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Abstract:
Organic materials hold considerable promise for 
thermoelectric applications, particularly in flexible devices, 
due to their pliable and lightweight nature. Recent progress 
in this domain has been fueled by enhancements in 
organic thermoelectric materials and more efficient device 
designs. This review offers a comprehensive overview of 
these advancements. It begins by detailing the evolution 
and performance optimization of high-efficiency organic 
thermoelectric materials, emphasizing both chemical 
and physical modifications. The review also delves into 
innovative design strategies for flexible devices, covering 
new structural approaches, performance modeling, and 
thermal management techniques. Moreover, it examines 
advanced manufacturing processes like 3D printing 
and thin-film deposition. To highlight global trends and 
challenges, the review integrates findings from top research 
institutions. The review projects future breakthroughs in 
material development, characterization techniques, and 
device optimization, particularly focusing on advances in 
materials such as PEDOT:PSS and PANI. It underscores 
strategies to boost conductivity and the Seebeck 
coefficient. Remarkably, innovative device designs have 
substantially enhanced energy conversion efficiency, while 
numerical simulations have improved output voltage and 
power density. Furthermore, cutting-edge manufacturing 
technologies like 3D printing and solution processing have 
facilitated the scalable production of intricate structures. 
In summary, these collective advancements drive high-
performance, cost-effective, and sustainable thermoelectric 
technologies for diverse applications, including wearable 
electronics, energy harvesting, and thermal management.
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1. Introduction
Thermoelectric (TE) conversion technology, which trans-
forms heat directly into electricity, has attracted consider-
able attention. This is because it holds great potential for 
utilizing temperature differences to generate power and 
recover energy, making it applicable in a wide range of 
scenarios. As global energy challenges intensify and the 
drive toward sustainable development gains momentum, 
innovations in flexible electronics are offering fresh per-
spectives on the design of thermoelectric devices, espe-
cially through the use of organic materials.
Organic materials offer several advantages over conven-
tional rigid thermoelectric materials, including flexibility, 
low weight, and cost-effectiveness. Such characteristics 
make these materials well-suited for applications in wear-
able technology, portable devices, and Internet of Things 
(IoT) sensors. High-performance organic thermoelectric 
(OTE) materials namely poly(3,4-ethylenedioxythio-
phene) (PEDOT) and polyaniline (PANI), have been de-
veloped to increase electric conductivity, thermoelectric 
figure of merit (ZT), stability, and processability, showing 
promise in both laboratory and practical settings.
Diverse chemical and physical modification techniques 
have been utilized to enhance the thermoelectric charac-
teristics of organic substances. Chemical modifications 
include doping techniques and optimizing conjugated 
structures, while physical modifications involve selecting 
dopants, preparing composites, and applying nanotechnol-
ogy. These advancements have significantly enhanced the 
TE properties of organic/polymer-based materials, boost-
ing the performance of flexible TE devices.
Unlike conventional inorganic thermoelectric materials 
that suffer from fragility and intricate manufacturing pro-
cesses, organic alternatives provide enhanced pliability, 
simpler production methods, and economic advantages. 
This feature makes them particularly well-suited for flex-
ible thermoelectric applications, enabling efficient energy 
capture and supporting self-powered operations in various 
systems.
The growing demand for energy recovery and temperature 
gradient power generation, coupled with increasing envi-
ronmental awareness and advances in renewable energy 
technologies, has highlighted the potential of flexible 
thermoelectric devices as crucial clean energy solutions. 
These devices are especially relevant for mobile devices, 
wearable technology, and IoT applications, efficiently 
utilizing ambient waste heat for energy conversion. The 
rapid development of 5G technology and IoT has further 
intensified the demand for miniaturized, lightweight, and 
high-efficiency energy solutions, underscoring the poten-
tial of flexible thermoelectric devices in these fields.

