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ABSTRACT: Stretchable thermoelectric generators (TEGs) capable of harvesting
electrical energy from body heat under cold weather conditions have the potential
to make wearable electronic and robotic systems more lightweight and portable by
reducing their dependency on on-board batteries. However, progress depends on
the integration of soft conductive materials for robust electrical wiring and thermal
management. The use of thermally conductive soft elastomers is especially
important for conforming to the body, absorbing body heat, and maintaining a
temperature gradient between the two sides of the TEGs in order to generate
power. Here, we introduce a soft-matter TEG architecture composed of electrically
and thermally conductive liquid metal embedded elastomer (LMEE) composites
with integrated arrays of n-type and p-type Bi,Te; semiconductors. The incorporation of a LMEE as a multifunctional encapsulating
material allows for the seamless integration of 100 thermoelectric semiconductor elements into a simplified material layup that has a
dimension of 41.0 X 47.3 X 3.0 mm. These stretchable thermoelectric devices generate voltages of 59.96 mV at A10 °C, 130 mV at
A30 °C, and 278.6 mV and a power of 86.6 yW/cm* at A60 °C. Moreover, they do not electrically or mechanically fail when
stretched to strains above 50%, making them well-suited for energy harvesting in soft electronics and wearable computing
applications.

KEYWORDS: thermoelectric wearables, liquid metal, stretchable electronics, thermoelectric energy harvesting,
liquid metal embedded elastomer, multifunctional composites, thermal interface, stretchable thermoelectric generator

B INTRODUCTION on thermoelectric devices (TEDs) for limb cooling aligned

Thermoelectric generators (TEGs) are a simple and effective semlcondu.cFors_ between two elastomer §h'eets in the open air,
. thereby mitigating the thermal conductivity between the top
way to harvest excess (and otherwise wasted) energy from

body heat in order to power wearable sensors and circuitry. and. bottom elastomer pieces.'” A separate study introd}lced a
These devices have been shown to have the potential to power flexible PDMS TEG composed of an array of 144 bismuth

. . . . . . telluride semiconductor chips wired together using thin,
a myriad of electronic devices including implantable medical fexibl 1 vet inextensibl ot ts. Thic TEG
devices, internet of things (IoT) technologies, wireless body cxible, and yet inextensible copper Interconnects. Lhis

area networks, and wearable devices for applications ranging was combined with a boost converter In order to power a
from glucose sensing to global positioning system tracking.s_u device capable of electrocardiography, thereby showing the

While promising for some use cases, existing wearable TEG potential of flexible TEGs for wearable biomonitoring and

. .. 18,19

technologies are primarily made of rigid or inextensible electronics app llcaFlons. )

materials that limit their ability to conform to the skin or The drawbacks in these and other previous elastomer-based
12 Bor wearable soft TEGs follow from the use of PDMS as an encapsulating

rt ted hanical deformation.'”
zupll)icc)atiorrfspeieeliabi:e;ei:;libsoe 2::: 1i(sm ceatly improved material. PDMS is a thermal insulator with a low thermal
PP ’ P greaty mp conductivity of 0.18 W m™ K™' that has the potential to

through the use of flexible materials to fabricate TEGs that interfere with the flow of heat to and from the thermoelectric

can conform to the skin and accommodate natural human 20 o )
. . . . . . modules.” Moreover, wiring the thermoelectric components
motion. Previous studies have incorporated polydimethylsilox- ) o ) . ) A )
with rigid or inextensible electrical interconnects results in a

ane (PDMS) and polymers in order to replace more rigid
materials, resulting in flexible TEGs that are more compatible
with the body.””~"° One such study used PDMS as a matrix Received:  November 2, 2019
material along with rigid semiconductors that were connected Accepted:  March 25, 2020
using copper interconnects.'® This resulted in a flexible and Published: March 25, 2020
bendable TEG, although performance was limited to an

electrical power output of 2.1yW when exposed to a

temperature difference of AT = 19 °C. A more recent study
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Figure 1. Stretchable TEGs with a LM embedded elastomer (LMEE). (a) A schematic of the stretchable TEG with a thermally conductive LMEE
as the material interface on the top and bottom. The LMEE contains a mechanically sintered pattern for providing electrical connections between
p-type and n-type Bi,Te, semiconductors. (b) A photo of the fabricated TEG under deformation (inset: a TEG device completely bent). The raised
bumps on the surface of the TEG are the locations of the LMEE conforming around the semiconductors. (c) Stretchable TEG conforming to the

forearm when attached to a fabric armband.

