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Abstract: Flexible thermoelectric ( TE ) materials that
convert heat into electricity have been widely used in
wearable electronics and other flexible devices. In this
work, inorganic TE pillars were combined with
thermoplastic polyurethane ( TPU) to assemble a flexible
string-shaped TE generator ( TEG) for the fabrication of
the thermoelectric fabric ( TEF). Moreover, finite element
analysis (FEA) was used to optimize the dimensions of the
TE string and evaluate its performance. The FEA results
showed that the inter-pillar spacing significantly affected the
temperature difference, the output voltage and the internal
resistance. A maximum power density of 3.43 pW/cm’
(temperate gradient AT=10.5 K) was achieved by the TE
string with a diameter of 3. 5 mm and an inter-pillar spacing
of 2 mm. However, under the experimental condition, the
achievable power density of the fabricated three-dimensional
(3D) TEF was limited to 29% of the simulation result
because of the inclination of the TE string within the fabric
concerning heat plate contact and copper wire-TE pillar
connections. The actual TE string also demonstrated high
flexibility and stable mechanical properties after 450 bending
cycles. Thus, the study would provide a foundation for
future research in developing more efficient TEFs to offer a
comfortable and conformable option for wearable energy
harvesting applications.
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0 Introduction

The advancements in thermoelectric fabrics ( TEFs)
have shown promising potential for generating electricity
from waste heat and powering wearable devices'''. These
fabrics offer convenience, sustainability, reliability,
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lightweight nature and integration capability with clothing
and accessories. Previous research has explored various
materials and techniques to combine electrical and thermal
conductivities with flexibility for efficient energy
conversion in flexible thermoelectric generators ( TEGs) ,
and facilitated their utilization in various flexible
electronic industries, including entertainment, fitness,
navigation and medical care”>”’. Thin-film TEGs"™"
utilizing p-type and n-type semiconductor materials have
shown better flexibility. However, their efficiency and
power output are significantly lower as compared to those
of inorganic TEGs''"'. Likewise, three-dimensional
(3D) printable composite materials''> or structures*’
have been employed for 3D TEGs. However, their
complex manufacturing processes make them challenging
to implement in everyday electronic clothing production.

Textile-based TEGs represent a new class of
wearable devices capable of generating electrical energy
from body heat. Researchers have developed two-
dimensional (2D ) textile-based TEGs''™ and flexible
TEGs with 3D architectures'®. However, their high
fabric thickness limits their integration into everyday
clothing. 3D thermoelectric textiles ( TETs ) utilizing
different fabric structures have achieved notable power
densities. Researchers''** have adopted a spacer fabric
structure achieving a power density of 51.5 mW/m” at
temperate gradient AT = 47.5 K and developed a
stretchable, breathable and washable woven TET with a
power density of 6.06 W/m’ at AT = 80.0 K.
Nevertheless, their large dimensions restrict their use in
specific applications rather than conventional clothing,
which impedes the development of electronic clothing ™"
and various wearable devices ™.

In this work, the inter-spacing of the inorganic pillars
has been optimized for power generation and flexibility.
This optimization is performed within a specific
thermoelectric ( TE ) string diameter to ensure their
effective integration into TEFs. Finite element analysis
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(FEA) is utilized to determine the inter-pillar spacing
between pillars for a fixed-diameter TE string. For the
organic coating material, the authors choose thermoplastic
polyurethane ( TPU) due to its high stretchability'* and
low thermal conductivity'”’. Moreover, commercially
available TE pillars are used for their easy availability and

uniform thermoelectric properties.

1 Materials and Methods

1.1 Materials

Poly (dimethyl siloxane) (PDMS) and curing agent
(Slygard™ 184) were purchased from Dow Corning Corp.,
Michigan, USA. Two pillars, p-type (Bi,.Sb, Te,)
and n-type (Bi,Te,,Se,,), were purchased from Wuhan
Treasure In July Technology Co., Ltd., Wuhan, China.
TPU Elastollan™ 1175AW was purchased from BASF,
Shanghai, China. Dimethylformamide ( DMF ) was
purchased from Sinopharm Group, Shanghai, China. All
chemicals were wused as received without further
purification.

