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3D Soft Architectures for Stretchable Thermoelectric
Wearables with Electrical Self-Healing and Damage

Tolerance

Youngshang Han, Halil Tetik, and Mohammad H. Malakooti*

Flexible thermoelectric devices (TEDs) exhibit adaptability to

curved surfaces, holding significant potential for small-scale power generation
and thermal management. However, they often compromise stretchability,
energy conversion, or robustness, thus limiting their applications. Here,

the implementation of 3D soft architectures, multifunctional composites,
self-healing liquid metal conductors, and rigid semiconductors is introduced to
overcome these challenges. These TEDs are extremely stretchable, functioning
at strain levels as high as 230%. Their unique design, verified through
multiphysics simulations, results in a considerably high power density of
115.4 pW cm~—2 at a low-temperature gradient of 10 °C. This is achieved through
3D printing multifunctional elastomers and examining the effects of three
distinct thermal insulation infill ratios (0%, 12%, and 100%) on thermoelectric
energy conversion and structural integrity. The engineered structure is lighter
and effectively maintains the temperature gradient across the thermoelectric

ranging from 1 to 30 cm? in size, are
low-maintenance transducers that offer
power generation and thermal manage-
ment in noise-free, vibration-free, and
prolonged operations.'?] For emerging
applications like self-powered wearable
electronics,’] thermo-haptics,[¥l and per-
sonalized thermoregulation,®! the TEDs
must be highly flexible or stretchable to pro-
vide effective heat transfer and energy con-
version by maintaining conformal contact
with curved surfaces. However, achieving
the desired stretchability in thermoelectrics
without compromising their perfor-
mance remains a technological challenge.

Embedding inorganic rigid thermoelec-
tric (TE) materials in silicone elastomers

semiconductors, thereby resulting in higher output voltage and improved
heating and cooling performance. Furthermore, these thermoelectric
generators show remarkable damage tolerance, remaining fully functional
even after multiple punctures and 2000 stretching cycles at 50% strain. When
integrated with a 3D-printed heatsink, they can power wearable sensors,
charge batteries, and illuminate LEDs by scavenging body heat at room
temperature, demonstrating their application as self-sustainable electronics.

1. Introduction

Thermoelectric devices (TEDs) reversibly convert heat and elec-
tricity based on the Seebeck and Peltier effects. Macro-TEDs,
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is an effective approach to fabricate flexi-
ble TEDs.[®7] The TE pellets are arranged
in a 7-shaped configuration consisting of n-
type and p-type thermoelectric legs, allow-
ing for effective thermoelectric energy con-
version, while the surrounding elastomer
provides mechanical flexibility.®°! Due to
the high Seebeck coefficient of inorganic
TE materials and the separation of the
hot and cold sides, this approach shows
greater energy conversion compared to
organic semiconductors and thin-film device configurations.
More recently, stretchable TEDs have emerged through innova-
tive solutions like 3D helical structure.'% and gallium-based lig-
uid metal (LM) interconnects.'") In such devices, either the wavy
structure of thin films or the fluidity of LM conductors enables
elongation,!'>%] although it is limited by the elastomer’s stretch-
ability and the stress concentration caused by the embedded rigid
components.

Conformal contact, achieved by incorporating soft matter, is
crucial for efficient heat transfer in thermoelectric devices. How-
ever, the performance of these devices can be significantly im-
proved with the use of soft and stretchable functional materi-
als and an optimized device structure for thermal management.
From a materials perspective, employing stretchable thermal in-
terface materials for contact surfaces,’! reducing the thermal
conductivity of the middle layer,**'’] and precisely controlled
layer dimensions!'®] offer promising avenues to increase the per-
formance of flexible and stretchable thermoelectric modules.
Among thermally conductive materials suitable for stretchable
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TEDs, liquid metal elastomer composites stand out for their
simple fabrication process, tunable microstructures, low stiff-
ness, and high conductivity.'®23! This is because, unlike solid
fillers, the liquid phase inclusions can soften the polymer or
have a minimal stiffening effect based on the droplet size and
choice of polymer matrix.[>*! This ensures low softness for con-
formal contact with non-planar surfaces in TEDs. In addition,
the high thermal conductivity of embedded LM particles (20—
30 W m~! K™ facilitates heat transfer to the thermoelectric ma-
terials. One study demonstrated that employing liquid metal-
embedded elastomer at the interface significantly enhances ther-
moelectric performance compared to pristine elastomer, mark-
ing the first application of LM composites in TEDs.[*] This multi-
functional composite was later tailored to fabricate a stretchable
thermoelectric generator (TEG) with a maximum strain of 60%
and a power density of 86.6 uW cm~? at a temperature gradient
of 60 °C.I] However, efficient thermoelectric energy conversion
at low-temperature gradients has yet to be attained, which is cru-
cial for wearable TEGs and powering electronics from body heat
at room temperature.

Despite significant advances and the rise of new applica-
tions for TEDs, such as shape memory actuation,?®! this class
of stretchable electronics has not yet realized its full poten-
tial. This is primarily due to challenges related to low thermo-
electric energy conversion, as well as issues with durability, ro-
bustness, and fabrication process. For instance, one study uti-
lized a soft thermal interface with magnetically aligned silver-
nickel heat conduction pathways for wearable thermoelectrics,
achieving a power density of 418.6 uW cm™ at a tempera-
ture gradient of 40 °C.[*”] However, despite successfully light-
ing LEDs using TED-integrated gloves attached to a hot ket-
tle (=70 °C), the device could not harvest enough energy from
the temperature difference between the body and the surround-
ing environment for practical use. This can be attributed to
the high fill factor of TE pellets at 26.6% which compro-
mises the thermal management within the device as well as
limited mechanical compliance and stretchability with failure
strain at 20%. Furthermore, the subtractive fabrication pro-
cess employed in the study hinders scalability and manufac-
turing flexibility. We recently addressed the fabrication bottle-
neck by 3D printing functional elastomer composites.!**) While
the printed TEG showed a high power density of 649.9 uW
cm™ at the temperature gradient of 60 °C, the harvested en-
ergy at low-temperature gradients is insufficient to power wear-
able electronics. This is primarily because of reduced ther-
moelectric energy conversion when the device reaches ther-
mal equilibrium. These TEGs also demonstrated high me-
chanical robustness, enduring 15 000 stretching cycles at 30%
strain without electrical or mechanical failure. However, the
use of Sylgard 184 as the base polymer in the composites lim-
its the flexibility of the printed TEDs, reducing their confor-
mal contact and performance, especially in devices with greater
thickness.

