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Abstract: Flexible thermoelectric generators (FTEGs) are garnering significant attention for their ability to
convert low-grade heat into electricity while maintaining mechanical flexibility, making them ideal for wearable
electronics and soft robotics. This review outlines recent advances in elastomer-based FTEGs, with a focus on
material selection, structural integration, and scalable fabrication. Emphasis is placed on the development of
multifunctional elastomers with enhanced thermoelectric performance, the strategies for embedding fillers to
maintain mechanical compliance, and the evolution of interfacial and module-level designs. Furthermore,
emerging approaches, such as kirigami-inspired architectures, ionic interfaces, and liquid-metal grids, are explored
for their role in improving device endurance and energy output. This review concludes by identifying key
challenges, including long-term stability, biocompatibility, and sustainable manufacturing. It also proposes future
directions that integrate geometry, chemistry, and computational tools to enable the next generation of deployable,
eco-friendly FTEGs.

Keywords: flexible thermoelectric generators (FTEGs); elastomeric composites; stretchable energy harvesting;
thermoelectric material integration; wearable electronics

1. Introduction

The rapid adoption of wearable electronics, including health monitoring devices, soft robotics, and smart textiles,
has highlighted the emerging need for lightweight, flexible, and autonomous power sources. Among various energy
harvesting approaches, flexible thermoelectric generators (FTEGs) have attracted much attention due to their ability
to convert body heat into electricity via the Seebeck effect, offering a silent, solid-state, and maintenance-free solution
for sustainable and continuous power supply [1]. Their potential to operate without an external charging infrastructure
makes them particularly attractive for long-term, body-integrated applications. However, despite their good energy
conversion efficiency, conventional thermoelectric materials such as bismuth telluride (Bi,Tes) are inherently brittle
and rigid, which severely limits their adaptability to stretchable or conformal forms. This mechanical mismatch
hinders their direct application in flexible or skin-conforming devices, where the materials must accommodate
repeated deformations and maintain close contact with dynamic surfaces.

To overcome these limitations, researchers have incorporated elastomeric materials into the FTEG
architecture. Elastomers have a number of key advantages, including high stretchability, biocompatibility, and
mechanical elasticity, allowing thermoelectric materials to be integrated into deformable platforms that can
withstand significant mechanical strains without compromising performance [2]. A variety of integration
strategies have emerged, ranging from liquid metal embedded elastomer (LMEE) composites with excellent
conductivity and mechanical durability to aerogel-silicone hybrids for epidermal applications with enhanced
comfort and thermal insulation [3]. Elastomers have also been explored as encapsulation layers to improve
environmental stability and water resistance [4], and as matrices for modular self-healing systems to extend the
life of devices under wear conditions [5]. In addition, elastomer-based substrates have enabled wearable
thermoelectric textiles and stretchable modules, expanding the application range of FTEG in clothing, soft
robotics, and bio-integrated electronics [6].
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Meanwhile, the development of scalable manufacturing techniques (e.g., screen printing, inkjet printing, and
roll-to-roll lamination) has opened up new possibilities for large-scale production and commercial deployment of
elastomer-based FTEGs [7]. Recent studies have also highlighted the multifunctional role of elastomers, including
their contribution to thermal management, such as mitigating local heating and improving temperature uniformity
through interface design [8]. In addition, nanomaterial-enhanced elastomers (e.g., elastomers with carbon nanotubes
or graphene) have shown significant improvements in electrical conductivity and thermomechanical stability [9].

Recent advancements have also demonstrated novel structural and functional designs for elastomer-based
FTEGs. For example, Cao et al. [10] developed a stretchable generator based on screen-printed Bi>Tes embedded
in a PDMS matrix. Lee et al. [11] introduced 3D kirigami-inspired thermoelectric modules that retain performance
under stretching by decoupling mechanical deformation from the conductive paths. These efforts underline the
importance of not only selecting the right elastomeric material but also optimizing the structural integration.
Moreover, hybrid integration approaches combining elastomers with emerging materials like MXenes, ionic
liquids, or biodegradable polymers are being actively explored further to improve system adaptability and eco-
compatibility [12]. The remaining FTEG elastomer references are listed in Table 1.

