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Design Strategy for Transformative Electronic System
toward Rapid, Bidirectional Stiffness Tuning using
Graphene and Flexible Thermoelectric Device Interfaces

Sang-Hyuk Byun, Choong Sun Kim, Karen-Christian Agno, Simok Lee, Zhuo Li,

Byung Jin Cho,* and Jae-Woong Jeong*

Electronics with tunable shape and stiffness can be applied in broad range of
applications because their tunability allows their use in either rigid hand-
held form or soft wearable form, depending on needs. Previous research

has enabled such reconfigurable electronics by integrating a thermally
tunable gallium-based platform with flexible/stretchable electronics. How-
ever, supercooling phenomenon caused in the freezing process of gallium
impedes reliable and rapid bidirectional rigid—soft conversion, limiting the
full potential of this type of “transformative” electronics. Here, materials and
electronics design strategies are reported to develop a transformative system
with a gallium platform capable of fast reversible mechanical switching.

In this electronic system, graphene is used as a catalyst to accelerate the
heterogeneous nucleation of gallium to mitigate the degree of supercooling.
Additionally, a flexible thermoelectric device is integrated as a means to
provide active temperature control to further reduce the time for the solid-
liquid transition of gallium. Analytical and experimental results establish

the fundamentals for the design and optimized operation of transformative
electronics for accelerated bidirectional transformation. Proof-of-concept
demonstration of a reconfigurable system, which can convert between rigid
handheld electronics and a flexible wearable biosensor, demonstrates the
potential of this design approach for highly versatile electronics that can

On the contrary, emerging soft electronics
are developed with high degree of freedom
and surface-compliantness to optimize
their features for wearable and implantable
applications.l8! Although they are highly
useful and reliable for their targeted uses,
the static form factor of both rigid and
soft electronics limits broad utility beyond
their designated applications. To take full
advantage of the essential characteristics
of both rigid and soft electronics, a new
class of electronics, which can tune their
shape and stiffness, has been developed
by integrating a temperature-responsive
transformative platform with flexible and
stretchable electronics.”'% This type of
electronic device, herein referred to as a
transformative electronics system (TES),
maintains its rigid form in a handheld
or tabletop setup at room temperature,
but the device structure softens at physi-
ological temperature when attached onto
the skin, thereby allowing conformal and
comfortable integration with the body.

support multiple applications.

Conventional electronics are manufactured with high stiffness
to make them suitable for easy handling and robust interfacing.
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To enable temperature-dependent
reconfiguration, the initial TES develop-
ment utilized gallium (Young's modulus:
9.8 GPa in solid; melting temperature:

29.76 °C) as a core material for the transformative platform,
which offers large elastic modulus tuning (10 s kPa to 100 s MPa)
through changing the gallium state between solid and liquid.
Although a gallium-based TES has shown promise to broaden
the applications of electronics by enhancing versatility through
rigid—soft mode conversion, achieving rapid bidirectional trans-
formation has been an arduous undertaking mainly due to
the supercooling phenomena of gallium, which leads to a sig-
nificant delay in phase transition in soft-to-rigid conversion. To
realize the full potential of TES with fast bidirectional rigid—soft
transformation capability, it is necessary to overcome the issue
of supercooling in the gallium-based TES.!!

Several approaches have been investigated to solve the super-
cooling issue during the phase change of a material from liquid
to solid state. Electrofreezing'¥ and mechanical stimulation/!>4
have been shown to reduce the degree of supercooling; however,
these methods reportedly show unstable supercooling reduc-
tion and requires an external device for electric stimulation or
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mechanical shock that is not appropriate to enable a compact
design. Adding nucleating agents (e.g., TeO2, CaO, MgO, Fe,
and Cu) can accelerate the nucleation of gallium,' but the
reduction in the degree of supercooling has been revealed to
be inconsistent, failing to provide a constant, controllable phase
transition time. In addition, gallium-coated copper is known to
induce heterogeneous nucleation of liquid metal,™ but its cata-
Iytic effect has not been studied in depth. Alternatively, instead
of trying to decrease the degree of supercooling, a sufficiently
low temperature (e.g., <5 °C) can be applied through circulation
of water coolant to effectively and rapidly cool down the phase
change material to overcome the supercooling.[®l Although the
lower temperature drives relatively faster liquid-to-solid transi-
tion, this approach requires a bulky chiller to keep the water
cold, thus making it an undesirable option for TES.

