were observed near the areas where
laser paths intersected. If the pore size is larger than the size of
active nucleation sites at the given heat flux, the required
superheat for bubble nucleation should be increased until the
liquid temperature at the bubble interface exceeds the
equilibrium bubble temperature. Therefore, the corresponding
heat flux required to initiate boiling should be increased with
the pore size (relatively larger than the size of the active
nucleation sites).43,44 Thus, pore radii larger than 1.3 μm are
intentionally excluded from the analysis because they require
either a saturated heat flux q″ > 6 W/cm2 or a superheated
temperature ΔTsat > 30 °C for boiling incipience. The smallest
pore size on the LIG surface was rc = 0.025 μm; however, this
was also excluded because the superheating required to initiate
boiling was impractically large.43

3.2. Onset of Boiling Criterion. As the heat flux in the
system increases, vapor embryos that have been captured in
the pores start to grow. Then, once the buoyancy force of the
vapor bubble overcomes the surface tension force, they detach
from the wall; this is called the onset of boiling (ONB).
Accurately determining the heat flux required for ONB is
difficult because it is closely related to multiple properties of
both the fluid and the surface, including pore size, pore density,
surface roughness, and surface wettability.45,46 Here, we
estimated the pore radius and the corresponding required
wall superheat temperature so that we could predict the ONB
on the LIG surface using the Hsu model43

δ β
β

σ β
ρ δ

{ } =
+

± −
+

Δ

r r

T
h T

,
2

sin
1 cos

1 1
8 (1 cos )

c,min c,max

sat

fg g sat

i
k
jjjj

y
{
zzzz

i

k

jjjjjjj
y

{

zzzzzzz
(4)

where β is the contact angle; hfg, ρ, and σ are the latent heat,
density, and surface tension of FC-72 at Patm = 1 bar,
respectively; δ is the thermal boundary layer thickness, which is
determined from the ratio between the thermal conductivity of
the liquid (kf) and the HTC in single-phase natural convection.
The required superheat temperature, ΔTsat, is defined as the
difference between the surface temperature (Ts) and the
saturated temperature (Tsat) of the working fluid. Hsu
postulated in his model that ONB occurs when the liquid
temperature at rc, surrounding the top surface of the bubble,
exceeds Tsat at the vapor pressure Pg. Because ΔTsat is inversely
proportional to pore size and the available fluid temperature Tf
decreases with the distance from the heated wall, only certain
pore sizes will be activated for boiling.
Figure 6 shows the estimated ΔTsat value for ONB obtained

by the Hsu model in eq 4. In the figure, the LIG surface pore
size is highlighted with two background colors, blue and red,
corresponding to activated and nonactivated boiling sites. A
contact angle of 6° and a natural convective HTC of 2 kW/
(m2·K) were used in this prediction.47 Based on the surface
characterization results from Section 3.1, ΔTsat = 1.3−8.6 °C is
required for ONB on the LIG surface.

3.3. Critical Heat Flux. Figure 7a,b shows the pool boiling
curves and HTC, respectively, of the LIG surface and pristine
polyimide film. Note that we used ΔTsat = (Tw − Tsat) as the x
axis in Figure 7a because it is difficult to accurately measure the
true temperature of the boiling surface, Ts. Tw is an interface
temperature between the PI film and LIG, which is determined
from 1D heat transfer (see Supporting Information Figure S4
for detailed vertical temperature distribution). As shown in the
figure, both HTC and CHF are significantly enhanced on the
LIG surfaces, compared to the pristine polyimide films.
Interestingly, the LIG surface exhibited an early ONB at a
relatively low heat flux of q″ = 1.4 W/cm2 owing to the larger
pore sizes and higher thermal conductivity, while single-phase
cooling is maintained on the pristine polyimide surface until q″
reaches a value of approximately 4 W/cm2. The required
superheat temperature for boiling also decreased from
approximately 24 to 9.3 °C for the pristine polyimide and
LIG surfaces, respectively. Boiling heat transfer was signifi-
cantly increased on the LIG surface, compared to the
polyimide, enabling the LIG to maintain significantly lower
superheat temperatures. The measured ONB corresponds well
to the results obtained from the Hsu model, which predicted a
qONB″ of 1.4 W/cm2 for the LIG surface. Boiling HTC, h, was
obtained using eq 5 given subsequently. As shown in Figure 7b,
the LIG surface achieved a 3-fold increase in the boiling HTC,
compared to pristine polyimide, with values of 8.3−9.3 within
a range of normalized heat flux q″/qCHF″ = 0.3−0.95.

