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1 Abstract
Thermoelectric(TE) technology is an exceptionally promising method for directly con-
verting thermal energy into electrical power. The TE technology is a green renewable
energy technology. However, several factors are responsible for facilitating TE devices
to offer low-cost electricity and sustainable energy technology without any mechani-
cally moving components, including no harmful wastes that deteriorate environmental
health. Even after achieving high performance, TE devices hinge on various factors,
such as the properties of the material and the strategy employed for their applications
in commercial sectors.

The substantial progress for readily available energy resources has put forth the
biggest task of providing consistent and optimal power for various devices, from sen-
sors to wearable applications. Already existing commercial thermoelectric generators
(TEGs) are categorized as rigid bulk TEGs to eliminate the rigid components of a TEG.
Firstly, the polyimide substrate replaces the ceramic substrate, and the polymer filler
replaces the air gaps to achieve flexibility. In addition to replacing the copper electrode
plate, a conductive metal-coated polyester fabric is utilized to attain a flexible intercon-
necting electrode structure. Lastly, the TE material in the bulk form is reduced to a thin
film on cellulose fabric to represent a textile TEG, which represents a thin film. The per-
formance analysis of the bulk and the thin film TEG is compared to better understand
the future aspects of wearable technologies.

In the present work for the bulk flexible TEGs, we propose silicone elastomer as a
compliant filling material for flexible thermoelectric generators (FTEG) with conduc-
tive fabric as electrodes interconnect for bismuth-telluride based thermoelectric legs,
which permit TEGs to cover up curved surfaces. The use of texture profile analysis
(TPA) to mechanically characterize the hardness, adhesiveness, springiness, resilience,
cohesion ratio, and chewiness of silicone elastomer is performed. In addition, the sta-
tistically decreased adhesiveness and increased hardness, springiness, and chewiness
identify silicone elastomer as a filling material for wearable thermoelectric devices. The
ability of silicone elastomers to resist environmental effects such as water, moisture,
heat, acid, alkali, corrosion, and weather aging is considered for wearable conditions.

As the demand for textiles in wearable electronics grows, researchers evaluate con-
ductive textile materials distinguished by their blend of polyester and metal compo-
nents. The electroplated nonwoven nickel copper conductive fabric has different com-
positions of nickel and copper on polyester. The structural and morphological properties
of the conductive fabric are done for characterization studies to understand its behav-
ior for further processes. The electrical conductivity of the conductive fabric is 0.05
S/cm2. The average roughness of the electrode 0.191 µm provides the bonding adhe-
siveness. The Seebeck coefficient of 1.356 µV/K, the optimum concentration of charge
carriers of the 3.46×1019, the air permeability which allows the least thermal diffusivity
of 0.08 mm2/s obtained for the conductive fabric are appropriate for the thermoelectric
power conversion. The elongation of 70 percent and the antimicrobial properties are
among the other important aspects. The utility of conductive fabrics is expected to be
an environment-friendly flexible fabric electrode in wearable thermoelectric applica-
tions.

The wearable, flexible thermoelectric generator is considered an auxiliary supply
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to the battery for power generation to self-charge mode, which could generate electric
potential from the human body and the environment. The FTEG is further studied for
long-term reliability for electrical, mechanical, and thermal performance. The eight-
leg FTEG in outdoor conditions at merely a 2 °C temperature gradient between the
human body and the environment generates an output potential of 0.63 mV. The FTEG
performance is also stable underwater to demonstrate weathering protection and can
withstand 1300 bending cycles. The FTEG is also integrated with the voltage step-up
converter to enhance the power generation without the help of any external source such
as a capacitor or battery and illuminate an LED. The temperature sensitivity, mechanical
strength, and ability to withstand the electrical parameters without significant changes
make FTEGs exceptional wearable electronics.

