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Abstract. We propose a variable thermal interface based on an array of discrete liquid droplets initially confined on
hydrophilic islands in the substrate. The droplets are reversibly morphologically transferred to a continuous liquid film
when mechanically compressed by the opposite substrate to create a heat-conducting pathway with low thermal resistance.
We study the criterion of reversible transition in terms of hydrophilic sample size and liquid volume. The dependence of
fluid morphology and rupture distance on the diameter and distribution share of hydrophilic Islands, fluid volume, as well
as load pressure, is also characterized from a theoretical and experimental point of view. The thermal resistance in this
state is characterized experimentally for ionic liquids, which are promising for practical use due to the insignificant vapor
pressure. A service life test unit has been designed to assess the reliability of the interface under continuous switching
conditions at relatively high switching frequencies.
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Anoamna. Bi3 Gactankpiga cyoCcTpaTTarsl THAPOMIIIBII apaniapMeH MEKTENTeH TUCKPETTI CYHBIKTHIK TaMIITBUTAPBIHBIH,
MacCHBiHE HETI3IeNTeH aiHBIMAJbI JKbUTYy HHTEp(eNciH yeriHaMbI3. TaMImbuiap KaUTBIMABI MOP(GOIOTHSUIBIK, KOIMEH
Kapama-Kapchl CyOcCTpaTIieH MEeXaHHMKAaJbIK CHIFBIMJAIFaH Ke3le Y3IIKCI3 CYHBIK KaOBbIKIIara aybICasibl, >KbLIY
OTKI3TILITIT TOMEH KBUTY OTKI3TIII 3KOJI JKacaiIbl. Bi3 THAPOQIIBAL YATIHIH MeJIIepi MEH CYHBIKTHIK KoJeMi OOMbIHIIA
KalUTBIMIBI aybICy KpUTepuiliH 3epTreiiMi3. CyHBIKTBIK MOP(OIOrHsACH MEH apbuly KalIbIKTBIFBIHBIH THAPOQIIBLIL
ApanmapablH 1uaMeTpi MeH AyaaH ylieciHe, CYHBIKTBIK KeJIeMiHe, COHAal-aK J>KYKTeMe KBICBIMBbIHA TOYENIIiri
TEOPHSUIBIK XKOHE SKCIEPUMEHTTIK TYpFbIIaH qa cunattananbl. Kyigeri xkputy keaeprici OyJbIH MIaMaibl KbICHIMBIHA
0alnaHBICTBl MPAKTHKAJBIK KOJJAHyFa IEPCHEKTUBAIBI HOHIBIK CYHBIKTHIKTAp VIIIH SKCHEPUMEHTANIBl TYpAe
cunarranaapl. CaipICTBIpMaNbl TYPAE JKOFaphl KOMMYTAMSIIBIK SKAUTIKTEpAE Y3IIKCi3 KOMMYyTalus >KargaifbrHna
uHTEepQEHCTIH CEeHIMAUTITIH OaFanay YIIiH KBI3MET €Ty Mep3iMiH TeKcepy OJIOTHI )KacaliFaH.

Tyiiinoi co30ep: ayvicniaisl )XbUTY HHTEp(eiici, KA TBIMIBIIBIK, CYHBIKTHIK MOP(]OIOTHACHL, KBLTY KeAeprici, CCHIMILTIK.
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Annomayun. Mpbl ipeayiaraeM u3MeHsIeMbIA TepMonHTep(deiic, OCHOBaHHBIM Ha HAOOPE OTIEIIBHBIX Kalelb KUIKOCTH,
M3HAYaJbHO YACPKUBAEMBIX Ha THIPOGMIBHBIX OCTPOBKAX B MOJUI0KKe. Karmm o6paTuMbeiM 00pa3oM mpeodpasyroTcs B
CIUIOIIHYI0 IUIGHKY OKHIKOCTH TIPM MEXaHWYECKOM CXXATWM IPOTHUBOIIOJNIOKHON TIOAJIOKKOW ISl  CO3aHUSA
TEIUIOTPOBOSAIIETO KaHajla ¢ HU3KMM TEIUIOBBIM COINPOTHBICHHEM. MBI U3ydaeM KpUTepHil 0OpaTHMOTO Iepexojia C
TOYKHA 3pCHHS pa3Mepa TuapodmibHOrO oOpasma W o0beMa KHUAKOCTH. 3aBHCHMOCTH MOP(OJIOTHH JKHAKOCTH H
paccTOsIHUS pa3pbiBa OT IHAMETPA U IO YIaCTKOB THAPOQIUIFHBIX OCTPOBKOB, 00BhEMa KHUIKOCTH, a TAK)KE JaBICHUS
Harpy3KH TaK)Ke OXapaKTepU30BaHbI C TEOPETUYECKOH M 3KCIIEpUMEHTANbHONM  TOouek 3peHud. TepMmuyeckoe
CONPOTUBIICHHE B O3TOM  COCTOSIHUM DKCIIEPUMCEHTAIBbHO OXapaKTEPH30BaHO JUISi MOHHBIX XXMIKOCTEH, KOTOpHIC
MIEPCIIEKTHUBHBI JUIS TPAKTUUECKOTO UCII0JIb30BAHUS N3-32 HE3HAYUTENILHOTO JaBJIeHUs 1apoB. J{Js OLleHKH HaJIe)KHOCTH
nHTepdeiica B yCIOBUAX HENPEPHIBHOIO IEPEKIIIOUEHHSI P OTHOCHTENILHO BBHICOKMX YacTOTaX MEpPEeKIIOYeHHs Obuia