= ″ −h q T T/( )w sat (5)

The CHF itself also substantially increased from 18.6 W/
cm2 on pristine polyimide to 29.4 W/cm2 on the LIG surface
because the LIG provided more activated nucleation sites and
an enhanced liquid supply. Further, the corresponding wall
superheat temperature at the CHF was considerably lower for
the LIG surface than for the pristine polyimide surface, with
values of approximately 42.6 and 81.1 °C, respectively.
Figure 8 presents the optical images of bubble formation on

both the polyimide and LIG surfaces, arranged by increasing
the heat flux. At a low heat flux of 3 W/cm2, the polyimide
surface remains in the single-phase regime, but multiple
nucleation sites were activated on the LIG surface, and small
bubbles were continuously released from these sites. At a larger
heat flux, 10 W/cm2, the nucleate boiling was vigorously active
on both surfaces. However, boiling on the LIG surface is
distributed better across many nucleation sites, resulting in
smaller and larger number of bubbles, compared to those
produced on the pristine polyimide surface. As the heat flux
was increased to 18 W/cm2, large vapor columns were

Figure 6. Wall superheat temperature with respect to the active
nucleation radius obtained using the Hsu model.
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generated on the pristine polyimide surface by bubble
coalescence, which blocked the inflow of fresh liquid and
resulted in local dry-out. Contrarily, the nucleate boiling
regime was maintained on the LIG surface under this
condition, and similar disruptive vapor columns were not
observed until the heat flux was increased to nearly 30 W/cm2.

3.4. Influence of Laser Surface Patterning. In these
systems, CHF occurs when there is an insufficient supply of
liquid to the heated surface. This happens when the
evaporation rate exceeds the liquid supply rate or when nearly
generated vapor columns prevent liquid replenishment. To
address this problem, we aligned the vapor columns via laser
surface texturing so that the physical pathways of the liquid
supply and vapor escape could be separated, and the CHF
could thus be enhanced (Figure 9a).48,49 The vapor column
spacings were determined using the capillary length λcap of 736
μm, calculated by eq 6, for FC-72 as a reference because the
bubble departure and liquid supply are both related to the
gravitational and surface tension forces.

Figure 7. (a) Boiling curves and (b) HTC of the pristine polyimide and the LIG surface. The experimental results show that both CHF and HTC
are significantly enhanced on the LIG surface compared to the pristine polyimide film.

Figure 8. Visualization of pool boiling on pristine polyimide and LIG
surfaces, arranged according to the increasing heat flux. Early boiling
incipience was observed on the LIG surface compared to the pristine
polyimide film. The nucleate boiling regime was maintained for a
significantly longer period on the LIG surface, whereas disruptive
vapor columns were observed on the pristine polyimide film.

Figure 9. (a) Enhancement of the critical heat flux and the heat transfer coefficient by separating the liquid supply from the bubble flow path, where
spacing variations promote boiling heat transfer. (b) Microscopic images of LIG patterns with S varying from 200 to 1000 μm. (c, d) Pool boiling
curves and heat transfer coefficients with S = 200−1000 μm. Both CHF and HTC increased with increasing spacing for up to 600 μm, and trends of
sharp decrease were observed for any further increase in the spacing beyond 600 μm.
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λ σ
ρ ρ

=
−g( )cap

g f (6)

A total of seven different LIG patterns with spacing values of
S = 200, 400, 500, 600, 700, 800, and 1000 μm were fabricated
and evaluated to investigate the effect of surface patterning on
CHF. The optical microscopy images of these patterns
obtained by a confocal microscope (OLS4100-SWF, Olympus
Co., Ltd., Japan) are presented in Figure 9b. The size of the
laser-carbonized and pristine polyimide area was measured
from the confocal images, and the exact size and boiling data
are summarized in Table 1.

Figure 9c,d shows the pool boiling curves and HTCs
obtained for the various laser-patterned samples presented in
Figure 9b. Figure 9c compares the boiling curves for patterns
with S = 200, 400, 600, 800, and 1000 μm, denoted herein as
S200, S400, S600, S800, and S1000, respectively. Clearly,
ONBs were observed at almost the same heat flux
(approximately 3 W/cm2) for all five patterns, and the wall
superheat at ONB was also fairly similar. These similarities
exist because the surface morphologies of the nucleation sites
were fairly similar as they were all prepared by the same LIG
fabrication process. Interestingly, with the increasing heat flux,
distinctions in the heat transfer performance for patterns with
different spacings emerged. As the heat flux increased, the wall
superheat increase was weakened as the spacing increased from
S200 to S600. However, the trend is reversed at larger spacing
S600−S1000, and the wall superheat increased rapidly.
Interestingly, CHF gradually increased from 27.8 to 29.2 W/
cm2 and then to 33.6 W/cm2 as the spacing was
correspondingly increased from S200 to S400 and then to
S600 even though the total LIG area and the number of