As a solution to enable rapid bidirectional transformation of
TES, we report a TES built on a gallium platform integrated
with graphene and a flexible thermoelectric device (f-TED).
Here graphene interfaced with gallium, which gives rise to a
catalytic effect in liquid-to-solid conversion, lowers the degree
of supercooling by providing large area of preferential sites to
facilitate nucleation. Additionally, the f-TED offers active tem-
perature control to accelerate the solid-liquid phase transition
of gallium with elevated or lowered temperature, thus sup-
porting speedy conversion of the TES from the rigid to soft
mode or vice versa. Due to its compact design and capability
of fast mechanical mode switching, this system may open new
opportunities for various personal electronics, robotics, and
biomedical devices. The following section presents theoretical
analysis and experimental characterization of graphene-induced
heterogeneous nucleation of gallium and their application to
construct an f-TED-integrated TES capable of fast, bidirectional
rigid—soft mode conversion. Successful demonstration of a TES
that can rapidly convert between a rigid handheld display and
a flexible wearable pulsimeter/display illustrates the potential
utility of this design approach to realize highly versatile multi-
purpose electronics.

Figure 1a shows a conceptual illustration of a TES that is
switchable between a rigid handheld display and a wearable
pulsimeter, highlighting reinforced rapid rigid—soft mode con-
version enabled by the integration of graphene and an £TED
with a gallium-based transformative platform. More specifically,
this exemplary transformative optoelectronics device consists of
flexible optoelectronics with light-emitting diodes (LEDs) and
photodetectors (PD), a transformative platform built with a gra-
phene-coated gallium frame with silicone encapsulation, and
an f-TED. In this design, graphene and the f-TED play a critical
role to accelerate bidirectional mechanical mode conversion
by helping to overcome the supercooling issue that appeared
during soft-to-rigid transition in a previously reported TESP) as
well as by shortening the phase transition time in rigid-to-soft
switching. The ultrathin nature of graphene, which is a single
layer of carbon atoms in a two-dimensional structure, not only
facilitates its conformal lamination onto the gallium structure,
but also provides an ultrahigh specific surface area,’} thereby
providing numerous nucleation sites over a large area that allow
faster triggering of solidification of liquid gallium during the
freezing process, compared to one-dimensional carbon-based
material (e.g., graphite; Figure S1, Supporting Information).
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With the reduced degree of supercooling through the gra-
phene-assisted nucleation, the supercooled state becomes con-
siderably shortened in the phase transition, thus significantly
reducing the time necessary for transformation of the TES to
the rigid mode in comparison to the time required to freeze
pure liquid gallium. This soft-to-rigid transition time can be
further decreased by actively lowering the gallium temperature
using the integrated £TED. In a similar way, the f-TED can
enable acceleration of rigid-to-soft mode conversion through
artificial heating-up of the transformative platform, facilitating
rapid bidirectional mode switching of the TES.

Figure 1b illustrates the principle of accelerated solidifica-
tion of liquid gallium that can be enabled by the introduction
of graphene interfacing as a means to address the supercooling
phenomenon in the freezing process. During liquid-to-solid
transition, gallium should overcome a thermodynamic bar-
rier called the nucleation barrier (AG*, maximum free energy
change) to initiate its crystallization, according to classical
nucleation theory.!8 The key to faster solidification is lowering
the nucleation energy barrier (AG*), which can be achieved
by decreasing the interfacial free energy and/or temperature
(see Note S1 in the Supporting Information). In homogeneous
nucleation with pure gallium, the only way to reduce AG* is to
apply a lower temperature, and this is the reason why pure gal-
lium experiences a considerably large degree of supercooling
before the phase change to solid. In the case of heterogeneous
nucleation induced by graphene, however, a temperature as
low as that required for homogeneous nucleation is not neces-
sary to initiate nucleation because the interfacing of graphene
with gallium significantly decreases AG*. With the reduced
degree of supercooling, the heterogeneous nucleation by gra-
phene interfacing allows a faster transition from liquid to solid
state compared to the homogeneous nucleation case. Figure 1c
visually shows this catalytic effect of graphene associated with
gallium solidification. According to infrared (IR) images taken
during freezing at 0 °C, graphene-coated gallium reaches the
freezing temperature faster for conversion to solid, whereas
bare gallium still remains in the supercooled state, verifying
accelerated phase change assisted by graphene.

