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OPEN A thermoelectric wristband based

on single-walled carbon nanotubes
for energy harvesting
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Single-walled carbon nanotubes (SWCNTSs) have attracted increasing attention in wearable
thermoelectric devices due to their extremely high strength and toughness. Here we introduce a
flexible thermoelectric wearable wristband based on SWCNTs. High-performance SWCNTs films
were successfully fabricated through ultrasonic dispersion and heat-pressing processes, exhibiting

a Seebeck coefficient of 42.5 pV/K and a maximum electrical conductivity of 3503 S/cm. The flexible
films exhibited excellent bending durability, with an impedance increase of no more than 7.6% after
400 bending cycles.The width and length of the thermoelectric legs were optimized, and a wearable
thermoelectric wristband was simulated by connecting the legs in series, thereby analyzing its

total output power. Furthermore, a thermoelectric wristband was fabricated by spin-coating onto a
flexible printed circuit (FPC) substrate, and it achieved a maximum output power of 10.7 pW under a
temperature difference of 36.5 K. This research provides an efficient and feasible energy harvesting
pathway for utilizing carbon-based materials as thermoelectric materials.

The booming development of flexible electronics technology has significantly promoted the application of
wearable electronic devices in daily life. In recent years, the continuous advancement of self-powered technology,
with its unique advantage of not requiring external batteries, has become an indispensable and vital component
in the wearable technology field"2. Thermoelectric generators (TEGs) efficiently convert thermal energy into
electrical energy and are considered as a high-potential pathway for the development of wearable self-powered
electronic devices®. The skin of the human body possesses a heat dissipation capacity ranging from 100 W to
525 W, rendering it an ideal heat source®. However, the development of TEGs that concurrently exhibit high
performance, high flexibility, and long-term adaptability to the human micro-environment remains challenging,
significantly restricting the widespread adoption of wearable self-powered electronic devices®.

Thermoelectric efficiency is commonly evaluated by the ZT value, where ZT = S 2a T/k. Here, S, 0, T,
and k represent the Seebeck coefficient, electrical conductivity, absolute temperature, and thermal conductivity
respectively®. Currently, inorganic thermoelectric materials are recognized for their excellent thermoelectric
properties, which are attributed to their controllable high electrical conductivity (o) and notable Seebeck
coefficient (S)’. However, inorganic materials are plagued by defects such as high cost, significant rigidity,
and toxicity, which severely restrict their practical applications, particularly in the field of wearable flexible
thermoelectric generators (FTEGs)®®. In contrast, most organic materials, such as conductive polymers,
inherently possess low thermal conductivity (k). However, due to their relatively low Seebeck coefficient and
the numerous challenges in effectively enhancing it, their power factor (S%o) is also relatively low, resulting in
significantly different thermoelectric properties compared to those of inorganic materials'°.

Carbon-based thermoelectric materials have garnered considerable attention in the scientific community
due to their excellent flexibility, non-toxicity, low cost, and ease of processing. SWCNTs achieve a relatively high
Seebeck coefficient, thanks to their high electrical conductivity (o reaching 102-10* S/cm) and unique electronic
structure!l. The high electrical conductivity of SWCNTs stems from the high carrier mobility of their long-
range conjugated m-electron system, while the quantum confinement effect and chirality-dependent electronic
states further enhance their remarkable Seebeck coeflicient. This successfully overcomes the traditional trade-
off between electrical conductivity and the Seebeck coefficient observed in conventional materials'>!*. By
optimizing their structure and interface design, SWCNTS pave a new path for self-powered wearable electronic
devices in terms of efficiency, flexibility, and environmental performance.
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This paper delves into the research on flexible thermoelectric wearable wristbands based on SWCNTs. The
main research findings are as follows:

(1) Preparation and optimization of SWCNTs dispersions: We successfully prepared a uniform SWCNTs dis-
persion containing 0.4 wt% conductive agent and 0.6 wt% dispersant. After 30 min of ultrasonic treatment,
a good dispersion was achieved. Test results of the prepared samples demonstrated a maximum thermo-
electric coefficient of 42.5 pV/K and a maximum conductivity of 3503 S/cm. Bending tests confirmed the
performance stability of the flexible thermoelectric SWCNTs material after multiple bending cycles.