In this work, we report 3D printing of soft architectures
for damage-tolerant thermoelectric devices, setting new perfor-
mance records for energy harvesting while achieving exceptional
conformability. This accomplishment stems from the success-
ful integration of stretchable functional composites through 3D
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printing, the use of self-healing liquid metal interconnects, the
incorporation of inorganic TE materials, and a deliberately de-
signed device architecture for optimal thermoelectric energy con-
version and preserved structural integrity (Figure 1a). The de-
signed structure is first determined through multiphysics simu-
lations, and the 3D printing of a liquid metal elastomer compos-
ite (LMEC) and a stretchable thermal insulator is subsequently
employed to fabricate highly deformable TEDs for wearable ap-
plications with unique features, such as a stretchable heatsink
(Figure 1Db). To investigate the effect of the thermal insulation
layer structure, the printed TEDs feature three distinct infill ra-
tios (0%, 12%, and 100%) in the core layer, representing thermo-
electrics with an interlayer gap, air pockets, and a densely filled
layer, respectively.

While the low conductivity of the hollow microsphere elas-
tomer composite (HMEC) in the thermal insulation layer is ef-
fective in concentrating heat flux in the TE legs, the presence
of air pockets demonstrates higher voltage generation and does
not compromise the device stretchability, as shown in Figure 1c.
The results indicate that the soft-matter-engineered TEDs, featur-
ing stretchable multifunctional materials and lightweight ther-
mal insulation interlayers, can withstand up to 600% uniaxial
strain before mechanical failure, with electrical interconnects
maintaining connectivity up to 230% strain. Importantly, TEDs
stretched close to 600% without experiencing mechanical fail-
ure and regained their electrical conductivity when returned
to their unstrained condition. Additionally, these TEDs can re-
store their energy harvesting and active heating/cooling after be-
ing punctured multiple times with a sharp object. This is at-
tributed to the use of liquid metal and its ability to recreate con-
ductive pathways upon contact. Furthermore, the punctured de-
vices can fully function after undergoing 2000 stretching cycles
from 0% to 50% strain, enabled by the combined effect of the
ultrasoft composites with enhanced toughness and self-healing
interconnects.

These thermoelectric generators, featuring stretchable 3D
structures, achieve a considerably high power density of
115.4 uW cm™? at a low-temperature difference (AT) of 10 °C.
Once the device reaches thermal equilibrium after an initial
AT of 10 °C, the power density decreases to 16.1 uW cm™2.
When considering normalized power density relative to the tem-
perature gradient across the device and strain limit, our ther-
moelectric generators significantly outperform recent stretch-
able TEDs as depicted in Figure 1d and Figure S1 (Supporting
Information).'®7-2>*2] Due to the use of various test setups in
the literature to report the performance of stretchable TEGs, a de-
tailed discussion on TED characterization (Figure S2, Supporting
Information) and reported values (Table S1, Supporting Informa-
tion) is provided in the Supporting Information. Regardless of
these differences, a series of innovations in this study improve
energy harvesting performance by 70% and incorporate dam-
age tolerance, thus addressing previous challenges and making
their applications feasible. This level of energy conversion can
immediately power an LED upon contact with the body at ambi-
ent temperature, (Video S1, Supporting Information), as demon-
strated for the first time. This milestone unlocks the potential of
Macro-TEDs as a reliable power source for wearable electronics
(Figure 1e).
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Figure 1. High-performance, stretchable thermoelectric device (TED) with 3D soft architectures. a) Schematic illustration of the device design and its
multifunctional layers. b) Images of the TED when it is bent by a finger (left) and worn on the wrist (right). c) Comparison of stretchable TED tensile test
specimens with respect to strain at mechanical failure and output voltage at equilibrium. d) Scattered plot for comparison of soft and stretchable TEDs.
e) A wearable thermoelectric generator is worn on the upper arm with enhanced energy harvesting during running.

2. Results and Discussion

2.1. Functional Matter for Stretchable TED

To create 3D-structured stretchable thermoelectrics, we formu-
lated two elastomer inks for printing the thermal interface and
thermal insulation layers. The thermal interface material utilizes
a composite of LM droplets (EGaln: eutectic gallium-indium) and
an ultra-stretchable silicone elastomer (Ecoflex 00-30),1" with
proven biocompatibility.[**] This LMEC, with a 50% volume frac-
tion of EGaln and an average particle size of 13.7 ym (Figure S3,
Supporting Information), shows a relatively high thermal con-
ductivity of ~1.3 W m~! K~! (Figure 2a) without electrical con-
ductivity. The selection of Ecoflex 00-30 as the polymer matrix is
essential because its high elongation at break (>900% strain) en-
ables device stretchability, and its low elastic modulus (68.9 kPa)
prevents the formation of conductive pathways between LM par-
ticles at this scale.[*]