Similarly, the capability of the f-TED to accelerate the bidi-
rectional phase transition of gallium can be observed in the IR
images shown in Figure 1d,e. Because the f-TED can actively
and rapidly heat up or cool down the interface of the trans-
formative platform, it can significantly shorten the time for the
melting (Figure 1d) and freezing (Figure le) of gallium, com-
pared to the case of relying on ambient temperature. Moreover,
the £-TED assists to initiate the solidification by lowering the
temperature to the nucleation temperature when the ambient
temperature (=22-25 °C) is not low enough to overcome the
supercooling (top IR images (w/o £-TED), Figure 1le). For these
reasons, the £TED is another essential element for the TES to
realize rapid rigid—soft mode conversion.

The experimental studies presented in Figure 2 prove the
effect of graphene as a catalyst in the heterogeneous nucleation
of gallium. As seen in Figure 1b, nucleation can readily occur
when the maximum free energy change (AG*) is significantly
reduced by decreasing the interfacial free energy (see Note S1
in the Supporting Information). The interfacial free energy
between a liquid and a substance can be macroscopically

© 2021 Wiley-VCH GmbH
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Figure 1. Overview of a transformative electronic system (TES) with bidirectional soft-rigid phase transition, accelerated by the integration of graphene
and a flexible thermoelectric devices (f-TED) on a gallium-based platform. a) Schematic illustration of the key design concept of the TES for rapid
bidirectional conversion between a rigid handheld electronic device and a soft wearable sensor. A transformative platform built with gallium, which
relies on a temperature-dependent phase transition, can undergo reinforced rapid mode switching through interfacing with graphene and the f-TED.
b) A conceptual plot illustrating the free energy change (AG) during the process of solidification of liquid gallium. Heterogeneous nucleation enabled
by the integration of graphene decreases the required energy to initiate solidification, allowing faster transition of gallium from liquid to solid state.
c) Optical images of polymer-encapsulated liquid gallium samples and corresponding infrared (IR) images taken during the phase transition, visually
verifying that graphene enables faster triggering of gallium nucleation. The blue shaded boxes in the left images indicate the location of graphene-
coated gallium. d,e) IR images illustrating the phase transition process of graphene-coated gallium without and with the f-TED during the melting (d)
and freezing (e) processes. Both figures show that the f-TED substantially reduces the phase transition time for both melting and freezing of gallium.

determined using the contact angle (6), according to Young's
equation:™! yycos@= ¥y — ¥51, where Ny, %y, and J; represent
the surface free energy of the liquid, the surface free energy
of the substance, and the interfacial free energy, respectively
(Figure 2a). The smaller the contact angle on the substance, the
smaller the interfacial free energy between the liquid and the
substrate it has, which makes the substance a good candidate
as a catalyst for nucleation, i.e., nucleating agent. In addition,
the wetting factor, f(6), which is a function of the contact angle,
provides the relationship between the contact angle and the
nucleation energy barriers (i.e., AG*, = AG*,,f(0), Where
AG*,m and AG*,, represent nucleation barriers for homoge-
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neous and heterogeneous nucleation, respectively).?% A low
contact angle translates to a low wetting factor which induces
enhanced heterogeneous nucleation (Figure 2b). Thus, contact
angle can be used as a key parameter for the performance eval-
uation of graphene in facilitating the heterogeneous nucleation
of gallium.2422]

To measure the contact angle between liquid gallium and
various materials, liquid gallium was dripped onto those sub-
stances. However, the formation of a thin oxide layer on the gal-
lium surface impeded the flow of the liquid gallium, which led
to stiction with the surface of a substrate material. To remove
the oxide layer, liquid gallium was treated with hydrochloric

© 2021 Wiley-VCH GmbH
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Figure 2. Interfacial mechanics of graphene leading to enhanced heterogeneous nucleation of gallium with alleviated degree of supercooling. a) Sche-
matic diagram illustrating the relationship between interface energy, contact angle (6), and free energy change (AG); %y, %v, and %, are the surface
free energy of liquid, the surface free energy of substance, and the interfacial free energy, respectively. Here, AG*; and AG*,,,, are nucleation barriers
for heterogeneous and homogeneous nucleation, respectively, and f(6) is the wetting factor. b) Plot showing the wetting factor as a function of contact
angle, in relation to the free energy change in the nucleation process. c) Optical images of a Galinstan droplet on a PDMS substrate before (left)
and after (right) the HCl vapor treatment. d) Optical images and e) corresponding graph showing the contact angle of gallium droplets on various
substrates. A smaller contact angle was observed with the graphene interface, indicating that a smaller free energy change is required to trigger the
nucleation process. f) Comparison of the degree of supercoolings between bare gallium and graphene-coated gallium.

acid (HCI; 37 wt%) vapor for one minute, which was found to
be an effective method for oxide layer removal.l?>?Y Then, the
contact angle of Galinstan on a glass substrate was measured
before the contact angle of gallium was measured to ensure
the reliability of the experiment!?3] (Figure 2c). After treatment
with HCl vapor, a liquid-like characteristic was observed on gal-
instan droplets, which resulted in an increase in contact angle
(i-e., from 1275° to 135.13°). A similar increasing trend was
observed in the previous work by Kim et al.?? (i.e., from 1276°
to 139.5°), validating the appropriateness of our experimental
approach.

