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Mechanically transformative electronics, sensors,
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Traditionally, electronics have been designed with static form factors to serve designated purposes. This approach
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has been an optimal direction for maintaining the overall device performance and reliability for targeted applications.
However, electronics capable of changing their shape, flexibility, and stretchability will enable versatile and
accommodating systems for more diverse applications. Here, we report design concepts, materials, physics, and
manufacturing strategies that enable these reconfigurable electronic systems based on temperature-triggered
tuning of mechanical characteristics of device platforms. We applied this technology to create personal electronics
with variable stiffness and stretchability, a pressure sensor with tunable bandwidth and sensitivity, and a neural
probe that softens upon integration with brain tissue. Together, these types of transformative electronics will
substantially broaden the use of electronics for wearable and implantable applications.

INTRODUCTION
Nearly all modern electronics, including both conventional rigid
consumer electronics and emerging soft electronics (I1-6), have in-
variant mechanical properties to serve specific purposes. Flat, rigid
electronics provide user-friendly, convenient solid interfaces that
maximize the convenience of use in a tabletop or handheld setup.
Soft, flexible, and stretchable electronics are better suited for wearable
and implantable applications (I1-6), where their ability to accom-
modate natural deformation of bodily tissue can substantially improve
comfort, portability, and ease of continuous physiological monitoring.
However, the static mechanical nature of both rigid and flexible
electronics limits the applications of these devices. For example,
mounting conventional rigid electronics on the skin creates a me-
chanical mismatch between the bulky, hard components of the device
and the soft tissue, making them unconformable and inconvenient
to wear. Likewise, the use of soft electronics for off-body applica-
tions can lead to difficulties in handling and interfacing due to the
device’s inability to withstand high contact forces and loads.

To leverage key features of both traditional flat, rigid electronics
and emerging soft electronics, we introduce a new class of electronic
systems that can transform their shape and stiffness as necessary for
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desired applications. We enabled this feature based on temperature-
triggered soft-rigid phase transition of mechanically tunable elec-
tronics platforms. The approach reported here can make electronics
more versatile, convenient, and highly adaptive to various applica-
tions. We demonstrate various transformative electronics using this
phase-transition strategy, including a handheld device convertible
to a stretchable wearable device, a pressure sensor with tunable
bandwidth and sensitivity, and a rigid neural probe that softens upon
injection into the brain. These are only a few examples that can be
achieved with this transformative platform technology, and we
anticipate that many more will be enabled.

RESULTS

Design, materials, and mechanics

Figure 1 (A and B) and fig. S1 show schematic illustrations and op-
tical images of a demonstrative electronic system that can be held or
used much like a traditional consumer electronics such as a laptop
or a smartphone but that can also spontaneously soften, stretch, and
curve upon mounting onto the skin to measure electrophysiological
signals from the body. This system, which we refer to as a “trans-
formative electronic system” (TES), integrates flexible, stretchable
electronics with serpentine metal interconnects (1, 4) onto a trans-
formative platform made using a composite of gallium (99.99%)
and soft, biocompatible silicone encapsulant (Ecoflex, Smooth-On;
~60 kPa), which can reconfigure its shape, stiffness, and stretch-
ability through a temperature-dependent phase transition (Fig. 1B).
We can construct such gallium-elastomer composite transforma-
tive platforms either by encapsulating a gallium frame with an elasto-
meric polymer (Fig. 1B) or by mixing gallium microdroplets with
the elastomer.

Among many phase change materials (7-20), including shape
memory polymers (7-9, 20), phase change metals (e.g., low—melting
point alloys) (10-13), and magnetorheological (14, 15) and electro-
rheological fluids (16), gallium is one of the most attractive options
for the transformative platform involving biological applications be-
cause of its biocompatibility, high elastic modulus (9.8 GPa), and ideal
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Fig. 1. Schematic illustrations and images of a TES that can shift its form from a conventional rigid electronic device to a soft, stretchable electronics format, or
vice versa, through a temperature-dependent phase transition. (A) Conceptual illustration of the key feature of the system. A flat, rigid, and handheld electronic device
becomes soft and stretchable upon integration onto the skin due to the effect of body temperature and thus converts into a wearable device that can measure physiological
signals [e.g., electromyogram (EMG) and electrocardiogram]. Similarly, the device can recover its original rigidity when removed from the body to decrease its temperature.
(B) Exploded-view schematic diagram illustrating the system architecture. (C) Images of a TES demonstrating its mechanical characteristics in the rigid (top) and soft
(bottom) mode. The inset of the far left image in the rigid mode shows a magnified view of the region indicated by the red dashed box, highlighting a stretchable gold
electrode integrated with the gallium-based transformative platform. Scale bars, 1 cm. Photo credit: Jae-Woong Jeong.

melting temperature (29.8°C) (21, 22), which makes it solid at room
temperature (22° to 25°C) and liquid at the temperature of biological
tissue (32° to 37°C). By being embedded in a soft polymer, similar to
what have been reported by recent studies on variable stiffness de-
vices (10, 12, 23), the meltable and freezable features of gallium en-
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able large rigidity tuning (between a few tens of kPa and ~10 GPa)
when applied to or detached from tissue. That is, a TES fabricated
with gallium can be rigid at room temperature or below but becomes
flexible and stretchable when applied to the skin due to the liquefaction
of gallium within the silicone encapsulant.
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Figure 1C highlights representative key characteristics of TES in
arigid or soft state. TES in the rigid state is flat and stiff, is injectable
into soft materials, and is able to bear high loads and hold a shape
after transforming. By contrast, in the soft state, the device becomes
soft, stretchable, and highly compliant, allowing it to conform to a
surface and adapt to dynamic deformation. All these attributes can
maximize the utility of electronics for a wide variety of different
applications favoring either rigid or soft forms.

