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processability using cost-effective printing
techniques (e.g., ink-jet, roll-to-roll, and
3D printing especially suitable to create
random-shaped 3D objects).[3] The inherent
mechanical flexibility of organic materials
provides a special advantage in overcoming
the limitations of conventional rigid and
fragile inorganic counterparts.[4] Their
ultra-flexible/stretchable properties have
been achieved by incorporating soft, resilient polymers and introducing particularly
oriented microstructures.[5] Furthermore,
using organic materials, it has been possible to fabricate practical devices, including
stretchable logic devices, biosensors, and
artificial electronic skin.[6,7] However, developing wearable energy-harvesting systems
remains one of the key challenges in selfpowered electronics.[8]
Wearable thermoelectric generators
(TEGs) are one of the most attractive
energy harvesting devices, converting
body heat into electricity through conformal contact with the human body. Wearable TEGs, like their
conventional counterparts, are required to possess a high thermoelectric figure of merit (ZT = σS2T/κ, where σ, S, T, and
κ are the electrical conductivity, Seebeck coefficient, absolute
temperature, and thermal conductivity, respectively). In addition, they should possess sufficient deformability (i.e., strain
≥30%) to enable stable operation during dynamic human
movements.[9] However, even if such TEGs are mechanically
resistant, the inevitable application of repetitive and continuous
stresses exceeding the elastic limits of components can generate localized defects which propagate into the bulk, and cause
steady degradation in thermoelectric performance.[10,11]
The self-healing feature of functional materials has been a
fascinating phenomenon in fundamental science as well as
applied research in soft electronics. This healability can be
achieved with substances having dynamic bonding interactions
(e.g., ionic bonding, reversible covalent bonding, and hydrogen
bonding in hydrogel networks).[12] These material innovations
have enabled the development of various types of self-healing
devices, such as ionic conductors, supercapacitors, and triboelectric nanogenerators.[2,13] As a result, π-conjugated polymers
lacking these specific bonding sites (mainly with relatively weak
van der Waals interaction, <10 kcal mol−1) are generally unable
to induce such healing characteristics.[14] In contrast to this,
the healing potential of a representative p-type thermoelectric
polymer, poly(3,4-ethylenedioxythiophene) doped with polystyrene sulfonate (PEDOT:PSS) has been demonstrated under
the presence of water and high humidity conditions,[15] and by

With the advent of flexible and wearable electronics and sensors, there is an
urgent need to develop energy-harvesting solutions that are compatible with such
wearables. However, many of the proposed energy-harvesting solutions lack the
necessary mechanical properties, which make them susceptible to damage by
repetitive and continuous mechanical stresses, leading to serious degradation in
device performance. Developing new energy materials that possess high deformability and self-healability is essential to realize self-powered devices. Herein, a
thermoelectric ternary composite is demonstrated that possesses both selfhealing and stretchable properties produced via 3D-printing method. The ternary
composite films provide stable thermoelectric performance during viscoelastic
deformation, up to 35% tensile strain. Importantly, after being completely severed
by cutting, the composite films autonomously recover their thermoelectric properties with a rapid response time of around one second. Using this self-healable
and solution-processable composite, 3D-printed thermoelectric generators
are fabricated, which retain above 85% of their initial power output, even after
repetitive cutting and self-healing. This approach represents a significant step in
achieving damage-free and truly wearable 3D-printed organic thermoelectrics.