The contact angle of HCl-treated gallium was measured for
four materials: glass, PDMS, RT623, and graphene (Figure 2d).
Among these materials, graphene has the lowest contact angle
of 124.7° while the remaining substrates have a contact angle of
over 140° (Figure 2e), suggesting smaller interfacial free energy
between graphene and gallium. To verify the performance of
graphene in facilitating heterogeneous nucleation in gallium,
the degree of supercooling for both bare gallium and graphene-
coated gallium was measured in terms of the relationship
between the contact angle and the nucleation energy barrier
(Figure 2f). The results show that lowering the thawing tem-
perature (Ty,) decreases the degree of supercooling, and impor-
tantly, graphene, among other materials used in the experiment
(Figure S2, Supporting Information), predominantly reduces
the degree of supercooling of gallium, indicating its strong cata-
Iytic effect that can lead to accelerated liquid-to-solid transition.

Adv. Mater. 2021, 33, 2007239

2007239 (4 of 9)

We used the aforementioned feature of graphene to create a
transformative platform with fast rigid—soft mode conversion.
The development of the transformative platform involved the
integration of 2D film-type graphene onto a gallium frame and
encapsulation with silicone elastomer (Figure 3a). Through
Raman spectroscopy (633 nm), it was confirmed that graphene
was successfully transferred on top of gallium, as indicated by
G and 2D peaks which represent the sp? hybridization of carbon
atoms®! (Figure 3b). The detailed fabrication process of the
graphene-coated gallium transformative platform is illustrated
in Figure 3c. A graphene layer on a copper substrate (Graphene
Film, Graphenea, Inc.) was attached on water soluble tape, and
a PMMA layer (150 nm in thickness), which worked as a carrier
to transfer graphene onto a gallium frame,?%! was spincoated
over the graphene-copper substrate. Then, after the water sol-
uble tape was dissolved in water, the copper layer was etched
and the graphene was transferred onto the gallium frame.
Finally, the transformative platform was encapsulated with sili-
cone (190 um in thickness). Note that thinner silicone encap-
sulation is preferred to achieve a larger stiffness tuning ratio
for transformative electronics. However, too thin encapsulating
silicone can be torn easily, causing leakage of gallium. In our
design, we used silicone material with high toughness (RT623,
ELASTOSIL) to enable relatively thin encapsulation for leakage-
free sealing of gallium.

One critical design parameter in TES operation is the stiff-
ness tuning ratio. Figure 3d shows a fabricated transformative

© 2021 Wiley-VCH GmbH
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Figure 3. Characterization of a transformative platform built with a graphene-coated gallium frame. a) Optical image of a transformative platform.
b) Raman spectrum of graphene-coated gallium at 633 nm excitation, showing successful integration of graphene with gallium. ¢) Schematic diagram
illustrating the fabrication process of the transformative platform. d) Photographs of the resulting device in rigid (top) and soft (bottom) modes.
e,f) FEA simulation of the bending stiffness of the device with various gallium thicknesses (400, 550, and 700 um) in rigid (e) and soft (f) modes.
g) Measured bending stiffness of the device as a function of temperature. The dots and solid lines in the plot indicate experimental data and simulation
results in (e) and (f), respectively. h) Temperature changes of a device (550 um-thick gallium frame encapsulated with 200 um-thick silicone) during
melting (red) and freezing (blue) processes. Note that the testbed platform was melted at a thawing temperature of 40 °C before freezing (blue). For
its melting, the device was heated at the thawing temperature of 45 °C (red). i) Time required for the phase transition of gallium from rigid to soft state
as a function of thawing temperature (Ty,). j,k) Characteristic time required for phase transition of gallium from soft to rigid state with the application
of freezing temperatures (Ty) of 5 °C (j) and 12 °C (k). Note that gallium thawed at 45 °C failed to be frozen at elevated temperature (12 °C) even with
the integration of graphene (k), suggesting the need for low Ty, (in case of operation with relatively high T¢) or an active cooling element that can offer

substantially lower T¢ (in case of operation with relatively high thawing temperature) for effective soft-to-rigid mode conversion.