Mechanical and thermal characteristics
of the transformative platform
The experimental and simulation results shown in Fig. 2 and figs. S2
to S4 summarize key characteristics of the gallium-based trans-
formative platform with respect to materials, mechanics, and thermo-
dynamics. Figure 2A demonstrates the concept of stiffness tuning of
TES using a TES-based light-emitting diode (LED) device powered
through conductive gallium wires encapsulated in soft silicone (60 kPa;
Ecoflex). The device can resist weight (300 g) when the gallium is
solid at room temperature but stretched by 36% as the gallium is
liquefied at a temperature higher than 29.8°C. Measurements and
theoretical calculations using testbed platforms (fig. S2) explore the
relevant mechanical behaviors associated with the phase change of
gallium (Fig. 2, B to D). Thermomechanical studies in Fig. 2B exhibit
the drastic changes in the effective elastic moduli of the transforma-
tive platform at the melting temperature of gallium (29.8°C) with the
tuning ratio larger than 10*. The effective elastic moduli in the rigid
state can range from 50 to 950 MPa, depending on the thickness of
the gallium structure, but decreases down to ~30 kPa in the soft state
where Young’s modulus of liquid gallium becomes negligible. Theo-
retical analysis yields effective tensile moduli (Fig. 2B and fig. S2) that
are well matched with the experimental values, validating the mea-
surement accuracy. Note that the onset slope of the stress-strain curve
is much steeper in the rigid state (Fig. 2C) than in the soft state
(Fig. 2D) because of the large increase of the effective moduli of the
samples. The samples in the rigid mode undergo plastic deformation
after the short linear region because of the ductility of gallium, thus
showing limited elasticity compared to the ones in the soft mode.
Thermal behaviors, which are central to the operation of the
thermally driven stiffness-tuning platform, depend on the device
geometry as well as the constituent materials’ properties. To under-
stand the key design parameters that dominate the thermal behavior
of the transformative platform, we monitored the temperatures of
testbed platforms with an infrared (IR) camera (A655sc, FLIR) during
the phase transition process. Recorded temperatures during the
thawing (Fig. 2, E and F) and freezing process (Fig. 2, G and H)
show that gallium reaches its thawing and freezing temperature later
than the silicone encapsulant primarily because of its latent heat of
fusion (5.59 kJ/mol). Figure 2 (E and F) displays the temperature
transient response of a testbed transformative platform during
thawing, where phases I-II, II-III, and III-IV represent the solid,
phase transition, and liquid state regions of gallium, respectively. If we
assume that the horizontal dimensions of a sample are much larger
than those of the cross-sectional dimensions, then the time required
for phase transition of gallium can be expressed as firansition ° fencap *
tGa/ (Tt — Trn), Where fencqp is the thickness of the silicone encapsulant,
fGa is the thickness of gallium, Ty, is the thawing temperature, and
Tp is the melting temperature of gallium (see note S1 for details).
This analytical expression captures the experimental observations
including the faster transient temperature responses at the gallium-
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silicone interface for thinner silicone encapsulant (Fig. 2I) as well as
shorter phase transition times with increasing Ty, (Fig. 2]). In this
regard, the thermal efficiency and phase transition time in thawing
(i.e., duration for II-III in Fig. 2E) in operation of transformative
platforms can be improved by not only applying higher thawing
temperature (Ty,) but also reducing the thickness of both the sili-
cone encapsulant (fencap) and gallium (¢g,).

Freezing shows a similar but opposite thermal behavior as shown
for thawing, but undergoes an additional phase of supercooling, until
nucleation of gallium is triggered below its melting temperature
(Fig. 2, G and H). Heterogeneous nucleation dominates the stochastic
process of nucleation during solidification, led by active hetero-
geneities (other solid particles in the liquid), and determines the
degree of supercooling (AT) (24). As our system uses pure gallium,
nucleation embryos that reside at temperatures higher than the
melting temperature play a major role in nucleation of gallium. Our
studies on freezing (Fig. 2K and fig. S3) show that the degree of super-
cooling (AT) required for triggering nucleation (II* in Fig. 2G) in-
creases with the thawing temperature (Ty,), which is the highest
temperature experienced by the gallium sample when liquefied.
This thermal hysteresis aligns to the precursory phenomena that
nucleation embryos in liquid gallium vanish increasingly with the
highest temperature experienced by the sample (25) and with the
fact that AT saturates to a certain point (25°C) because of other im-
purities and interfacial materials (e.g., silicone encapsulants) that
help nucleation (26). Once the nucleation of gallium is initiated, the
temperature of the sample abruptly increases up to the melting tem-
perature of gallium by releasing latent heat (see phase IT*-IT in Fig. 2G).
Experimental studies show that the lower the nucleation temperatures
(larger AT), the longer the time to reach the nucleation temperature
(ter: I*-11%) and the shorter the phase transition time (fcp: IT*-III)
(Fig. 2L). Overall, a larger AT results in an increase in the characteristic
time for freezing (., which is the sum of ¢, and ., corresponding
to phase I*-III in Fig. 2G and fig. S3G). This finding suggests the
operating TES with a lower thawing temperature (Ty,) to accelerate
the soft-to-rigid transition by minimizing supercooling.