nucleation sites decreased along the same trend. The CHF
enhancement in this case is attributed to the separation of
nucleate sites from the liquid supply route. The alignment of
the liquid supply and vapor escape routes enabled the
generation of vapor bubbles at the designated sites, which
delayed bubble coalescence and large vapor column formation.
However, a sharp decrease in CHF was observed for any
further increase in the spacing beyond S600 as the effective
heat transfer area, and the number of activated nucleation sites
was reduced. For S800 and S1000, the CHF values were 26.7
and 25.1 W/cm2, respectively, which were 20.2 and 25.1%
lower than those for S600, and 9.0 and 14.6% lower than those
obtained on the mesh-like pattern used in Figure 7,
respectively. These results indicate that the boiling enhance-
ment provided by the porous patterning diminishes when the
spacing is larger than the capillary length of FC-72 (736 μm).
Figure 9d compares the HTCs for the same five patterns

with respect to heat flux. Near the ONB, the HTCs were fairly
similar for all of the samples. However, similar to the CHF
trends, they increased as the spacing increased, with S200 and
S600 samples exhibiting h = 1.9−4.5 and h = 2.4−9.3 kW/(m2·
K), respectively, and then decreased as the spacing was further
increased beyond S600. The corresponding wall superheat near
the CHF decreased from 60.1 to 40.2 °C when the spacing was
increased from S200 to S600, respectively, and then increased
to 74.8 °C when the spacing was further increased to S1000.
Figure 10a,b shows the variations in CHF and HTCs,

respectively, for different LIG pattern spacings. In addition to
the spacings shown in Figure 9b and those evaluated in Figure
9c,d, two additional spacings of 500 and 700 μm, denoted as
S500 and S700, respectively, were included to more accurately
capture the heat transfer performance trends with respect to
pattern spacing. The maximum CHF of 33.6 W/cm2 was
attained for S600, which is slightly smaller than the capillary
length of FC-72 (λcap = 736 μm). This is probably because the
CHF is related to various other parameters other than pattern
spacing (e.g., surface wettability,50 porous material thickness,51

and surface roughness52). Thus, further studies are required to
investigate each of these parameters to clearly understand the
way the heat transfer performance can be optimized through
surface patterning.

4. SUMMARY AND CONCLUSIONS

For effective cooling of flexible substrates, patterned LIG
surfaces were fabricated on polyimide sheets by direct laser-
induced pyrolysis. The boiling heat transfer performance was

Table 1. Test Matrix and Boiling Results with the Increased
Liquid Pathway

sample wc [μm] S [μm] S/λcap
HTC

[kW/(m2·K)] CHF [W/cm2]

S200 163.4 200 0.3 4.0 27.9
S400 400 0.5 4.7 29.2
S500 500 0.7 5.2 30.5
S600 600 0.8 7.6 33.7
S700 700 0.9 4.9 29.2
S800 800 1.1 3.9 26.7
S1000 1000 1.4 3.2 25.1

Figure 10. Enhancement of (a) CHF and (b) HTC due to the liquid pathway effect. Enhancement of both CHF and HTC was improved by
separating the liquid supply and vapor escape paths, and the maximum values were achieved at a spacing of 600 μm, with corresponding
enhancements of 81 and 140% compared to the pristine polyimide surface.
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evaluated and found to have improved primarily because of
higher thermal conductivity and superior liquid spreading
provided by the LIG. Notably, the LIG surface was porous
with relatively large pores that facilitated nucleation for boiling
heat transfer. The LIG-patterned surface was fabricated on a
commercial polyimide film using a CO2 laser. Laser irradiation
at a power of 5.3 W and a scanning speed of 200 mm/s
produced a 41 μm thick porous carbon on the polyimide
substrate. The droplet spreading characteristics and pore
distribution of the LIG surface were investigated, and the
wetting distance of the working fluid FC-72 was found to have
increased 3−4 times with LIG inclusion, compared to the bare
polyimide surface. Pores with radii in the range of 0.06−15 μm
were produced on the LIG surface, with most pores having
radii rc < 0.5 μm. The maximum heat flux of 29.4 W/cm2 was
attained with a mesh-like LIG pattern, which represents an
enhancement of approximately 60% over the CHF obtained
using the pristine polyimide surface (qCHF″ = 18.6 W/cm2). The
effective HTC also significantly improved, exhibiting a 2- to 3-
fold increase from 1.9−3.2 to 3.1−9.3 kW/(m2·K) for the
pristine polyimide and mesh-like LIG surfaces, respectively.
The heat transfer performance optimization was investigated
using laser patterning to separate the liquid supply and vapor
escape paths. Both the CHF and HTC increased by 81 and
189%, respectively, compared to the pristine polyimide surface.
The maximum CHF was observed at a spacing of 600 μm,
where S/λcap = 0.83. Further studies are required for
optimizing the heat transfer performance using surface
patterning because various other surface properties influence
this performance.
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