device that cannot stretch and fully conform to the body. Since
rigid interconnects cannot deform with the surrounding
elastomer, they can induce high stress concentrations that
can lead to fracture or delamination and consequently
mechanical or electrical failure of the device. Progress toward
the development of mechanically robust TEGs for wearable
computing depends on the use of soft and stretchable materials
for thermally conductive encapsulation and internal electrical
wiring.

Gallium-based liquid metal (LM) alloys such as eutectic
gallium—indium (EGaln) and gallium—indium—tin (Galin-
stan) are a promising class of materials for addressing existing
challenges in creating soft and stretchable TEGs. The high
electrical conductivity and ability of EGaln to deform and
move with the surrounding materials makes it an excellent
candidate as a conductive material for stretchable electronic
devices.”’ > This unique ability of EGaln has been
incorporated in simple applications for TEGs to aid as the
interconnects between semiconductors.”**” In one such study,
EGaln channels were embedded within PDMS and functioned
as electrical interconnects connecting the TEG semiconduc-
tors.”® Besides the complex fabrication process, the resulting
TEG exhibited limited voltage and power generation (8.22 mV
and 46.28 uW, respectively, for a A30 °C temperature
difference) but demonstrated that EGaln is a promising
material for electrical interconnects in such applications.
Similar to previously reported flexible TEGs, the major
drawback was the poor thermal management in the device
because of the low thermal conductivity of the encapsulating
elastomer. More recently, the design of TEGs with EGaln
channels was improved by enhancing the thermal conductivity
of pure PDMS.””

Alternatively, LM alloys have been incorporated into flexible
and stretchable devices by suspending LM micro/nanodroplets
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within an elastomeric matrix. Such LM-embedded elastomers
(LMEEs) have been shown to exhibit exceptional electrical
and thermal properties with a wide range of applications.*’
LMEEs have also been shown to operate effectively under
extreme cold weather conditions because of the supercooling
effects that suppress the freezing temperature of LM alloys
encased in this elastomer composite from —5.9 to —84.1 °C.
This freezing point suppression addresses operating challenges
in LM alloy based TEGs in cold weather environments.’
Particularly for TEG applications, it was recently shown that
utilizing LMEE thermal interfaces rather than insulating
elastomers significantly improves the energy harvesting
performance of TEGs.”' Here, we show that stretchable high
performance TEGs can be simply designed and fabricated by
utilizing LMEE composites both as a stretchable circuit wiring
and a thermally-conductive elastomer for more efficient heat
management.

In this paper, we introduce a soft and stretchable TEG for
cold weather conditions that utilizes an electrically insulating
and conductive LMEE for thermal management and electrical
connectivity between embedded, milli-scale Bi,Te; compo-
nents. As shown in Figure 1a, the device is composed of a top
and bottom LMEE layer that acts as a heat spreader and forms
electrical interconnects between the Bi,Te; chips when
mechanically sintered. The LMEE layers are composed of
LM droplets dispersed in a soft silicone elastomer matrix. Their
high elastic compliance and thermal conductivity enable the
layers to conform intimately to the skin and transport heat
through the embedded thermoelectric components. Moreover,
the LMEE can be locally “sintered” with mechanical activation
in order to create electrically conductive traces on the normally
electrically insulating LMEE that makes connections between
the embedded semiconductor components, thereby eliminat-
ing the need for additional components to individually connect
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Figure 2. Fabrication process of the stretchable TEG with LM composites. (a) Fabrication schematic highlighting the creation of the
semiconductor interconnects through LMEE mechanical activation along with EGaln sputtering onto the semiconductor array. (b) Schematic of
TEG assembly once the internal side of LMEE layers is oxygen plasma treated. (c) The laser cut PDMS center layer with cutouts for the
semiconductors. (d) Insulating center layer of PDMS with one hundred Bi, Te, semiconductors in P and N alternating alignment. (e) Patterned top
(left) and bottom (right) LMEE pieces, the patterns will serve as electrical connections between individual semiconductors. (f) Assembled 42 X 48
mm stretchable TEG with raised bumps indicating alignment and position of semiconductors. (g) Side view of the TEG bending 180° with
semiconductors visible and deforming with the device (h) Photograph of a TEG post 1000 loading cycles with no damage or hysteresis.