(2) Thermoelectric model simulation and optimization: A three-dimensional model of the FTEGs was estab-
lished using COMSOL multiphysics software. The performance of a single thermoelectric unit and of 120
thermoelectric units connected in series was simulated and analyzed. By adjusting the external load resist-
ance, the output voltage, current, and power of the thermoelectric wristband were optimized.

(3) Design and fabrication of the FTEGs wearable wristband: A PI FPC board was designed, and the copper
electrodes were gold-plated to enhance their conductivity. The SWCNTs dispersion was spin-coated onto
the FPC board using a shadow mask, followed by drying and heat-pressing processes that improved the
density of the SWCNTs film and its bonding strength to the FPC board.

(4) A temperature-difference-controllable test platform, designed to simulate the human wrist, was constructed
to comprehensively evaluate the actual performance of the FTEGs wearable wristband. The results demon-
strated excellent thermoelectric conversion efficiency and outstanding mechanical flexibility, achieving a
maximum output power of 10.7 pW.

Discussion and results

Preparation and performance analysis of carbon nanotube dispersion

The process for fabricating SWCNTs films is depicted in Fig. la, the experimental methods section already
provides more detailed experimental steps and conditions. The preparation of SWCNTs films mainly involves
three steps: ultrasonic dispersion of SWCNTs in ethanol, spin-coating the dispersion onto the substrate, and heat
pressing. Compared with commonly-used methods such as vacuum filtration'*!> and mold casting®.

Film formation is accomplished using spin-coating method, which is convenient for batch production.
Figure 1b and ¢ show the mixed solution of SWCNTs and the films prepared using the solvent hot pressing
method, respectively. Figure 1¢ shows five strip samples of the film after spin-coating the PI substrate and cutting
it for testing. The flexibility of the sample strip is shown on the upper right corner. The functional properties of
materials are fundamentally governed by their underlying microstructural features, to investigate this relationship,
we performed high-resolution scanning electron microscopy (SEM, Zeiss Gemini 500) characterization
combined with elemental mapping to analyze the architectural attributes of the SWCNTs network. Figure 1d
shows the microstructural characterization, the SWCNTs exhibit a directionally aligned bundled network, the
hot-pressing treatment compacts the SWCNTs film under vertical pressure, reducing its thickness and leading
to stacking and overlapping between layers. This architecture reduces electron scattering paths and provides
efficient charge transport channels, thereby enhancing electrical conductivity!”!%. The networked structure
critically enables device operation under mechanical deformation: during bending, SWCNTs undergo reversible
sliding rather than fracture, resulting in minimal resistance fluctuation, this ensures operational stability during
wearable use (e.g., limb movement). Figure le shows the C-element Mapping, carbon is uniformly distributed
without aggregation, confirming the continuity of conductive pathways essential for forming an interconnected
network?L.

To elucidate the impact of heating and press temperature of SWCNTs, five temperature points within the
range of 60-140 °C were chosen for hot-pressing to prepare the samples (S-60 to S-140). Figure 1f shows the
testing platform for SWCNTs films was self-made using Peltier cooling elements. As illustrated in Fig. 1g,h, with
an increasing temperature, the S of the SWCNT film changes gently, the maximum difference is only between
2 and 3 uV/K, with a maximum thermoelectric coeflicient reaching 42.5 uV/K, the results indicate the thermal
properties of the material exhibit high stability at different temperatures. However, the electrical conductivity
exhibits significant differences at different temperatures, with a maximum conductivity of 3503 S/cm obtained
after heat pressing at 100 C, this trend is consistent with the findings of Li et al.'®. The reason may be that high
temperatures can cause partial brittleness and fracture of the carbon nanotube structure, while low temperatures
may affect the effective connections between the carbon nanotubes.