The experimental results shown in Fig. 2 (M to P) and fig. S4
explore the time required to switch transformative platforms from a
rigid to soft state or from a soft to rigid state. In the thawing process,
we applied Ty, of 35°C (Fig. 2M) and 45°C (Fig. 2N), simulating body
temperature or operation with an external heater, respectively. The
results (Fig. 2, M and N) confirm not only a general trend of de-
creasing total transformation time with reduced fencap and tg, but
also a synergetic effect of fencap and tg,, as illustrated by the analytical
expression [i.e., iransition ° fencap ® £Ga/(Tth — Trn)]. In the freezing
process, the characteristic time for freezing (¢.) changes similarly
in relation to the device geometry, but the overall phase transition
can be accelerated by lowering the freezing temperature, as demon-
strated in Fig. 2 (O and P).

Multipurpose personal electronics transforming between
rigid electronics and stretchable wearables

The ability of TES to tune the device stiffness and morphology en-
ables their application in multipurpose personal electronics. Figure 3
shows a representative example of these electronics, which can be
used as not only tabletop or handheld electronics but also wearable
sensors according to the user’s need. The TES consists of a silicone-
encapsulated gallium frame (Ecoflex thickness, 500 um; gallium
thickness, 1500 um) for rigidity tuning, a heater for accelerating the
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Fig. 2. Thermomechanical studies of the phase transition characteristics of the gallium-based transformative platform. (A) Images comparing the mechanical char-
acteristics of a transformative LED device in a rigid (solid gallium) and soft (liquid gallium) state, powered through conductive gallium wires, when applied with a uniaxial
strain by 300-g weights. (B to D) Effective elastic moduli (B) and stress-strain curves (C and D) of testbed platforms in the rigid (C) and soft state (D). Red, green, blue, and
black lines in the plots indicate a testbed platform with the gallium thickness of 50, 320, 640, and 1500 um, respectively. In all samples, the width of gallium frame is 790 um,
and the encapsulating polymer has dimensions of 5.81 mm (w) by 2.12 mm (t) (see fig. S2). The solid and dashed lines in (B) represent experimental data and theoretically
calculated values, respectively. (E and F) Plot illustrating the phase transition of gallium-based transformative platform as it is thawed with a temperature of 45°C (E) and
associated IR images at phases |, -1l IV, and IV (F). The thawing process is divided into three phases: I-I, solid; II-1ll, solid-liquid transition; and llI-IV, liquid. (G and H) Plot illustrating
the phase transition of the gallium-based transformative platform during freezing with an applied temperature of 5°C (G) and the corresponding IR images at phases |, II*, lI-1ll,
and IV (H). The freezing process is divided into four phases: I-I*, liquid; I*-II*, supercooled liquid; II*-IlI, liquid-solid transition; and IlI-1V, solid. II* indicates a nucleation
temperature. (I) Temperature changes at the gallium-silicone interface induced by the thawing (35°C; solid lines) and freezing temperatures (15°C; dashed lines) applied
through different thicknesses of silicone encapsulants (red, 30 um; green, 200 um; and blue, 500 um). (J) Time required for phase transition [i.e., duration for II-lllin (E)] as a
function of thawing temperature (Ty,) for testbed platforms made with a 1.5-mm-thick gallium frame encapsulated in 30-um-thick (red), 200-um-thick (green), and 500-um-thick
(blue) silicone. (K) Degree of supercooling (AT) of gallium as a function of Ty,. (L) Characteristic time for gallium to reach the nucleation temperature (t.;) and time required
for the phase transition (t.,) as a function of AT during the freezing process in (G). (M and N) Time required to switch the transformative platforms (gallium thickness, 50, 500,
and 1500 pum; silicone encapsulant thickness, 30, 200, and 500 um) from the rigid to soft state when applying Ty, of 35°C (M) and 45°C (N). (O and P) Characteristic transition
time (t.) for the transformative platform used in (M) and (N) to transform from the soft to rigid state when applying freezing temperatures (T¢) of 15°C (O) and 5°C (P). Note that
the soft-state platform in (O) and (N) was prepared by applying Ty, of 35°C for 20 min before measuring t. in freezing.
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Fig. 3. Application demonstration of transformative electronics that can convert between arigid tabletop clock and a stretchable wearable sensor. (A) Exploded-
view schematic diagram that illustrates a TES that includes a gallium-silicone composite material as a transformative platform, a heater as an actuator for accelerated
phase transition from a rigid to soft state, a stretchable PCB consisting of a temperature sensor, a UV sensor, an OLED screen, capacitive touch sensors, and a microcontroller
for environmental and physiological sensing. (B) lllustration of the assembled device. The top inset shows a cross-sectional view. (C) IR images showing the mechanical
transformation of the device triggered by body temperature upon mounting on the skin, which leads to conversion from a rigid, flat to soft, flexible form that enables
conformal contact on the curved surface of the skin. (D) Temperature at the bare heater surface (red), the heater-gallium interface (green), and the device-skin interface
(blue) when operating the heater with a 3.3-V coin cell battery. The operation of the heater can accelerate the phase transition of gallium while maintaining a biologically
safe temperature (<45°C) at the device-skin interface. (E) Bending stiffness of the device as a function of temperature. (F) Overlay of optical images and FEA results for the device
in a soft state under uniaxial strain of 0% (left) and 26% (right). (G and H) Application demonstration of the transformative electronics as a tabletop clock in the rigid mode
(G) and as a wearable sensor in the soft mode (H). The sensor on the contracted arm stretched 15% because of muscle volume expansion. (I and J) Application demon-
stration of the device in different scenarios (I) and use of integrated sensors for the measurement of room (in a tabletop clock mode) or body temperature (in a wearable mode)
and UV index for associated situations indicated by numbers (J). Photo credit: Sang-Hyuk Byun (C, F, G, and I) and Raza Qazi (H).
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transformation from the rigid to soft mode, and a stretchable printed
circuit board (PCB) with filamentary serpentine copper interconnects,
a temperature sensor, an ultraviolet (UV) sensor, an organic LED
(OLED) screen, capacitive touch sensors, and a microcontroller for
multifunctional sensing and user interfaces (Fig. 3, A and B). Detailed
TES dimensions, circuit design, and characterization results of the
sensors are shown in fig. S5.