Given the improvement in parameter ZT, i.e., thermoelectric efficiency, researchers
are shifting towards 2-dimensional and 1-dimensional as well as 1-dimensional materi-
als. In this work, we opt for 2-dimensional structures on conducting fabrics using the
most widely used Bi2Te3 thermoelectric material to form the Pi (Π) and PN junction
configuration. The 1D material fabrication as a TEG is crucial and incompatible with
the TEG device architecture. Bi2Te3 thin films were successfully grown on cellulose
fabrics using DC magnetron sputtering to overcome the challenges of the bulk thermo-
electric generators. Structural, morphological, and thermoelectric properties of Bi2Te3
thin films have been investigated systematically to fabricate highly efficient thermal en-
ergy harvesting devices. The cellulose fabric is coated four times with the p type and n
type Bi2Te3 thin film, and the study is done to observe the optimized thermoelectric de-
vice. X-ray diffraction data revealed that crystallites of Bi2Te3 films are highly oriented
in plane with uniform distribution. Interestingly, the Seebeck coefficient (S) of the p
type and n type Bi2Te3 thin film is 26.34 µV/K and -26.45 µV/K, respectively. Cel-
lulose fabrics also display low thermal conductivity at room temperature and strongly
favor achieving highly efficient thermoelectric generator devices for waste heat recovery
and wearable applications. To find a potential TE material candidate to replace the toxic
Bi2Te3, Graphite and its derivatives are studied for a thin film nanocomposite material
coated on the cellulose fabric. Graphene and graphite derivatives can hold excellent me-
chanical properties, thermal assets, and optical, electronic, and excitonic possessions.
Polyaniline (PANI) is the most versatile member of the class of Intrinsically Conduct-
ing Polymers (ICPs), and its ability to form a composite material with carbon-based
nanostructured materials is studied for its significant properties. The highly conductive
and flexible cellulose fabric is achieved by an easy two-step process, i.e., a blend of in-
situ polymerization and solution techniques. These fabrics’ elemental, morphological,
structural, electrical, and thermal characteristics are studied. The electrical conductiv-
ity of the PANi/graphene composite fabrics improves over other coated fabrics. The
thermopower value 0.045 µV/K of the PANi/graphene composite fabric is expected to
be prominent for wearable thermoelectric devices. Along with the current scenario, we
also tried to bring out some of the next steps that the researchers could take to over-
come the challenges, enhance the power conversion, and improve the ZT of the flexible
thermoelectric generators.
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2 Objectives
Wearable thermoelectric power generators are among the most recent technological
developments in small and portable electronics. Wearable thermoelectric generators
(TEGs) measure the ambient temperature and the temperature of the human body to
transform the temperature differential into electrical potential. When the ambient tem-
perature changes, the temperature of the human body varies between 33 ºC and 38 ºC.
Furthermore, throughout the body’s normal activity, the heat flow varies between 50
and 150 W/m2 [1-7]. The performance of the thermoelectric device is determined by
the thermoelectric figure of merit, ZT.

• Study of the Effectiveness of Conductive Fabrics as Electrode Interface

• Investigation of Encapsulating Materials for Flexible Thermoelectric Generation

• Self-powered Standalone Performance Study of Thermoelectric Generator for
Body Heat Harvesting

• Fabrication of the thin film Pi and PN junction thermoelectric generator

• Incorporation of polyaniline on graphene-related materials for wearable thermo-
electric applications

3 Existing Gaps Which Were Bridged
Commercial TEGs currently have a bulk and rigid structure and are not feasible for
wearable applications. The TE leg matrix is unfilled, and for mechanical strength, en-
capsulation with rigid ceramic substrates is provided [8]. However, different filling
materials can provide flexibility and mechanical strength and prevent the impacts of
the environment and chemicals on the performance of thermoelectric generators. In the
same series, to achieve flexible TEGs, the rigid copper electrode is also selected to be
replaced by customized conductive fabrics. A conductive fabric is studied based on
its electrical, thermoelectric, mechanical, and antimicrobial properties, which make it
a considerable candidate for the electrode of the flexible thermoelectric generator. The
main soul of the TEG is the thermoelectric material, and in the bulk devices, the TE legs
are also rigid. When imagining a flexible TEG, the thermoelectric material could also
be replaced as a thin film to acquire the desired flexibility. Consequently, to deal with
this, a cellulose fabric is chosen for the substrate for thin film formation, and its per-
formance is studied under various conditions. Achieving flexibility is not just the only
goal of sustainable energy harvesting; the Bismuth Telluride could be replaced by in-
corporating polyaniline on graphene-related materials on cellulose fabrics for wearable
thermoelectric applications [9-13].