To evaluate the performance stability of flexible thermoelectric carbon nanotube materials after multiple
bending cycles, a simple bending test platform was constructed, with the bending span adjustable from 5 mm
to 15 mm, as shown in Fig. 1i, after bending 400 times, the resistance of the sample(S-100) increase no more
than 7.6%, this trend is consistent with the findings of Jin et al.”, and there were no obvious defects and cracks
on the film surface, this fully demonstrates the excellent performance stability of the material under bending
conditions.

Theoretical analysis and simulation of flexible thermoelectric wristbands
The calculation of open-circuit voltage ( Vo) and output power (P) for SWCNTs FTEGs with multiple legs can
be systematically derived from key parameters, such as the Seebeck coefficient (S) and electrical conductivity (o).

(1) Calculation of open-circuit voltage ( Vo)

Open-circuit voltage refers to the potential difference generated by a temperature gradient in a thermoelectric
material under open-circuit conditions. For a FTEGs composed of #n thermoelectric legs connected in series, its
open-circuit voltage Vi can be expressed as Eq. (1):
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Fig. 1. (a) Synthesis process and characterization methods of carbon nanotube film. (b) Self-prepared carbon
nanotube dispersion solution. (c) Flexible thermoelectric film fabricated via conventional process. (d) SEM
image of strip-shaped thermoelectric film sample. (e) Elemental mapping of SWCNTs thin films. (f) Custom-
built testing platform for thermoelectric films. (g) Temperature-dependent variation of Seebeck coeflicient. (h)
Temperature-dependent electrical conductivity. (i) Bending test experiment. (j) Resistance variation of samples

under different bending cycles.

Voe=n-s- AT

(1)

where S is the Seebeck coefficient, a crucial parameter describing the material’s thermoelectric conversion
capability, representing the potential difference generated per unit temperature gradient. AT is the temperature

difference between the two ends of the thermoelectric leg.
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(2) Calculation of internal resistance (R).

Internal resistance R includes the internal resistance of the thermoelectric legs and contact resistances among
others. To simplify the calculation, we assume that all thermoelectric legs have the same internal resistance and
that contact resistances are negligible. In this case, the internal resistance Rjc,0f each thermoelectric leg can be
expressed as Eq. (2):

L
ngg = ﬁ (2)

where o is the electrical conductivity, and A is the cross-sectional area. Since the n thermoelectric legs are

connected in series, the total internal resistance R of the thermoelectric generator can be expressed as Eq. (3):

n- L
o- A

Rzn*Rleg: (3)

(3) Calculation of output power (P).

Output power refers to the ability of a thermoelectric generator to convert thermal energy into electrical energy
under actual working conditions. For an FTEGs composed of n thermoelectric legs connected in series, its
maximum output power P can be expressed as Eq. (4):

- (5" 4

where R is the internal resistance of the thermoelectric generator, including the internal resistances of the
thermoelectric legs and contact resistances, among others. To simplify the calculation, we assume that all
thermoelectric legs have the same internal resistance and that contact resistances are negligible.

By substituting the expressions for V. and R into the above equation, we obtain Eq. (5):

n-s-AT? o-A

( 2 ) n- L ©®
After simplification, we get Eq. (6):
n-s?- o0 A (AT)?
P = (6)
4L
We conducted an in-depth investigation into the influence of thermoelectric leg width on the V., by varying the