pa3pa60TaHa YCTaHOBKa J{JId IPOBEPKU CPOKaA C.]'Iy)K6I)I.

Knrouesvte cnosa: wM3MeHsEMBbI TEIUIOBOW HWHTEp(deEIC,

HaIE€KHOCTb.

MAIN PROVISION

A novel variable thermal interface based on
discrete liquid droplets confined on hydrophilic
islands is proposed and experimentally validated. The
study establishes the conditions for a reversible
droplet-to-film transition and demonstrates how
hydrophilic island geometry, liquid volume, and
applied load influence thermal performance. The
proposed interface exhibits low thermal resistance
and reliable switching stability, highlighting its
potential for practical thermal management
applications.

INTRODUCTION

Interchangeable thermal interfaces allow
controlled modulation of the thermal conductivity
between the devices of interest and their heat
sinks/sources. They are key components of Micro
Devices and systems that require reconfigurable heat
transfer pathways to control and control low-power
heat. Potential applications [1, 2, 3, 4] include
microbolometers with locally adjustable dynamic
ranges, pulsed thermoelectric cooling, solid-state
electrocaloric refrigerators requiring a fast thermal
cycle of the working environment, pyroelectric waste
heat collection, and satellite heat management.

It is well proven that thermal transfer through
solid-solid contacts is often limited to surface dead
ends that reduce specific contact areas. Previous
experimental studies have shown that even for rough

O6paTI/IMOCTL, MOp(l)OJ'IOI‘I/IH KHUIKOCTH, TepMOCTOﬁKOCTL,

silicon surfaces on a nanometer scale (<10-4
m2-K-w), a significant load pressure (Order 1 MPA)
is required to achieve a small thermal contact
resistance (<10-4 m2-K-W) [1]. This may be due to
trapped gas layers, which strongly inhibit thermal
conductivity. Dense arrays of vertically aligned
carbon nanotubes [5] or nanofibers

[6] have received much attention for potential
heat transfer applications. A relatively large load
pressure, however, was often necessary to achieve a
small thermal resistance, as only a small part of the
tubes communicated
with the opposite surface. In addition, the strong
adhesion between carbon nanotubes and the opposite
surface [7] during close contact and the resulting
delamination defects render them unsuitable as
alternating thermal interfaces.

The previous study showed an appropriate
thermal switch consisting of an array of discrete
Mercury droplets [2]. Since the thermal conductivity
of mercury is relatively high, the thermal resistance in
each drop can be very low (~4 x 10-6 M2-K-W).
However, Mercury poses a threat to health and the
environment. Some alternative room-temperature
liquid metals can bypass this problem, but they oxidize
quickly in the surrounding air, making their practical
use difficult.

Recent studies have repeatedly demonstrated the
potential of an alternative liquid-mediated thermal
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interface that can provide thermal contact resistance
comparable to direct solid-state contacts at a small
load pressure [8, 9, 10, 11]. The main idea was to use
the predominance of surface tension over gravity and
other volumetric forces in micromasses to reversibly
change the morphology of parallel columns of
dielectric fluid bounded by microchannels. In its out-
of-state state, the two interface-defining surfaces are
separated from each other by an air or vacuum gap.
The fluid is bounded by an array of discrete
microchannels separated from each other by
hydrophobic regions. The two surfaces are then in
contact to compress and deform the liquid columns
until a continuous liquid layer is formed. Two pages
are pulled apart to disable the interface. The
continuous liquid layer is then first transformed into
an array of liquid bridges covering the gap, which
then break off to break the thermal bond between the
two surfaces.