For the thermal barrier, we used the same base polymer to en-
sure robust layer bonding. This time, hollow thermoplastic mi-
crospheres (Expancel) are dispersed within the elastomer to re-
duce its thermal conductivity and weight. This HMEC separates
the two thermally conductive layers at the top and bottom and
provides structural support for the TE legs. Although the hollow
microspheres have a low density of 0.0309 g cm =3, they can be
uniformly distributed in the elastomer at a 50% volume fraction
(Figure S4, Supporting Information). The thermal conductivity
of the HMEC is measured to be 0.1 W m~! K~! and its density
is calculated to be 0.723 g cm™ which corresponds to a 32.4%
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reduction from the unfilled elastomer (py g, = 1.07 g cm™).
Therefore, the HMEC is a lightweight soft matter that enhances
heat management within the device by concentrating the heat
flux to the TE pellets and reduces the TED’s weight when used
as a thermal insulation material in the core layer.
Thermoelectric semiconductors in TED play a key role by har-
nessing the Seebeck effect to generate electricity from tempera-
ture gradients,[*>*%! or employing the Peltier effect for heating or
cooling.!*’] Bismuth telluride (Bi,Te,) stands out as the thermo-
electric material of choice because of its advantageous combina-
tion of low thermal conductivity (1.2-1.6 W m~! K1), high elec-
trical conductivity (850-1250 S cm™'), and excellent Seebeck coef-
ficient (200-235 uV K1), resulting in exceptional figures of merit
(zT) and conversion efficiency at ambient temperatures.!*->l
Hence, inorganic p-type and n-type Bi, Te; hold great promise for
achieving high energy conversion in the device, while their brit-
tleness and rigidity are mitigated by soft functional matter and
liquid-phase electrodes. The hybrid-structured device leverages
high zT thermoelectric materials and offers excellent mechanical
flexibility that is essential for conformal contact with non-planar
surfaces (e.g., the human body) and effective heat conduction.

2.2. Enhanced Efficiency via Device Architecture
To maximize the energy conversion in stretchable thermo-
electrics, the heat management within the TED must be op-

timized. We applied certain design principles and studied the
device’s performance through simulations and experiments.

© 2024 Wiley-VCH GmbH
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Figure 2. Enhanced energy conversion through soft-matter engineering: a) Thermal conductivities of the materials in the core layer (HMEC and unmod-
ified elastomer) and thermal interface layers (LMEC). b) Simulation and experimental data for a pair of low and high-aspect ratio TE legs in a densely
filled HMEC core layer. c) Schematics of four different designs of the core layer. d) The temperature gradient across TE pellets at thermal equilibrium
from the simulation of a single pair of TE pellets with four different core layers at AT = 60 °C. Inset: Cross-section images of 5% and 40% TE fill factors
with the simulated temperature profile. ) Output voltage at thermal equilibrium normalized by area from the simulation of a single pair of TE pellets.
Inset: A cross-section image of a 14.2% TE fill factor with the simulated temperature profile. f) Photographs of the four different core layer architectures.
g) Measured peak and steady-state values of the open-circuit voltage with different initial temperature gradients. h) Measured surface temperature of
TEDs in active heating mode over time. The power was switched off after 3 min. i) Measured surface temperature of TEDs in active cooling mode for
3 min. Parasitic heating is observed after the current is switched off.

Increasing the height of TE legs is an effective strategy to in-
crease the temperature gradient across the device as the distance
between the hot and cold sides has increased. Figure 2b shows
the experimental and simulated open-circuit voltage (V) at ther-
mal equilibrium for a pair of TE legs with two distinct aspect ra-
tios: 1.4 x 1.4 X 1.6 and 1.4 x 1.4 X 3.0 mm?®. The simulation
result is validated experimentally with a normalized output volt-
age of TED samples, demonstrating excellent agreement in V.
of various temperature gradients. For the same cross-sectional
area, the Bi,Te; pair with 3.0 mm in height represents the high
aspect ratio TE legs, which in turn produces a higher output volt-
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age. Moreover, while both cases show a linear increase in out-
put voltage with increasing the hot side temperature with respect
to the ambient temperature, the high aspect ratio TE legs show
a more rapid increase. Therefore, we have chosen to utilize the
high aspect ratio TE due to their enhanced and consistent energy
conversion, and study other structural facets of the device.
Other factors that significantly affect heat management and
energy conversion in TED are the thermal and geometrical prop-
erties of the insulation layer as well as the area fraction of the
TE legs. 3D printing of soft functional matter allows design
freedom with the possibility of improved performance and
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integration of unique features such as 3D stretchable heatsinks
for TED, as we demonstrated in our previous study.[1®] We extend
this capability by leveraging 3D printing to create 3D soft architec-
tures with low thermal conductivity in the core layer of the TED.
We studied four different structures (Figure 2c) through simula-
tion and experiment. Based on the 3D printing infill percentage
and print materials, we have classified four distinct designs as
follows: TED with interlayer gap (0% infill HMEC), featuring no
material deposition between the top and bottom surfaces except
for a shell around the device; TED with air pockets (12% infill
HMEC), using a simple 12% infill density pattern to print HMEC
between TE legs for structural support; the third design involves
densely filled HMEC (100% infill HMEC), HMEC fully covers
the space between thermal interface layers; and the fourth de-
sign comprises densely filled elastomer (100% infill Elastomer),
with the base elastomer fully covering the space between thermal
interface layers and serving as the common device structure for
elastomer-based thermoelectric generators.

The characterization method for TEDs should be established
before investigating the effect of device geometric parameters.
In the context of wearable applications, human skin acts as a
deformable heat source, with heat primarily dissipating to the
ambient environment through natural convection. Given these
conditions, we chose the “One Side Heat Conduction” method
(Figure S2, Supporting Information). To characterize the energy
harvesting performance of the TED, the device is placed on a
heat source so that heat is applied from one side and dissipates
on the opposite side through convection. In this measurement,
the output voltage peaks initially and then gradually reduces un-
til it stabilizes when the TE legs reach thermal equilibrium. Us-
ing this method at higher temperature gradients is challenging
because of the device’s relatively small thickness and the high
thermal energy supplied by the heat sources. We focus on the re-
sponse at equilibrium because of its higher practical relevance.
This approach indicates the device’s ability to consistently gener-
ate power across a wider range of temperatures on the hot side
without the need for active heating and cooling mechanisms on
each side.

To study each of the four designs in Figure 2c at thermal equi-
librium, we employ multiphysics finite element modeling to eval-
uate the combined effects of the packing density of the rigid TE
semiconductors (TE fill factor) and the core layer’s material and
structure. The applied boundary conditions and input parame-
ters used in the finite element model are detailed in Figure S5 and
Table S2 (Supporting Information). The simulation results indi-
cate a strong influence of both the TE fill factor and the core layer
materials and design on the temperature gradient (AT) across a
pair of TE legs, as depicted in Figure 2d.