width from 500 pm to 3.5 mm. With the leg length maintained constant at 20 millimeters, a hot-side temperature
of 309.65 K was applied, while the cold side was subjected to natural convection at an ambient temperature of
293.15 K. The thermal conductivity coefficient, h, was set at 25 W/ m2K. We observed the maximum Voc for the
thermoelectric legs. The V. output magnitudes across different leg widths are illustrated in Fig. 2a. The width
variation within the range of 0.5-3.5 mm exerted a negligible influence on V,, . output. This observation aligns
with the findings reported by Milad et al.'*while the V. output initially increases sharply and subsequently
declines across a broader width spectrum (10 pm-10 mm), it reaches its peak and maintains stability within the
0.5-3.5 mm range. However, under constant electrical conductivity conditions, the width of the thermoelectric
leg is inversely proportional to its resistance, meaning narrower legs exhibit higher resistance. Considering these
factors and prioritizing ease of fabrication, a thermoelectric leg width of 3 mm was selected for this study.

Furthermore, we examined the effect of altering the thermoelectric leg length on V,, . within a range of 5 to
80 mm. As depicted in Fig. 2b, an increase in thermoelectric leg length led to an elevation in V) .. Notably, when
the thermoelectric leg length exceeded a certain threshold (approximately 20 mm), the V- began to approach a
saturation point of 0.23 mV. Although the V,; - output continued to increase with leg length, the rate of increase
became progressively flatter, which is consistent with the findings of Milad et al.'. Given a constant electrical
conductivity, the length is directly proportional to the resistance of the thermoelectric leg. Selecting a leg length
close to this optimal value achieves the desired V. without the need for further elongation to maximize the
performance of the thermoelectric leg. This approach not only ensures efficient energy harvesting, but also aids
in maintaining the overall flexibility and wearability of the device at the optimal thermoelectric leg length. In this
study, we selected a thermoelectric leg length of 20 mm.

To delve deeper into the power generation performance of the FTEGs wristband, we constructed an FTEGs
simulation model in COMSOL multiphysics software. Traditionally, thermoelectric generators have employed
inorganic materials such as Bi,Te, and PbTe, with their hot and cold ends typically designed at the two terminals
of the device to generate voltage by controlling the temperature difference**’. However, due to the small size
of the thermoelectric device, the significant thermal conduction effect causes the temperatures at the two ends
of the device to quickly converge, thereby affecting the output voltage. To address this, we adopted organic
flexible thermoelectric materials, designed the thermoelectric legs in an elongated shape, and integrated the
thermoelectric wristband on both sides of a PI substrate by sharing a common cold end. The simulation results
revealed that, at a temperature difference of 36.5 K, the temperature distribution of the FTEGs is shown in
Fig. 2¢c, where the purple area represents the low-temperature zone and the orange-yellow area represents the
high-temperature zone. Furthermore, we simulated the variation of the FTEGs’s output voltage and power with
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Fig. 2. (a) The influence of thermoelectric leg width on open-circuit voltage. (b) The influence of
thermoelectric leg width on open-circuit voltage. (c) Temperature distribution of the thermoelectric
wristband at AT of 36.5 K. (d) Relationship between voltage, power, and current in the FTEGs under different
temperature gradients(15 K, 25 K, 36.5 K). (e) Power, voltage, and current generated by the FTEGs under
different temperature differences.

output current under different temperature differences, as illustrated in Fig. 2d, based on changes in the external
load. Under conditions of a temperature difference of 36.5 K and 120 thermoelectric legs, the maximum output
power of the FTEGs reached 14.96 uW (as shown in Fig. 2e) which is sufficient to meet the power requirements
of general low-power consumption products.

The fabrication and performance testing of the FTEGs wristband

Figure 3a shows the as-fabricated FTEGs consists of three parts, the middle section is FTEGs part, and the
exterior is covered with a transparent Polydimethylsiloxane (PDMS) protective layer. FTEGs part includes
120 SWCNTs legs, and it is the most critical component that converts thermal energy into electrical energy.
The design of PDMS not only enhances the durability of the wristband, but also ensures the stability of the
thermoelectric conversion process. The upper right corner photo shows the convenient wearing method of the
FTEGs thermoelectric wristband, proving its potential in practical applications.

