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Three-dimensional helical inorganic
thermoelectric generators and photodetectors
for stretchable and wearable electronic devices†
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Stretchable, light-weight and breathable thermoelectric generators

(TEGs) are highly desired for wearable electronic devices as promising

power sources. However, it remains challenging to realize high-

performance stretchable TEGs where the employment of inorganic

materials is inevitable. Here, we provide the first three-dimensional

helical inorganic TEG which is highly stretchable (B100% strain),

stable (1000 cycles of stretching), light-weight and breathable, thus

indicating its great potential as a portable and wearable power supply

that harvests energy from the human body. More importantly, we

propose a novel, versatile and effective strategy which artfully transforms

rigid electronic devices to stretchable helical ones. This ingenious

and general approach for developing various functional wearable

electronic devices is further exemplified by ZnO photodetectors,

which are also demonstrated as highly stretchable (B600% strain),

deformable and breathable. The intelligent architecture design

and assembly technique reported in this work will aid in pushing

wearable electronic devices a step forward.

Introduction

The trend of ‘‘next-generation’’ electronics is flexible, stretchable
and wearable.1–6 The exciting future beyond conventional rigid
wafers and circuit boards has attracted great attention from both
academia and industry.7–10 Intelligent architecture designs and
assembly techniques will aid in transforming rigid materials/
devices into flexible and stretchable ones that meet the desire of
portable and wearable electronic devices.11,12

Thermoelectric generators (TEGs), which harvest energy from
a temperature gradient, are considered to be one of the most
promising power sources for multifunctional wearable electronic

systems as a human body is a permanent heat source.13–15

There are three important technical drivers for a wearable
TEG. (1) The thermoelectricity must be generated from the
temperature difference between human skin and ambient tem-
perature. (2) The TEG should be mechanically durable above
30% strain due to the dynamic motions carried out by a living
body (e.g., bending, stretching and folding).16–18 (3) For wearable
applications, it should be breathable.

With these points in mind, researchers have explored
intrinsically flexible organic thermoelectric materials in the
construction of wearable TEGs. However, such devices generally
suffer from a low output efficiency due to the poor thermoelectric
properties of organic materials. It is inevitable to use inorganic
materials to realize high performance TEGs.19–25 To date, very few
reports on stretchable inorganic TEGs have been found in the
literature,26,27 such as a recent study by Rojas et al.27 in which a
stretchable coil-shaped TEG was fabricated via sophisticated laser-
cutting and printing processes. However, such a device is hard to be
a wearable TEG as its free-standing direction doesn’t align with the
temperature gradient formed at the human skin–environment
interface. In short, a stretchable, breathable, wearable high-
performance TEG that meets the three requirements mentioned
above hasn’t been demonstrated yet.

A three-dimensional helical design is of particular interest
due to the very high mechanical strain it can bear,28 especially
if brittle materials are constructed on the surface of the helical
architecture, as illustrated in Fig. 1a. More importantly,
air permeability and heat preservation, which are generally
considered to be two competing processes in wearable TEGs,
can be artfully kept in balance in this design, where the gaps
between each loop provide breathability, while the air in the
loop may serve as a good thermal insulator to minimize the
heat transfer from bottom to top of the three-dimensional
helical structure. In addition, a versatile and effective assembly
technique is urgently desired as it remains a great challenge to
directly make devices on three-dimensional helical substrates.

With those objectives in mind, for the first time, a high-
performance stretchable, light-weight, breathable and wearable
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TEG based on a three-dimensional helical design was demon-
strated. It could bear strains of up to B100% and remained
perfectly stable after 1000 stretching cycles (strain of B60%).
More importantly, we propose a novel, versatile and facile
template method that artfully transforms rigid devices into
helical ones by simply peeling them off a screw. Furthermore,
it can be easily implemented in other inorganic electronic
devices, exemplified by ZnO photodetectors which also exhibit
an ultrahigh stretchability (B600% strain) and deformability.
This work not only demonstrates a promising wearable power
generator that harvests energy from the human body, but also
provides a simple, general and effective strategy for developing
next-generation stretchable and wearable electronic devices
with high performance.