To maximize the AT across the embedded TE pellets
(Figure 2d-inset), which directly increases the output voltage, it
is essential to minimize the overall thermal conductivity of the
core layer. This overall conductivity is influenced by several fac-
tors, including the design type, the thermal properties of the ma-
terials, and the TE fill factor, which represents the fraction of the
total available area or volume occupied by the active TE phase
(Figure S6, Supporting Information). For example, TEDs densely
filled with HMEC are more effective than those using unfilled
elastomer due to the lower thermal conductivity of the HMEC
(Figure 2a), confirming that a promising approach to decreas-
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ing the effective thermal conductivity of the core layer is to em-
ploy a composite with lower thermal conductivity in this layer.
In addition, employing 3D structures (TEDs with air pockets) or
eliminating this layer (TEDs with an interlayer gap) results in a
greater AT across the TE phase, which in turn produces higher
voltage and power under the same heating conditions. This is be-
cause the low thermal conductivity of air prevents heat conduc-
tion from inactive phases, concentrating the heat flux onto the
semiconductors. However, as the fill factor increases, the simu-
lated AT decreases and eventually converges for all different de-
signs and materials used in the core layer. This occurs at high
TE filler factors because the overall thermal conductivity of the
core layer increases since it is mainly occupied by the TE mate-
rial (Figure 2d-inset), which, in this study, is bismuth telluride
with higher conductivity compared to air, base elastomer, and
HMEC.

It is important to highlight that a higher TE fill factor, which
corresponds to a greater number of TE legs arranged in a
unit area, leads to an increased normalized Vi, as shown in
Figure 2e. Despite a smaller temperature gradient across the TE
phase, the greater TE content within a given space allows for
more efficient energy conversion, resulting in a continuous in-
crease in normalized output voltage as the fill factor increases.
Nonetheless, the simulation results presented in Figure 2e sug-
gest that despite the differences in TE fill factor, TEDs with in-
terlayer gap (0% infill HMEC) and TEDs with air pockets (12%
infill HMEC) show similar output voltage per area when reach-
ing a steady-state condition, making these findings relevant for
continuous power generation and practical applications.

For experimental validation and design comparison, we fabri-
cated TED samples with the four distinct core layers as shown
in Figure 2f. An infill percentage of 12% was chosen first based
on the print resolution achievable with direct ink writing, and
a TE fill factor of 14.2% was selected due to its substantial out-
put voltage while maintaining noticeable differences in the en-
ergy harvesting performance between different core layer struc-
tures. Also, the fluidity and capillary force of uncured inks pro-
hibited higher packing of TE pellets. Figure S7 (Supporting In-
formation) illustrates the layer-by-layer fabrication process of the
devices (70 x 10 x 4 mm? with 16 TE pellets) and includes pho-
tos of the 12% infill HMEC sample with visible regions that indi-
cate the air pockets with trapped air, which serves to concentrate
the heat flux onto the TE pellets, enhancing energy conversion at
equilibrium.

The V. of four different TE specimens is measured at initial
temperature gradients ranging from 10 to 60 °C for 150 s to com-
prehensively understand the voltage response upon contact with
the heat source. The voltage generated from TEDs follows a sim-
ilar trend: it initially exhibits a peak response, then it decreases
over time until it stabilizes at equilibrium (Figure S8, Supporting
Information). However, the V. from low infill cases (0% and
12% infill HMEC) exhibits significantly higher values than the
other two TEDs with densely filled core layers, confirming the
improved thermal management within the device and enhanced
energy harvesting performance. Figure 2g provides a summary of
Voe, both peak and steady-state values, in relation to the temper-
ature gradient. The results indicate an excellent alignment with
the simulation data. TEDs with 0% and 12% infill HMEC show
nearly identical responses. This similarity can be attributed to the
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structural differences between these TEDs. While TED with air
pockets has extra material in the core later that allows heat trans-
fer, it has robust support to the top layer. However, TED without
any support material in the core layer can easily bend under its
own weight, resulting in a reduction of the distance between the
hot and cold sides of the device. This structural contrast clarifies
the similarity in their responses. Furthermore, Figure 2g illus-
trates the impact of core layer material and structure modifica-
tions. Replacing the base elastomer with a low thermal conduc-
tivity composite (HMEC) yields a substantial 13% increase in V¢
while an additional improvement of 14% is achieved by printing
HMEC with a 2D lattice structure (i.e., air pockets).

In addition to their energy harvesting functionality, stretch-
able thermoelectric devices can be employed for active heating
and cooling applications when supplied with electricity. Each of
the four designs is anticipated to yield a unique temperature pro-
file. Figure 2h—i shows temperature changes in TED specimens
for on-demand heat and cooling when placed on a polystyrene
substrate (Video S2, Supporting Information). Under the influ-
ence of an electric field, TE pellets create a temperature gradi-
ent, and the resulting heat flux is transferred to the thermal in-
terface layers, causing the device’s surface to either heat up or
cool down. It is postulated that the combination of Joule heat-
ing and the Peltier effect is responsible for the heating func-
tion, while only the Peltier effect brings the temperature down
on the cold side of the TED.!*’) Figure 2h demonstrates the sig-
nificantly enhanced active heating performance because of the
3D soft architecture in the core layer when comparing the four
TEDs under a 1 A direct current. As expected, the TED with
100% infill Elastomer exhibits the least temperature increment
with a slow response rate due to its less efficient thermal man-
agement. In contrast, the TEDs with 0% and 12% infill HMEC
show similar and considerably improved responses, indicating
their promising performance in active heating applications. Sim-
ilarly for active cooling, Figure 2i highlights the effective reduc-
tion and control of temperature when there is less material in the
core layer. This is because the supporting structure allows heat
conduction between the thermal interface materials, decreasing
the thermal management capability compared to the interlayer
gap. Furthermore, the lower infill in the core layer suppresses
parasitic thermal residue from spreading to the opposite side
once the power is turned off. These thermoelectrical responses
suggest the importance of TED’s architecture to align with its in-
tended purpose, whether it is energy harvesting or temperature
modulation.