Table 1. Literature review on elastomer-based thermoelectric generators.
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Despite these advances, significant challenges remain in balancing mechanical flexibility with thermoelectric
efficiency, achieving stable filler dispersion, and maintaining long-term performance under cyclic mechanical
loading. Additionally, device reliability, biocompatibility, and integration with electronics for real-world usage
(e.g., wireless data transmission or energy storage) are still evolving [18,23]. Therefore, a comprehensive and
targeted review of the role of elastomers in FTEGs is both timely and necessary. Unlike previous reviews that
focus on thermoelectric materials or rigid device structures, this article places elastomers at the core of the
discussion, emphasizing that they not only serve as mechanical supports but also actively contribute to system
performance, durability, and functionality. This review aims to comprehensively introduce the latest progress of
elastomer-based FTEG technology, covering aspects such as material selection, composite material fabrication,
device architecture, and application scenarios. By critically evaluating existing approaches and identifying ongoing
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challenges, this study provides a roadmap for future research on utilizing elastomer materials to realize the next
generation of flexible, wearable, and self-powered energy systems.

2. Materials, Integration, Fabrication, and Functionality of FTEG

2.1. Role and Importance of Elastomers in FTEG

Elastomers in FTEG play a fundamental role in the development of flexible thermoelectric generators (FTEGs),
primarily by providing mechanical flexibility, stretchability, and structural resilience in dynamic environments.
Conventional thermoelectric materials such as Bi;Tes or PbTe are known for their better energy conversion efficiency;
however, they are inherently rigid, brittle, and prone to mechanical failure under strain [24,25]. These limitations
significantly hinder their application in next-generation wearable or deformable electronics that demand continuous
bending, folding, or conformal contact with non-planar surfaces such as human skin or biological tissue.

To address these mechanical constraints, elastomers, characterized by their low Young’s modulus, high
elongation at break, and excellent elastic recovery, have been widely adopted as flexible substrates, encapsulants,
or matrix materials in FTEG systems [26,27]. When used as matrix materials, elastomers enable the uniform
dispersion of thermoelectric fillers, including Bi>Tes; microparticles, carbon nanotubes (CNTs), graphene, and
MXenes, resulting in flexible composite materials that retain thermoelectric functionality while enduring repeated
deformation [28]. For instance, Zhang et al. [29] demonstrated that silicone elastomers combined with CNTs form
composites with improved stretchability and stable thermoelectric performance under strain cycles. Liu et al. [30]
incorporated graphene nanoplatelets into an Ecoflex matrix, achieving enhanced flexibility and conductivity
suitable for epidermal electronics. Xu et al. [31] presented fully printed FTEGs utilizing MXene-based inks and
vertically integrated thermoelectric chips. They discovered that the integration of MXenes enhanced electrical
conductivity and device flexibility, and the FTEGs demonstrated excellent mechanical robustness,
reconfigurability, and power output from low-grade heat, highlighting the potential of MXenes for next-generation
wearable and flexible energy-harvesting systems.

In addition to their mechanical benefits, elastomers serve essential roles in enhancing device safety and
environmental robustness. Their intrinsic electrical insulation prevents short-circuiting between embedded
thermoelectric fillers, while their thermal stability assists in managing heat distribution across the generator.
Furthermore, elastomer layers can act as protective barriers against moisture, oxidation, and mechanical abrasion,
thereby prolonging the lifespan of the device under real-world conditions. Du et al. [13] demonstrated that liquid
metal embedded elastomer (LMEE) composites maintained stable output across humidity variations and
mechanical stretching cycles. Furthermore, elastomers such as polydimethylsiloxane (PDMS) have been widely
used for their optical transparency and chemical inertness, making them ideal for hybrid integration with
optoelectronic systems [32].