the semiconductors. Specifically, the electrically conductive
LMEE traces eliminate the need for rigid copper interconnects
that would otherwise be required for serial connection of the
semiconductors. Because the LMEE serves two crucial
functions in the TEG device and reduces the number of
required components in the device, the fabrication process is
significantly simplified. Moreover, because the device is
primarily composed of soft and stretchable elastomers, these
TEGs are highly flexible (Figure 1b) and can be strained to
over 50% in tension without electrical or mechanical failure,
exceeding the strain limit of previous TEGs and well above the
deformation needed for wearable electronic applications.
Furthermore, they exhibit only a small increase in resistance
when stretched and do not permanently deform because of
repeated cyclic loading. Such advantages give the TEGs
presented here the ability to remain functional while bending
and stretching in order to conform to the body (Figure 1c).

B RESULTS AND DISCUSSION

Figure 2a,b illustrate the steps of the fabrication process. The
overall structure of this device consists of three main
components: a top and bottom layer of the LMEE and an
insulating PDMS center layer embedded with an array of
semiconductors. LMEE’s excellent thermal conductivity and
electrical properties lend itself well for this device since the
material can act as a conformable area of contact for heat
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absorption and also as an array of electrical interconnects
between the semiconductors. In particular, LMEE composites
with a 50% LM volume fraction have a thermal conductivity of
1.6 W-m™L.K™! in their unstretched state, which makes them
excellent for thermal absorption.”” A 50% fill percentage was
selected for these devices because the thermal conductivity of
the LMEE is a function of the fill percentages of the LM alloy,
with an increase in the fill percentage corresponding to an
increase in thermal conductivity.”” Specifically, 50% has been
shown to work well for not only thermal but also electrical
applications.” This fill percentage is high enough to create
percolating networks when sintered with an excellent
conductivity of 6 = 1.37 X 10° S m™" but low enough to be
electrically insulating when not activated as shown in a
previous work.>>** These bismuth telluride semiconductors
were selected for their high efficiency and figure of merit (ZT)
of >1.1 at 300 K. High efficiency is a relative term—for
example, high performance Bi,Te; semiconductors with a ZT =
1 at A S0 °C have an efliciency of only around 3.5%. This
indicates the importance of selecting appropriate thermal
materials when developing a TEG device.”> Comparing these
semiconductor’s figure of merit with those reported in the
literature for Bi,Te; semiconductors, the figure of merit of
these devices at 300 K is in line and comparable to those of
other semiconductors making them an excellent choice for
thermoelectric energy harvesting.’*™>* Referring to Figure

https://dx.doi.org/10.1021/acsami.9b 19837
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Figure 3. Energy harvesting and electromechanical characterization of stretchable TEGs. (a) The open circuit voltage as a function of the
temperature gradient on the top and bottom of the TEGs. (b) The output voltage as a function of external resistor load for a temperature gradient
of 60 °C. (c) Estimated power and power density across the varying external resistor load for the 60 °C temperature difference. (d) Change in
relative resistance as a function of tensile strain for three representative stretchable TEG devices. (e) Hysteresis behavior of the soft-matter TEG
under cyclic loading up to 1000 cycles. (f) Measured electrical resistance of the stretchable TEG subjected to uniaxial cyclic loading with maximum
strain of 30% for 1000 cycles; (inset: zoomed-in view for the last 10 cycles).