Spandex yarns (65 tex) and cotton yarns (40 tex)
were purchased from Maixianxian, Shanghai, China.
1.2 FEA of TE strings

FEA was employed to determine the optimum inter-
pillar spacing for a textile-based TEG with a fixed string

diameter of 3.5 mm. The FEA was utilized to simulate
the power density and the deformation of the TE string
under bending loads. Solidworks 2021 was employed to
design the TE string, as demonstrated in Fig. 1 (a).
Ansys Workbench 19.2 was used to simulate the tested
results. The pillar dimension in the yarn was 2.4 mm X
1.0 mm x 1.0 mm, as the target for the string was 3. 5
mm. The electrode dimension was 2. 5 mm X 1.0 mm X
0.1 mm. The length of the TE string was based on the
inter-pillar spacing. The data for the materials was input
into the simulation software according to Table Al and
Table A2 ( Appendix ). The results from the simulation
were then used to identify the optimal inter-pillar spacing
between the TE pillars.
1.2.1 Parameters for power generation simulation
In the optimization of inter-pillar spacing concerning
deformation simulation setup, the upper plate was
recognized as the hot surface and the lower plate was the
cold surface to imitate the environment temperature, as
shown in Figs. 1 (b) and 1 (d). The lower plate
temperature was set to 296.0 K with convection heat
transfer and the upper plate temperatures were set
accordingly to temperature differences of 10.4, 6.4,
5.7, 2.4 and 1. 2 K, respectively. To calculate the open
circuit voltage, one side of the TEG was assigned a
voltage of 0 V, as shown in Fig. 1 (c).
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Schematic diagram and boundary conditions for power generation and deformation for simulation: (a) design of TE string;

(b) upper plate as variable hot-side temperature; (c) lower plate as fixed cold-side temperature; (d) voltage of 0 V to one
surface of TEG; (e) fixed support in middle; (f)—(g) 2 N force applied on both sides

For measuring the internal resistance, another
boundary condition was inserted by adding a voltage of

1 V from one side of the TEG and a current of 1 A on the
other side of the TEG.
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1. 2.2 Parameters for deformation simulation

The pillar width was kept constant at 1 mm and the
inter-pillar spacing was changed. Other parameters were
the same as in Section 1.2.1 for the simulation.
Moreover, fixed support was put in the middle with 2 N
force on both sides for checking deformation, as shown
in Figs. 1 (e)-1 (g).
1.3 Fabrication of TEFs
1.3.1 Preparation of TE strings

The TE strings were prepared through three steps as
described below. The schematic diagram of the
fabrication process is presented in Fig. 2.

1) DMF was employed as a solvent to dissolve the
TPU pellets, achieving a TPU mass fraction of 30%. To

ensure the full dissolution of TPU in DMF, magnetic
stirring was utilized throughout the dissolution process,
lasting approximately 2 h.

2) To achieve the desired shape and structure of the
TE string, a 3D mold was employed. This mold was
designed with software tools such as Cura 15.04.6 and
Solidworks 2021. Polylactic acid ( PLA) was used to
construct the mold. A polarbear 3D+extended printer was
used to create the mold. To prevent PLA from reacting
with DMF, PLA was coated with a PDMS solution where
the mass ratio of PDMS to the curing agent was 10 : 1.
The coated mold was dried for 48 h at room temperature ,
resulting in a smooth and durable surface ideal for
molding the TE string.
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3) Tin-coated copper wire was joined with TE

Fig.2 Schematic diagram of TE string fabrication process

of commercially available spandex fibers,

as shown in

pillars via a welding process. The uniform spacing of TE
pillars was ensured by incorporating an additional mold
during the manufacturing process. This mold played a
crucial role in maintaining consistent spacing between the
TE pillars, which was a prerequisite for optimal device
functioning. Subsequently, the TEG was carefully placed
inside the PDMS-coated PLA mold, and the TPU-DMF
solution was poured over it. The solution was left to sit in
the mold for 12 h at room temperature, providing
sufficient time for the evaporation of DMF. Once the
evaporation process was completed, a tweezer was used
to gently pull the TE string out of the mold.