1. Introduction
Due to the increasing demand for wearable devices and systems,
electronic/electrical products are rapidly transforming to enable
freeform and deformable devices.[1,2] For these applications, organic
semiconducting/metallic materials are promising candidates, with
their fast-improving electrical performance and high-throughput
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incorporating polymer or capsule type of healing agents.[16,17]
Despite this step forward, the demonstration of a truly
damage-resistant TEG based on self-healing materials, as well
as in-depth study on the healing effect on thermoelectric properties under mechanical stress, have not been reported to date.
Herein, we report stretchable, self-healing thermoelectrics
based on a ternary composite of PEDOT:PSS blended with a
polymeric surfactant, Triton X-100 as a healing agent, and dimethyl sulfoxide (DMSO) additive as a thermoelectric performance
booster. The free-standing composite films exhibit viscoelastic
behavior and can tolerate up to 35% tensile strain, without degradation in electrical conductivity or Seebeck coefficient. Moreover,
when the composite films are completely fractured by cutting
or excessive stretching, they can autonomously and rapidly heal
based on surfactant-induced reassembly, as proven by scanning
electron microscopy analysis. Using this self-healing as well as
solution-processable thermoelectric composite, we fabricated
a 3D-printed TEG that provides 12.2 nW of power output and
retains >85% of initial power output even after damage induced by
repetitive cutting. Furthermore, we also demonstrated the

practical use of a flexible TEG capable of being operated at body
temperature.

2. Results and Discussion
The mechanical properties of free-standing ternary composite
films that were prepared by the drop-casting method were investigated. The information on chemical structures and fabrication
process are shown in Figure S1 in the Supporting Information.
Figure 1a presents stress–strain curves for free-standing composite films with and without surfactant. While the surfactant-free
film breaks at a relatively low tensile strain of <8% and high tensile strength of ≈35 MPa, the composite film exhibits a fourfold
increase in elongation break point with significantly reduced tensile strength and Young’s modulus (3 and 8 MPa, respectively). We
also conducted creep recovery analysis (Figure 1b) to understand
the rheological properties of the stretchable ternary composite,
which reveals that the composite films exhibit viscoelastic features
typically observed in soft tissues and cartilages.[18]

Figure 1. Stretchable and self-healing conductive ternary composite films. a) Stress–strain curve of a free-standing PEDOT:PSS film without surfactant
(denoted as “DMSO-added”) and ternary composite film, with a thickness of 50 µm. b) Creep recovery tests for the stretchable composite film with
strain varying from 5% to 30%. c) Self-healing tests for PEDOT:PSS films mixed with DMSO (black line) and an ionic liquid, EMIM TCB (orange line),
and PEDOT:PSS films post-treated with MeOH (green line) and concentrated H2SO4 (blue line), and d) a ternary composite film. The current change
is induced by cutting the samples using razor blade. e) Demonstration of a cutting and healing process for a composite film connected in a circuit
with a LED lamp operated with constant voltage of 3 V. f) Self-healing of composite films prepared on PDMS used as a cuttable support substrate.
g) Resistance change versus tensile strain for a composite film before cut, and after cut and reattached by pressing with fingers. h) The three photographs present the composite film after cut, reattach, and then stretch, respectively.
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More interestingly, the free-standing composite films possess not only high deformability but also excellent self-healability. Free-standing PEDOT:PSS films mixed with only DMSO
or an ionic liquid (1-ethyl-3-methylimidazolium tetracyanoborate, EMIM TCB), and post-treated with methanol (MeOH) or
concentrated sulfuric acid (H2SO4) were also prepared. In all
cases, these surfactant-free films, when damaged by cutting
using a razor blade (Figure 1c), show no self-healing properties and recovery of electrical performance. In contrast, the
composite films autonomously heal to the initial current level
of 10−3 A with a response time around 1 s, even under repetitive cuts (Figure 1d). This self-healing behavior and response
time change depending on film thickness and cutting width.
The self-healing behavior was observed with the film thickness
≥20 µm and cutting width ≤100 µm (see Figures S2 and S3
in the Supporting Information for more detail). As shown in
Figure 1e, a light emitting diode (LED) connected to the composite film, does not turn off during and after cutting. This
result highlights the rapid healing nature of the film occurring
during the cutting process (see Video S1 in the Supporting
Information for more detail). Furthermore, when the composite film, using polydimethylsiloxane (PDMS) as a support
substrate, is completely broken into two pieces and reattached,
the measured current recovers to its original level (Figure 1f).
Figure 1g presents resistance change versus tensile strain for
the free-standing composite films before and after cutting, reattaching, and lightly pressing by fingers. In both cases, identical
electrical behavior is observed up to 35% strain without severe
resistance increase. This result implies that the electrical characteristics can be maintained in this strain range. As shown in
pictures in Figure 1h, the recovered composite film still maintains its mechanical stretchability.