2¢,d, P and N-type semiconductors were placed in the
alternating order in one hundred square holes that were
patterned within a layer of PDMS (Sylgard 184, Dow
Chemicals). To decrease contact resistance caused by the
semiconductors and interconnects, EGaln was sputtered on
the top and bottom of the semiconductors. To selectively
deposit the EGaln, a flexible stencil was placed on both sides of
the center PDMS structure with cutouts for the semi-
conductors. EGaln was airbrushed on the top and bottom
and the stencil was removed leaving EGaln only on the ends of
the semiconductors. Details of the fabrication of the LMEE
and thermoelectric layers are presented in the Experimental
Methods section.

To achieve electrical connection between the embedded
semiconductors, internal interconnects were created by
mechanically activating the LMEE composite. By applying
constant force, the suspended EGaln droplets are ruptured
internally to create conductive pathways for electrical
circuitry.”* When activated, these pathways can have a
volumetric conductivity as high as ¢ = 1.37 X 10° S m™},
therefore being conductive enough to replace copper or other
rigid conductors and thereby greatly cutting down on the
complexity of fabrication.*® In this application, pressure from a
pen was used to activate the LMEE and create electrical
interconnects between the adjacent semiconductor legs. This
mechanical patterning was performed on the top and bottom
LMEE layers in order to support the array of 100 semi-
conductors (Figure 2a,e).

After interconnect patterning, the elastomer pieces were
bonded together with the aid of oxygen plasma treatment (SPI
Plasma Prep II) in order to activate the surfaces and allow for
strong adhesion.””*” Following the plasma treatment, the three
pieces were manually aligned and bonded together. Glass slides
were placed on the top and bottom of the device and a clamp
held the device together. It was finally cured in an oven for 1 h
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at 100 °C. Figure 2f gives a view of the cured TEG with a final
dimension of 41.0 X 47.3 X 3.0 mm in which the raised dots
and darkened lines on the surface highlight the semiconductor
placement and sintered interconnect pathways, respectively.
The embedded semiconductors and interconnects, deforming
along with this TEG, can move and operate reliably under
extreme strain such as the positions in Figure 2g,h in which the
semiconductors are highlighted along the side view (Figure
2g). Figure 2h highlights the lack of damage, hysteresis, or
tearing after 1000 cycles of 30% for these TEGs.

In order to understand the thermoelectric performance of
these stretchable TEGs, the open-circuit voltage was measured
as a function of the temperature difference between the two
sides of the stretchable TEG devices. Figure 3a shows the
increase of the open circuit voltage as the temperature gradient
increases. Voltage was measured by placing the TEG on a hot
plate at varying discrete temperatures from 35 to 105 °C with
increments of 10 °C. Longer exposure of the TEG on the
hotplate amounted to a loss in voltage. This occurred much
more quickly at higher temperatures, as the heat transferred
from the bottom of the TEG to the top more quickly lowering
the temperature gradient. Additional details of the method for
measuring the voltage output are presented in the
Experimental Methods section.

Figure 3a shows the data for four cycles of heating starting at
AT =10 °C and increasing to a temperature difference of 80
°C. The top side of the TEG was kept at room temperature
(approximately 25 °C) for each test and the TEG surface
temperature was tested using an infrared camera (FLIR C2,
FLIR Systems Inc.) in between tests. The results indicated
high voltage outputs that are well within the range needed for
wearable electronics, even at lower temperature gradients. For
example, the average voltage output for a 10 °C temperature
difference was 59.96 mV. As shown in Figure 3a, increasing the
temperature gradient between two sides of the soft TEG

https://dx.doi.org/10.1021/acsami.9b 19837
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increases the output voltage. The generated voltage can reach
more than 400 mV for temperature gradients in the range of 80
°C, which was the highest temperature gradient tested.
Comparing this with other previous studies on flexible
TEGs, this stretchable TEG exhibits much more robust
voltage output at lower and higher temperature gradients,
thereby expanding the applications for this technology.
Relative to a previous work, our TEG exceeds these voltage
outputs significantly with values of 0.6 mV at AT = 10 °C (ref
13), 51.3 mV at AT = 19 °C (ref 15), 19 mV at AT = 10 °C
(ref 26), 3 mV at AT = 20 °C (ref 27), and 8.22 mV at AT =
30 °C (ref 28). Moreover, the stretchable TEG presented here
can be elastically strained, as described below.