1.3.2 Preparation of TEF

To produce the desired fabric for the research, a
semi-automated sampling loom machine ( SGA 568,
Shanghai, China) was utilized. A 2/1 twill pattern was
woven, with the TE strings positioned between four sets

Fig. 3. For the warp yarn, a high-quality cotton yarn
was selected, providing excellent durability and strength
for the fabric. The weft yarn was spandex. By employing
this approach, a TEF was successfully fabricated, which
could potentially be used in wearable devices.

. Weft spandex yarn
(65 tex)

. Weft TE string
(3.5 mm diameter)

—

Warp cotton yarn
(40 tex)

Fig.3 TEF fabrication diagram
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1.3.3 Characterization and measurements

A thermocouple ( TES 1310, Shenzhen, China) was
utilized to measure the temperature difference. A
nanovoltmeter ( Keithley 2182, Ohio, USA) was used to
measure the voltage. A source meter ( Keithley 2400,
Ohio, USA ) was used to create the temperature
difference between the top and bottom sides of the TEF.

2 Results and Discussion

2.1 Simulation results and discussion

A linear relationship is observed between the inter-
pillar spacing and the temperature difference (Fig. 4 (a)),
and between the inter-pillar spacing and the maximum
output voltage (Fig. 4 (b)). The underlying cause for this
trend is attributed to the distance between the TE pillars.
Specifically, as the distance between the PE pillars
increases, more TPU is introduced, which possesses a lower
thermal conductivity of 0. 284 W/ (m - K). This decrease in
total thermal conductivity leads to an increase in the
temperature  difference  between parallel electrodes.
Furthermore, the open circuit voltage can be expressed as

V., == SAT, (1)
where V_ is the open circuit voltage; S is the Seebeck
coefficient; AT is the temperature difference between
heated electrodes.

The open circuit voltage also increases accordingly.

1.2

For a TE pillar spacing of 2.2 mm, the maximum
temperature difference and the maximum output voltage
are determined to be 1.074 K and 0.001 3 V,
respectively. A noticeable trend in the internal resistance
of the TE string is observed in Fig. 4 (c). The gradual
increase in internal resistance is attributed to the increased
length of the copper electrode with the increased inter-
pillar spacing. This phenomenon can be explained by

R=pL/A, (2)

where the resistance R is proportional to the length L and
inversely proportional to the cross-sectional area A of the
material. As such, an increase in the copper electrode
length leads a consequent increase in resistance.

The power density of the TE string is illustrated in
Fig. 4 (e). As the inter-pillar spacing increases, the
maximum power density decreases. The highest power
density achieved is at the 1.2 mm inter-pillar spacing,
which amounts to 3. 88 pwW/cm®. A gradual increase in
the maximum deformation of the TE string is observed in
Fig. 4 (d) when a 2 N force is applied at each end of the
TE string and the fixed support is provided at the middle
copper electrode. The deformation of the TE string is
found to increase continuously as the inter-pillar spacing
increases. This observation is attributed to the increasing
mass of TPU in the fiber with the increasing of the inter-
pillar spacing.
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Fig. 4 Analyses of simulation results; (a) relation between inter-pillar spacing and temperature difference within TE strings; (b) relation
between inter-pillar spacing and maximum output voltage; (c) relation between inter-pillar spacing and internal resistance;