Placing the rigid form of the TES on the skin allows its transforma-
tion to soft, stretchable configuration, allowing the device to conform
to the body surface and adapt to muscle deformation (Fig. 3C). The
transformation time needed to convert the TES from the rigid to
soft state can be engineered by adjusting the thawing temperature as
well as thicknesses of the gallium and the silicone encapsulant (Fig. 2,
M and N). Alternatively, the transformation time can be actively
controlled and substantially reduced using an embedded heater
(Fig. 3D). To ensure thermally safe operation on the skin while en-
abling relatively fast transformation, we programmed the heater to
operate at ~55°C (Fig. 3D) to ensure that the temperature at the
skin-silicone interface remained below the temperature at which
the skin begins to burn (~45°C) (27). Experiments and finite element
analysis (FEA) show that the bending stiffness of the TES decreases
by more than two orders of magnitude (from 2.6 to 0.023 mN-m?)
after transforming to the soft form (Fig. 3E and fig. S6). In addition,
as shown in FEA results, in agreement with corresponding optical
images of the TES (Fig. 3F), the softened TES can be stretched over
25% with only ~0.07% maximum principal strain in the polyimide/
copper/polyimide system (fracture strain of copper, ~5%) due to
stress-reducing effects provided by the serpentine structure, thus
verifying its stretchability exceeding strain levels induced by skin
deformation (10 to 20%) (28).

The unique ability of TES to switch between rigid and soft modes
allows its versatile applications for various use cases. For example,
the TES demonstrated here can be used as a tabletop clock in the
rigid mode or converted to a stretchable wearable sensor for physio-
logical and environmental monitoring (Fig. 3, G and H, and movie
S1). The TES in the rigid state can also be reconfigured into diverse
hard shapes to further extend its use scenarios (e.g., fully folded
electronics to fit in a pocket; partially folded configuration to allow
self-standing; or the flat, rigid form for handheld use). Figure 3
(I'and J) shows example uses of the TES, demonstrating its potential
for replacing both conventional rigid and flexible forms of electronics.
This work verifies the practical and versatile utilities of the TES de-
sign, in which the individual device can function as a tabletop per-
sonal device that can display time and room temperature, as well as
serve as a skin-mounted sensor to monitor the body temperature
and the ambient UV index for healthcare and wellness applications.

Pressure sensor with tunable sensitivity and dynamic range

Pressure sensors are another exciting application, in which the TES
concept can open new opportunities by enabling active tuning of
the sensitivity and dynamic range of sensors. Recent research trends
in e-skins (29) and wearable electronics (30, 31) have focused on the
development of highly sensitive pressure sensors to achieve human
skin-like sophisticated sensing. Although advances in materials and
micro-/nanofabrication have shown impressive accomplishments
toward this goal, pressure sensors with high sensitivity are limited
because of their small dynamic ranges [e.g., 0 to 10 kPa in piezo-
resistive or piezoelectric devices (32, 33) and 0 to 100 kPa in capacitive
devices (34, 35)], therefore substantially restricting the spectrum of
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applications. A tunable pressure sensor built on a transformative
platform may resolve this issue. Figure 4A illustrates a gallium-based
tunable capacitive pressure sensor capable of switching between the
soft mode with ultrahigh sensitivity and narrow dynamic range and
the rigid mode with large dynamic range and low sensitivity. A key
for the tunable pressure sensing is an active layer with variable stiff-
ness, which is made of a gallium-elastomer composite {i.e., three-
dimensional (3D) microporous elastomer [15:1 polydimethylsiloxane
(PDMS)] with gallium-microdroplet inclusion; fig. S7} that presents
homogeneous bulk mechanical and electrical properties. This com-
posite design helps to circumvent problems associated with the ductile
nature of the gallium frame-based design (Fig. 2C), which can cause
nonlinear sensing response (fig. S8). Figure 4 (B and C) shows photo-
graphs and cross-sectional micrographs of a sensor at the rigid and
soft mode under compression. By switching between the two modes
by solidifying or liquefying the gallium droplets with an appropriate
temperature (Fig. 2), drastic changes in deformability can be
achieved (movie S2). The mechanical characterization results in
Fig. 4D show that the effective modulus of the sensor can be tuned
between 22 kPa (soft mode) and 9 MPa (rigid mode) through this
mode switching, which is a core feature that allows the sensing
characteristics to be controlled.