During the preparation of the wristband, we used a flexible FPC board made of PI material to ensure the
reliability of the process. To ensure a reliable connection between SWCNTs and the electrodes, we applied
a gold immersion process to the electrodes. Compared to the manual application of silver paste method
adopted by Hong et al.>'our gold immersion process on the FPC board substrate significantly improves the
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Fig. 3. (a) Schematic diagram of the structure of the FTEGs wristband. (b) The fabrication progress of the

FTEGs wristband. (c) Photo of the FTEGs wristband. (d) Schematic diagram of the testing platform for the
FTEGs wristband. (e) Photo of testing platform for the FTEGs wristband. (f) Relationship between open-
circuit output voltage and temperature difference. (g) Relationship between output power and output current

(h) Relationship between output voltage and output current
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Fig. 4. (a) Demonstration of the FTEGs wristband wearing method and its human body thermal energy
harvesting process. (b) The performance of power generation using human body thermal energy at a
temperature difference of 5 K.

manufacturing efficiency and reliability of the wristband. The traditional manual method of connecting wires
is prone to fractures at the junctions of the two materials, especially when there are numerous thermoelectric
legs, which can easily lead to instability of the thermoelectric wristband. As illustrated in Fig. 3b, before spin
coating, a meticulously designed mask plate was affixed onto the FPC board. Subsequently, the carbon nanotube
dispersion solution prepared earlier was uniformly applied onto the substrate via spin coating, and after drying
and heat-pressing processes, the initial preparation of the thermoelectric wristband was completed, compared to
the method of fabricating thermoelectric films from carbon nanotubes, cutting them into strips, and connecting
them in series!!. This approach enables the rapid fabrication of thermoelectric wristbands. Figure 3¢ shows the
photo of the SWCNTs-based FTEGs, and excellent flexibility of FTEGs can be seen.

To assess the performance of the FTEGs in a practical application, we constructed a flexible thermoelectric
test platform, the schematic diagram of the platform is shown in Fig. 3d. The actual test platform under different
temperature differences is shown in Fig. 3e, the platform device employs thermally conductive aluminum boxes
on both sides of the thermoelectric wristband, and specific temperature water is added for testing, the middle
part of the wristband serves as the cold end, where a hydrogel patch is used for cooling control to ensure a
temperature difference between the hot and cold ends. As illustrated in Fig. 3f, the thermoelectric coefficient
of the FTEGs wristband at 313.15 K is 137.07 mV. Although this result is slightly lower than the simulation
expectations, it is attributed to the inherent thermal conductivity of the carbon nanotubes during the actual
testing process. Additionally, we analyzed the relationship between the output voltage and output current (as
shown in Fig. 3g, and tested the variation of output power with output current at different temperatures (as
shown in Fig. 3h), the results indicated that the maximum output power reached 10.7 uW, the FTEGs wristband
demonstrated stable thermoelectric conversion performance.

In addition, we employed the fabricated thermoelectric wristband to harvest human body thermal energy.
Figure 4a clearly demonstrates the wearing method of the FTEGs thermoelectric wristband and elaborates on
its working mechanism for collecting thermal energy from the human body. Specifically, the human skin serves
as the heat source, and a hydrogel is used in the middle of the wristband for insulation and heat dissipation. We
placed the wristband on the wrist of a subject and tested its output performance under the condition where there
was a 5 K temperature difference between the ambient temperature and the human skin temperature. The test
results are shown in Fig. 4b, the initial open-circuit voltage is 18.15 mV, and an output power of 150.06 nW is
achieved under a 510Q2 load. As time progresses, both the open-circuit voltage and the output power experience
a slight decline, this is primarily due to the reduction in the temperature difference between the two ends caused
by heat conduction?!-?2,