(d) relation between inter-pillar spacing and deformation; (h) relation between inter-pillar spacing and power density
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The analysis revealed that increasing the inter-pillar
spacing led to a decrease in the power density. However,
it simultaneously raised the deformation and the flexibility
of the TE string. Thus, if the aim was to generate a TE
string with a power density of 3. 88 wW/cm®, creating
an inter-pillar spacing of 1. 2 mm would result in a very
low deformation of only 0.087 pwm, which would not
qualify as a flexible string. Moreover, creating TE

Temperature/K 306.4 305.8 3048 2959

pillars with an inter-pillar spacing of 1.2 mm would
pose a significant challenge for welding between the
limited distanced TE pillars, making it impractical.
Therefore, the inter-pillar spacing of 2.0 mm was
selected, as it could achieve a power density of
approximately 3.40 wW/cm® with a deformation of
0.400 pm. The simulation results of 2.0 mm inter-
pillar spacing are shown in Fig. 5.
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Voltage/V

b=

Internal resistance/Q)

-

(©)
Fig. 5 FEA results with 2. 0 mm inter-pillar spacing at AT = 10.

voltage; (c) internal resistance; (d) deformation of TEF

2.2  Thermoelectric and mechanical properties of
fabricated TEF
The open circuit voltage increases with the increasing
of AT where the curve is constantly linear, as shown in
Fig. 6 (a). To determine the power density, the voltage
was measured across various external resistances using the
same experimental setup. A peak in the voltage is
observed at a resistance of approximately 10.5 () in
Fig.6 (b). An increase in the voltage resultes in a decrease
in the short-circuit current, as illustrated in Fig. 6 (c).
Moreover, the highest power density of 1.00 wW/cm’ is
obtained at this specific external resistance because the
output power P reaches its maximum value when the
internal resistance r of the TEG is equal to the external
resistance R. The output power is calculated according to

U2
p= , (3)
R+r
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5 K: (a) temperature difference within TE strings; (b) output

where U represents the output voltage. The TEF had a
width of 2. 2 cm and a length of 3.9 cm, and it was
constructed using four pieces of TE strings. To assess
the flexibility of the TEF, a bending test was
examined. The resulting change in resistance AR was
calculated as the difference between the resistance R
after bending cycles and the original resistance R,
without bending. Thus, ( AR/R,) % represents the
percentage change in resistance compared to the
original resistance without bending. As illustrated in
Fig. 6 (d), the TE string demonstrates remarkable
mechanical flexibility as evidenced by the absence of
significant resistance changes after 450 bending cycles.
This can be attributed to the use of a TPU substrate,
which is known for its flexibility and robustness.
Figure 6 (d) illustrates the measurement of the
bending radius, which yields a value of 5 mm.
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Fig. 6 Thermoelectric and mechanical properties of fabricated TEF: (a) open circuit voltage with respect to temperature

difference; (b) power density with respect to resistance; (c¢) circuit current and power density as a function of output
voltage; (d) stability of resistance with repetitive bending

The performance of the fabricated TEF is compared
with the simulated result. The TEF has a power density
of 1. 00 wW/cm®. However, according to the simulation
data, the device is expected to operate at a power density
of 3.43 wW/cm’, as shown in Fig. 7 (a). This
indicates that the fabricated TEF performs only 29% of
the expected power density. There were several reasons
for not achieving actual power density in the fabricated
TEF compared to the simulation. Firstly, the inclination
of the fiber to the hot and cold surfaces in the fabricated
TEF differed from the simulation, where the hot and cold
plates were flatly placed. This variation could affect the
efficiency of the heat transfer. Secondly, the simulation
only considered three pairs of TE pillars, neglecting the

4r

~Fabricated TEF ~ //
~#-Simulated result

Power density/(uW/cm?)