Figure 4E shows sensing characteristics of a pressure sensor for
the soft (red) and rigid (blue) modes. As expected from the mechanical
characterization results (Fig. 4D), converting between the soft and
rigid mode yields large tuning of the sensitivity and dynamic range
of the pressure sensor. According to the measurement, the onset
sensitivity of the sensor can be tuned from 15.77 to 0.86 kPa™* when
switched from the soft to rigid mode, resulting in a sensitivity tuning
ratio of 18.3. However, this mode switching enlarges the dynamic
range [the range of applied pressure that changes (decreases) the
onset sensitivity by 1%] over 12 times (from ~80 kPa to ~1.0 MPa)
at the expense of the sensitivity. FEA simulations in Fig. 4F visualize
the tunable nature of sensitivity of the pressure sensor to an applied
pressure (50 kPa), which is enabled by controlling the effective
modulus of the sensor by liquefying or solidifying the gallium droplets.
Dynamic force measurements with cyclic loading and unloading (over
1000 cycles) with time-varying compressive stresses confirm that the
outputs of the pressure sensor in both the rigid (Fig. 4, G and H)
and soft modes (Fig. 4, Kand L) are highly repeatable and reversible
with no drift and very small hysteresis. The response time (10 to 90%
rise time) is ~50 ms in the soft mode and ~100 ms in the rigid mode
(fig. S9). The tunability along with high reproducibility of this pressure
sensor makes it highly adaptable for various sensing applications.
When the pressure sensor is rigid, its large dynamic range allows
sensing of heavy loads, such as those generated by foot stepping
(Fig. 4, I and J, and movie S3). The same sensor can be reconfigured
to the soft form when it is necessary to capture gentle, sophisticated
pressures, such as those associated with physiological processes, as
we demonstrated by sensing carotid arterial blood pressure using
the device mounted on the neck (Fig. 4, M and N). This tunable
sensing platform is highly versatile. The concept presented here can
also be applied for sensing a wide variety of mechanical parameters,
including strain, bending, torsion, acoustics, and many others.

Deep brain neural probe that softens to match local

tissue environment

While topical devices enable dynamic sensing capabilities, tissue injec-
tion expands the potential applications for biomedical devices. We
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Fig. 4. Application demonstration of transformative electronics for pressure sensing, tuning both the sensitivity and dynamic range for versatile operation.
(A) Conceptual illustration of a tunable pressure sensor based on an elastomeric composite with gallium-microdroplet inclusion. In the rigid mode, the microporous dielectric
elastomer filled with solid gallium undergoes small compressive deformation due to its high effective modulus leading to large dynamic range for pressure sensing. In
the soft mode, the microporous elastomer with liquefied gallium becomes much more compliant, resulting in higher sensitivity and lower dynamic range. (B) Photo-
graphs of a gallium-elastomer composite in the rigid (top) and soft (bottom) states under compression by a fingertip. (C) Cross-sectional optical micrographs of the gallium-
elastomer composite in the rigid (top) and soft (bottom) states under compression, corresponding to the dotted rectangular areas in (B). (D) Pressure versus strain curves
of the composite in the soft (red) and rigid modes (blue) in comparison to that of a pure elastomer (black). The inset shows magnified plots for the pressure range between
0and 12 kPa. (E) Relative capacitance changes of the tunable pressure sensor with applied pressure in the rigid and soft modes. Red, blue, and black lines are plots for the
composite in the soft and rigid modes and the pure elastomer, respectively. (F) FEA simulation results demonstrating the stress distribution in the composite in the soft
(left) and rigid modes (right) under a compressive pressure of 50 kPa. The diameter of the gallium microdroplets is assumed to be 125 + 50 um (mean + SD) based on our
measurements (fig. S7E). (G and K) Cyclic capacitive response of a sensor (red) to applied pressure [1 MPa for the rigid mode (G) and 0.22 MPa for the soft mode (K); black]
as a function of time in the rigid (G) and soft modes (K). The speed of loading and unloading was 0.167 mm/s in (G) and (K). (H and L) Loading and unloading test in the
rigid (H) and soft (L) modes for 1200 cycles. (I and J) Image () and measurement result (J) demonstrating the application of a pressure sensor in the rigid mode for foot
stepping pressure sensing. (M and N) Image (M) and measurement result (N) demonstrating the application of a pressure sensor in the soft mode for monitoring of carotid
arterial blood pressure. Photo credit: Sang-Hyuk Byun.
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recently developed injectable neural probes that rely on a releasable
rigid backing needle (3). Figure 5 (A and B) and fig. S10 show a
TES-based neural probe that circumvents this approach, similar to
the ones demonstrated with shape memory polymer (9). It consists
of a micro-inorganic LED (u-ILED) polymeric probe [polyethylene
terephthalate (PET); 6 um] and silicone-encapsulated gallium needle
(Ecoflex thickness, 30 um; gallium thickness, 50 pm). The device
remains rigid at operating room temperature (~23°C) but, upon
deep brain injection, softens to help accommodate micromotions
within the skull that occur during normal movement [Figs. 2B
(red line) and 5B and movie S4]. The benefits of this approach can
be seen after 1 month of implantation in the brain. At this time
point, the TES approach has both reduced lesion size and inflam-
matory glial responses compared to tungsten needles of the same

A B
Rigid mode

1 mm

Soft mode

.

Elastomeric
enclosure —

dimensions [600 um (w) by 125 um (#); Fig. 5, C to G], suggesting
that the transformative approach is more amenable to deep tissue
embedding.