In order to characterize the power generation capabilities of
the LMEE TEG, the output voltage was measured across a
varying external load resistor (R = 1 to 100 Q) for an applied
temperature gradient of 60 °C (Figure 3b). In this way, the
current passing through the load resistor can be calculated and
used for estimatin_jg the TEG power output in the impedance
matching circuit."”*' As shown in Figure 3b, the increase in
external resistance corresponds to a sharp increase in voltage
that began to level off as resistance increased well above 20 Q.
We observed that the increasing voltage soon converged with
an open circuit voltage of 320 mV, that is circuits with high
load resistance behave like an open circuit, as has been
observed before.*” As expected, the increase in resistance to
500 € corresponds to a high output voltage of 315 mV. Using
these voltages and external resistances, R, the power output is
calculated as: P = v*/R,,. Referring to Figure 3¢, the curve of
this graph increases quickly and peaks at an external load of
11.5 Q followed by a sharp drop in power as the resistance
continues to increase. The TEG’s maximum power for a 60 °C
temperature gradient was 1.68 mW or 86.6 yW/cm? at the
peak of 11 €, which corresponds to a voltage of 139 mV.
Power per cm? of just the surface area of the semiconductors at
this resistance was 0.857 mW/cm? The maximum power is
predicted to correspond to the resistance when the internal
resistance and the external load match.">*' This is in
reasonable agreement with the experimental measurement of
the internal resistance of ~13.5 € at room temperature.

The internal resistance of these devices is controlled by three
factors; the semiconductor resistance, the LMEE interconnect
resistance, and the contact resistance between the semi-
conductors and interconnects. The device interconnect length
was 5.48 mm with an average resistance of ~0.12 Q. For 101
interconnects, this gives a total value of 11.8 €. This average
measured interconnect resistance of ~0.12 € is comparable to
the expected resistance value of 0.126 € for the same length
based on the data from a previous work on LMEE electrical
conductivity.”® Likewise, ~7 mQ was found to be the
semiconductor resistance for one semiconductor, giving ~0.7
Q for the 100 semiconductor array. Based on current
semiconductor dimensions, the conductivity of these semi-
conductors is around 1.2 X 10° S/m. These two values for
resistance along with the overall resistance for the TEG of
~13.5 Q give enough information to determine an expected
total contact resistance of ~1 Q. While the resistances of
commercially available TEGs are much lower, our value for
device resistance is far less than or in the range with those
reported in previous studies on flexible TEGs, with some
research reporting resistances in the kiloOhm range.'*™'"*¢
The value of contact resistance is observed to be less than a
tenth of the interconnect resistance. This is because of the low

contact resistance between EGaln-sputtered semiconductors
and EGaln traces, considering EGaln is often used to mitigate
contact resistances and serve as an interconnect in electronic
devices.*

To show that these devices can remain functional under
mechanical deformation, we performed tensile tests using a
universal load frame (Instron 5969). Tensile tests above 50%
strain along with cyclic loading tests to 30% strain were
conducted. The TEGs used for the tensile measurements share
the same design architecture and fabrication process described
above but consisted of two rows of nine semiconductors with
electrically conductive fabric connectors coming out of each
end instead of the previously described 100 semiconductor
units (Figure 2h). With the Instron grips in place, these slender
stretchable TEGs had a gauge length of 40 mm and a width
and thickness of 12.6 and 2.8 mm, respectively. Figure S1
shows one of these TEGs under stress in the universal load
frame. In the first set of tests, the tensile specimens of the TEG
devices were strained until electrical failure (Figure 3d). Failure
occurred at strains between 50 and 70%, highlighting the
stretchability of the soft TEG and its ability to support
significant deformation without electrical or mechanical failure.
In particular, the patterned sections of the LMEE acting as the
interconnects deform with the movement of the semi-
conductors and maintain their connection. It should be
noted that the increase of the internal resistance in these
TEG devices remains below 20%, which implies a stable
electrical circuit for power generation.