Experimental
Preparation of polymer substrates

Polyurethane (PU) was dissolved in N,N-dimethylformamide to
obtain a viscous polymer solution, and then was filled into the
pitch of the screws and dried naturally to form a substrate.

Fabrication of stretchable thermoelectric devices

The thermoelectric materials Bi2Te3 (from Aladdin) or Bi2Se3

(from Aladdin) powders were mixed with homemade polyviny-
lidene fluoride (PVDF) binder to form pastes. The two different
pastes were coated on a PU substrate on the opposite sides. The
films in the screw were dried at 80 1C for 15 min to remove the
organic solvent. Conductive silver paste (from Sigma-Aldrich)
was then coated onto the gap between the p-type and n-type
materials for connection. Afterwards, silver paste was dried in

an oven at 80 1C for about 10 min. Finally, the TE device was
peeled off the screw carefully with the help of tweezers or
blades (Fig. S1, ESI†).

Fabrication of stretchable photodetectors

Polydimethylsiloxane (PDMS) (from Wacker) elastomer base
and a curing agent were mixed and half-cured. ZnO nano-
particles (diameter of 30 nm) were uniformly spread and
attached on the surface of the half-cured PDMS substrate.
Then, the pre-treated screw was immersed in mixed solutions
of zinc nitrate hexahydrate (Zn(NO3)2�6H2O, 0.025 mol L�1) and
methenamine (C6H12N4, 0.025 mol L�1) and kept in a hydro-
thermal reactor at 80 1C for 5 h. Afterwards, the screw with the
deposition of ZnO nanostructures was rinsed with deionized
water several times and dried in an oven box, followed by
coating Ag paste on the designated area of the substrate to
connect ZnO. After carefully peeling the substrate off the screw
thread, a helical ZnO photodetector series was obtained.

Characterization

For I–V and I–t measurements, ZnO photodetectors, a Keithley
4200-SCS, and a 24 W xenon lamp with a monochromator were
used. To investigate the TEG output characteristics, a home-
made temperature difference system was set up (Fig. S4, ESI†).
The hot side could be controlled by the heating stage, and the
aluminum cooling pad was selected as the cold side to obtain the
temperature difference, which was monitored with thermocouples
all the time. The output voltage and power were measured using an
electrochemical workstation (CHI 660D). The thermal images were
taken using an infrared camera (PI 450, Optris). The structures were
investigated using a field emission scanning electron microscope
(S-4800, Hitachi) operated at 1 kV. The photographs were taken
using a digital camera (700D, Canon).

Simulation of the local strain distributions

The model was built with finite element software ABAQUS. In
this model, one end was fixed in all directions, while the other
end was moved by 8.4 mm along the length direction (100%),
which was the original length of the structures. The calculated
hexagonal mesh size was about 0.2 mm.

Results and discussion

It all started with a simple screw and an ingenious idea, as
illustrated in Fig. 1b. Polyurethane, which is typically used as
the soft substrate in flexible inorganic electronics, was coated
on the screw thread to form a continuous and smooth layer as
the platform for further device fabrication. Active materials,
including p-type and n-type TE materials, were sequentially coated
on the opposite sides of the continuous polymer substrate, and
then connected via Ag paste. Finally, by peeling off the substrate
along the screw thread, a three-dimensional helical stretchable TEG
series was achieved. It is worth mentioning that p-type and n-type
thermal legs were naturally joined in sequence by metal contact
after the peeling method.