4 Most Important Contributions
• Fabrication of TEG Model

With the supposition of a flexible TEG, the conductive base electrode and the
top electrode are customized as nickel-copper fabric. The pattern uses Autodesk
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Fusion 360 and a laser-cut engraving design tool. The conductive fabric is cut
with the assistance of a CO2 laser cutting machine.

Figure 1: (a)-(d) Schematic representation of fabrication of FTEG

Figure 2: Texture Profile Analysis of silicone elastomer

Fig. 1 shows the detailed scheme of fabrication of FTEG. The designed con-
ductive fabric is laser cut to obtain a Π-type structure between two substrates, as
shown in Fig. 1(a). In Fig. 1(b), the solder paste is screen printed with the help
of a stencil to provide an electrical bonding between the TE leg and the substrate.
In addition, the substrate and the TE leg must be connected in series in electrical
and parallel thermal connections, which calls for placing the thermoelectric legs
in series order of p-n-p-n manner as demonstrated in Fig. 1(c). The connecting
wires, the top and bottom substrate, are sandwiched and kept in a muffle furnace
to bond the solder paste to the substrate and TE legs.

• Understanding of Silicone Elastomer as Filler Material
Fig. 2 shows the texture profile analysis (TPA) of different silicone elastomers
(S1, S2, S3, and S4) involved in the investigation as a filling material for a wear-
able thermoelectric generator. Fig. 2(a) shows the hardness of each sample. The
crosslinking of the silicone resin with the platinum catalyst leaves no by-product.
The vinyl/methyl bond of the polymer reacts with the addition-cured catalyst,
forming a cross-linker molecule, and the catalyst becomes free to be available
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for further crosslinking. So, the hardness of the S3 and S4 silicone elastomers
was higher than that of S1 and S2, which are tin-based curings. Fig. 2(b) shows
the minimum adhesiveness of S3 and S4, which refers to the energy required to
separate the samples from the foreign materials and represents the extent of TEG
conservancy compared to S1 and S2. Fig. 2(c) shows the cohesiveness of sili-
cone elastomer samples, which measures the strength of internal linkages and the
extent to which a material can be deformed before it ruptures. Fig. 2(d) shows
the extent to which a product physically springs back after it has deformed dur-
ing the first compression, defined as springiness. The high springiness is caused
by the crosslinking process, which results in viscosity loss and a rise in modulus
(storage). For S1 and S3, the viscosity is too high; in S2, the viscosity is low, com-
paratively to S4. Fig. 2(e) shows the enhanced cross-linking effectively blocks
the molecular motion in the polymer matrix, reducing its distortion ability and
thus reinforcing the polymer matrix to measure the resilience while being pulled
under tensile load per unit volume before starting deformation. In Fig. 2(f), the
polymerization of silicone elastomers strengthened the chewiness and resilience.
For S4, high chewiness depicts the silicone’s strength and elasticity, preventing
the sample’s damage. Effects of water, different solutions such as acid, alkali,
and weathering effect of UV light on the silicone elastomer when treated for 72+
hours, and there is no major weight loss before and after, is illustrated in Table
T2 with the percentage change in their weight.

Table 1: Chemical and UV Prevention

Test Before After % change in
weight

Water 0.2075g 0.2095g 0.96
Acid 0.198g 0.1602g 19.09
Alkali 0.1747g 0.1757g 0.57
UV exposure 0.5852g 0.5843g 0.15

The silicone elastomer is exposed to UV for one hour for corrosion and weather-
resistant testing. The test cycle was continuously repeated for 72 hours of UV
irradiation. A negligible weight difference of 0.15% is detected after the UV
exposure test.