Another critical advantage lies in the biocompatibility and softness of many elastomers, which facilitates direct
integration with the human body. These properties are crucial for wearable FTEGs intended for skin-mounted energy
harvesting, healthcare monitoring, or biomedical sensing. Advanced formulations using self-healing elastomers or
shape-memory polymers have further pushed the boundary, enabling autonomous repair of microcracks or
programmed deformation in response to environmental cues, thus enhancing the reliability and functional versatility
of FTEGs under complex usage scenarios. Lee et al. [33] developed self-healing thermoelectric modules based on
dynamic covalent bonds in polyurethane matrices that restored performance after damage. They proposed a
programmable shape-adaptive elastomer system that reconfigured its layout under temperature shifts, optimizing
thermal contact with skin surfaces. Elastomers not only provide mechanical support but also enable flexibility,
biocompatibility, and protection, making them ideal for wearable FTEGs. Future work should focus on improving
filler dispersion, interface design, and self-healing for enhanced durability and performance.

In addition, several studies emphasized the multifunctionality of elastomer composites. For example, Xu et al. [34]
developed multifunctional elastomer thermoelectric composites with tunable stiffness for conformal integration with
human joints. Jin et al. [1] reported elastomer-supported modular TEG arrays capable of powering IoT sensors under
variable mechanical loads. These findings indicate that elastomers are not merely passive mechanical supports but are
integral to the multifunctional design of FTEGs, bridging the gap between rigid energy materials and the soft dynamic
requirements of emerging wearable and bio-integrated electronics.

In summary, elastomers are crucial to FTEG systems, offering mechanical stretchability, resilience, and
biocompatibility for wearable applications. They address the brittleness of conventional thermoelectric materials
like Bi,Tes by serving as substrates or matrices that can endure repeated deformation. Elastomers enhance safety
and environmental resistance through insulation and moisture protection, while also enabling uniform dispersion
of fillers such as CNTs, graphene, or MXenes. Additionally, their softness and adaptability support integration
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with skin, making them suitable for bioelectronics. Advanced elastomers with self-healing or programmable
shape-memory properties further expand FTEG’s versatility, emphasizing their active, multifunctional role in next-
generation energy systems.

2.2. Types of Elastomers and Their Properties

A wide variety of elastomers have been explored in the development of FTEGs, each contributing uniquely
to mechanical performance, thermal stability, biocompatibility, and process compatibility. Among the most widely
used materials are polydimethylsiloxane (PDMS), polyurethane (PU), Ecoflex, and thermoplastic elastomers
(TPEs), which differ significantly in terms of their chemical structure, stretchability, and suitability for integration
with thermoelectric systems [35,36].

2.2.1. Polydimethylsiloxane (PDMS)

PDMS is particularly favored due to its transparency, biocompatibility, and ease of processing [37]. It offers
excellent chemical and thermal stability, ensuring reliable operation over a broad temperature range. However, its
intrinsic stretchability is relatively limited, typically below 150%, which may constrain its application in highly
deformable or dynamic systems unless it is reinforced with flexible fillers or blended with more elastic polymers.

2.2.2. Polyurethane (PU)

Polyurethane (PU) has emerged as one of the most versatile elastomers in FTEG research due to its excellent
balance of mechanical strength, flexibility, and chemical tunability [38]. PU consists of alternating soft and hard
segments, which can be molecularly tailored to produce a wide range of mechanical behaviors, from soft and
highly elastic foams to tough and rubber-like solids. This tunable morphology allows PU to exhibit high strain
tolerance, typically exceeding 300%, and excellent mechanical durability under cyclic deformation. This makes it
particularly suitable for applications where the device is subjected to frequent stretching, bending, or twisting. Its
abrasion resistance and toughness also make it a compelling choice for integration into dynamic wearable devices,
robotic skins, or joint-mounted sensors, where long-term stability is critical [39].