2.3. Electromechanical Robustness and Electrical Self-Healing

Ensuring robustness against large deformation and external
damage is essential for the practical applications of TEDs.
Figure 3a shows the flexibility of our TEDs, capable of simply
bending at two points, even with embedded 3.0 mm rigid semi-
conductors. To systematically study the stretchability of the de-
signed TEDs, we first conducted tensile tests on the soft elas-
tomer composites to characterize the mechanics of each layer
within the device. Figure S9 (Supporting Information) shows
the tensile specimens comprising HMEC, LMEC, and printed
HMEC with 12% infill, along with the obtained stress-strain
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plots that show the material’s elasticity. The results show that
the thermal interface material, LMEC, is highly stretchable with
an average failure strain of 979% while the thermal insulation
material, HMEC, is slightly stiffer with a reduced failure strain
of 768%. This difference comes from embedding liquid inclu-
sions versus solid, yet hollow microspheres. When testing spec-
imens with 12% infill HMEC in the reduced section, the failure
strain remains reasonably high at 710%. These material prop-
erties imply that the TEDs are expected to show a high level of
stretchability regardless of the embedded TE pellets and layered
structure.

Tensile tests on the four types of TEDs demonstrate remark-
able mechanical strain at failure of nearly 600%, except for the
device with interlayer gap (Figure 3b). This level of extensibility
comes from the intrinsic properties of the base elastomer and
the seamless fabrication process, while the TE pellets in the core
layer cause stress concentration in the soft structure, restricting
its stretchability, as shown in Figure S10 (Supporting Informa-
tion). Since the TED with interlayer gap lacks materials in the
core layer to provide structural support for the thermal interface
layers and TE pellets, this design tends to experience premature
failure under tension. In Figure 3c, a comparison of device stiff-
ness reveals that the TED with 100% Elastomer shows the lowest
stiffness, while the device with 100% HMEC exhibits the high-
est average stiffness due to HMEC’s greater stiffness compared
to unmodified elastomer and thermal interface layers. However,
reducing the infill percentage mitigates the stiffening effect of
the HMEC on the device. This result indicates that TEDs with air
pockets are mechanically robust and capable of achieving confor-
mal contact with non-planar surfaces for effective thermoelectric
energy conversion.

Room-temperature liquid metal electrodes and the elastomer
encapsulation provide TED with a stable electrical response un-
der large deformations. Cyclic loading tests for each TE ten-
sile specimen are conducted to study electromechanical robust-
ness over an extended period, as shown in Figure 3d. A 50%
strain was chosen, as it is comparable to human skin tol-
erance and exceeds the commonly used design criterion for
wearable electronics.5152 The excellent electrical conductivity
(3.4 x 10° S m™') and fluidity of liquid metal interconnects re-
sult in a negligible change in the internal resistance of the TEDs
over 2000 cycles. Examining the resistance changes when the
TED with air pockets is stretched to twice its original length
reveals that the electrical connections in TED remain intact at
100% strain, with only a minor increase in resistance by 0.14 Q
(Figure S11, Supporting Information). This stable electrical re-
sponse, combined with the thermoelectric performance and me-
chanical strength of the four different device architectures, leads
to the conclusion that the design featuring high aspect ratio TE
legs with air pockets in the core layer is suitable for wearables. To
be more specific, this design yields a 29% higher voltage at ther-
mal equilibrium compared to the control sample, TED with 100%
infill Elastomer. Furthermore, it achieved a significant 79.7%
weight reduction in the core layer compared to the control sam-
ple by replacing the dense elastomer layer with a 3D soft and
stretchable architecture, all the while leveraging the benefits of
mechanical and thermal management.

Besides stable electromechanical response, the energy harvest-
ing performance of the TED with air pockets is studied under
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Figure 3. Electromechanical response and self-healing: a) Photograph of folded TED with air pockets. b) Maximum strain at mechanical failure and
¢) Measured stiffness of four different designs under uniaxial tension. d) Measured internal resistances of four different TE tensile specimens over 2000
cycles of 0 to 50% uniaxial strain. €) Measured open circuit voltages of air pocket TE tensile specimen under 0 to 50% uniaxial strain at the temperature
gradient of 20 °C. Inset: schematics of TED cross-section when uniaxially strained. f) Measured internal resistances of air pocket TE tensile specimen
with electrical disconnection at 230% strain on average. g) A photograph of the TE specimen after being punctured by a pushpin (top) and the schematic
of electrical self-healing (bottom). h) Measured internal resistance and open-circuit voltage responses at peak and thermal equilibrium of the TED tensile
specimen before and after being pierced by a push pin. i) Measured internal resistances before and after being punctured for over 2000 stretching cycles

of 50% uniaxial strain. Inset: IR images of active heating (left) and cooling (right) before and after damage.

tensile strain to ensure its capability to generate power when
stretched. Figure 3e shows the measured V. at AT = 20 °C as
a function of applied uniaxial strain, varying from 0% to 50%.
Although the peak value slightly decreases with higher strain,
there are negligible variations in output voltage when the device
reaches thermal equilibrium. This is because initially, the ther-
mal interface deforms nonuniformly due to the embedded rigid
TE legs, resulting in less conformal contact with the hot surface
(Figure 3e-inset) and reduced heat flux in the TE. However, the
LMEC thermal interface effectively transfers heat over time, re-
sulting in a constant voltage across the strain range from 0% to
50%.

