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Design and Fabrication of a Micropillar-Pumped Polymer Loop Heat Pipe
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Abstract— This letter presents a micropillar-pumped polymer loop
heat pipe (LHP) with potential applications in flexible electronics.
A unique evaporator with a micro pillar wick was designed for a
flexible polymer LHP. The polymer LHP was fabricated via simple
and cost-effective soft lithography, omitting the need for a porous
wick. This design and fabrication approach facilitated passive two-phase
cooling in the polymer LHP, with up to 34 ◦C reduction in evaporator
temperature when compared to a non-fluid-charged state in a horizontal
orientation. [2023-0140]

Index Terms— Flexible electronics, micropillar wick, polymer loop heat
pipe, two-phase heat transfer.

I. INTRODUCTION

RECENTLY, polymer two-phase heat transfer devices have
attracted substantial attention for their potential applications

in flexible electronics. Heat pipes (HPs) and loop HPs (LHPs) are
passive two-phase heat transfer devices that exploit the latent heat
of the evaporated working fluid for heat transport. Polymer HPs
and LHPs exhibit the advantages of flexibility, low weight, low
cost, electrical insulation, and chemical resistance. Although many
polymer HPs have been proposed [1], [2], [3], [4], [5], [6], polymer
LHPs have been rarely reported owing to challenges in their design
and fabrication.

An LHP comprises an evaporator, a vapor line, a condenser,
a liquid line, and a compensation chamber. The evaporator includes
a wick that unidirectionally pumps the working fluid from the
compensation chamber, enabling longer-range heat transfer than that
possible using HPs. Designing and fabricating an evaporator using
flexible polymer materials are the major challenges in polymer LHP
fabrication. To prevent bidirectional flow or inverse vapor leakage
from the evaporator, resulting in the failure of the LHP operation,
the interface between the wick and compensation chamber must
be sufficiently sealed [7], [8]. The evaporator of a nonpolymer
LHP is typically constructed using rigid metal materials. To ensure
the sealing of the evaporator section, the porous wick is firmly
sandwiched within rigid metal cases with close interfacial contact [9],
[10], [11]. However, in polymer LHPs, this approach is precluded by
poor interfacial contact between the flexible polymer material and
porous wick.

This letter presents the design and fabrication of a micropillar-
pumped polymer LHP. A unique evaporator with a micropillar wick is
designed for a flexible polymer LHP. The polymer LHP is fabricated
via simple and cost-effective soft lithography with no porous wick.
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Fig. 1. Design concept of a micropillar-pumped polymer loop heat pipe:
(a) perspective view of the device and (b) cross-sectional view of the
evaporator section.

The sealing of the evaporator is enabled by partially-cured bonding
of two polydimethylsiloxane (PDMS) films. Our design and fabrica-
tion approaches are expected to realize polymer LHPs for flexible
electronics.

II. DESIGN CONCEPT AND FABRICATION

Fig. 1 illustrates the design concept of a micropillar-pumped
polymer LHP. The LHP is designed to dissipate heat from an
integrated circuit (IC) chip in flexible electronic devices. The liquid in
the micropillar forest is pumped from the compensation chamber and
conductively heated to a vapor from the bottom side of the case. The
menisci formed in the micropillar forest generate capillary forces that
push the vapor into the microchannel. The capillary forces depend
on the micropillar geometry, which primarily determines the heat
transfer length. The capillary force P of the micropillar wick can be
calculated as follows [12]:

P = 4σ cos θ/D

(
4
π

(
L
D

)2
− 1

)
, (1)

where σ is the liquid–vapor surface tension, θ is the receding
contact angle of liquid meniscus, L is the center-to-center distance
between adjacent micropillars, and D is the micropillar diameter. The
micropillar tunnel, which is covered by a sealing block, functions as a
check valve for suppressing inverse vapor leakage from the evaporator
to the compensation chamber. The microchannel functions as a vapor
line, condenser, and liquid line. The latent heat of the generated
vapor is released in the microchannel through its condensation.
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Fig. 2. Fabrication of a micropillar-pumped polymer loop heat pipe using
simple, cost-effective soft lithography: (a) preparation of molds, (b) pouring
of polydimethylsiloxane (PDMS), and (c) bonding of patterned PDMS films.

TABLE I
PARAMETERS OF THE MICROPILLAR-PUMPED POLYMER LOOP HEAT PIPE

The condensed liquid circulates back to the compensation chamber
through the microchannel.

Fig. 2 illustrates the fabrication of the micropillar-pumped polymer
LHP. The device is fabricated from polydimethylsiloxane, which
is compatible with flexible electronics [13]. The micropillar wick
and other components of the polymer LHP are fabricated via soft
lithography. First, two molds for the LHP components are prepared
using the conventional photolithography process (Fig. 2(a)). One
mold holds the patterns of the micropillar wick, compensation cham-
ber, and microchannels. The other mold holds the complementary
patterns of the sealing block in the evaporator, compensation chamber,
and microchannels. Then, PDMS is poured into both these molds
(Fig. 2(b)). After vacuuming the air bubbles from the poured PDMS,
the PDMS films are partially cured at 65 ◦C for 30 minutes and
peeled from the molds. The micropillar wick is aligned in the
evaporator section with microscale precision. The clearance between
the micropillar wick and inner side wall is controlled to prevent vapor
leakage. Finally, the upper PDMS film is placed on the surface of
the bottom PDMS film and completely cured at 65 ◦C for 12 hours
(Fig. 2(c)). The interface between the top of the micropillars and
the sealing block is bonded as PDMS is fully cured. This forms
a micropillar tunnel between the evaporator and the compensation
chamber, which acts as a check valve as the bonding is sufficiently
strong.