Furthermore, PU exhibits excellent adhesion to both organic and inorganic surfaces, enabling robust bonding
with thermoelectric fillers such as carbon nanotubes, graphene, or Bi>Te; particles. This interfacial compatibility
enhances filler dispersion and facilitates the formation of conductive percolation networks within the composite
matrix [40]. For example, Wu et al. [41] demonstrated a stretchable thermoelectric nanocomposite by dispersing
carbon nanotubes into a PU matrix, achieving both electrical conductivity and mechanical flexibility. Cao et al. [42]
developed a screen-printable FTEG using PU-based inks and found that the polymer matrix not only stabilized the
ink but also provided mechanical compliance during deformation.

In biomedical and skin-contact applications, PU’s biocompatibility and hydrophilic tunability are especially
advantageous. By adjusting the ratio of hard-to-soft segments or incorporating specific functional groups, PU can be
modified to achieve desirable moisture permeability, surface softness, or antibacterial properties, enabling safe and
comfortable long-term contact with human skin [43]. Recent developments in PU-based nanocomposites have also
demonstrated the ability to co-engineer thermoelectric and mechanical properties, for example, by incorporating
conductive nanofillers in aligned or gradient structures, or by applying microstructural patterning techniques such as
electrospinning or freeze casting. These advancements highlight PU’s potential as a foundation material for high-
performance, multifunctional FTEGs that demand both electrical efficiency and mechanical resilience.

2.2.3. Ecoflex

Ecoflex, an ultra-soft silicone-based elastomer, stands out for its exceptional stretchability, reaching up to
600%, and its low elastic modulus [44]. These properties make it ideal for applications requiring high comfort and
compliance, such as epidermal electronics or implantable biomedical devices. Despite these benefits, Ecoflex
generally suffers from lower mechanical durability, necessitating additional structural support or encapsulation for
long-term reliability. Thermoplastic elastomers, such as styrenic block copolymers and thermoplastic
polyurethanes, combine the flexibility of rubber-like materials with the thermal processability of plastics [45].
Their compatibility with scalable manufacturing methods, such as extrusion, injection molding, and 3D printing,
positions them as promising candidates for large-scale FTEG fabrication, especially when both mechanical
resilience and manufacturing throughput are required.
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2.2.4. Thermoplastic Elastomers (TPEs)

TEGs integrated with thermoplastic elastomers represent a compelling frontier in wearable electronics.
These hybrid devices harness body heat and convert it into electricity, enabling continuous, battery-free
operation of low-power electronics. The use of thermoplastic elastomers enhances mechanical flexibility and
stretchability, making the TEGs conformable to dynamic human motion without performance degradation. For
instance, embedding inorganic thermoelectric materials like Bi,Te; or poly(3,4-
ethylenedioxythiophene):polystyrenesulfonate (PEDOT:PSS) stretchable matrices [46] improves both energy
harvesting and mechanical durability. Chang et al. [47] presented an FTEG constructed using a TPE matrix that
embeds n-type and p-type Bi,Tes-based particles. The adopted TPE material was styrene-ethylene-butylene-
styrene (SEBS). The TPE provided mechanical stretchability and durability while maintaining thermal and
electrical pathways. The resulting FTEG achieved reliable power output under deformation, making it suitable
for wearable energy harvesting. Jeong et al. [48] reported a stretchable TEG utilizing thermoplastic elastomer
(TPE), specifically thermoplastic polyurethane, as a flexible substrate, combined with rigid thermoelectric
materials—specifically, BirTes-based p-type and n-type legs. These legs were embedded in an island-bridge
configuration to maintain electrical performance under mechanical deformation. Liquid metal interconnects
were used to ensure stretchable conductivity between thermoelectric islands. The TPE provided elasticity and
durability, allowing the TEG to conform to body movements while maintaining a stable power output.