Ongoing studies are dedicated to refining the chemical 
and physical alterations of organic materials with the goal 
of optimizing their thermoelectric properties and boosting 
the efficiency of flexible thermoelectric devices. As ad-
vancements continue, these innovative devices are poised 
to make significant contributions toward tackling global 
energy issues and fostering sustainable development.
The rapid advancement of flexible thermoelectric devices 
has been driven by innovative approaches in device de-
sign, structural optimization, and performance simulation. 
Cutting-edge technologies in this field primarily encom-
pass modular design, thermal management techniques, 
and numerical simulation methods. Modular design en-
hances the flexibility and scalability of thermoelectric de-
vices, allowing for better adaptation to diverse application 
scenarios. Thermal management techniques, for example 
cooling solutions and thermal isolation technology, dra-
matically enhance both the thermoelectric efficiency and 
durability of these devices. Numerical simulation methods 
play a crucial role in optimizing device design parameters 
and enhancing overall performance through comprehen-
sive thermoelectric performance simulations.
In terms of manufacturing processes, the integration of ad-
vanced technologies such as 3D printing, thin film deposi-
tion techniques, and solution processing has substantially 
improved the manufacturing precision and efficiency of 
flexible thermoelectric devices. Complex structures can 
be accurately manufactured using 3D printing technology, 
while thin-film deposition techniques ensure the uniformi-
ty and density of materials. Solution processing technolo-
gies contribute to reduced production costs and enhanced 
material processability.
In conclusion, the convergence of innovative design ap-
proaches, advanced manufacturing techniques, and the 
unique properties of organic materials has positioned 
flexible thermoelectric devices at the forefront of clean 
energy technology. The ability of organic materials to ad-
dress the limitations of traditional materials while offering 
enhanced performance and adaptability renders them key 
candidates for advancing flexible thermoelectric technol-
ogy. As ongoing research and development strive to boost 
the TE capabilities of organic materials and refine device 
efficiency, these flexible thermoelectric devices are set to 
become key players in tackling global energy issues. They 
are anticipated to meet the increasing demand for sus-
tainable and efficient power generation solutions across 
various applications, contributing substantially to the de-
velopment of more efficient and versatile thermoelectric 
devices in the future.
This study aims to systematically review and synthesize 
recent advancements in organic materials for flexible 
thermoelectric devices with the objective of elucidating 
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future research directions and developmental trajectories. 
By conducting a thorough examination of the available 
literature, this study examines enhancement of OTE ma-
terial performance, optimization of flexible thermoelectric 
device design, and innovations in manufacturing process-
es. Specifically, this study focuses on the following key 
aspects:

1. Material development: An examina-
tion of recently developed high-perfor-
mance OTE materials, analyzing per-
formance enhancement methodologies 
in terms of molecular structure opti-
mization, electrical conductivity, and 
thermal conductivity.
2.Device design optimization: Exploration of structural 
design principles, performance simulation techniques, and 
optimization strategies for flexible thermoelectric devices, 
including the application of thermal management technol-
ogies.
3.Manufacturing process innovation: A critical discussion 
of the application and potential of advanced technologies, 
such as additive manufacturing (3D printing), thin-film 
deposition, and solution processing, in the fabrication of 
flexible thermoelectric devices.
Through this comprehensive analysis, this study aims to 
provide a reference framework for future researchers and 
to contribute to the advancement of flexible thermoelec-
tric device technology. Furthermore, this study delves into 
the present difficulties and upcoming patterns within the 
discipline, offering valuable insights and guidance for re-
searchers in related domains.

2. Performance Enhancement of Or-
ganic Thermoelectric Material

2.1 Material Development
Organic materials, polymers like poly(3,4-ethylenedi-
oxythiophene) (PEDOT) and polyaniline (PANI) have 
emerged as the primary research focus owing to their ex-
ceptional conductivity and thermal stability. PEDOT and 
PANI have become the primary focus of research due to 
their exceptional conductivity and thermal stability. Atoyo 
et al. (2020) delved into a two-stage procedure employing 
ionic liquid (EMIM:TFSI) addition. Subsequently, they 
discussed reduction with NaBH4 improved the power fac-
tor of PEDOT:PSS, ranging from 0.04 µW·m−1·K−2 to 
33 µW·m−1·K−2 below 140 °C, as shown on Fig.1[1].