Methods

Preparation of carbon nanotube dispersions

SWCNTs and PVP (polyvinylpyrrolidone) dispersant were purchased from Sugian NCT Materials Co., Ltd. A
solution was prepared by dissolving 0.2 g of SWCNTs and 0.3 g of PVP dispersant in 50 milliliters of deionized
water. The mixture was stirred at 300 rpm for 2 h, yielding a uniform dispersion with a conductive agent content
of 0.4 wt% and a dispersant content of 0.6 wt%. Subsequently, the dispersion underwent ultrasonic treatment
in an ice bath for 30 min to prevent changes due to overheating during the ultrasonication process. Finally, the
processed carbon nanotube dispersion was stored in a suitable container. Then, a certain amount of the dispersion
was drawn using a syringe and spin-coated onto a PI substrate with dimensions of 20 mm by 5 mm. During the
spin-coating process, care was taken to ensure uniform thickness. The coated substrate was subsequently dried
on a heating plate at 100 °C for 1 h and then subjected to a vertical pressure of 2 MPa using a press for 10 min.
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Simulation of thermoelectric models

A three-dimensional model of the FTEGs was created utilizing COMSOL Multiphysics 6.1, which can be
accessed at https://www.comsol.com. Initially, the performance of a single thermoelectric element was tested
within the COMSOL multiphysics environment. Subsequently, 120 Legs were integrated in series, and steady-
state simulations were conducted using the thermoelectric effect and circuit modules. Circuit nodes were utilized
to connect the ammeter, external load, FTEGs, and voltmeter, thus constructing the circuit simulation model. By
varying the resistance of the external load, data were collected from the ammeter and voltmeter.

Design of the FTEGs-based wearable wristband

Based on the simulation results, we designed a FPC board made of PI material and applied gold plating to the
copper electrodes to enhance their conductivity. To ensure better spin-coating results and improve efficiency, we
first designed a mask and placed it over the FPC board. The SWCNTs dispersion was then applied to the FPC
board using a syringe for spin-coating, ensuring a uniform coating to avoid thickness variations. The coated FPC
board was subsequently placed in an oven and dried at 100 °C for 1 h. After drying, the FPC board was subjected
to heat-pressing with a vertical pressure of 2 MPa for 10 min to enhance the density of the SWCNTs film and to
ensure tight bonding with the flexible FPC board.

Performance evaluation of the FTEGs wearable wristband

To evaluate the performance and practical application of the FTEGs wearable wristband, a temperature-
difference-controllable test platform was established. A thermally conductive aluminum box filled with water at
a specific temperature was utilized. The FTEGs wearable wristband was then tightly attached to the outer sides
of the aluminum box, while a hydrogel was applied to the middle section of the wristband to serve as the cold
end for thermal insulation and cooling. Temperature data were collected using a UNI-T contact thermometer
probe. By controlling the temperature, the actual performance of the device was measured. The FTEGs wearable
wristband was tested with external resistors of different values, and the relationships between voltage, current,
and output power were recorded by varying the external load resistance. During the performance testing, the
measured data were processed to calculate both the mean and variance, as shown in Egs. (7) and (8). Therefore,
each data point in the graphs represents the average of the measured data, and a smaller variance indicates that
the data set deviates less from the mean, making the data more reliable®.

po=—— (7)

n

5:\/7112?—1(%u)2 ®

Conclusion

In this study, we presented a FTEGs wearable wristband based on SWCNTs. Through a meticulous fabrication
process, a uniformly dispersed carbon nanotube film with excellent electrical conductivity was obtained.
Utilizing COMSOL Multiphysics for simulation and optimization, the thermoelectric wristband demonstrated
promising thermoelectric conversion performance. By fabricating a thermoelectric wristband and conducting
tests, it was shown that the maximum output power of the wristband reached 10.7 yW at a temperature
difference of 36.5 K. This thermoelectric wristband proposes an effective solution in the field of carbon-based
thermoelectric wearable devices. Future research will focus on further optimizing the material composition and
device structural design, aiming to enhance the output power and improve long-term durability.

Data availability

The data supporting the plots in this paper are available from the corresponding author upon reasonable request.
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