Selecting an appropriate elastomer for FTEG integration requires balancing several interrelated factors.
Mechanical compliance is essential to ensure that the device maintains structural integrity under strain. At the
same time, compatibility with fabrication methods such as screen printing, casting, or roll-to-roll processing must
be considered to enable efficient production. From a device performance perspective, thermal and electrical
properties, including insulation behavior, thermal conductivity, and interfacial adhesion, must align with the
operational needs of the thermoelectric system. In wearable and biomedical applications, biocompatibility
becomes particularly critical to ensure safe long-term contact with the skin or tissue. Moreover, the ability of an
elastomer to effectively interact with thermoelectric fillers greatly influences the dispersion quality and percolation
network formation, both of which are key to maintaining high electrical conductivity and power factor in the
composite. To address the complex demands of modern FTEG applications, current research has increasingly
turned to the development of hybrid elastomer systems [49], nanocomposite formulations [50], and multifunctional
elastomers [13], such as self-healing, biodegradable, or stimuli-responsive variants, that can offer greater
adaptability for next-generation wearable energy harvesting platforms.

2.3. FTEG Fabrication

The fabrication of elastomer-based FTEGs has advanced toward the integration of high-performance
thermoelectric materials with stretchable and biocompatible matrices, aiming to deliver mechanically robust
systems capable of efficient energy conversion under dynamic conditions. Figure 1 illustrates five representative
FTEG configurations, each with distinct material combinations, fabrication features, and application potentials.

In Figure la, a multilayered FTEG architecture is demonstrated using PDMS as the elastomeric substrate.
This design incorporates Ag,Se (n-type) and poly(3,4-ethylenedioxythiophene): polystyrene sulfonate (PEDOT:
PSS)/multiwalled carbon nanotube (MWCNT) (p-type) composites as thermoelectric legs. To enhance both
electrical conductivity and mechanical compliance, eutectic gallium-indium (EGaln) liquid metal electrodes are
embedded between PDMS layers, forming soft and conductive interconnects that reduce interfacial resistance.
This configuration enables high output performance and flexibility, making it well-suited for dynamic energy
harvesting [51]. Figure 1b presents an alternative fabrication approach that utilizes Ecoflex-gelatin-based ionic
elastomers. The flexible frames and encapsulating layers are fabricated via mold-assisted casting and soft
lithography, enabling scalable production with excellent conformability. These FTEGs are optimized for
harvesting body heat and exhibit high adaptability on curved surfaces, such as human skin, making them ideal for
wearable thermal energy harvesting [52]. In Figure lc, a photothermal-assisted FTEG is depicted, which
incorporates a MoS,/polyurethane composite as a photothermal layer. When exposed to infrared (IR) radiation,
the photothermal layer generates localized heat, inducing a temperature gradient across the attached thermoelectric
elements. This strategy facilitates remote energy harvesting and is particularly promising for self-powered
optoelectronic systems [53].
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Figure 1. Representative fabrication strategies of elastomer-based FTEGs, highlighting material combinations,
fabrication features, and application scenarios.

Figure 1d illustrates a fabrication method based on a single conjugated polymer capable of dual-type
conductivity. Through chemical doping, the polymer can exhibit both n-type and p-type behavior, allowing for
solution-processable fabrication on flexible substrates. This eliminates the need for separate n- and p-type legs,
significantly simplifying device architecture while achieving high conductivity and power factors suitable for
lightweight and flexible electronics [54]. Figure le shows a modular, self-healing FTEG fabricated using a self-
healing polyurethane elastomer integrated with embedded thermoelectric legs and interconnected EGaln liquid metal
pathways. This design supports mechanical self-recovery after damage and further enables active thermal regulation
through built-in heating and cooling functionalities, expanding its utility in wearable thermoregulation systems [14].

Taken together, these fabrication strategies underscore the ongoing evolution of FTEG technologies toward
soft, scalable, and multifunctional platforms that are increasingly adaptable for real-world, body-integrated energy
harvesting applications.