Fig. 1 Thermoelectric Properties of 
EMIM:TFSI Treated Films: (a, b) Electrical 
Conductivity, (c, d) Seebeck Coefficient, and 

(e, f) Power Factor for Untreated (a, c, e) 
and 1% w/v NaBH₄ Solution Treated (b, d, f) 

Films [1].
Sreevidya et al. (2023) describes the incorporation of 
carbon black (CB) into a polypyrrole/polyaniline (PANI) 
composite, which resulted in optimized electrical conduc-
tivity properties and elevated thermoelectric power factor. 
The three-component nanocomposite containing 30 wt% 
CB demonstrated an improved power factor of 0.0251 
μW/mK² and attained a notable figure of merit (ZT) of 4.37 
× 10⁻⁵ at a temperature of 370K, which was significantly 
higher than that of the other samples [2]. Zhou et al. pro-
vides the most comprehensive and recent investigation 
into methods for optimizing molecular structure and its 
effects on thermal conductivity in polymers. The paper 
examines the thermal transport physics and its connection 
to multiscale chain conformations in polymers with vari-
ous morphologies [3]. How the chemistry of polymers is 
explored that, their multiscale chain morphologies, and 
conformations influence phonon transport and thermal 
conductivity in both amorphous and crystalline polymers. 
[3]. The paper notably emphasizes the significance of 
intrinsically thermally conductive polymers (ITCPs) in 
addressing heat dissipation issues for high-voltage elec-
trical appliances and high-frequency microelectronics 
components. These polymers are presented as a potential 
solution to thermal management challenges in such appli-
cations [3].
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2.2 Material Characterization
In the field of material characterization, extensive interna-
tional research has been conducted, focusing on various 
aspects of thermoelectric materials and their characteriza-
tion methods.
Wang et al. (2022) focus on the advancement of n-type 
OTE materials, emphasizing modifications to molecule 
structures and solution processing. The authors explore 
strategies to enhance the conjugate framework by altering 
the conjugated backbone and diversifying the side chains, 
which can impact molecular stacking and, consequently, 
the material’s electrical properties [4].
Lee et al. (2019) characterized thermoelectric modules 
employing an impedance spectroscopy-based electrical 
equivalent model (ISEEM) at high temperatures. The 
study evaluated the thermoelectric properties of Bi2Te3 
this thermoelectric modules from around 25℃ to 150 °C, 
addressing the difficulties associated with quantifying 
thermoelectric properties at elevated temperatures via 
impedance spectroscopy [5]. The researchers developed 
an ISEEM that encompasses both impedance compo-
nent inherent to the thermoelectric module and parasitic 
electrical impedance associated with the measurement 
apparatus, thereby enabling precise extraction of the in-
trinsic properties of the Bi2Te3 module, thus overcoming 
the constraints imposed by electrical parasitic parameters 
existing between the measurement apparatus and the 
temperature-controlled chamber. The ISEEM method 
demonstrated high reliability in extracting the inherent 
attributes or fundamental parameters of a commercially 
available thermoelectric module, with an error rate of less 
than 5%. This module exhibited a maximum ZT of 0.73 at 
a temperature of 22 °C and 0.49 at 150 °C. These results 
highlight the effectiveness of impedance spectroscopy 
as a dependable and practical method for characterizing 
thermoelectric modules across various temperatures, en-
abling the extraction of key parameters like the Seebeck 
coefficient and ZT ([6,7]). Interestingly, Lee et al. (2019) 
also describes a new impedance spectroscopy-based meth-
od developed for characterizing thermoelectric modules 
at high temperatures up to 150°C. It uses an electrical 
equivalent model to account for parasitic impedances and 
extract intrinsic module properties [8].
Ali et al. (2022) improved Seebeck coefficient and the 
electrical conductivity of OTE materials through a facile 
approach using accumulation of ions from an ionic liquid 
on the surface of PEDOT:PSS films [9]. This methodol-
ogy notably improved the thermoelectric performance 
of PEDOT:PSS films by increasing Seebeck coefficient 
by 1.2-2 fold without remarkably affecting the electrical 
conductivity. Interestingly, this approach contradicts the 
typical balance between electrical conductivity and See-