III. RESULTS AND DISCUSSION

The proposed design and fabrication approach was demonstrated
using a micropillar-pumped polymer LHP. The design parameters of

Fig. 3. Calculation result of the pressure drop and the capillary force limit.

Fig. 4. Fabrication results of the micropillar-pumped polymer loop heat pipe:
(a) top view, (b) magnified view of the evaporator, and (c) bending behavior.

the fabricated polymer LHP are given in Table I. The micropillar
parameters were determined using (1) to compensate for the pressure
drop through the microchannel flow. Fig. 3 shows the calculation
result of the pressure drop and the capillary force limit at different
diameters when L is 40 µm, and the heat load is 2.0 W. The
pressure drop was calculated based on a one-dimensional numerical
model which was previously constructed by the authors [9]. In this
calculation, the working fluid was ethanol, and the permeability of
the micropillar wick was estimated by a numerical model [12]. From
Fig. 3, the diameter was chosen to be larger than 35 µm because
the capillary force limit was more than three times higher than the
pressure drop, considering the safety margin. Fig. 4 presents the fab-
rication results of the polymer LHP. The evaporator with a micropillar
wick, a microchannel, and a compensation chamber were fabricated
from PDMS (Fig. 4(a)). The structural support pillars which prevent
the fluid flow path to be closed were placed in the evaporator and
the compensation chamber. Fig. 4(b) shows a magnified view of the
boundary between the micropillar forest and micropillar tunnel. The
fabricated device was highly flexible, as illustrated in Fig. 4(c).

To quantify the cooling by latent heat, the operation behavior of
the fabricated polymer LHP was compared with that of a non-fluid-
charged LHP. Ethanol was selected as the working fluid because
of the wettability of PDMS surfaces by ethanol. Ethanol was fully
charged into the polymer LHP and then vaporized under heat load to
adjust the filling volume. At this time, the charging port remained
open. The charging port was then closed using an epoxy resin.
Subsequently, the heat load was eliminated. The characteristic of
the polymer LHP was evaluated based on its horizontal orientation.
A ceramic heater was attached to the bottom side of the evaporator
section and the heat load was adjusted within the 0.5–2.5 W range
with a step size of 0.25 W. The temperature distribution on the
top side of the polymer LHP was captured using a thermography
camera (R500EX-pro, Nippon Avionics, Kanagawa, Japan). Ethanol
was re-charged at each 0.25 W step owing to the gas permeability
of PDMS. An additional coating with a low-permeability material
including parylene could be a candidate solution for the long-term
operation of the polymer LHP.
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Fig. 5. Thermographic temperature distributions in the fluid-charged and
non-fluid-charged loop heat pipes under heat loads of 1.0, 1.5, and 2.0 W.

Fig. 6. Evaporator temperatures of the fluid-charged and non-fluid-charged
loop heat pipes under different heat loads.

Fig. 5 shows the steady-state temperature distributions in the fluid-
charged and non-fluid-charged LHPs under heat loads of 1.0, 1.5,
and 2.0 W. Each case was imaged after 10 minutes of applying
the heat load. In the non-fluid-charged LHP, heat was transported
only via conduction. In the fluid-charged LHP, at 1.5 W heat load,
vapor transport began along the vapor line, resulting in a temperature
rise along the vapor line. The temperature rise in the evaporator
section of the fluid-charged LHP was less than that of the non-
fluid-charged LHP. This was because of the latent heat of the liquid
which was continuously pumped by the micropillar wick from the
compensation chamber to the evaporator. At a 2.0 W heat load,
the vapor in the fluid-charged LHP reached the other side of the
microchannel, showing that heat was transported over a distance of
38 mm. No clear temperature rise was observed in the compensation
chamber, revealing that the micropillar tunnel successfully suppressed
inverse vapor leakage.

Fig. 6 shows the maximum temperatures in the evaporator section
that were extracted from the thermographic images at 0.5–2.5 W

heat load. The evaporator temperature is defined as the maximum
temperature in the evaporator section. At 1.0 W heat load, the
temperatures in the fluid-charged and non-fluid-charged LHPs began
diverging when vapor began growing in the evaporator section. The
temperature difference increased at higher heat loads and reached
∼34 ◦C at 2.0 W heat load. The maximum temperature of the fluid-
charged LHP abruptly jumped at 2.25 W heat load as the micropillar
wick began drying, thus lowering the cooling effect. The fabricated
LHP decreased the temperature by up to 34 ◦C compared to that
of the non-fluid-charged LHP and functioned as a passive two-phase
heat transfer device. Future works will focus on the additional coating
for the long-time stability and the operation test at different bending
angles.
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