2.4. Integration Strategies and Challenges

The integration of thermoelectric materials with elastomers is a pivotal step in the development of FTEGs,
aiming to combine high energy conversion efficiency with mechanical compliance. However, this integration
presents significant engineering and materials science challenges, particularly in achieving synergistic
performance without sacrificing either thermoelectric or mechanical properties.

Common strategies for integration include physical blending, in-situ polymerization, and layer-by-layer (LbL)
stacking [55]. Physical blending involves dispersing TE fillers (e.g., BioTes particles, carbon nanotubes, or
nanowires) directly into an elastomer matrix such as PDMS, Ecoflex, or thermoplastic polyurethane (TPU). While
this method is relatively straightforward and scalable, it often suffers from agglomeration of the fillers, leading to
non-uniform properties [56,57]. In-situ polymerization enables better interfacial bonding by polymerizing the
elastomer around the filler particles, which improves filler dispersion and interfacial adhesion but may be limited
by processing conditions and reaction compatibility. LbL stacking, on the other hand, assembles TE and elastomer
layers sequentially, offering structural control and modularity, but may introduce interface resistance and
delamination risks if adhesion is insufficient [55].

Key design considerations for all integration strategies include:

(1) Interfacial compatibility: Strong adhesion between TE fillers and elastomeric matrix is essential to prevent
interfacial delamination, especially under repeated bending or stretching cycles. Surface modification of
fillers, such as silane coupling agents or n-x interaction-enhancing treatments, is often employed to improve
compatibility [58]. To maintain high power factors during mechanical deformation, percolative networks of
conductive fillers must remain intact. This is particularly challenging at low filler loading, where
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stretchability is favored but electrical performance diminishes [59].

(2) Thermal conductivity matching: Discontinuities in thermal conductivity at the filler-atrix interface can lead to heat
losses and efficiency reduction. Strategies such as incorporating thermally conductive but electrically insulating
fillers (e.g., boron nitride) or engineering graded interfaces have been proposed to mitigate this issue [60].

Despite the promising functionalities offered by elastomers, several critical trade-offs must be navigated.
Elastomers are typically electrical and thermal insulators, necessitating high filler content to achieve functional
TE properties. However, excessive loading reduces mechanical compliance, introduces brittleness, and may hinder
processing [61,62]. To overcome these limitations, researchers have developed composite strategies that combine
elastomers with thermoelectric fillers and engineered architectures. Rather than relying solely on increasing filler
content, these approaches focus on optimizing the spatial arrangement, interfacial bonding, and device geometry
to balance mechanical flexibility with thermoelectric performance. Recent advancements in FTEG design focus
on enhancing stretchability, integration, and reliability. In Figure 2, strategies include PDMS-based vertical
stacking with liquid metal electrodes for conformability Figure 2a, Ecoflex-assisted modular fabrication for
scalability Figure 2b, self-healing systems using dynamic polymers and liquid metal interconnects for durability
Figure 2c¢, and planar architectures with improved thermal interfaces for performance optimization Figure 2d.
These approaches collectively support the development of robust, wearable energy-harvesting devices.

@ (b)
> >
-
[ T— PDMS Frame Filled Columns EGaln clectrode 0020 Fat
¥ -— . - EGain =1
kg ~— \ 4 ==
ey — xl
LCata — L 4
POMS

= oY

Flesible film

Figure 2. Recent structural and fabrication strategies for FTEGs. (a) multilayer fabrication on PDMS base [51], (b)
Ecoflex-based flexible structure and film fabrication [52], (¢) self-healing FTEG design and flexibility test [14],
and (d) device architecture and performance evaluation [54].