beck coefficient seen in numerous TE materials. Ion accu-
mulation technique allowed for a simultaneous increase in 
both properties, which is usually challenging to achieve 
([10,11]). As a result of this improvement, PEDOT:PSS 
films demonstrated an exceptionally high power factor of 
754 μW m−1 K−2, which correlates to a ZT value of 0.75. 
The ZT value obtained is comparable to values exhibited 
by such as bismuth telluride at 300 K, demonstrating the 
potential of OTE materials to compete with their inorgan-
ic counterparts [12].

3. Design optimization of flexible ther-
moelectric devices

3.1 Device structural design
In the field of device design, researchers globally are fo-
cusing on enhancing the efficiency and reliability of flex-
ible thermoelectric devices. Regarding structural design, 
the modular design approach has progressively become 
predominant.
A novel approach to significantly enhance organic flexible 
thermoelectric devices was recently introduced, involv-
ing the design of circular, pliable thermoelectric devices 
employing an integrated modular architecture [13]. This 
method involves arranging separate units, consisting of 
sequentially connected p-n pairs arranged in an alternating 
manner, into a circular shape by joining their ends togeth-
er. This design strategy offers several advantages over 
traditional approaches. It saves space with its highly inte-
grated structure and it is capable of being directly attached 
to cylindrical structures, such as pipes, rendering it appli-
cable to a diverse array of scenarios. More significantly, 
the annular thermoelectric devices exhibit outstanding 
performance, surpassing the majority of prior research and 
the traditional sequential single-layer film architecture. 
For instance, a circular device incorporating 8 modules, 
each containing 3 p-n pairs, demonstrated a power out-
put of 12.37 μW when subjected to an 18 K temperature 
difference. This performance notably surpasses that of a 
comparable single-layer film configuration (1.74 μW) [13]. 
In conclusion, this innovative architecture design strate-
gy constitutes a notable progress in the realm of organic 
flexible thermoelectric devices. It not only improves per-
formance but also offers practical advantages in terms of 
space-saving and versatility. This approach is expected to 
significantly accelerate thermoelectric applications, then 
enhance the research in the field of composite and organic 
thermoelectric materials [13].
Yang et al. (2021) introduces the fundamental design 
tenets and typical architectures, along with the prerequi-
sites for TE materials to attain high-performance flexible 
thermoelectric devices [14]. The researchers emphasize 
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that pliable thermoelectric devices can efficiently trans-
form body heat into electrical energy, offering a potential 
means of continuous power supply for wearable tech-
nology. Based on various materials, the recent progress 
has been summarized in flexible TE devices, including 
traditional inorganic/organic, composites/hybrids, and 
inorganic semiconductors exhibiting plastic deformability 
[14]. While Yang et al. focus on material aspects, other 
researchers have explored different approaches to enhance 
device performance. For instance, topology optimization 
has been used to design double-layer thin-film flexible 
thermoelectric devices, considering coupled mechanical, 
electrical, and thermal effects ([15,16]). These optimized 
designs have shown significant improvements in output 
voltage, with increases of more than three times compared 
to flat devices. In conclusion, Yang et al.’s work provides 
a comprehensive overview of flexible thermoelectrics, 
emphasizing the importance of material selection and de-
vice configuration. Their study, along with other research 
in the field, demonstrates the potential of flexible thermo-
electric devices for wearable applications and highlights 
the need for continued development in both materials and 
device design to improve performance and efficiency.
Recent research has also shown significant improvements 
in the energy conversion efficiency of TE devices via 
enhanced structural design: Researchers have developed 
A segmented n-doped Mg3(Sb, Bi)2 compound featur-
ing multiple segments and low-resistance buffer layers, 
coupled with a cubic p-type GeTe material engineered to 
inhibit phase transitions to align with segmented n-type 
legs. By optimizing the module size using a three-dimen-
sional FEM (Finite Element Model) for analysis, they 
achieved a impressive energy conversion rate of (12.8 
± 0.8)% when temperature on the hot side reached 773 
K, accompanied by a temperature differential of ≈480K 
[17]. This approach demonstrates the effectiveness utiliz-
ing layered modular designs and sophisticated parameter 
fine-tuning to enhance device efficiency. Moreover, A 
separate investigation examined the combination of TE 
generators with 2D, fan-configured thermal metamateri-
al-based energy capture systems for the regulation of. This 
innovative approach resulted in a 3.2-fold enhancement 
of TE generators compared to natural materials under the 
same experimental conditions [18]. In conclusion, recent 
advancements in structural design, including segmented 
modules, optimized module sizes, and integration with 
thermal metamaterials, have shown promising results in 
improving the efficiency of energy conversion in ther-
moelectric systems. These approaches demonstrate the 
importance of considering not only material properties but 
also device architecture and thermal management in en-
hancing thermoelectric performance.