• Studies of Nickel Copper Fabric as Conductive Base Electrode
The Seebeck coefficient is crucial for the power factor calculation of the overall
thermoelectric performance. It is discovered that the different Nickel Copper con-
ductive fabrics(E1, E2, E3, and E4) have a Seebeck coefficient of 1.356 µV/K,
which is almost identical to the Copper’s Seebeck coefficient. The Seebeck coeffi-
cient value, which provides the fabric’s strong conductivity, confirms that copper
makes up a significant portion of the metal composition by weight. The carrier
concentration of 1019 /cm3 is the ideal value for thermoelectric applications, al-
though higher concentrations of 1020 to 1023 /cm3 show degenerate materials in
a form compatible with metal materials in this scenario. The fabric’s thermal
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conductivity is reduced thanks to its air permeability. Higher thermal conductiv-
ity results from a low value for air permeability, and a higher thermal diffusivity
accelerates heat spread, as shown in Fig. 3(a). According to measurements, the
thermal diffusivity of the electrode sample selected for the electrode base is 0.57
mm2/s.

Figure 3: (a)Air permeability and thermal diffusivity, (b)Elongation and strength of
conductive fabrics

Figure 4: TEG Body Trials (a) Room ambiance (b) Outside environment

Creating elongated crystals of the nickel-copper structure on the polyester fabric
increases the strength and flexibility of the fabric. It is evident that when surface
roughness rises, shear strength also increases. Tensile stress increased from 45.78
cN/m2 to 92.05 cN/m2 for the electrode samples as shown in Fig 3(b) and the
adhering surface roughness was 0.191 m for sample E4. The expansion of the
bonding surface, the mechanical interaction between surface modification and
adherent micro-columns, and other factors could be to blame for the increase in
strength.

• Performance of The Free Standing Self Powered FTEG
Fig. 4 represents the measurement of the electrical parameters to investigate
the performance of the FTEG device for the potential generated from the hu-
man body. The inset image shows the fabricated FTEG of 2.4 cm x 3.9 cm. An
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Figure 5: Bending of FTEG on finger and wrist

Figure 6: FTEG stretching before and after

ambient temperature on the top creates a temperature gradient with the human
body temperature on the bottom side to generate a potential difference. Fig. 4(a)
shows a temperature difference of 1.7 K and an open circuit voltage of 0.45 mV.
Fig. 4(b) depicts 0.67 mV at a temperature gradient of 2 K for FTEG in outside
environment conditions. The FTEG does not rely on any external power source.

• Analysis of the Mechanical Deformations of FTEG
To analyze the changes in the FTEG sensing, we perform the bending test on
the finger, and the potential is generated across the FTEG as shown in Fig. 5.
With a temperature difference of around 4K, the FTEG is generating 0.26 mV,
and the bending radius is 8.36 mm. The before and after bending also shows
that at the same temperature difference, the potential generated by the FTEG is
0.36 mV. The FTEG is stretched from 36.95 mm to 42.34 mm and back to 36.95
mm, and even at a stretching of 14%, the FTEG senses the body temperature to
generate voltage, as shown in Fig. 6. For the devices to function in a variety of
hostile and demanding moistened conditions, stable wettability is desirable. The

7



Figure 7: Potential generation by FTEG as submerged in water

Figure 8: FTEG performance before and after 100 thermal cycles and 1300 bending
cycles

polyimide tape, silicone elastomer, and conductive electrodes are water-resistant.
As a result, when submerged in water, the FTEG on a human wrist creates a
higher potential than at room temperature. The potential across FTEG is 1.23 mV,
as shown in Fig. 7. For reliable operation under thermal cycling, the module’s
interface steadiness is essential. FTEG treated for 50 °C for 100 thermal cycles
shows the FTEG output voltage is steady before and after thermal cycles, as well
as the ability to withstand 1300 bending cycles, as shown in Fig. 8.