Fig. 1 Schematic illustration of the structure design and assembly tech-
nique of three-dimensional helical TEGs. (a) Comparison of the config-
urations of a conventional TEG and our stretchable helical TEG. (b) The
novel ‘‘top-down’’ method to obtain helical inorganic electronic devices
that are highly stretchable, breathable and wearable based on the template
of a simple screw.
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A prototype comprising a thin layer of inorganic TE materials
and Ag on the PU substrate and arranged in sequence is
demonstrated in Fig. 2a. Here, some of the best-performing TE
materials were used: p-type Bi2Te3 and n-type Bi2Se3. To form a
compact film of Bi2Te3/Bi2Se3 on the PU substrate, a suitable
polymer binder, which will not only hold the Bi2Te3 particles
tightly together to ensure the thermoelectric and electrical
properties of the TE films, but also need to form a good adhesion
with the PU substrate, was selected because the actual efficiency
of a TEG under real-life operating conditions depends on the
entire thermal design of the devices, including the thermal
conductivity of every component and length of TE legs.29

In this case, PVDF was used as the binder. As can be seen in
Fig. 2b and c, the surfaces of the Bi2Te3 and Bi2Se3 films were
smooth and the interfaces of TE films and Ag electrodes were
clear, neat and well-connected even after the peeling process,
which benefits from the template method as the screw pitches
allow for an easy exfoliation of the polymer substrate. No cracks
in the Bi2Te3 film could be observed even at a micrometer scale,
as displayed in Fig. 2d, suggesting that the Bi2Te3 particles were
tightly held together into a compact film by the PVDF binder.
In addition, the cross-sectional SEM images of a thin layer of
p-type Bi2Te3 and n-type Bi2Se3 on the PU substrate are shown in
Fig. 2e and Fig. S2 (ESI†). As can be seen, they were firmly bonded.

Fig. 2 Photographs, thermoelectric and mechanical performances and simple demonstrations of the as-prepared stretchable helical TEGs.
(a) Photograph of a stretchable helical TEG. (b and c) Photographs of the surface and interface of TE films and the Ag interconnect, respectively.
(d) SEM image and (e) cross-sectional SEM image of a p-type Bi2Te3 film on the PU substrate. (f) Output voltage and power of a helical TEG as functions of
DT at rest. (g) Output voltage and power of a TEG as functions of current at DT = 50 K. (h) Output voltage of the stretchable TEG at a DT of 15 K under
increasing strains from 0 to 100%. (i) Variations of the output voltage of the stretchable TEG at a DT of 15 K after 1000 stretching cycles (strain of B60%).
(j) Photograph of a helical TEG worn on the arm, with an output voltage of 8.9 mV generated at an ambient temperature of B16 1C. (k and l) Photographs
of a stretchable TEG worn on a finger and attached to the cambered surface of a hot cup, respectively.
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This is because the solvent N,N-dimethylformamide in PVDF
binder may infiltrate into the PU substrate during the drying
process, ensuring the well-interacting interface of the TE film
and the PU substrate.

A prototype of a three-dimensional helical TEG series with
a few couples of TE legs was studied for its thermoelectric
and mechanical performances. As can be seen in Fig. 2f, the
output voltage shows a linear relationship with the temperature
difference, and the open-circuit voltage reached up to 32 mV
when DT was B50 K owing to the comparative temperature
difference formed at both ends of the spring-shaped TE legs.
The Seebeck coefficients of the p-type Bi2Te3 and n-type Bi2Se3

films formed by the inorganic TE particles and polymer binder
are B187 mV K�1 and B79 mV K�1, respectively. The power per
unit weight was proportional to the square of DT (PMAX =
nS2(DT)2/4R, where n is the number of thermocouples in series,
S is the Seebeck coefficient and R is the internal electrical
resistance of the TEG).30,31 Even though the values can’t rival
those of state-of-the-art TEGs, given the fact that no optimization
of the TE particles/PVDF composite films is carried out, various
promising improvements can be envisioned by increasing the
electrical conductivity of the films. The output voltage and
power of the TEG as functions of current under a steady-state

temperature difference of 50 K are shown in Fig. 2g. The
maximum output power per unit weight is approximately
42 nW g�1, which can be further enhanced by reducing the
internal resistance of the device by adjusting the composition
of the binder.