The channel-based liquid thermal interface has
the advantages that it can be easily made using
standard microfabrication methods, and each channel
can be easily filled with a specific amount of liquid to
control the final distance.

The main disadvantage of this design, however,
is associated with its requirement for a long
mechanical stroke. The distance required for the
rupture of liquid Bridges is equal to the length of the
microchannels, or usually ~1 mm. This can be a

problem in applications that require microactuators in
a limited starting range or a fast thermal cycle.

Research gap. Although previous variable
thermal interfaces based on liquid columns and
microchannels have demonstrated promising thermal
performance, their relatively large rupture distance
limits their application in compact microsystems
requiring short actuation strokes and high switching
frequencies. Therefore, there remains a need for a
reversible thermal interface capable of maintaining
low thermal resistance while reducing the required
mechanical displacement.

This work informs our theoretical and
experimental work on an alternative design that
replaces microchannels with arrays of discrete
chemical-expression hydrophilic islands to reduce or
otherwise control the breaking distance of a liquid
bridge. As an illustration, Figure 1 shows the
difference in the break distance between the two
constructions. For one fluid volume in question, the
interface with circular islands has a break distance of
less than 300 microns [Figure 1(a)], while the
interface with parallel microchannels is more than
700 microns [Figure 1(B)].

Novelty statement. The novelty of this work lies in
introducing discrete hydrophilic islands as an alternative to
conventional microchannels for reversible liquid-mediated
thermal interfaces. This design reduces the rupture distance
while maintaining low thermal resistance and reliable
switching behavior.

(a)

(b)

Figure 1 - Comparison of the breaking distances of liquid bridges defined by (a) microchannels and (b)
discrete hydrophilic samples
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METODOLOGY
One of the most important design issues for
interchangeable thermal interfaces is their
reversibility. That is, the continuous liquid shell
resulting from the deformation and fusion of an

(¢) (d)
Figure 2 - Comparison of large and small patterns. The liquid on the substrate with smaller hydrophilic patterns
(a) forms a single drop after breaking, but on the substrate with larger hydrophilic patterns (c)
it forms discrete droplets (d)

array of discrete liquid droplets must return to the
original state of discrete droplets when the two
surfaces are separated from each other.

As a model system, we consider a set of
circular hydrophilic patches on a non-



e- ISSN: 3134-8467, p-ISSN: 2309-1177

hydrophobic surface. The two main design drop State. Assuming that the effect of gravity is
parameters are: (1) sample size, characterized by  negligible, we can bring liquid drops closer as cut
diameter d, and (2) the territorial portion of the balls. The interfacial energy can then be written
pattern, defined as the proportion of surface area  as:
occupied by hydrophilic Islands F. when d or f is Here r is the radius of the wetting zone of a
too small, the continuous liquid film formed in  single droplet determined by the total volume
the addition state can become one large liquid (equation (3)), the apparent contact angle of a
drop instead of several discrete droplet arrays, as  discrete droplet in each hydrophilic sample, g is
shown in Figure 2. the required minimum gap (i.e., the target
To establish numerical reversibility criteria, minimum thickness of a continuous liquid layer),
we compare the interface energy of the Es of a and V is the total volume of the liquid.
single-drop State and the EM of a discrete multi-

,1—cosf;

E.= |27 SnZ6, —cosfy -mr?-f—cos@,-mr?-(1— )| yw (1)
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Figure 3 shows the interfacial energy and 62 in the hydrophobic zone (e.g. Teflon®
calculated for two states f = 0.2, V =0.7 uL and  coating) is 120°. It is believed that the liquid-
g = 20 um. We consider a situation where the vapor surface tension ylv = 73 mn/M is
contact angle in the hydrophilic pattern is 61 = comparable to water.
24.4° (experimentally measured for Silicon
after  plasma etching of hydrophobic coating)
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Figure 3 - Interface energy versus sample size of one drop State and multi-drop State

RESEARCH RESULTS energy and is therefore less energetically favorable
When the sample size is below about 560 than the single-drop State. That is, instead of forming
microns, the discrete multi-drop State has a higher several discrete droplets, a continuous liquid layer
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can turn into one large liquid drop when two surfaces
are separated from each other. To achieve
reversibility, the sample size must exceed this value.