• Integration of The FTEG Array with The Voltage Step-up Converter
Fig. 9 shows that the series combination of 1 FTEG of 50 legs modules could
power up an LED after integrating with a voltage step-up IC LTC3108. The min-
imum voltage requirement for the IC is 20 mV, and it could be configured with
the FTEG array as a full-fledged wearable TEG module. Firstly, only one ther-
moelectric module is utilized in the prototype, and by increasing the number of
thermoelectric modules, the voltage and power could be enhanced. The structural
design and the heat sink assembly, along with the flexible substrate and reduction
of the contact resistances, could improve the performance of FTEG.

• FTEG Coated on Cellulose Fabric
DC magnetron sputtering deposited n-Bi2Te3 and p-Bi2Te3 films. The FTEG
device comprises six pairs of Bi2Te3 planar pattern to form the Pi (Π) and PN
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Figure 9: Integration of FTEG with voltage booster

Figure 10: Seebeck coefficient of p-Bi2Te3 and n-Bi2Te3 thin film

junction thermoelectric device structure. Seebeck coefficient of n-Bi2Te3 and
p-Bi2Te3 at room temperature is observed to be -26.34 µV/K and 26.45 µV/K,
respectively. The variation of the Seebeck coefficient of the coated thin films at
different temperatures is shown in Fig. 10, which shows the Seebeck coefficient
of Bi2Te3 films as a function of the measured temperature. The increased S as
the measuring temperature increased, resulting from the affected carrier density.
The Hall measurement system measured the carrier concentration at room tem-
perature, and the result shows the lower carrier concentration of p-type Bi2Te3
film 6.6 X 1010 /cm3 and n-type Bi2Te3 thin film to be -2.7 X 109 /cm3. Fig.
11(a) shows the performance of Π schematic TEG open circuit voltage 54.00 mV
with a temperature gradient of 4 K where body temperature is 307 K and ambient
temperature is 303 K in the indoor circumstances. In contrast, Fig. 11(b) shows
the temperature gradient of 2.5 K harvest 41.9 mV for outdoor conditions. Fig.
12(a) shows that when the PN junction TEG is fixed on the human wrist with the
temperature gradient at the room temperature of 3.2 K, it generates 89.8 mV. On
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Figure 11: Wrist wearing Pi type FTEG a) Indoor ambiance b) Outdoor environment

Figure 12: Wrist wearing PN type FTEG a) Indoor ambiance b) Outdoor environment

the other hand, when the PN junction TEG is placed on the wrist in the outdoor
environment and with a temperature gradient of 1.6 K, it generates 56.05 mV, as
shown in Fig. 12(b). When a metal-semiconductor junction exists, there is always
a situation that allows the flow of the electrons to be incorporated depending on
the Fermi levels of both materials to match along with the direction of the flow
of the electrons. The resistance appearing due to the flow of the electrons from
the metal to the semiconductor interface leads to performance degradation if the
thickness and the thin film dimensions are not optimized.

• Graphene Derivative Based TE Thin Film
PANi/Graphite coated on cellulose fabric is done using the solvothermal process.
The XRD patterns captured for each coating applied to the cellulose cloth are
displayed in Fig. 13(a). A distinctive broad PANi peak can be seen at roughly
23°θ. The PANi is grafted on GO, increasing the interlayer gap, where the bond-
ing shift causes the matching peaks for the PGO composite fabric at 9° θ of (002)
plane. Because of decreased crystallinity, the removal of oxygen groups from
the GO surface, and the interaction of PANi with rGO, the PrGO plane at 25.8°θ
shows the plane shift. PANi, PGO, PrGO, and PG nanocomposites’ average crys-
tallite sizes are determined to be 5.64 nm, 4.68 nm, 20.176 nm, and 5.00 nm,
respectively. To provide further comprehension, the samples are depicted by X-
ray photoelectron spectroscopy, as shown in Fig 13(b). The PGO, PrGO, and PG
specimen exhibits peaks for C 1s (at 281-283 eV), N 1s (at 398-400 eV), and O 1s
(at 530-533 eV), indicating that C, O, and N make up the majority of the surface’s