The mechanical stability of our stretchable TE generators
was studied at a DT of 15 K (Fig. 2h). The output voltages
remained stable at an applied strain of B65%, and only a tiny
decrease was observed upon further increasing the strain to
100%, which might have resulted from the reduced tempera-
ture difference when the TE legs were over-stretched into the
horizontal direction. The output powers showed a slight change
during the stretching process, suggesting the robustness of the
device (Fig. S3a, ESI†). To verify the long-term stability of the TE
module, a simple cycling test at a strain of 60% was performed
(Fig. 2i). The output voltages were invariable even after 1000
stretching cycles, and the output powers also remained
unchanged (Fig. S3b, ESI†). These results indicate that the
ingenious three-dimensional helical TEG may work as a pro-
mising stretchable and wearable power supply. For demonstra-
tion of the use of our stretchable TEG in real life, such a device
was simply attached onto the human skin, and a stable open-
circuit voltage of 8.9 mV was generated from the temperature

Fig. 3 Morphology, mechanical and thermal analysis of the as-prepared stretchable helical TEG. (a and b) Comparison of the SEM images of a p-type
Bi2Te3 film before and after cycling tests, respectively. (c) Simulated strain distributions of the helical structure stretched by 100%. (d–f) Thermal images of
the stretchable helical TEG under stretching of strains of 0%, B40%, and B60%, respectively.
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difference of body heat and room temperature (B16 1C)
(Fig. 2j). Furthermore, other demonstrations of the flexibility
and stretchability of the helical TEG can be seen in Fig. 2k and
l. It was rolled into a ring and worn on the finger or applied to
the surface of a hot cup with irregular shape, which is nearly
impossible for conventional inorganic TE devices. The results
verify the great potential of this device as an effective stretch-
able, breathable and wearable TEG.

To shed light on the stability of the helical TEG under tough
mechanical conditions, the morphologies of the active materials
on the surface of the helical PU substrate were studied, exemplified
by the Bi2Te3 film. As shown in Fig. 3a and b, no obvious fractures
were observed in the SEM images of the Bi2Te3 film before and
after the stretching tests (B60% strain, 1000 cycles), which was
due to the excellent adhesion between the TE films and substrate.
To investigate the root causes of the high stability and reliability of
such devices, the local strain distribution of the three-dimensional
helical structure under stretching was studied through a Finite
Element Analysis (FEA) simulation. As displayed in Fig. 3c
(see more details in Movie S1, ESI†), the strain distribution of
the helical structure under stretching is very uniform. In other

words, no stress concentration which may cause deformations
of the active materials is present. More importantly, the surface
tension of the helical structure when stretched to 100%
remains very low, similar to that of the original state, which
is due to the rotation of the three-dimensional helical loop that
helps accommodate the mechanical deformations (Movie S2,
ESI†). To compare the three-dimensional helical shape with
other stretchable architectures,32–34 a serpentine model under
the same mechanical conditions was built (see details in
Fig. S10, ESI†). When both structures were stretched by
100%, the local strain of the helical structure was at least an
order of magnitude lower than that of the serpentine structure.
Thus, it explains a higher level of stretchability of the helical
electronic devices. Note that the stretchability of the devices
can be easily adjusted by changing the screw diameter and
pitch or choosing more elastic polymer substrates.

To understand the thermal distribution of our TEG under
stretching, the thermal images of the device under different
levels of strains were taken with one side attached to an ice
bag and the other left in an ambient atmosphere (Fig. 3d–f).
The color gradient along the TE legs indicated the temperature

Fig. 4 Optoelectronic performances and demonstrations of the as-prepared highly stretchable helical photodetectors prepared via the template
method. (a and b) Schematic illustration and photograph of stretchable helical photodetectors, respectively. (c) I–V characteristics in the dark and under
UV illumination in the natural and stretched states. (d) The on–off I–t characteristics in the natural and stretched states. (e and f) Photographs of a helical
photodetector series inserted into a thin electrical wire and reformed into an ‘‘S’’ shape. (g) Photograph of a helical photodetector series worn on a finger.
Here they were stretched by B600%.
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difference. From left to right, the color variations remained
almost the same when our TEG was stretched from 0% to 60%. In
detail, the hollow structure formed between the contact surfaces of
heat and cold sources makes it hard for heat to transfer due to the
ultra-low thermal conductivity of air (B0.026 W m�1 K�1) and the
polymer substrate (PU B0.22 W m�1 K�1).27,35 This result not only
suggests its high stability under deformations but also confirms its
great potential as an excellent breathable electronic device because
of the gaps between TE loops.