As shown in Figure S2, using a simplified circuit model, we
predict a power loss of less than 4% for stretchable TEGs when
the deviation from initial internal resistance (matched with an
external resistance) remains below 35%. This level of increase
or decrease of internal resistance is an equivalent to AR = + §
Q for the fabricated TEGs with 100 semiconductors. Under
the assumption of a fixed optimal load resistor, the generated
power will decrease with the overall internal resistance changes
because of the increase or decrease of resistance in the
interconnects. The resistance change is attributed to a
potential weakening/strengthening of the electrical contacts
between the semiconductors and LMEE interconnects when
the devices are bent, stretched, or compressed. While a variable
external load resistor can address this issue by matching to the
new impedance, a 30% change in internal resistance will have
only modest impact on the voltage and power output. This is
highly advantageous for devices that may operate under harsh
conditions and under strenuous mechanical loads.

The semiconductor elements are not attributed to the
increase in resistance under strain as these are rigid
components. In addition, a previous work has shown that
there is a minimal resistance increase under strain for LMEE
traces indicting that the increase in TEG resistance under
strain is not from LMEE interconnects.>* In addition, under
cyclic loading, LMEE traces have also been shown to have only
a small increase in resistance.” This leads to the contact
resistance between the traces and semiconductors as the
primary source of increased resistance under strain. As shown
previously for our 100-semiconductor TEGs, there exists an
overall internal resistance of ~13.5 Q, of which ~1 Q is
attributed to internal contact resistance. Assuming a 12%
resistance increase at 50% linear strain from Figure 3d, the
internal resistance will be 15.1 Q. Considering that the increase
in interconnect and semiconductor resistance is minimal, this
1.6 Q increase in resistance is attributed to contact resistance.

https://dx.doi.org/10.1021/acsami.9b 19837
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This indicates that at a 50% strain, there is a 2.6 time increase
in contact resistance. This is most likely coming from the
changing morphology of the interconnects and displacement of
rigid semiconductors under strain as the interconnects are thin
and interfaced with semiconductors through a liquid interface.
As mentioned previously, this increase in resistance at extreme
strains only contributes to a 4% power loss when the deviation
from the internal resistance stays below 35%.

In order to evaluate long-term performance for applications
in wearable electronics, the TEG was subjected to uniaxial
cyclic loading of 30% strain for 1000 cycles. A 30% strain was
selected as it is the maximum typical tensile load for skin, and
can be used in this case as an extreme measure for wearable
applications.”” As shown in Figure 3e, there is a slight amount
of inelastic deformation with the first loading cycle, which we
attribute to the Mullins effect, as has been previously shown for
LMEE composites.”” For subsequent loadings, the deformation
is largely elastic, with only modest hysteresis between loading
and unloading. Resistance increased as the number of cycles
increased from a preloading resistance of ~5.7 to ~6.9 Q (21%
increase) after the 1000th 30% strain cycle (Figure 3f). Prior to
loading, the stretchable TEG with only 18 semiconductors was
able to generate ~30 mV at AT = 75 °C. For each individual
cycle, electrical resistance increased as the load increased,
following the path of cyclic loading (Figure 3f). In general, the
lack of permanent mechanical deformation after loading,
together with the continued electrical functionality of the
device under significant tensile strain, attests to LMEE’s
excellent applicability to soft, conformal, and stretchable
thermoelectric devices.