10



Figure 13: (a) XRD plot of PANi, PGO, PrGO, and PG. (b) XPS graph of GO, PGO,
PrGO, and PG

Figure 14: (a) I-V plot (b) Thermopower of PANi and Graphite derivatives coated cel-
lulose fabric

elemental composition. The electrically conductive network is not supported by
the PANi aggregated nanocomposites on the cellulose fabric in Fig. 14(a), which
also displays high electrical resistivity. The electric network is built consistently,
and the even distribution of PANi on the graphene-coated fabric gives the PG-
coated cellulose fabric its linear curve and good conductivity. Fig 14(b) shows
the thermopower of PG-coated cellulose fabric, which displays a linear relation-
ship between temperature change and potential, and the positive slope shows the
p-type material. It is discovered that the Seebeck coefficient is 85.5 µV/K. Hence,
these materials are expected to be prominent for wearable thermoelectric devices.

5 Conclusions
In this work, the p-type Bi2Te3 and n-type Bi2Te3 TE devices have been investigated
for characteristics, performance, and suitable wearable applications. Based on the re-
search carried out, the report is structured into four major works: (a) Silicone elastomer
as filling material in a TEG, (b) Flexible conductive Ni-Cu coated polyester fabric act-
ing as interconnecting electrodes, (c) Fabrication and testing of Bi2Te3 Thin film TEG
on cellulose fabric, (d) Polyaniline incorporated Graphite and its derivatives as ther-
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moelectric material. The major findings from the work discussed in each chapter are
summarized below: (a) The FTEG prepared using silicone elastomer as filling material
is shown to overcome the limitations of rigid commercial thermoelectric generators.
Our research shows that the silicone mixture ratio, curing duration, mold temperature,
and their interactions are important factors for encapsulating or potting filler materials.
(b) Flexible conductive electrodes made of fabrics with both the electrical and mechan-
ical properties of fabrics are prepared to fabricate a well-defined flexible thermoelectric
power generator. The customized electroplated nickel copper on polyester fabric was
successfully shown to keep well adherent. (c) The hot plate experiment shows that ex-
treme hot weather based on environmental temperature could generate higher voltages
and power from the FTEGs and is very sensitive to temperature change. The FTEG
bending effect on the internal resistance. The length of the FTEG decides the value
of the bending radius and the FTEG encapsulation’s thickness. The human body tri-
als validated the FTEG’s suitability for wearable applications. (d) We have studied
thermoelectric transport properties of highly crystalline Bi2Te3 deposited films by DC
magnetron sputtering for highly efficient thermal energy harvesting applications. Also,
the Bi2Te3 coated on cellulose fabrics with n-type and p-type film at room temperature
as a thermoelectric generator shows excellent performance at low-temperature gradi-
ents due to the reduction of the number of resistive contacts at the PN junction. (e)
Lastly, PANi composite graphene nanoparticles were successfully grown on cellulose
fabric using in-situ polymerization and then thoroughly examined. The PG-coated cel-
lulose fabric exhibits consistent structural morphology with even distribution according
to the diffraction patterns. Developing an electrically conductive network minimizes
surface resistivity, highlighting the great improvement in the performance characteris-
tics. These promising results suggest that the material fabrication on cellulose fabric
can potentially be used for moderate waste heat harvesting for flexible wearable appli-
cations.

6 Organization of the Thesis
The proposed outline of the thesis is as follows:

Chapter 1: Introduction

Chapter 2: Literature Review

Chapter 3: Study of Cu-Ni Conductive Fabric as Electrode

Chapter 4: Investigation of Effect of Silicone Elastomer as Filling Material

Chapter 5: Performance Study of Flexible Thermoelectric Generator

Chapter 6: Fabrication of Thin Film Coated Pi and PN Junction Flexible Ther-
moelectric Generator

Chapter 7: Graphene Derivative Based Thermoelectric Thin Film

Chapter 8: Conclusion
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