The thermoelectric properties of the self-healing and stretchable composite films were also investigated. The σ and S for
thermoelectric films as a function of composition ratio of
DMSO-mixed PEDOT:PSS to surfactant are shown in Figure S4a
in the Supporting Information. It is shown that when the proportion of surfactant increases, S remains nearly constant, whereas
σ clearly decreases owing to the higher amount of insulating
surfactant. The constant S upon the increase of the surfactant
ratio implies that the surfactant does not chemically affect the
doping level and states of PEDOT:PSS. Samples with low surfactant content exhibit poor self-healing effect (Figure S4b,c,
Supporting Information), however, self-healing efficiency
becomes clearer at higher surfactant ratios, i.e., 1:3 and
1:5 (Figure S5, Supporting Information). In this ternary composite, DMSO enhances σ, leading to more than twofold
increase in power factor (σS2), as shown in Figure S6 in the
Supporting Information. In addition, the composite films yield
much lower in-plane thermal conductivity (κ, 0.27 W m−1 K−1 at
room temperature) compared to that of the surfactant-free samples (0.98 W m−1 K−1 at room temperature), consistent with the
previously reported value obtained by in-plane measurements
(Figure S7, Supporting Information).[19] This low κ can be ascribed
to the dominant amorphous phase induced by surfactant.
The σ of pristine films (i.e., films measured before cutting)
is 137 S cm−1. After cutting, the σ recovers to 94 S cm−1, which
represents approximately a 70% recovery compared to the initial
σ value (Figure 2a). In contrast to this, the pristine films give
an initial S of 13.4 µV K−1 at room temperature and the value
remains intact after cutting (Figure 2b). Additionally, in terms
of thermal stability, both the pristine and samples after selfhealing provide stable σ, S, and σS2 in the temperature range
from 298 to 379 K. The average σS2 of pristine films obtained

Figure 2. Thermoelectric properties of self-healing and stretchable composite films. a) Electrical conductivity (σ), b) Seebeck coefficient (S), and
c) power factor (σS2) as a function of temperature (ranging from 298 to 379 K) for the composite films before and after cutting. The composite films
have DMSO-added PEDOT:PSS to surfactant ratio of 1:3. The inset schematic in (b) shows the four-point probe system used to measure thermoelectric
properties of the samples before and after cutting. d) σ, e) S, and f) σS2 changes as a function of applied tensile strain in the free-standing pristine
films (before cutting) and after cutting and reattachment.
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in this temperature range is 2.5 µW m−1 K−2, and decreases to
2.1 µW m−1 K−2 after cutting (Figure 2c), indicating that the ternary composite films retain 85% of the initial σS2 value.
To evaluate the thermoelectric performance of stretchable
free-standing composite films, we monitored their σ, S, and
σS2 changes under gradually increasing tensile strain. The σ
at each corresponding strain is calculated from the total resistance change shown in Figure 1h, by considering resistance
increase contributed by geometrical shape deformation.[11] The
composite films exhibit unimpaired σ under tensile-stressed
conditions until they break (Figure 2d). The S change versus
tensile stain shows more gradual change with strain as shown
in Figure 2e. The stable S under the applied strain can be
explained by the physical continuity of stretchable composite
films allowing to maintain the given temperature gradient and
thus their thermoelectric voltage. As a result, the σS2 of ternary
composite films withstands until the films fracture at 40% of
tensile strain (Figure 2f), which is impossible to achieve in conventional inorganic thermoelectric materials.[20]
The scanning electron microscopy (SEM) analysis elucidates
the intriguing self-healing process occurring when the composite films are damaged by cutting. The sample without surfactant has a significant crack with a width of ≈40 µm across
the films after scratching (Figure 3a), through which we can
see the surface of the glass support substrate. This indicates
a physical discontinuity between two separated regions of the
film, causing the electrical breakdown as discussed above. Conversely, as shown in Figure 3b, the composite film exhibits a
much thinner crack with a width of ≈5 µm. This result illustrates that the surface of composite film can flexibly deform in