Moreover, fabrication scalability is a pressing concern. Techniques such as screen printing, 3D printing,
inkjet printing, and roll-to-roll (R2R) lamination have emerged as viable routes for producing large-area or
complex-pattern FTEG devices [63]. Nonetheless, ensuring consistent filler dispersion, controlled rheology, and
strong layer adhesion during these processes demands significant formulation and process optimization. Next-
generation integration approaches are increasingly centered on hierarchical architectures, such as interlocked or
kirigami-inspired mesh structures, which allow for localized strain accommodation while preserving global
conductivity [64]. Gradient interfaces, where filler concentration or stiffness varies gradually across the composite,
help alleviate stress concentration and improve mechanical reliability. Additionally, the development of
multifunctional composites, capable of concurrent energy harvesting, strain sensing, or self-healing, represents a
frontier in wearable and bio-integrated TE applications. Ultimately, successful integration strategies must
transcend simple mechanical blending and address the complex interplay between structure, property, and
processing, ensuring that FTEGs meet the stringent demands of real-world deployment, particularly in wearable
electronics, biomedical sensing, and low-power autonomous systems. A comparative summary of key elastomer-
integration approaches, their strategies, and applications is provided in Table 2.

7 of 15



Green Energy Fuel Res. 2025, 2(3), 239-253 https://doi.org/10.53941/gefr.2025.100017

Table 2. Comparative overview of elastomer-integrated thermoelectric generators.
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3. Future Work and Research Directions

3.1. Material Innovation and Multifunctional Elastomers

The pursuit of novel elastomeric materials with enhanced mechanical, electrical, and multifunctional properties
remains a key direction for advancing FTEGs. While traditional elastomers like PDMS, PU, and Ecoflex offer
valuable baseline properties, their limitations in electrical insulation, thermal conductivity, and long-term stability
under cyclic strain necessitate further material innovation [37]. Recent trends point toward the development of hybrid
elastomers that combine multiple functionalities such as self-healing, biodegradability, recyclability, and
responsiveness to external stimuli (e.g., heat, light, or humidity) [70]. For instance, Song et al. [71] demonstrated that
incorporating reversible Diels-Alder bonds into elastomers enabled autonomous healing of microcracks, significantly
improving the reliability and lifespan of thermoelectric devices. In parallel, Guo et al. [72] developed poly(glycerol
sebacate) (PGS)-based elastomers suitable for transient electronics and biomedical applications due to their controlled
environmental degradation.

Advanced nanocomposite elastomers that integrate carbon-based fillers such as graphene, carbon nanotubes,
and MXenes [73] or ceramic particles like boron nitride into polymer matrices have shown marked improvements
in thermal conductivity, electrical output, and mechanical resilience. Xu et al. [74] constructed three-dimensional
filler networks to enhance thermoelectric performance under strain, focusing on interface engineering to optimize
polymer-filler compatibility and reduce electrical resistance. In one example, Shalil and Balandin [75] developed
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graphene—multilayer-graphene epoxy composites that significantly improved cross-plane thermal conductivity,
establishing their promise as high-performance thermal interface materials. Furthermore, Zheng et al. [76]
independently developed filler alignment techniques, including shear-induced processing and electrospinning, to
boost anisotropic conductivity in composite systems.

Research has also shifted toward programmable and stimuli-responsive elastomers. Zadan et al. [77]
demonstrated shape-memory elastomers that adapt their shape in response to heat, enabling better mechanical
conformation in wearable platforms. Park et al. [78] and Feng et al. [79] separately worked on functionalizing
elastomers with ionic liquids or ionomers, reporting improved electrothermal responsiveness and more stable
interfacial charge transport. Efforts are also being directed toward scalable synthesis routes for these advanced
elastomers. Li et al. [80] proposed solvent-free polymerization and renewable monomer approaches that enhance
batch consistency while aligning with environmental sustainability goals. In addition, Xie et al. [81] promoted
green chemistry routes for large-scale fabrication without compromising material quality. The convergence of
material chemistry, nanotechnology, and polymer engineering is expected to yield next-generation elastomers that
are not only mechanically robust and biocompatible, but also multifunctional-paving the way for FTEGs that are
adaptive, autonomous, and seamlessly integrated into complex environments.