3.2 Performance simulation and optimization
Numerical simulation methods have been extensively uti-
lized to optimize the performance of such devices.
Xing et al. (2024) delineates an optimization method for 
designing dual-layer, thin-film flexible thermoelectric 
systems, which utilizes numerical simulations to enhance 
output voltage and improve energy utilization efficiency. 
This study explored the interconnected effects of mechani-
cal, electrical, and thermal factors, optimizing force paths, 
heat dissipation, and circuit topology. Validation through 
simulations and experiments showed a threefold increase 
in output voltage compared to flat devices [16]. Concur-
rently, Yang et al. (2024) also elucidates the utilization of 
finite element simulation to refine geometrical attributes 
of full-inorganic flexible TE devices [19]. This approach 
led to a significant improvement in performance, notably 
in terms of power density, with an 84% increase relative 
to the state prior to optimization. In conclusion, while the 
specific Cambridge research is not mentioned, the provid-
ed context demonstrates that numerical simulation meth-
ods are indeed being employed to analyze and optimize 
the performance of flexible TE devices. These studies 
underscore the significance of device geometry, material 
properties, and coupled physical effects in improving the 
efficiency and output of such devices.
Many findings indicate that output voltage and power 
density can be enhanced by optimizing device size, filling 
factor, and selection of OTE materials. For instant, Gordiz 
et al. (2017) explores practical approaches to overcome 
the constraints of OTE systems by arranging thermoelec-
tric components in a hexagonal close-packed configura-
tion. Compared to traditional inorganic devices that have 
a fill factor of approximately 25%, this method attains sig-
nificantly higher fill factors (~91%), leading to increased 
voltages and power densities as a result of reduced in-
terconnect resistances. Additionally, the study suggests 
arranging the legs in a Hilbert space-filling configuration, 
which enhances load compatibility and more effectively 
manages uneven temperature distributions [20].
Li et al. (2018) describes a self-supporting polymeric 
thermoelectric device with high power output density, uti-
lizing a highly conductive PEDOT:PSS film. When sub-
jected to a mild temperature gradient of 29 K, a peak out-
put power density of 99 ± 18.7 µW cm−2 was observed, 
marking the utmost level attained among unmodified PE-
DOT:PSS-based thermoelectric devices [21].
Nayak et al. (2023) demonstrates that tuning micro strain, 
dislocation density, and carrier concentration in sele-
nium-doped polyaniline hybrid composites exhibited a 
39.10% enhancement in the Seebeck coefficient and a 
60.22% increase in electrical conductivity. Upon substi-
tuting 90% by weight of Selenium-doped polyaniline with 
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graphite, the system attained a power density of 0.65 mW/
m² under external loading conditions [22].
In conclusion, these studies demonstrate that optimizing 
device design, material selection, and composition can 
significantly increase the output voltage and power densi-
ty of organic and hybrid thermoelectric devices, thereby 
increasing their suitability across a range of applications, 
such as energy harvesting and wearable electronics.