The semiconductors in these TEGs take up 10.1% of the
total area fraction. However, an increase in this area fraction,
also called the fill factor, has been shown to increase the power
efficiency (W/cm?/K?).** For commercial TEGs, a fill factor of
30% is common. Based on the current fabrication techniques,
there are no barriers to increase the fill percentages of
semiconductors in these TEGs to reach such an area fraction.
Using the current TEG dimensions, this would require ~300
semiconductors in a 15 by 15 grid embedded in the current
sized devices. Assuming that the widths of the LMEE patterned
interconnects remain the same, along with knowledge that the
current parallel gap between the interconnects is ~3.17 mm,
these updated devices would have parallel interconnect gaps of
2.11 mm. This is greater than the minimum of 2 mm
previously reported to avoid shorting between EGaln traces in
the LMEEs.” Additionally, the lengths of the interconnect
traces can be shortened to keep the distance between the ends
of the interconnects above 2 mm to mitigate shorting and
accommodate increased semiconductors per row.

B CONCLUSION

In summary, we introduce a soft and stretchable TEG that is
composed of silicone rubber embedded with an array of milli-
scale Bi,Te; components and covered with sheets of the
LMEE. The LMEE functions as both a soft and conformable
heat spreader and a stretchable circuit for connecting the
semiconductor components. The multifunctionality of the
LMEE reduces the number of components required for
electrical interconnects and addressed the poor thermal
management common in flexible thermoelectric devices.
Moreover, this unique fabrication process allows for a fully
deformable and stretchable device that is able to operate with a
limited loss of power at strains above 50% and after 1000

cycles at 30% strain. For a 60 °C temperature differential, these
soft-matter TEGs generate an open circuit voltage of
approximately 320 mV and a maximum power of 0.087
mW/cm? (1.68 mW). Even at a 10 °C temperature difference,
they have an open circuit voltage of ~60 mV. Moreover, no
other soft thermoelectric devices have been tested and found
to be operational without major losses of power at strain limits
above 50%.

This material architecture has the ability to be expanded far
beyond these initial soft TEG devices, with future oppor-
tunities to explore the integration of LMEE-based TEGs into
wearable technologies. We demonstrated that the TEG devices
with a LMEE thermal interface are fully conformable to be
wrapped comfortably on the body and deform around the
curves of the arm. To increase power, voltage, and practicality,
the size of these devices can be increased and customized to
various parts of the body. In the future, larger version of these
devices or devices with a denser arrangement of semi-
conductors could be engineered into an armband-style soft
TEG that could self-adhere to the skin and be used to power
wearable sensors and electronic devices. This would be an
opportunity to exploit the unique elasticity of these devices in
order to enable on-skin energy harvesting with wearable
computing systems.

B EXPERIMENTAL METHODS

LMEE Fabrication. The LMEE was fabricated using a mixture of
eutectic gallium indium (EGaln; 75% gallium and 25% indium by
mass) at a 50% fill ratio with a PDMS (Sylgard 184; Dow Chemicals)
matrix and cured for 1 h at 100 °C.

Thermoelectric Layer. An array of doped p and n-type Bi,Te;
semiconductors (Wuhan Xinrong New Materials Co., Ltd.) with a
purity of 99.99% were placed between the LMEE layers. The
semiconductor “legs” have a dimension of 1.4 X 1.4 X 1.6 mm with a
height to width aspect ratio of 1.14. To hold the legs in place and
insulate between the top and bottom halves of the LMEE, the
semiconductors were embedded in a PDMS center layer. For this
layer, we cured Sylgard 184 with a 10:1 elastomer to curing agent
ratio (by mass) in a S0 X S0 X 1.3 mm mold. The PDMS center layer
was cut from the cured PDMS molds using a CO, laser cutter (VLS
3.50; Universal Laser Systems) and one hundred square holes for the
semiconductors were cut with a dimension of 1.1 X 1.1 mm.

Voltage Output Measurements. The reported open-circuit
voltage for each sample was measured as the peak voltage value
obtained using an oscilloscope (Rigol DS1054Z). To ensure
consistency in the measurements providing intimate contact with
the hot plate and absorbing heat, a 440 g aluminum block was placed
on top of the TEG.
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