Adv. Mater. 2024, 2407073

2407073 (7 of 12)

The excellent stretchability of thermoelectric devices with a 3D
soft architecture is also evident from their stable internal resis-
tance up to a strain level of 230%, as shown in Figure 3f. This indi-
cates that the device remains fully operational until it experiences
exceptionally high tensile strain. Under such large deformations,
the rigid TE pellets can disrupt the connection between the liquid
phase conductive traces, causing sudden electrical failure. Since
these devices do not mechanically fail up to 600% strain, the once
electrically failed TE specimens recover their functionality when
returned to their initial state at 0% strain. This is because of the
elastic deformation and resilience of the stretchable 3D archi-
tecture, which realigns the LM interconnects when the strain is
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removed, and the fluidity of the LM, which allows it to reconnect
and regain electrical conductivity upon contact with other seg-
ments of the LM traces.

Alongside extreme stretchability, LM interconnects equip the
TEDs with electrical self-healing during operation. Figure 3g and
Video S3 (Supporting Information) illustrate the device’s abil-
ity to self-repair and maintain its functionality, even after be-
ing punctured multiple times with a sharp object. We demon-
strate this autonomous self-healing feature by comparing the
internal resistance and open-circuit voltage of the TED before
and after damage. As depicted in Figure 3h, the resistance and
Voc show negligible change in both peak and steady-state re-
sponse after the device is punctured with a push pin. The self-
healing behavior of the LM circuitry is attributed to the forma-
tion of new conductive pathways in the EGaln interconnects and
the immediate formation of the gallium oxide layer upon each
piercing or cut.5>5%] Furthermore, the soft elastomer composites
in TED keep the device physically intact, preventing premature
mechanical failure. To further highlight this unique capability,
we examined the electromechanical response of the TED with
air pockets before and after damage. Figure 3i shows the mea-
sured device resistance during cyclic mechanical loading from
0 to 50% strain for 2000 cycles. The damaged device exhibits
virtually identical electrical responses with no apparent signs
of mechanical or electrical failure. The demonstrated high level
of damage tolerance and stable electromechanical behavior sug-
gests not only consistent thermoelectric energy conversion but
also robust temperature modulation of our TEDs even after the
piercing. To illustrate this, we analyzed TED’s heating and cool-
ing performance by comparing the IR photos before and after
damage in Figure 3h-inset. Moreover, the punctures have no im-
pact on the heating and cooling rates or TED’s surface tempera-
tures, as evident in Videos S4 and S5 (Supporting Information).
This self-repair behavior is due to the reconfigured LM pathways
connecting the TE legs, confirming that these thermoelectrics
can also maintain their functionality as a temperature modula-
tor when damaged. The mechanical robustness and consistent
high performance of our TEDs, even under severe conditions, lay
a foundation for their macro-scale implementation and practical
applications.

2.4. Soft and Stretchable Macro-TED

TEDs must cover an optimal area to harvest considerable
amounts of energy at low temperature gradients or effectively
heat up or cool down surfaces on demand, enabling applica-
tions such as powering sensors or providing localized thermal
comfort. To address this need, we leveraged the insights from
our systematic study and fabricated Macro-TEDs with air pock-
ets in the core layer and 48 pairs of high aspect ratio TE semi-
conductors (Figure 4a). The maximum output voltage and power
are measured in the range of 115.7-648.5 mV (Figure 4b and
Figure S12, Supporting Information) and 1.4-39.2 mW (Figure
S13, Supporting Information), respectively, as we varied the tem-
perature across the thermoelectric generator from 10 to 60 °C.
After reaching thermal equilibrium, the V. reduces to ~30%
of its peak value (Figure S12, Supporting Information) and the
generated power stabilizes at 0.12 and 3.19 mW for the initial
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temperature gradients of 10 and 60 °C as shown in Figure 4c.
For all different temperature ranges, the optimal power is ob-
tained when the external load resistor is 2 Q, which is rela-
tively close to the TED’s internal resistance at 2.7 Q. With the
“One Side Heat Conduction” method, we measured power den-
sities up to 3 mW cm~2 at AT = 60 °C when considering the
peak value in the signal (Figure S13, Supporting Information).
However, for practical purposes, we consider the power den-
sity at equilibrium, which ranges from 9.3 to 241.8 pyW cm™
based on the initial temperature difference. This power-
harvesting capability, especially at low-temperature gradients,
makes our stretchable thermoelectric generator an ideal candi-
date for emerging applications, such as self-powered wearable
electronics.

To further enhance thermoelectric energy conversion under
steady-state conditions, we employed 3D printing to create a soft
and stretchable heatsink using the same liquid metal composite
on one side of the Macro-TED. As illustrated in Figure 4d, the
heatsink effortlessly bends and stretches along with the device
due to its inherent compliance. This innovative heatsink, featur-
ing a 3D soft architecture, is anticipated to improve heat manage-
ment within the device, particularly in the context of convection
boundary conditions. As shown in Figure 4e, the power density at
thermal equilibrium is significantly increased from 9.3 W cm =2
to 16.1 pW cm™2 at the low-temperature gradient of 10 °C, and
from 241.8 to 358.5 uW cm~2 at AT = 60 °C, respectively, by
printing the soft 3D structured heatsink. Alongside power mea-
surements, we studied changes in V. over time, as shown in
Figure 4f. The integrated heatsink increases TED’s output volt-
age at equilibrium from 190.7 to 231.5 mV at AT = 60 °C. How-
ever, the heatsink is expected to be more effective under airflow
conditions. Under simulated “light breeze” conditions (i.e., wind
speed of 2.5 m s71), the TED exhibits a higher harvested voltage
with faster convergency, while maintaining similar peak values.
Under this forced air convection, V¢ at steady-state condition
increases from 341.9 to 388.5 mV with the stretchable heat dis-
sipator. Similar trends are observed for V. under different tem-
perature gradients, as shown in Figure 4g and Figure S14 (Sup-
porting Information). This data indicates the effectiveness of the
3D heatsink, resulting in a 32.2% increase in V. without any air-
flow and an additional 17.5% increase after enhancing the output
voltage through forced air convection.