Considering the advantages of the helical structure and the
facile template method mentioned above, other polymers,
which are typically used as soft substrates in flexible electronic
devices, such as poly(ethylene terephthalate) (PET), poly(vinyl
alcohol) (PVA) and polydimethylsiloxane (PDMS), can also be
exploited to fabricate stretchable and wearable devices (Fig. S5,
ESI†). In addition, other rigid inorganic electronic devices, such
as photodetectors (PDs)36 and light emitting diodes (LEDs), can
also be made highly stretchable by selecting the suitable
polymer substrate and active materials.

For further demonstration of the validity and versatility of
this top-down method, ZnO photodetectors (PDs) based on the
three-dimensional helical design were presented. Instead of a
full coating process, ZnO nanostructures were first grown on
the PDMS pre-coated on the screw. Using different seed layers,
different ZnO nanostructures would be obtained. With tiny ZnO
nanoparticles (B30 nm) as the seeds, a continuous ZnO
nanoaggregate layer would be formed after the hydrothermal
synthesis (Fig. S7a, ESI†). However, with a sputtered ZnO thin
film as the seed layer, ZnO nanobranch arrays would be grown
on a PDMS substrate (Fig. S8, ESI†). To make a PD series, the
as-obtained ZnO nanostructures were half-coated with Ag paste
and then peeled off (see the Experimental section for more
details). Considering the distance between lateral electrodes,
the charge collection would be more efficient in a continuous
compact film rather than nanoarrays. A higher photocurrent
under UV illumination was observed in the compact ZnO
nanoaggregate layer than that of the ZnO nanobranch arrays
(see details in Fig. S9, ESI†). Therefore, the following study
focused on ZnO nanoaggregate film PDs.

The schematic and actual images of the ZnO PDs are shown
in Fig. 4a and b, respectively. The stretchable PDs were
composed of two parts, i.e., active ZnO material and Ag con-
tacts. In other words, each individual PD was connected with Ag
in series. No obvious cracks were observed after the peeling
process or under stretching (Fig. S7, ESI†). The optoelectronic
properties were investigated on the basis of current–voltage
(I–V) curves (Fig. 4c). The photocurrent under UV illumination
(365 nm, B1.26 mW cm�2) was approximately an order of
magnitude larger than that in the dark. Moreover, compared
with the natural state, the photocurrent just showed a slight
increase when the PDs were stretched to 600%, mainly due to
the larger area exposed to UV light under stretching. The time-
dependent on/off photo-response of the inorganic PDs with/
without strain was further investigated at a bias of 3 V. As
indicated in Fig. 4d, it showed a rapid and stable sensitivity to
UV light. The photo-to-dark current ratios of the original and

stretched states (up to 600% strain) remained almost unchanged,
while previous flexible inorganic electronic devices can typically
bear strains of less than 50%.37–40 Apart from the stretchability, the
deformability of the configurable PDs was also demonstrated
(Fig. 4e–g). For instance, they can be wrapped twice around a
human finger, and easily passed through a wire to be reformed into
any shape like ‘‘S’’.

Conclusion

In summary, facing up the challenge of realizing high-performance
wearable TEGs, a stretchable and breathable TEG based on a
three-dimensional helical design has, for the first time, been
demonstrated. This device shows a high stretchability (B100%
strain) and stability (1000 stretching cycles) and air permeability.
More importantly, we have presented a novel, facile, effective
and versatile ‘‘top-down’’ approach that artfully transforms rigid
electronic devices into helical ones. By exploiting this template
method, ZnO photodetectors have also been demonstrated as
ultra-stretchable (B600% strain, while most inorganic electronic
devices can bear strains of o50%), highly deformable and
stable. This work provides a promising power source for future
wearable electronic devices, and the general and effective
method presented here will further help push wearable consu-
mer electronics a step forward.
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