Figure 4 (A) shows the difference in the
interfacial energies of the two states for different
values of the areal part of the expression F. X-
segments of about 500 to 700 microns correspond to
the minimum sample size required for a discrete
multi-drop state to be energetically acceptable. This
minimum sample size decreases as f increases. In
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other words, smaller samples can achieve
reversibility in higher sample fractions, since
neighboring hydrophilic samples are located close to
each other. When the sample size is very large, the
interfacial energy difference decreases as the pattern
density increases. The liquid droplets in these large
specimens tend to merge to form one large drop. As
shown in Figure 4 (b), smaller visible angles are
needed to prevent neighboring liquid droplets from
merging in higher sample fractions.
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Figure 4 -the difference in interface energy (B) with different sample sizes and densities (a) or different visible
angles of discrete droplets

DISCUSSION

The present study demonstrates that the
reversibility of the proposed variable thermal interface
is primarily governed by the geometric characteristics
of the hydrophilic islands and the liquid volume. The
theoretical energy analysis and experimental
observations consistently indicate that an appropriate
combination of these parameters enables a stable
reversible transition between discrete droplets and a
continuous liquid film.

The analysis further shows that increasing the
hydrophilic pattern fraction reduces the minimum
island diameter required for reversible operation. This
behavior can be explained by the reduced spacing
between neighboring hydrophilic islands, which
facilitates liquid redistribution while maintaining the
stability of discrete droplets after separation. These
findings provide practical design guidelines for
optimizing reversible thermal interfaces. Recent
studies have likewise emphasized that interfacial
wettability and liquid morphology are critical factors
governing heat-transfer performance and the
efficiency of advanced thermal interface materials
[12].

Compared with previously reported
microchannel-based thermal interfaces, the proposed
design offers a substantially shorter liquid bridge
rupture distance while preserving low thermal
resistance. The experimental evaluation using ionic
liquids further confirms their suitability as working

fluids because of their negligible vapor pressure and
stable thermal characteristics. This observation is
consistent with recent reviews highlighting the
growing importance of ionic liquids for thermal
management applications owing to their high thermal
stability and favorable physicochemical properties
[13].

The proposed variable thermal interface
contributes to the ongoing development of advanced
thermal management technologies for engineering
applications. Recent studies have emphasized the
importance of advanced high-temperature materials
and numerical modeling for improving the thermal
performance and reliability of heat-transfer systems
[14, 15]. In this context, the present work demonstrates
that controlling the geometry of hydrophilic islands
and liquid morphology provides an effective approach
for achieving reversible thermal switching with low
thermal resistance, thereby extending the potential
applications  of  adaptive thermal interface
technologies.

Although the present study demonstrates the
feasibility of the proposed concept, further
investigations are required to evaluate long-term
durability under different operating temperatures,
alternative ionic liquid formulations, and extended
switching cycles. Such studies would further support
the practical implementation of the proposed thermal
interface in advanced thermal management systems.
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CONCLUSION

This study demonstrates the feasibility of a
reversible thermal interface based on discrete liquid
droplets confined on hydrophilic islands. The
proposed design provides low thermal resistance
while significantly reducing the required rupture
distance compared with conventional microchannel-
based interfaces. These findings indicate considerable
potential for compact thermal switching devices used
in MEMS, electronics cooling, and adaptive thermal
management systems. Future work should focus on
long-term durability, optimization of surface
geometry, and performance evaluation under varying
thermal loads.

This work establishes the concept of alternating
thermal interfaces based on an array of discrete liquid
droplets initially confined on hydrophilic islands in a
hydrophobic substrate. The droplets are reversibly
morphologically transferred to a continuous liquid
film when mechanically compressed by the opposite
substrate to create a heat-conducting pathway with
low thermal resistance. We study the criterion of
reversible transition in terms of hydrophilic sample
size and liquid volume. The dependence of fluid
morphology and rupture distance on the diameter and
distribution share of hydrophilic Islands, fluid volume,
as well as load pressure are also characterized from a
theoretical and experimental point of view. The
thermal resistance in this state is characterized
experimentally for ionic liquids, which are promising

for practical use due to the insignificant vapor
pressure. To assess the reliability of the interface in the
case of continuous switching at relatively high
switching frequencies, a service life test unit is
designed.
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