4. Innovation in manufacturing tech-
nology
The advancement in manufacturing processes for flexible 
thermoelectric devices has exhibited significant innova-
tion in recent years. Technologies such as three-dimen-
sional printing and thin-film deposition have emerged as 
key areas of focus, offering novel pathways for enhancing 
the performance and scalability of these devices. These 
methodologies not only enable precise control over mate-
rial composition and structure but also facilitate the inte-
gration of flexible thermoelectric systems into a broader 
range of applications. This progress establishes a foun-
dation for further exploration of additional cutting-edge 
techniques that continue to advance the field.

4.1 3D Printing
Nowadays, 3D printing technique has emerged as a prom-
ising approach for the fabrication of flexible TE devices 
with complex structures, significantly improving their per-
formance.
Extrusion printing, in particular, has shown great poten-
tial in creating high-efficiency TE materials possessing 
intricate three-dimensional (3D) structures [23]. This 
method, combined with Bayesian optimization strategies 
and high-throughput experimental techniques, has accel-
erated the search for optimal ink formulations and process 
parameters, leading to printed BiSbTe as based materials 
with an ultrahigh ZT of 1.3 at room temperature, the high-
est reported as printed thermoelectric materials [23].
The use of 3D printing in thermoelectric device fabri-
cation allows for the creation of shape-conformable and 
wearable devices, as well as micro-devices with custom-
ized designs [24]. This flexibility in design enables better 
adaptation to various heat sources, minimizing heat loss 
and improving overall efficiency [25]. For instance, to 
fabricate annular TE devices, direct-writing 3D printing 
technology has been employed, enabling their application 
to any shape of heat source, demonstrating excellent per-
formance at room temperature [25].
While 3D printing offers advantages in creating complex 
structures, other printing methods have also demonstrated 
significant improvements in thermoelectric performance. 
For instance, inkjet printing has been used to fabricate 

Ag2Se-based films and devices with exceptional power 
factors and normalized power outputs [26]. Additionally, 
screen printing has shown promise in producing low-cost, 
flexible, and quick manufacturing solutions for thermo-
electric devices [27].
In conclusion, 3D printing, particularly extrusion printing, 
has demonstrated its ability to create complex structures 
that enhance thermoelectric performance. However, oth-
er printing techniques such as inkjet and screen printing 
have also shown significant advancements in fabricating 
flexible thermoelectric devices. The selection of printing 
method hinges on application-specific requirements, for 
example material compatibility, desired structure com-
plexity, and performance targets.

4.2 Thin-film deposition
In the realm of materials science and engineering, thin-
film deposition technology plays a pivotal role, enabling 
the creation of ultra-thin material layers on a variety of 
substrates.
Advancements in high-performance OTE thin films using 
magnetron sputtering technology have been reported that 
Zheng et al. (2018) reported on the fabrication of p-type 
multilayer thin films composed of “Sb2Te3/CH3NH3I/
Sb2Te3” through an annealing process, resulting in the 
formation of homogeneous organic-inorganic hybrid thin 
films. This methodology notably improved the thermo-
electric properties, attaining a peak ZT value of 1.55 at 
413 K, which represents a substantial increase—several-
fold higher—compared to the initial, as-fabricated film 
[28].
Wu et al. (2024) emphasize the latest progress in the field 
of thermoelectric thin films utilizing p-type doped conju-
gated polymers (CPs). It mentions that CPs have gained 
attention because of eco-friendliness, economic efficiency, 
mechanical flexibility and adjustable chemical architec-
tures. This paper delves into the correlation between mod-
ifications in chemical structure and thermoelectric prop-
erties, as well as various doping strategies to optimize the 
power factor in OTE devices [29]. Wang et al. (2022) fo-
cuses on the advancement of n-type OTE materials, which 
have been constrained by poor air stability, low mobility, 
and inefficient doping. Methodologies aimed at optimiz-
ing conjugate structures and demonstrated the significance 
of controlling solution aggregation in both the preparation 
and resultant properties of films have been discussed. It 
also introduces organic diradicals as potential n-type OTE 
materials with no doping required [30].
Interestingly, Gogoc and Data (2022) highlights the grow-
ing interest in OTE materials due to the poisonous nature 
of inorganic substrates and the challenges inherent in pro-
cessing them into thin, flexible films, the paper posits that 
the future of OTE materials, which could potentially lead 
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to more stable and suitable materials for mass production 
[31].