Excluding the performance enhancements achieved under
light breeze conditions, which may not be applicable in certain
working environments, our soft-matter-engineered thermoelec-
tric generator demonstrates an overall 70% increase in output
voltage. This improvement is attributed to the thermal insulation
material (13%), core layer architecture (14%), and deformable
heatsink (32%). To showcase the collective impact of employing
3D soft architecture in TEDs, we utilized the generated power to
charge a coin cell battery, comparing it with a conventional flexi-
ble TED as the control specimen. Figure 4h shows the measured
voltages of the battery during charging with an initial AT of 60 °C.
The TED with 3D soft architectures exhibits a faster charging
rate compared to the reference device which has an unfilled elas-
tomer and low aspect ratio TE legs in the core layer and lacks the
3D heatsink. This result indicates the promising application of
high-performance stretchable thermoelectrics in self-sustainable
electronics.
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Figure 4. Macro-TED with the 3D soft architecture for higher energy harvesting performance and applications. a) Photographs of Macro-TED with 12%
infill core layer and a dimension of 60 X 22 x 4 mm?. b) Measured open-circuit voltage of Macro-TED at AT = 10 — 60 °C with respect to time. c)
Measured power delivered from TED to load resistor at thermal equilibrium at AT = 10 — 60 °C with respect to the resistance. d) A photograph of
Macro-TED with a stretchable heatsink being bent, showing its superior flexibility. €) Measured power and power density of the Macro-TED at thermal
equilibrium with and without the stretchable heatsink with respect to the temperature gradient. f) Measured open-circuit voltage of Macro-TED with
and without the heatsink and forced air convection as a function of time at AT = 60 °C. g) Open-circuit voltage at thermal equilibrium with and without
the heatsink and forced air convection as a function of the temperature gradient. h) Measured battery voltage charged by TEDs with and without the
3D soft architecture at AT = 60 °C. An inset schematic shows the battery charging circuit with a boost converter. i) A photograph of an LED powered
by harvested energy from body heat at room temperature (24 °C). j) Photographs that show sensors powered by TED being touched with a finger for
wearable applications (top). Measured pressure, temperature, and humidity from the sensors powered by TED with respect to time (bottom).
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2.5. Self-Powered Wearable Electronics

The most enabling feature of stretchable TEDs is their ability to
conformally contact with non-planar surfaces, making them suit-
able for wearable electronics. Effective energy conversion at low-
temperature gradients is also essential for realizing their full po-
tential in wearable technology. Having addressed these two major
bottlenecks, we demonstrate that our TEDs can be worn on the
body to directly power LEDs and sensors. Figure 4i and Video
S1 (Supporting Information) show that the TED illuminates an
LED the moment it is placed on the forearm at room tempera-
ture. The temperature gradient between the forearm (34 °C) and
the ambient temperature (24 °C) is only 10 °C, yet it is sufficient
to power the LED due to the TED’s enhanced performance. Im-
portantly, this thermoelectric generator outperforms previously
reported wearable thermoelectrics using three commercial TEGs
in series with LMEC thermal interface materials,®! as it requires
only about a third of the temperature gradient and covers a much
smaller surface area of the forearm. Thus, our stretchable TEDs
exhibit remarkable performance, efficiently harnessing body heat
for immediate LED activation, indicating their potential as a vi-
able power source for wearables.

Moreover, we utilized our wearable thermoelectric genera-
tor to power two off-the-shelf sensors, facilitating dual sensing
capabilities—one for pressure and temperature sensing and an-
other for temperature and humidity sensing (Figure 4j and Video
S6, Supporting Information). Both the thermoelectric device and
the sensors are seamlessly integrated into a textile and worn on
the forearm. The data indicate an instantaneous response of mea-
sured pressure and humidity to applied tactile force on the re-
spective sensors and consistent values are measured upon re-
peated touches. The recorded high humidity and low tempera-
ture are due to the cold and rainy weather conditions during the
experiment. This outcome demonstrates the advancements to-
ward self-powered electronics, as TED eliminates the need for
batteries and the associated inconvenience of replacement or
recharging.

3. Conclusion

We have reported a soft and stretchable thermoelectric device dis-
tinguished by its unprecedented energy density and physical ro-
bustness, making it well-suited for emerging applications such
as wearable and self-sustainable electronics. Employing multi-
physics modeling, we analyzed various device architectures with
the aim of sustaining a prolonged temperature gradient across
the embedded TE semiconductors. Our experimental validations
confirmed the effectiveness of the TED with air pockets and a
supporting structure made from insulating elastomer compos-
ites at the core layer. This specific device architecture with tailored
multifunctional composites not only showed high thermoelec-
tric energy conversion but also exhibited significant structural
integrity, withstanding stretching up to 230% strain before ex-
periencing electrical failure.

Extending our analysis to the damage tolerance of these
stretchable TEDs, our findings revealed no perceptible changes
in electrical resistance, electromechanical response, energy har-
vesting performance, and active heating and cooling functional-
ities before and after being punctured with a sharp object. The
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electrical self-healing and stability demonstrated in the damaged
device, even under 50% strain for over 2000 cycles, can be at-
tributed to the incorporation of liquid metal conductors and the
utilization of ultra-soft elastomer composites in these TEDs.

Furthermore, we showcased the scalability of our design and
additive manufacturing process through the fabrication of a
“Macro-TED” composed of 96 rigid TE pellets. Additionally, we
printed a soft 3D architecture directly on the TED, serving as
a stretchable heatsink to enhance the device’s internal heat flux
management. This Macro-TED, equipped with the heatsink, ex-
hibited a power density peaking at 115.4 uW cm~2, which stabi-
lized at 16.1 uW cm~2 under a low-temperature gradient of 10 °C.
While our data confirmed the further improvement of thermo-
electric energy conversion under forced air convection, we suc-
cessfully demonstrated the capability of our TEDs to power elec-
tronics when worn on the body at an ambient temperature of
24 °C, eliminating the need for additional energy storage de-
vices. These results and demonstrations highlight the poten-
tial of our high-performance, damage-tolerant, and stretchable
thermoelectric devices in emerging applications such as wear-
able electronics, soft robotics, and self-sustainable intelligent
systems.