To demonstrate functional optoelectronic interfaces on these
TES neural probes, we used deep brain stimulation to drive feeding
behavior in mice. Specifically, we selectively targeted ChR2(H134)-
eYFP to agouti-related protein neurons of the arcuate nucleus of the
hypothalamus and implanted the TES within the paraventricular
hypothalamus (PVH) to stimulate a projection well known to induce
hunger-related behavior (ARC*"-PVH) (Fig. 5, H and I, and fig. S10,
K and L) (36). One hour of wireless photostimulation (20 Hz and
10-ms pulse width) of ARC®¥”-PVH with the TES drives increases
food consumption in ad libitum fed mice (Fig. 5, ] and K). The TES
devices remain intact and functional for at least 6 weeks following
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Fig. 5. Deep-tissue penetration with transformative electronics is better tolerated than rigid materials. (A) Conceptual illustration of the fabrication scheme (left)
and photographs (right) of the TES neural probe in rigid and soft modes. (B) Photographs of deep brain injection of the TES-based probe in rigid (left and center) and soft
(right) modes. (C and D) Fluorescence images of 35-um horizontal slices stained for astrocytes [glial fibrillary acidic protein (GFAP), purple] and activated microglia (Iba1, yellow)
from tungsten (C) and TES (D) neural probes. Scale bars, 50 um. (E to G) Cross sections through the tissue show reduced lesion area (E) and astrocytic (F) and microglial (G)
responses from the TES compared to tungsten implants following 4 weeks of implantation (data are means + SEM, n=3 to 5 animals per implant; *P < 0.05, **P < 0.01,
***P <0.001, unpaired two-tailed t test). a.u., arbitrary units. (H) Cartoon of optogenetic and TES device targeting strategy. (I) Fluorescent micrograph of PVH section
showing ChR2-eYFP expression (green) and TES probe implantation site (yellow dashed outline). Scale bars, 10 um. (J) One hour of 20-Hz photostimulation of ARCAIRP.
PVH increases food consumption compared to 1 hour before stimulation [PVH: n = 6 mice, 4 AgRP-Cre x Ai32 and 2 AgRP-Cre with viral ChR2 transduction; non-PVH: n=4;
one-way analysis of variance (ANOVA) with Tukey’s multiple comparisons: PVH OFF versus PVH ON, **P <0.01; non-PVH ON versus PVH OFF, **P < 0.01]. (K) Example
heatmap of locomotor activity near the food container (hexagon) before (top) and during (bottom) photostimulation. (L) Photos of a functional TES neural probe retrieved
6 weeks after implantation. Scale bars, 500 um. Photo credit: Sang-Hyuk Byun (A), Kyle E. Parker (I), Graydon B. Gereau (C and D), and Jordan G. McCall (B and L).
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deep brain implantation (Fig. 5L). Together, these findings show
that TES technology can be readily adapted for deep tissue integra-
tion and that these approaches might be better tolerated by the sur-
rounding tissues.

DISCUSSION

The concepts, materials, and design strategies presented here enable
mechanically transformable electronics that can break the boundary
between traditional rigid electronics and more recent soft wearable
devices. TES are universal electronic platforms compatible with many
modern flexible/stretchable electronics made of organic and inorganic
materials. Gallium is a core base material for the TES design, which
allows tuning of the shape and stiffness of electronics through the
body temperature, opening opportunities for wearable and implant-
able electronics. Supercooling caused in freezing of gallium is dele-
terious to high-precision control of TES, but the degree of supercooling
can be minimized by adding nucleating agents or impurities (37).
For applications requiring different transition temperatures, other
types of fusible alloys (38) are available for the replacement of gallium.
In all cases, integration of thin, flexible thermoelectronics with the
TES design could notably facilitate rapid bidirectional transformation
(i.e., from rigid to soft or vice versa) and thus further expand the
potential of this system for a wide variety of electronics, including
consumer electronics, biomedical devices, soft robotics, and many
others. For reliable and durable operation, materials and packaging
schemes that provide robust sealing of phase change metals (i.e., galli-
um or other fusible alloys) will need to be further developed.

MATERIALS AND METHODS

Fabrication of gallium frame-based TESs

The fabrication started with 3D printing (Core 530, B9 Creations)
of a casting mold with a desired frame pattern thickness using a stereo-
lithographic process on a UV curable photopolymer (B9R-4-Yellow,
B9Creations). It was chemically treated with an anti-stiction agent
(chlorotrimethylsilane; Sigma-Aldrich); then, PDMS (SYLGARD 184,
Dow Corning) was casted on the mold. Once curing of PDMS (60 min
at 70°C) was completed, the PDMS layer was delaminated from the
3D-printed mold to use it as a casting mold for a gallium frame.
Liquid gallium (Ga metal 99.99, RotoMetals) was then casted on the
PDMS mold and clamped tightly with a glass slide (75 mm by
50 mm by 1 mm). Subsequently, the gallium was solidified at 5°C by
placing the sample on a cool plate (CP-200TT, TE Technology) to
create a solid gallium frame. The gallium frame was carefully re-
leased from the mold and encapsulated with silicone (Ecoflex 00-30,
Smooth-On) to form a transformative platform. Last, the fabrication
of transformative electronics was completed by integrating a sepa-
rately fabricated flexible and/or stretchable electronics onto this
transformative platform. Details on fabrication of flexible and/or
stretchable electronics attached on the transformative platforms,
which appeared in Figs. 1, 3, and 5, can be found in notes S2 to S4.

Fabrication of tunable pressure sensor based

on gallium-elastomer composite

The tunable pressure sensor (Fig. 4) was fabricated by creating gallium
microdroplets dispersed in a silicone elastomer (PDMS SYLGARD
184, Dow Corning) in a similar fashion reported by Bartlett et al.
(39). First, the prepolymer of PDMS with 15:1 elastomer:curing
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agent weight ratio was prepared. Then, the gallium-elastomer com-
posite was made by shear mixing the uncured PDMS and liquid gallium
at a volume ratio of 1:1 with a mortar and pestle. Gallium and PDMS
were mixed for ~10 min until it became a homogeneous viscous
composite, and subsequently, the composite was cured at 70°C for
60 min. Last, indium tin oxide (ITO)-covered PET substrates
(0.175 mm thick, 50 ohms per square, ITO-coated PET 1309; Adafruit)
or copper foil (60 um thick; Seogwang Chemical) was integrated at
the top and bottom of the composite to complete a capacitive pres-
sure sensor.