response to applied cutting forces, which is due to the reduced
stiffness and high pliability of the viscoelastic composite films.
From the magnified SEM images, we can further look into the
crack (Figure 3c). We readily observe that the reconnection
between the fractured regions appears in patches without any
external stimulation or pressure (Figure S8, Supporting Information). These areas of continuity are responsible for the current flow after stretching and cutting-induced damage although
the scar remains on the surface of the composite thick film.
Figure 3d proposes a healing mechanism of the thermoelectric composite layer. First, according to the viscoelastic characteristics of the composite layer, while applying the cutting force
and pressure, the layer is ruptured, separated, and then elastically moved back close to the original position. In this composite, the surfactant can act as soft matrix domains based on
its liquid characteristics. The surfactant matrix entangled with
PEDOT:PSS chains can flow from both sides to the void area
and consequently form physical contact with each other.[17] As
shown in the chemical structure of Triton X-100 in Figure S1 in
the Supporting Information, it has a hydrophilic polyethylene
oxide chain, and it is well known that Triton X-100 is a clear
viscous fluid because of the hydrogen bonding of its hydrophilic polyethylene oxide parts. This hydrophilic functional
group of Triton X-100 is also effective to form well-mixed and
entangled formation with hydrophilic PEDOT:PSS, where
liquid and viscous Triton X-100 can act as viscoelastic soft
matrix. Moreover, the polyethylene-oxide-based hydrogen
bonding site of Triton X-100 can help the cut parts to recombine
at the interface, and the concentration of Triton X-100 is critical
to allow the hydrogen bonding-based self-healing. As a result

Figure 3. Self-healing process in viscoelastic thermoelectric composites. Scanning electron microscopy (SEM) images of a) the PEDOT:PSS film
without surfactant and b) the composite film on glass support substrate. The scale bar is 50 µm. c) Magnified SEM image of the cut on the composite
film. Scale bar, 5 µm. d) Schematic illustration for the mechanical and thermoelectrical self-healing process of the composite film.
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Figure 4. Demonstration of self-healing 3D-printed TEGs. a) Illustration of our 3D-printer setup and printing process. b) An example of infrared
thermal image of the 3D-printed TEG showing the thermal gradient in the sample. c) Schematic diagram of measurement setup to evaluate the power
generation performance of TEGs. The current and voltage were measured using a variable load resistor. d) Plot of output voltage and power as a function of current output. ΔT = 32 K. e) Normalized power output versus number of cuts. The maximum power output was monitored while cutting each
3D-printed leg. Image of the 3D-printed TEG module is shown as inset.