4.3 Solution processing
Solution processing technologies like inkjet printing and 
screen printing have gained significant traction in the fab-
rication of flexible TE devices owing to their versatility, 
cost-effectiveness, and scalability. These methods enable 
the accurate deposition of TE materials onto a diverse 
range of substrates, including flexible and conformable 
surfaces.
Inkjet printing, in particular, offers high resolution and 
meticulous control over the placement of materials, there-
by facilitating the fabrication of intricate patterns and 
structures necessary for efficient thermoelectric devices. 
For instance, researchers have successfully employed 
inkjet printing to create high-performance flexible TE de-
vices employing metal chalcogenide nanowires, which at 
around 400K a peak power density of 0.9 µW cm−2 K−2 
and a power factor of 493.8 µW m−1 K−2 were attained 
[32]. Inkjet printing technology is a good choice for fab-
ricating large-area flexible TE films, offering significant 
advantages for mass production. This technique makes 
possible for the direct transformation of TE nanocrystals 
into adaptable energy-harvesting devices and cooling sys-
tems [33].
Screen printing, on the other hand, is well-suited for larg-
er-scale production and can handle a wider range of mate-
rial consistencies. This method also makes possible for the 
production of large-area devices, tailoring it to suit vari-
ous OTE compositions ([34,35]). The screen printing pro-
cess has demonstrated its effectiveness in creating flexible 
thermoelectric generators (TEGs) with organic materials 
such as PEDOT:PSS/methyl cellulose composites[35] and 
graphene-based inks [34]. These materials can be easily 
deposited on flexible substrates like polyvinylidene fluo-
ride or polyimide, enabling the production of bendable de-
vices that can conform to complex surfaces. The ability to 
handle different viscosities allows for the incorporation of 
additives and post-treatments, such as DMSO, which can 
enhance the printed films’ thermal and electric properties 
[35]. In conclusion, screen printing technology offers a 
tremendous potential for mass production of flexible OTE 
materials. Its compatibility with various material compo-
sitions, ease of operation, and ability to produce devices 
up to m² in size make it an attractive option for advancing 
the field of OTE ([34,35]).

5. Challenges and Future Prospects

5.1 Challenges
Flexible thermoelectric devices have demonstrated signif-

icant advancements in recent years, with notable improve-
ments in material properties, device design, and manu-
facturing processes. However, several challenges persist 
in their practical implementation. One of the primary 
concerns is the long-term stability and durability of the 
materials utilized in these devices. While current materials 
exhibit favorable thermoelectric properties, their ability 
to uphold functionality across prolonged periods of utili-
zation in real-world conditions remains a critical area for 
improvement. This is particularly significant for applica-
tions that require consistent and reliable energy harvesting 
or cooling over prolonged durations.
Another substantial obstacle is the optimization of manu-
facturing costs and efficiency for large-scale commercial 
production. Current fabrication methods, while effective 
for research and small-scale production, may not be eco-
nomically viable for mass manufacturing. This necessi-
tates the development of more cost-effective and scalable 
production techniques that can maintain the quality and 
performance of the devices. Furthermore, thermal man-
agement techniques for these flexible devices require 
further refinement to enhance overall system efficiency. 
Effective heat dissipation and temperature control are 
crucial for maximizing the performance of thermoelectric 
devices, especially in applications where compactness 
or wearability is a constraint due to limited space. Many 
researches are anticipated that these challenges will be 
addressed through continued technological advancements, 
potentially leading to wider adoption of flexible thermo-
electric devices in various practical applications.