Elastic modulus measurement

The elastic modulus was measured using a dynamic mechanical an-
alyzer (DMA) (TA@DMA Q800). Samples were tested in the DMA
chamber for accurate temperature control during the modulus
measurements. The frequency of loading used in this test was set to
low (0.1 Hz) to eliminate influence of the viscosity of silicone for the
mechanical characterization. During the measurement, the tem-
perature of the DMA chamber was increased slowly from 0° to 50°C
with a rate of 0.5°C/min to allow enough heating time for the sam-
ples to reach steady state.

Stress-strain curve measurement

The stress-strain curves for transformative platforms in rigid and
soft state were obtained using an Instron Mechanical Testing sys-
tem. Testbed samples, prepared by encapsulating a gallium structure
with silicone (Ecoflex, Smooth-On), were made into a “dog bone”
shape (fig. S2) so that 3D-printed triangular plastic pieces securely
hold a sample at its both ends to apply force only to the sample body
during mechanical testing. The force and displacement information
measured by the machine were used to calculate stress and strain.
For measurements in soft state, gallium was first melted by applying
temperature higher than its melting temperature. Then, for each
type of the transformative platforms, three samples were measured
and averaged for the stress-strain curve. Subsequently, the same batch
of samples was cooled down with liquid nitrogen, turning gallium
into solid state. After stabilizing the samples at room temperature,
the same mechanical measurements were carried out to obtain
stress-strain curves at rigid state.

Bending stiffness measurement

Bending stiffness of transformative electronics was obtained by
measuring its deflection according to applied force. For measurements,
one end of the device was clamped, while the other end was applied
with a 10-g weight. Deflection due to its own weight and the applied
weight was measured using an optical camera by increasing the
temperature by 0.1°C from 10° to 50°C. Then, the bending stiffness
(EI) was calculated using the equation EI = FL’/3z, where F, z, and
L indicate the applied force, deflection, and length of the beam, re-
spectively. For accurate temperature control, all the measurements
were done in a constant temperature chamber (HQ-DTH, Coretech).

Mechanical modeling and FEA

A commercial FEA software (Abaqus, Dassault Systémes) was used
for simulating the deformation of the device to obtain strain infor-
mation for the transformative electronics in Fig. 3. In the simula-
tion, the polyimide and chip layers were simulated using four-node
shell elements (S4R), and the remaining materials were simulated
using eight-node, 3D hexahedron elements (C3D8R). The effective
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moduli of the device in soft and rigid state were also obtained by
applying a 1% strain and measuring the reaction force at both ends
to the device.

Characterization of a pressure sensor

A pressure sensor was characterized by measuring applied force and
resulting capacitance changes using a force gauge (Series 5, Mark-10)
and an LCR meter (4284A Precision LCR Meter, Hewlett Packard),
respectively. The sensor was placed on a mechanical test platform
(ESM303, Mark-10), and the force was applied perpendicularly to
the sensor with a rate of 10 mm/min. The applied pressure was cal-
culated by dividing the measured force by the contact area. The ef-
fective modulus of the gallium-elastomer composite was calculated
by the slope of the stress versus strain curve. The dynamic range of
the sensor was calculated by the applied pressure until the sensitivity
is lower than 1% of the onset sensitivity. A custom-developed LabVIEW
software was used for automated measurements of capacitance changes
per applied pressure.

Experiments on human subjects

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

Experimental on animal subjects

Adult (20 to 30 g) male C57BL/6] and agrp-IRES-Cre (40) back-
crossed to C57BL/6] mice and bred to Ai32 mice (41) were group-
housed, given access to food pellets and water ad libitum, and maintained
on a 12-hour:12-hour light:dark cycle (lights on at 6:00 a.m.). All
mice were transferred to a facility within the laboratory after weaning
and remained in the facility in the laboratory at least 1 week before
surgery, after surgery, and throughout the duration of the behavioral
assays to minimize stress from transportation and disruption from
foot traffic. All procedures were approved by the Animal Care and Use
Committee of Washington University and conformed to U.S. National
Institutes of Health (NIH) guidelines.

Stereotaxic surgery

Neural probes were implanted as previously described (3, 42) with
minor modifications to accommodate the TES probe described
here. Briefly, after the mice were acclimatized to the holding facility
for 7 to 21 days, they were anaesthetized in an induction chamber
(4% isoflurane) and placed in a stereotaxic frame (model 942, Kopf
Instruments), where they were maintained at 1 to 2% isoflurane. A
standard cannula holder (model 1776-P1, Kopf Instruments) was
adapted to implant the TES and tungsten devices. TES and tungsten
devices were ethanol-sterilized and kept on ice until immediately
before the implantation to avoid any melting. The implants were
secured with C&B Metabond (Parkell). For the glial response studies,
mice were implanted with either tungsten or TES probes in the dorsal
striatum [stereotaxic coordinates from bregma: anterior-posterior
(AP), +1.10 mm; medial-lateral (ML), +1.50 mm; dorsal-ventral (DV),
—4.00 mm]. For the optogenetic feeding experiment, agrp-IRES-Cre
mice were injected with 400 nl of AAV5-EF1a-ChR2(H134)-eYFP
(Addgene) unilaterally into the ARC (stereotaxic coordinates from
bregma: AP, —1.5 mm; ML, —0.2 mm; DV, —5.8 mm). Three weeks
later, agrp-IRES-Cre mice or agrp-IRES-Cre x Ai32 mice were then
implanted with the TES device adjacent to the PVH (stereotaxic co-
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ordinates from bregma: AP, —0.82 mm; ML, —0.5 mm; DV, -5.25 mm).
C57BL/6] mice were allowed to recover for 14 to 31 days before
testing. agrp-IRES-Cre mice were allowed to recover 3 weeks follow-
ing viral injection to permit optimal expression at ARC*”-PVH
terminals. agrp-IRES-Cre and agrp-IRES-Cre x Ai32 mice were
allowed to recover 1 week following the TES implant before behavior.