platform with load-bearing ability when in rigid mode and
pliability when in soft mode. Finite-element analysis (FEA)
(Figure 3e,f) and an experiment (Figure 3g) were conducted
to determine the variation in the bending stiffness of a trans-
formative platform with a 150 wm-thick encapsulant and three
different gallium thicknesses (i.e., 400, 550, and 700 pum; gal-
lium frame width = 2 cm, length = 5 cm). As the gallium thick-
ness was increased, the stiffness tuning ratio was enhanced
(i-e., stiffness tuning ratio of 500, 2000, and 5000 for the frame
with the thickness of 400, 550, and 700 um, respectively). Con-
sidering that phase transition time increases as the gallium
thickness increases, we chose 550 um as the thickness of the
gallium frame for our TES, which resulted in reasonably large
stiffness variation (i.e., over three orders of magnitude) and fast
transformation.
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Understanding the thermal behavior of the transformative
platform was also important to find the optimized operation
conditions for rapid mode conversion. Figure 3h shows the typ-
ical melting and freezing behavior of gallium with the indicated
characteristic times in its phase transition. In melting, the phase
transition starts immediately when gallium reaches =30 °C and
continues while the melting point is maintained (t,,,: phase transi-
tion time required for melting). On the other hand, in freezing,
the phase transition does not immediately occur even if the tem-
perature of gallium reaches its freezing (melting) point due to
supercooling. Instead, when gallium cools down to the nuclea-
tion temperature below its freezing point, the temperature sharply
recovers to the freezing point and the phase transition starts.
Here, we can define t and t, as the characteristic time to reach
the nucleation temperature and phase transition time, respectively.

© 2021 Wiley-VCH GmbH
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According to the thermal characterization using an IR
camera (Figure 3i), a higher thawing temperature (T},) is advan-
tageous to lessen t, for speedy rigid-to-soft conversion and
graphene shows a minimal effect on shortening t,. For the
soft-to-rigid conversion, to determine the effect of graphene on
tq and ., the transformative platform was heated with various
Ty, for 20 min and was frozen at 5 °C (Figure 3j) and 12 °C
(Figure 3k). Experiments revealed that the effect of graphene
was remarkable in reducing t. due to its influence on miti-
gating supercooling, but negligible for t,. Furthermore, a more
profound effect on decreasing t, was observed for higher Ty
cases. Nonetheless, overall, graphene-coated gallium thawed
at a lower Ty showed a faster phase transition. Comparing
Figure 3jk, a lower freezing temperature resulted in a faster
phase transition time, but this effect also became insignificant
when the samples were thawed at 35 °C. Considering the fact
that cooling of a device to below the room temperature would
require external energy, for fast and energy-efficient soft-to-
rigid conversion, it is desirable to operate a TES at the highest
possible freezing temperature after softening it at T, as low as
35 °C. However, this operation condition with a low Ty, contra-
dicts the requirement of high Ty, for rapid rigid-to-soft transfor-
mation (Figure 3i). This issue can be overcome with an active
temperature control strategy that applies a relatively high tem-
perature (e.g., 45 °C) during the phase transition for melting
(tm) and decreases it to a low temperature (e.g., 35 °C) imme-
diately after the completion of liquefaction to make the final
temperature that gallium is subjected to during the softening
process sufficiently low.

To enable such active temperature controls for fast-response
transformation, we integrated an fTED with a TES, which can
act as a cooling and heating component based on the direction
of the input current. The demonstration device, convertible
between a rigid handheld display and flexible wearable dis-
play/pulsimeter, was built by incorporating an fTED (1.3 mm-
thick; Figure S3, Table S1,S2, Supporting Information) with the
transformative platform shown in Figure 3 and flexible opto-
electronics with LED arrays and a PD (Figure S4, Supporting
Information), as illustrated in Figure 4a. The detailed fabri-
cation process of the fTED is presented in the Experimental
Section and Figure S5 in the Supporting Information. Owing
to the compliant structure of the f-TED, the f-TED-integrated
TES device can be operated in rigid (Figure 4b) and flexible
(Figure 4c) modes by controlling the stiffness of the transform-
ative platform.