of the reconstructed contact with the intimate intermolecular
interactions, the electrical connection and thermoelectric properties of the composite films can be successfully recovered.
To study the power generation characteristics of the self-healing
thermoelectric composite, we fabricated TEGs that consisted of
ten legs of composite film electrically connected in series and thermally in parallel. Based on the solution processability of the composite, we were able to fabricate TEGs via 3D printing. Figure 4a
depicts a schematic illustration of our 3D printer setup and
printing process. The detailed geometric structure of the TEG is
shown in Figure S9 in the Supporting Information. The Video S2
in the Supporting Information displays one-layer coating process
for all the legs. This process was repeated 25 times to obtain thick
films. The infrared thermal image shown in Figure 4b visualizes
the temperature gradient level in the TEG. The heat flow in each
leg is uniform, indicating that identical thermal conductance can
be obtained in 3D-printed layers.
The schematic diagram of measurement setup and measured
voltage and power output versus current of the TEG are presented in Figure 4c,d, respectively, which were measured under
a steady-state temperature difference (ΔT) of 32 K. The temperature of cold and hot side is 297 and 329 K, respectively. The TEG
module provides 4.3 mV output voltage, which is in accordance
with the value obtained from a TEG fabricated using drop-casted
composite films (Figure S10, Supporting Information). The output
voltage of TEGs can be estimated from V = NSΔT, where N is the
number of legs.[21] In the case of our modules, N, S, and ΔT were
10, 14 µV K−1, and 32 K, respectively, resulting in estimated output
voltage of 4.5 mV. This calculated value is slightly higher than the
experimental value, which originates from the inevitable contact
resistance of the modules. Consequently, our TEG provides a maximum output power of 12.2 nW across an impedance-matched
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load resistance of 328 Ω. The corresponding power density of the
TEG is 6.8 µW cm−2. These power values are modest compared
with the power level of high-end devices of in vivo and bodymovement-based energy harvesting technologies, for example,
piezoelectric, triboelectric, and biofuel devices, but still possible to
operate some state-of-the-art devices requiring nanowatt-scale low
power consumption including biosensors or transmitters at this
level.[7,22] In order to test the self-healing property of our 3D-printed
TEG upon physical damages by cutting, we monitored the changes
in maximum power output while cutting each leg (Figure 4e). As
the number of cuts increased, the power output remained nearly
stable with >85% of the initial value. This result suggests that
the self-healing property of the thermoelectric composite make it
possible to 3D-printed TEGs with excellent mechanical integrity.
To demonstrate the practical use of the self-healing and
deformable TEGs under ambient environment with human
body heat, we measured the output voltage of a TEG fabricated
on flexible plastic substrate by making temperature gradient
using fingers covered with latex glove as shown in Figure 5a,b.
A stable output voltage of 0.6 mV was generated in this condition with low ΔT around 7 K (Figure 5c). In addition, the resistance change of the composite film as a function of bending
radius was also measured (Figure 5d). Reducing the bending
radius down to 0.5 mm leads to a negligible resistance change,
verifying its potential as flexible and wearable TEGs. In relation to body temperature thermoelectric applications, there
have been interesting developments, such as touch sensors
and temperature sensors, using room temperature thermoelectric materials.[23] In comparison with other low temperature candidate materials shown in Table S1 in the Supporting
Information, the performance of our thermoelectric composite
is modest but our conceptual approach could provide new
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Figure 5. Demonstration of a flexible TEG and body temperature-based operation. a) Device architecture of TEG that is comprised of six legs of ternary
composite film, which is fabricated on polyethylene naphthalate substrate. b) Infrared thermal image of the TEG with finger touch. c) Photograph of
a flexible TEG touched by the fingers (covered with latex gloves) with output voltage of 0.6 mV generated at ambient temperature with the ΔT ≈ 7 K.
d) Resistance changes versus bending radius of a composite film on plastic substrate.

possibility for organic thermoelectrics. Furthermore, we suggest that the demonstration of vertical type of wearable and
damage-free TEGs could be achieved by incorporating 3D
frame supporting polymers or hydrogels as self-healing soft
matrix materials.
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3. Conclusion
In conclusion, we demonstrated stretchable and self-healing
thermoelectrics using a solution-processable and 3D-printable thermoelectric composite comprising DMSO-mixed
PEDOT:PSS with polymeric surfactant as soft matrix. The freestanding composite is viscoelastic and exhibits mechanical
stretchability up to 35% strain and remarkable self-healing
characteristics, with rapid response time around 1 s. As a
result, the thermoelectric properties were largely maintained
under stretched and fractured conditions. Using this selfhealing composite, we fabricated a 3D-printed thermoelectric
generator which continues to function even after repetitive cutting, all the while retaining >85% of its initial power output. We
also demonstrated a flexible thermoelectric generator that can
operate using human body temperature. This work is a significant step toward the realization of damage-resistant and truly
wearable organic thermoelectrics.
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