Immunohistochemistry

Immunohistochemistry was performed as described (3). Briefly,
mice were anesthetized with a ketamine/xylazine/acepromazine
cocktail and intracardially perfused with paraformaldehyde in
phosphate-buffered saline (PBS). Brains were dissected, postfixed
for 24 hours at 4°C, cryoprotected with solution of 30% sucrose in
0.1 M phosphate buffer (PB) at 4°C for at least 24 hours, cut into
35-pm sections, and processed for immunostaining. Brain sections
(35 um) were washed three times in PBS and blocked in PBS con-
taining 0.5% Triton X-100 and 5% normal goat serum. For glial re-
sponses in implanted tissues, horizontal sections were then incubated
for ~16 hours at room temperature in guinea pig anti-GFAP (glial
fibrillary acidic protein) (1:500; Synaptic Systems) and rabbit anti-
Ibal (1:300; Wako Chemicals). Following incubation, sections were
washed three times in PBS and incubated for 2 hours at room tem-
perature in Alexa Fluor 488 goat anti-rabbit immunoglobulin G
(1:1000; Invitrogen) and goat anti-guinea pig Alexa Fluor 546
(1:1000; Invitrogen), washed three times in PBS and incubated for
1 hour in NeuroTrace 435/455 Blue Fluorescent Nissl stain (1:400),
and then washed three times in PBS, followed by three 10-min
washes in PB, and mounted on glass slides with HardSet Vectashield
(Vector Laboratories). For tissue from the feeding studies, sections
were washed three times in PBS, followed by three 10-min washes
in PB, and mounted on glass slides with HardSet Vectashield with
4’,6-diamidino-2-phenylindole (DAPI) (Vector Laboratories). All
sections were imaged on an epifluorescent microscope, and z-stacks
were taken throughout the focal plane. 3D deconvolution was then
performed, and images are presented as a maximum projection of
that 3D deconvolution. Gain and exposure time were constant
throughout each experiment, and all image groups were processed
in parallel and analyzed using Image] (NIH).

Food consumption behavior

The food intake study was performed at the onset of the light cycle
as previously described (36). All animals were singly housed for at
least 2 weeks following surgery and handled daily to ensure accli-
mation and minimize any stress response to experimental proce-
dures. On test day, Bluetooth-connected battery packs were attached
to each animal’s intracranial TES device implant. Animals were
then placed in a large (rat-style) polycarbonate cage and allowed
to acclimate to the environment for 1 hour. After 1 hour, one pellet
of standard laboratory chow (~4 g) was placed on a weigh boat fixed
to the cage center. Following 1 hour of food access, the food was
weighed and immediately placed in the cage center. Next, mice
received blue u-ILED photostimulation at 20 Hz for 1 hour, and the
food was weighed immediately after. Locomotor and position data
were monitored with EthoVision (Noldus). Mice with implantation
outside the PVH or lacked PVH ChR2 expression were excluded
from the group after histological examination by a separate ex-
perimenter and reported here as non-PVH animals. By this process,
all food intake measurements were randomized and blind to the
experimenter.
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Statistical and data analysis

Fitting lines in Fig. 2 (K and L) were produced with polynomial
function and exponential function, respectively. Data displayed in
Fig. 2K and fig. S3G correspond to an average of the degree of super-
cooling (AT) with SD. Data displayed in Fig. 2L correspond to an
average of characteristic time for gallium to reach nucleation tem-
perature (f.;) and time required for phase transition (f.,) with SD of
te; and to, respectively. Data in Fig. 5 (E to G) are expressed as
means + SEM. Data were normally distributed by Shapiro-Wilk,
and differences between groups were determined using independent
ttests. Data in Fig. 5] were analyzed with one-way analysis of variance
(ANOVA) followed by Tukey’s multiple comparisons. All data were
processed using OriginLab or Prism 8 (GraphPad).

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/5/11/eaay0418/DC1

Note S1. Theoretical analysis of phase transition time for thawing

Note S2. Fabrication of transformative electronics with flexible, stretchable electrode arrays
Note S3. Fabrication of transformative electronics integrated with a stretchable PCB

Note S4. Fabrication of neural probe with variable stiffness

Fig. S1. Design and application of a transformative electronics that can convert between an
EMG sensor and a handheld touch sensor.

Fig. S2. Design of testbed transformative platforms for mechanical studies.

Fig. S3. Characterization of the degree of supercooling.

Fig. S4. Thermal characterization of gallium-based transformative platform using IR camera
during thawing process and freezing process.

Fig. S5. Design of transformative electronics that can convert between a rigid tabletop clock
and a stretchable wearable sensor with characterization.

Fig. S6. Mechanical simulation of bending stiffness of the transformative electronics that
appeared in Fig. 3E.

Fig. S7. Fabrication process of a transformative pressure sensor.

Fig. S8. Transformative resistive pressure sensor built with a gallium frame.

Fig. S9. Response time of the pressure sensor in rigid and soft mode.

Fig. $10. Design and implementation of TES optical neural probe for behavioral experiments
with wireless control.

Movie S1. Movie of a transformative electronics transforming between a rigid tabletop clock
and a wearable sensor.

Movie S2. Movie of a transformative pressure sensor with variable deformability.

Movie S3. Movie of a transformative pressure sensor: Application demonstration in rigid and
soft modes.

Movie S4. Movie of a transformative neural probe penetrating a mouse brain in rigid mode.
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