To ensure the stable performance of the £TED under defor-
mation, a bending test was conducted while its electrical resist-
ance was measured. Figure 4d shows that the relative resistance
changes of the f-TED are negligible (within 2% deviation up to
a bending radius of 5 mm), demonstrating its operation sta-
bility in bending. Furthermore, the cyclic test result confirmed
the durability of the fTED (Figure 4e). To determine the oper-
ating conditions of the f-TED, its thermal characteristics were
monitored during heating (Figure 4f) and cooling (Figure 4g)
while various input currents were supplied to the £TED. The
red, green, blue, purple, and black lines represent the tempera-
ture changes induced with the input current of 1.4, 1.2, 1.0, 0.8,
and 0.6 A, respectively. Note that the directions of the current
are opposite for heating and cooling. In heating mode, the
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slope of the temperature change and steady-state temperature
are proportional to the input current (Figure S6a, Supporting
Information). On the contrary, in cooling mode, the minimum
temperature decreases with the increase of the input current
(t <40 s in Figure 4g), but the input current shows no profound
relationship with the steady-state temperature, which increases
rapidly for current above 1.2 A (Figure S6b, Supporting Infor-
mation). Based on these experimental results, for freezing of
the gallium frame, we used 1.0 A to provide a consistently low
temperature (i.e., the minimum temperature: 13.7 °C, steady-
state temperature: 16.7 °C; Figure S7, Supporting Information),
to rapidly overcome supercooling and to accelerate the phase
transition.

Figure 4h shows the effect of the £TED operation on the
phase transition of gallium during rigid-to-soft conversion. It
involves the use of the input current in the range of 0.6-1.4 A to
the £-TED at room temperature which results in a phase transi-
tion around 30 °C. The red, green, blue, purple, and black lines
represent the phase transition curves resulting from the input
current of 1.4, 1.2, 1.0, 0.8, and 0.6 A, respectively. The phase
transition time (t,) decreases as the input current increases,
i.e., a reduction of about 70% from =150 s at 0.6 A to =30 s at
1.4 A (Figure 4h,i). Considering the fact that a higher thawing
temperature induces more severe supercooling in the freezing
process, however, the input current should be lowered to 0.6 A
after the phase transition (t, = 30 s) with 1.4 A to maintain
the temperature of gallium below 35 °C. This way, fast bidi-
rectional rigid-soft conversion can be enabled as explained in
the previous section. We used this operation scheme to prepare
flexible TES samples for the study of thermal behavior of soft-
to-rigid transition (Figure 4j, green and blue lines: bare and
graphene-coated gallium without f-TED operation, respectively;
red and black lines: bare and graphene-coated gallium with
active cooling using the f-TED (the operation current of 1.0 A),
respectively). Experimental results show that graphene effec-
tively reduces the degree of supercooling (hence decreasing t),
and the f-TED further decreases time for soft-to-rigid conver-
sion. More specifically, comparing the freezing processes of
TESs built with graphene-coated gallium with and without the
fTED (black and blue lines in Figure 4j; ambient air, 22 °C),
active cooling using the fTED facilitated significant reduc-
tion in tq and t, (74% (from 19 to 5 s) and 53% (from 156 to
74 s) decreases, respectively; Figure 4k). Overall, the acceler-
ating effects of the f-TED shortened the melting and freezing
processes 91% (from 255 to 23 s) and 55% (from 175 to 79 s),
respectively (Figure S8, Supporting Information) in com-
parison to the TES without fTED (but with graphene-coated
gallium), proving its critical role for accelerated bidirectional
mode conversion. This TES shows consistent thermal behavior
for rigid-soft mode conversion as demonstrated in our cyclic
heating-cooling testing (Figure S9, Supporting Information),
validating high reliability of the system.

Based on the operating conditions established in previous
experiments, the TES shown in Figure 4a—c was implemented
to convert between a rigid handheld display and a flexible wear-
able pulsimeter/display (Figure 4l). Note that in soft mode, the
prototype can be used as either a wearable display by making
the optoelectronics part face up (Figure 41, bottom left) or a
wearable pulsimeter by turning it upside down for monitoring