5.2 Future Prospects
The future of thermoelectric technology stands on the 
brink of substantial progress, propelled by concurrent 
advancements in high-efficiency organic materials and 
cutting-edge flexible device architectures. Research ef-
forts will focus on enhancing the intrinsic attributes of 
OTE materials, aiming to improve overall figure of merit 
, Seebeck coefficient, the thermal and electrical conduc-
tivity. These improvements will be crucial in narrowing 
the performance gap between organic and inorganic ther-
moelectric materials, making organic-based devices more 
competitive in various applications. Simultaneously, the 
design of flexible thermoelectric devices will evolve to in-
corporate novel architectures, such as multi-layered struc-
tures, micro- and nano-scale features, and hybrid material 
systems, to maximize energy conversion efficiency and 
mechanical durability.
As research progresses, it is anticipated that breakthroughs 
in the synthesis and manufacturing of OTE materials will 
occur. Molecular engineering, advanced doping tech-
niques, and nano structuring approaches will be employed 
to coordinate their electronic and photonic properties. This 
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will issue in the development of OTE compounds, which 
will significantly improve power factors and reduce ther-
mal conductivity, pushing the boundaries of their energy 
conversion capabilities. In parallel, the integration of these 
materials into flexible device platforms will open up new 
possibilities for wearable and conformal energy harvest-
ing systems. Innovations in printing technologies, such as 
continuous processing and additive manufacturing, will 
enable the large-scale fabrication of complex thermoelec-
tric structures with precisely controlled geometries and 
material compositions.
The convergence of these advancements will establish the 
groundwork for a new generation of thermoelectric devic-
es with unprecedented performance and versatility. It is 
anticipated that highly efficient, lightweight, and conform-
able thermoelectric generators capable of harvesting waste 
heat from various sources, including the human body, 
industrial processes, and everyday electronic devices, 
will emerge. These developments will not only contribute 
to energy conservation efforts but also enable novel ap-
plications in areas such as wearable bioelectronics with 
self-energy supply, autonomous sensors for the IoT, and 
thermal management solutions for advanced electronics. 
As the field continues to evolve, interdisciplinary collabo-
rations between materials scientists, device engineers, and 
computational scientists are important.
As these technologies mature, an expanding range of ap-
plications is expected to be identified in diverse sectors, 
including wearable electronic systems, automotive, aero-
space, and industrial waste heat recovery. The modular 
design principles and advanced manufacturing techniques, 
will enable scalable production of flexible thermoelectric 
devices, potentially reducing costs and expanding market 
accessibility. This convergence of material science, device 
engineering, and manufacturing innovation is likely to 
accelerate the commercialization of flexible thermoelec-
tric technologies, offering sustainable solutions for energy 
harvesting and power generation in scenarios where tradi-
tional rigid thermoelectric systems are impractical or in-
efficient. The synergy in this field between academic and 
industrial advancement will play a key role in surmount-
ing existing constraints and harnessing the complete ca-
pabilities of OTE technology in addressing global energy 
challenges.

6. Conclusion
In conclusion, recently flexible thermoelectric devices 
based on organic materials has witnessed significant ad-
vancements, inspired by improvements in material’s per-
formance, device design, and manufacturing techniques. 
Key developments include the optimization of organic 
thermoelectric(OTE) materials through chemical and 

physical modifications, innovative structural designs for 
flexible devices, and the integration of advanced manu-
facturing technologies such as 3D printing and thin-film 
deposition.
Despite these achievements, challenges remain in areas 
such as long-term stability, cost-effective large-scale pro-
duction, and thermal management. However, the future 
prospects for this technology are promising. Continued 
research is expected to yield further enhancements in 
material properties, device efficiency, and manufacturing 
processes. This progress will likely lead to the develop-
ment of highly efficient, lightweight, and conformable 
thermoelectric generators capable of extracting waste heat 
from diverse sources.
As the field evolves, flexible OTE systems are positioned 
to assume a growing significance in addressing global 
energy challenges. Their potential applications span wear-
able electronics, IoT sensors, and industrial waste heat 
recovery, contributing to energy conservation efforts and 
enabling novel self-powered systems. The convergence of 
material science, device engineering, and advanced man-
ufacturing techniques will be crucial in realizing the full 
potential of OTE technology and its widespread adoption 
in diverse sectors.
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