4. Experimental Section

EGaln Synthesis: Eutectic gallium—indium (EGaln) was prepared by
alloying gallium (99.99% purity, Luciteria) and indium (99.995% purity,
Luciteria). Gallium was melted in the oven (Heratherm OGS60, Thermo
Scientific) at 90 °C for 3 h. The liquid-state gallium was transferred to the
glass jar and the indium was submerged into the gallium with the ratio
of 75 wt% Ga and 25 wt% In. The jar was placed on a hot plate stirrer
(Fisherbrand Isotemp) at 200 °C overnight to synthesize EGaln.

Thermal Interface Ink Formulation: Ecoflex 00-30 (Smooth-On) and
EGaln were used to make LMEC ink for thermal interface printing. Ecoflex
part A was poured into a 20 mL plastic cup and EGaln was added drop-by-
drop into the cup with a 1:1 volume ratio. The composite was mixed for 30
min at 600 RPM with an immersion mixer (Caframo, BDC250). Similarly,
Ecoflex part B was poured into another plastic cup and EGaln was added
and mixed in the same manner. In this composite with Ecoflex part B, Slo-
jo (Smooth-On) was added with a weight fraction of 4% of the total Ecoflex
to prolong the pot life of the final ink. The two LMEC inks with different
Ecoflex parts were transferred to another cup and shear mixed for 1 min at
2500 RPM using a planetary shear mixer (FlackTek SpeedMixer, DAC 150.1
FVZ-K) before being printed.

Heatsink Ink Formulation: Like the thermal interface ink, Ecoflex 00—
30 and EGaln are utilized for heatsink ink formulation. Ecoflex part A was
poured into a 20 mL plastic cup and mixed for 30 min and 600 RPM by
the immersion mixer. At the start of the mixing, EGaln was added drop-
by-drop to the plastic cup using the syringe until the EGaln took 50%V¢
of the total volume of the mixture. In the same way, Ecoflex part B and
EGaln were immersion mixed in the different 20 mL plastic cups. Slo-jo
was added to this cup with a weight fraction of 1% of the total Ecoflex.
The two inks were transferred to another cup and shear mixed for 1 min
at 2500 RPM in the shear mixer before transferring the heatsink ink to the
syringe for printing.

Thermal Insulation Layer Ink Formulation: In a 20 mL plastic cup filled
with part A of Ecoflex 0030, Expancel (920 DE 80 d30; Nouryon) was
added with the 50%V; based on the volume of the Ecoflex in the cup. THI-
VEX (Smooth-On) was also added 2% wt of the Ecoflex part A in the cup
to increase the viscosity while printing the ink. In a different 20 mL plas-
tic cup, Ecoflex part B and Expancel were mixed with the same amount
and ratio. In this cup, Slo-jo was added 2% wt of the Ecoflex part B. The
two separate plastic cups were shear mixed using a planetary shear mixer
(FlackTek SpeedMixer, DAC 150.1 FVZ-K) for 1 min and 2500 RPM. These
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two inks were transferred to another cup and shear mixed for 1 min and
2500 RPM before printing the heat insulation layer architecture.

Thermal Conductivity Measurement: Thermal conductivities of multi-
functional elastomer composites were measured by the transient hot wire
method. A 25 mm-diameter platinum wire was soldered at each end to
stranded copper wire and encapsulated within the elastomer composites.
The composites were cast in an acrylic mold with a dimension of 70 x 10 x
4 mm? to cure them. The cured elastomer composites with the platinum
wire were connected to a source meter (Keithley 2450), and the voltage was
measured at 100 mA current for 0.9 s. Using nonlinear fitting, the thermal
conductivity of each composite was calculated based on the input current,
measured voltage, and the length of the platinum wire.

Energy Harvesting Performance Measurement: A hot plate stirrer
(Fisherbrand Isotemp) was used as a heat source. The temperature of the
surface of the hot plate and TEDs were measured with an IR thermome-
ter (Fluke, 62 Max) to ensure exact temperature gradients in experiments.
TEDs were connected to an oscilloscope (Tektronix, TDS2004C) for data
collection and storage in a computer. To investigate TED’s output voltage
under strain, the TE tensile specimens were stretched to a certain strain
value and then taped down on the hot plate. A resistance decade box (Ex-
tech, 380400) was parallelly connected to TEDs to measure the voltage
across the known load resistor for estimating the generated power as well
as power density.

Thermal Imaging and Temperature Measurement: A thermal imaging
camera (FLIR-T621xx) was used to take Forward Looking Infrared (FLIR)
images for thermoelectric devices. A 1-ampere current was applied to the
TED to induce a change in temperature on the surface for active heat-
ing and cooling. The real-time temperature was recorded via FLIR Tools
software. The current was applied for 180 s to investigate the change in
temperature and the thermal regulation performance in the four different
samples. Then the current was cut off to see how the residual heat affects
the thermal interface layer.

Wearable Electronics Applications: For battery charging, TEDs were
placed on the heat plate with a temperature gradient of 60 °C with re-
spect to the room temperature and connected to a boost converter (MCRY-
EVALKIT, MATRIX). The converted voltage was supplied to the coin cell
battery (TS920E, Seiko Instruments) for 3 h and 30 min. The battery with a
nominal voltage of 1.5 V was discharged to 1.2 V before the measurement
to characterize the charging performance of the TEDs with and without
the 3D soft architecture.

To light up the LED, Macro-TED with the soft architecture and the boost
converter were serially connected and attached to the fabric. The inte-
grated device was then worn on the forearm to demonstrate that the body
heat can power the LED at room temperature. Similarly, harvested energy
from body heat powered a low current temperature/humidity sensor (SPX-
16618, Sparkfun) and a pressure/temperature sensor (SEN-11084, Spark-
fun) separately. The conditions for these sensor demonstrations were an
outside temperature of 6 °C and a relative humidity of 81%RH. The sen-
sors were pressed using the index finger for 3 s twice, and the measured
outcome was delivered to Arduino Uno. The sample rate was setto 1s
and the measured signals were combined after the measurements from
two different sensors. A signed consent letter was obtained from the vol-
unteer for wearing the stretchable thermoelectric generator.
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