© 2021 Wiley-VCH GmbH
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Figure 4. Proposed f-TED-integrated TES built on graphene-coated gallium that can covert between a rigid handheld display and a flexible wearable
display or pulsimeter. a) Exploded-view schematic diagram that illustrates an integrated TES consisting of a flexible LED display, a transformative
platform with graphene-coated gallium, and f-TED. b,c) Optical images of the TES in rigid (b) and flexible (c) modes. d) Relative resistance changes
of the f-TED as a function of bending radius (r), demonstrating its stability under deformation. Here, Ry is the resistance when the f-TED is flat. The
inset shows an optical image of an f-TED bent with r = 5 mm. e) Cyclic bending test with r = 10 mm, showing its durability in dynamic operation.
f,g) Temperature changes induced on the transformative platform when the f-TED is heating (f) or cooling (g) the device with the input current of 0.6
A (black), 0.8 A (purple), 1.0 A (blue), 1.2 A (green), and 1.4 A (red). h) Temperature changes of the transformative platform during the transition from
rigid to flexible mode, driven by the f-TED with the input currents of 0.6 A (black), 0.8 A (purple), 1.0 A (blue), 1.2 A (green), and 1.4 A (red). The inset
shows a magnified view of the red plot, highlighting the melting time (t.,) of gallium. i) Melting time as a function of the input current to the f-TED.
j) Temperature changes of the transformative platform during the transition from flexible to rigid mode. The green and blue lines respectively indicate
temperature changes of the platform made with bare gallium and graphene-coated gallium without f-TED activation. The red and black lines indicate
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of blood pulse (Figure 41, bottom right). Figure 4m shows the
photoplethysmography (PPG) signal measured in the wearable
pulsimeter mode. The systolic peak and the dicrotic notch are
observed in the magnified view of a single pulse (Figure 4n),
and Fourier transform analysis gives the peak value at 1.4 Hz
indicating the heart rate of 84 bpm (Figure 40). The proof-of-
concept demonstration suggests practical and versatile utilities
of the TES design, which may lead to a new development direc-
tion that can overcome limitations of both traditional rigid and
flexible form of electronics.

In summary, TESs are an emerging class of electronics,
which can broaden the utility of electronics by providing both
rigid and soft forms through tuning of its shape and stiffness.
The studies reported here established materials and electronics
designs for a thermally-responsive TES capable of rapid bidi-
rectional rigid-soft mode conversion. Graphene interfaced with
the gallium-based TES platform significantly lowers the degree
of supercooling in soft-to-rigid conversion. In addition, an inte-
grated f-TED offers active temperature controls for accelera-
tion of the overall phase transition process. The fast rigid—soft
mode switching enabled by this scheme substantially enhances
the pragmatic usefulness of the TES, overcoming the difficulty
of achieving reliable bidirectional transformation in the previ-
ously reported TES.l Although the investigation focused on
gallium-based TESs, the same general strategies can be applied
to construct TESs with other liquid-solid phase change mate-
rials, such as fusible alloys,/??% for higher stiffness tuning and
faster reconfiguration to open new opportunities for diverse
real-world applications.

Experimental Section

Contact Angle Measurements: In this procedure, 12 pL gallium droplets
were dispensed on various substrates (e.g., glass, PDMS, RT623, and
graphene) using a syringe pump (NE-300, New Era Pump Systems, Inc).
Glass substrates were prepared by rinsing glass slides (Product No.
1000 412, Paul Marienfeld GmbH & Co. KG) with acetone and isopropyl
alcohol (IPA) while other polymeric substrates (i.e., PDMS, RT623) were
prepared through spin-casting. After the gallium droplets were dropped
on the substrates, they were exposed to hydrogen chloride (HCI; 37 wt%)
vapor for one minute to remove the oxide layer from the gallium surface;
this layer naturally formed after gallium was dispensed from the syringe
pump. Then, the contact angle was measured from photos taken using a
digital camera (EOS 6D, Canon).

Fabrication of Transformative Platform with Graphene-Coated Gallium:
A gallium frame was first created by casting and freezing liquid
gallium (Ga metal 99.99, RotoMetals) on a PDMS mold with patterns.
Subsequently, the gallium frame was detached from the mold. The
periodic pattern with open holes was created in the gallium frame in
order to not only confine gallium in relatively narrow encapsulating
polymer channels to prevent accumulation of liquid gallium at specific
corners, but also decrease the heat capacity of the gallium platform
to enable fast temperature response. To transfer graphene onto the
gallium frame, a monolayer graphene on a copper foil (Graphene Film,

www.advmat.de

Graphenea, Inc) was attached on water soluble tape (ASWT-2, Aquasol).
Then, a PMMA layer (150 nm in thickness) was spincoated over the
graphene layer and cured at 150 °C for 15 min. The water soluble tape
was removed by immersing it in water and the graphene layer on the
exposed side was etched using oxygen plasma (50 sccm with 50 W for
10 min, KVIA-3008DC, KOREAVAC), while the foil was wet-etched. Finally,
the graphene-layer covered with PMMA was transferred onto the gallium
frame. The fabricated graphene-coated gallium was encapsulated with
silicone elastomer (RT623 A/B, mixing ratio of 9:1). Note that there was
an oxide layer between graphene and the gallium frame in the fabricated
device. However, this oxide layer gets broken when making the initial
solid-to-liquid transition of gallium and applying mechanical stress by
deforming the device, thereby allowing direct contact of graphene with
liquid gallium. Thus, it can give notable catalytic effect equivalent to the
one induced in the gallium device where graphene was integrated on
the gallium after the surface oxide removal using HCl vapor (Figure S10,
Supporting Information).