44

84

Temperature difference/K

()

Power density/(nW/cm?)

heat generated within the fabric that could not easily
escape. By simulating a larger fabric, this additional
heat could have been considered. Thirdly, in the
simulation, the hot and cold surfaces were able to
directly touch the heating surface, whereas, in the actual
device, this direct contact was not possible due to the
waviness of the TE string. This disparity could impact
the heat transfer process. Lastly, the interconnection
(welding) between TE pillars and electrodes was more
challenging in this particular fabricated TEF due to the
thinness of the yarn and the small size of the TE pillars.
Human error during the welding process could have
adversely affected the performance of the fabricated
TEF.
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Fig. 7 Power density comparison: (a) comparison of fabricated TEF with the simulated result; (b) comparison of fabricated TEF in this

work with that in published research work

Thin film-based TEGs shows enough power
generation of 1 420 wW/cm® with good bending cycle
properties > whereas paper-based TEGs'*' and hybrid
TEGs"™" exhibit good flexibility with less power
generation, as depicted in Fig. 7 (b). The highest
textile-based TEGs reveals a power generation of
606 WW/cm® at a temperature difference of 80.0 K™
which could be a milestone for this sector. Even though
power generation is 1.00 wW/cm® at a temperature
difference of 10.5 K in this work, it possesses moderate
performance compared to other recent advancements.
Moreover, the performance of the presented TEF is

comparable to that of the hybrid TEGs with a minimum
temperature difference. Furthermore, the small diameter of
this TE string with high power generation capacity
preserves its novelty among the published research results.

3 Conclusions

In this work, a TEF with optimal dimensioned TE
strings and organic-inorganic material ratios was
fabricated to have more power density as well as good
flexibility and mechanical properties. This novel approach
was to get assistance from the FEA and then fabricate the
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yarn as well as the smart fabric.

The fabricated TEF

generated a power density of 1.00 wW/cm’® at a
temperature difference of 10.5 K, whereas the FEA
simulation had predicted a required power density of
3.43 wW/cm® for efficient operation. This comparison
revealed that the fabricated TEF achieved a performance
level with a power density that was merely 29% of the

simulated value.

Nonetheless, this research significantly

contributes to the advancement of a systematic TEF design.
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Appendix

Table A1  TE properties of the materials used in the experiment
. Seebeck coefficient Thermal conductivity Electrical conductivity
Material 4 . . .
S/(wv - K1) K/(W-m' K" a/(S-cem™)

p-type pillars (Bi, ;Sb, s Te; ) 200-205 1.35 950—1 050
n-type pillars (Bi,Te, ,Se, ) 210-230 1.65 950-1 050
Electrode ( copper) 1.5 401 1.0 x 10’
TPU — 0.284 —
Air — 0. 002 42 —

Table A2  Mechanical properties of other materials used in the simulation software

Material Density p /(g - cm™) Tensile yield strength o, /MPa Tensile strength o, /MPa
Copper 8. 94 33.5 152
TE pillars 7 255 460
TPU 0.0319 0.004 14 0. 145
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B =, nDEREEA R BERI I (thermoelectric, TE) FBHE ) 12 W H T 0l 57 8l H 15 25 FILH:AtD
MRS, R JCHL TE A 582 %lE (thermoplastic polyurethane, TPU) %54, ZH2&E 25
MRV ZY (thermoelectric generator, TEG), #f—H FMHE LY (thermoelectric fabric, TEF) JZ4ink, R
FABRIC/A AT (finite element analysis, FEA) fRALZEYE TE KM RS IFEAL HPERE, FEA 45 R BR, TE
SRR X 22 . R AR B, Y TE &R EAN 3.5 mm, RN 2.0 mm B, A3k
KIPREE | K F] 3.43 wW/em® (fEH 2 AT=10.5 K BE&MHT) . EIRE KT, O fih DL K 4
2% —TE SFfE e R, SEUTSIE R =4k TEF MU 3% 5 Hag ik BIRIUEE R 1Y 29% , RGNk, 74
i 450 R S, TE &5 RBUH AL 5 0 AR E LB RE . X — TSR AN A5 T & 38 = 3
TEF 285 1 HeAl, b 4] 2p e i R AL N AR (L TR InéTis . & BB m R,

KR AW (TEF); AMAE (TE ), H#UBVERZERE (TPU); AFRIcsr#r (FEA)