Fabrication of f-TED: For the fabrication of the f-TED, copper
was deposited and patterned on a polyimide film, and solder paste
(Snge.sAg30Cuqs) was printed onto the copper patterns. Then, P- and
N-type BiTe-based thermoelectric legs were mounted onto the solder
and connected electrically in series and thermally in parallel, in a similar
way implemented in a conventional rigid thermoelectric device.?’]
Then, to make the device flexible, the rigid top and bottom plates
were eliminated, and the empty space between the legs was filled with
polymer aerogel with low thermal conductivity (=0.03 W-m™.K™)B0
as illustrated in Figure S5 in the Supporting Information. To create a
flexible heatsink, an Al-contained silicone film (500 um-thick) with high
thermal conductivity (=2.2 W m™ K7') was formed by screen-printing
with a silicone paste (KE-3467, Shin-Etsu), and cured at 60 °C for 2 h
in a convection oven. Finally, the flexible heatsink was bonded to the
f-TED using thermal paste (PK-Zero Thermal Compound, Prolimatech,
Inc) with thermal conductivity of 8.1 W m™ K.

Fabrication of a Multipurpose TES Device: To fabricate the TES
shown in Figure 4, a transformative platform, a flexible optoelectronic
device, and an f-TED were integrated as one unit. Red LEDs (624 nm;
APGO603SEC-E-TT, Kingbright) and a photodetector (630 nm; ALS-PT19-
315C/L177/TRS, Everlight Electronics) were mounted on a flexible circuit,
which was constructed with copper interconnects (18 um in thickness)
on a Kapton film (120 um in thickness). Finally, the fabricated flexible
circuit and the f-TED were attached on the top and the bottom side of
the transformative platform using silicone (Ecoflex 00-30, Smooth-On)
as adhesives.

Mechanical Modeling and Analysis: For simulation of the bending
stiffness of the transformative platforms in rigid and soft mode, a
commercial FEA software (COMSOL Multiphysics, COMSOL, Inc)
was used. Then 3D models of transformative platforms built with a
gallium frame and silicone encapsulation (RT623, ELASTOSIL) were
simulated using free tetrahedral mesh with force applied at the tip of
the platform (Young's modulus of solid gallium = 9.8 GPa, Young's
modulus of RT623 = 290 kPa). The applied forces for devices in rigid
and soft mode were 0.1 N and 0.2 mN, respectively. Then, based on
the simulated deflection values, the bending stiffnesses were calculated
using the equation EI =FL? /3Az, where El is the bending stiffness, F is
the applied force, L is the length of the transformative platform, and Az
is the deflection.

Measurement of Bending Stiffness: To measure the bending stiffness of
the transformative platform, one end of the device sample was clamped,
and the other end was deflected. For measurement in rigid mode, a
10-g weight was placed on the free end of the sample, and the resulting

the temperature changes of the platform built with bare gallium and graphene-coated gallium, respectively, with active cooling by the f-TED (opera-
tion current of 1.0 A). The inset shows a magnified view of the black plot, highlighting characteristic time (t4: time during supercooled state, t,: time
for phase transition) required for freezing of gallium. k) Characteristic time needed for the flexible-to-rigid mode conversion of the TES without and
with the f-TED. |) Application demonstration of multipurpose TES that can transform between a rigid handheld display (top) and a flexible wearable
display (bottom left) or a pulsimeter (bottom right). m) Photoplethysmography (PPG) signal measured from the radial artery in the flexible wearable
mode (I, bottom right). n) Magnified view of a single pulse signal in the black dashed box in (m). o) Fast Fourier transform (FFT) of PPG signal in (m).
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deflections at different temperatures were measured using an optical
camera. For measurement in soft mode, the sample was clamped closed
to the free end and the deflections induced by the gravity were measured
by varying temperatures. To control the ambient temperature, the
experimental set-up was prepared in a constant temperature chamber
(HQ-DTH, Coretech) and the temperature was increased from 10 °C to
50 °C by increasing the temperature at increments of 0.1 °C. Finally, the
bending stiffnesses were calculated using the bending stiffness equation
presented in Note S2 in the Supporting Information.

Experiments on Human Subjects: All experiments on human skins
were performed under approval from Institutional Review Board at
Korea Advanced Institute of Science and Technology (protocol number:
KH2018-35) and received informed consent from the volunteer subjects.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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