3.2. Advanced Integration Architectures and Interface Engineering

3.2.1. Transition from Traditional Composite Materials to Structured Microstructures

Although dispersion-based (random filler) and laminated composites laid the groundwork for FTEGs,
Jeong et al. [82] convincingly showed that these early systems failed once tensile strain introduced filler
agglomeration, interfacial voiding, and cascading performance loss. In response, the community progressively
shifted its focus from “mix-and-stack” recipes to architected microstructures and purpose-built interfaces that
could simultaneously sustain deformation, preserve percolation, and manage heat flow.

3.2.2. Interface-Toughening Approaches

With macroscopic compliance secured, investigators focused on the filler-matrix interface, long recognized
as the “Achilles’ heel” of stretchable composites. Lv et al. [83] fabricated through-thickness gradients in filler
loading and crosslink density; the concomitant modulus gradient dissipated interfacial shear and delayed crack
propagation beyond 1000 bending cycles. Wang et al. [84] inserted 20 nm polydopamine buffer layers and silane
coupling agents, which dropped contact resistance by ~25% and suppressed delamination during 5000 stretch
cycles. Gilbert et al. [85] took a chemical-adhesive route, grafting catechol moieties onto polyurethane; n—m and
hydrogen-bond networks “locked” Bi,Te; platelets into place and limited resistance drift to <3% over 10,000
cycles. Chen et al. [86] injected eutectic gallium-indium (Ga—In) into Ecoflex microchannels, forming a self-
healing conductive network that restored over 95% of its conductivity within 60 s after mechanical rupture.

3.2.3. Critical Assessment and Future Outlook

Geometry-derived strain relief supplies the “hardware” for mechanical endurance, while chemical or physical
interphases provide the “software” that maintains electron/phonon coupling under repeated deformation. Module-
scale matching and digital design complete the ecosystem, producing FTEGs that withstand >20,000 cycles at 100%
strain and deliver >15 pW-cm™? in realistic, motion-rich environments [87].

Challenges remain, notably scalable manufacturing of 3D micro-architectures, long-term stability under
sweat or UV exposure, and closed-loop coupling with energy-storage components. Addressing these gaps will
likely require hybrid strategies that merge additive manufacturing, responsive interfacial chemistries, and Al-
assisted lifecycle prediction. Nevertheless, the four-pillar framework of geometry, interface, integration, and
computation already provides a robust roadmap for transforming laboratory FTEGs into deployable power supplies
for on-body sensing, soft robotics, and the Internet of Things (IoT). Table 3 synthesizes key challenges and
corresponding strategies found within the literature into one cohesive table.

A system-level validation of these integration principles was provided by Liang et al. [88], who demonstrated
a multimodal health-monitoring bracelet powered entirely by FTEGs. The device combined flexible TE modules
with optimized energy management circuitry, achieving a high on-body power density of 153.3 mW c¢cm from an
ultralow self-startup voltage of 20 mV. By supporting continuous, battery-free monitoring of physiological and
environmental parameters, this example highlights how FTEGs can transition from laboratory concepts to robust,
application-ready platforms, while also revealing the persistent challenge of matching low-voltage outputs with
power conditioning electronics.
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Table 3. Literature-reported strategies for addressing long-term stability, biocompatibility, and sustainable

manufacturing in elastomer-based FTEGs.

Failure Quantitative/Reported
Key Challenge Mode/Concern Strategy Addressed Aspect Effectiveness Ref.
Interfacial Polydopamine buffer Sf'g:gig)t( h;él;ef;l(l)zr__ Contact resistance
debonding under (20 nm) + silane suppresses > ~25%; stable for 5000 [84]
cyclic strain coupling delamination cycles
Progressive Catechol-grafted Locks BiyTe; Resistance drift limited
rog . polyurethane (m—m & platelets; maintains  to <3% over 10,000 [85]
Long-term resistance drift .
. H-bonds) conductivity cycles
stability . ..
C Through-thickness Dissipates shear
Crack initiation and . ) Stable performance
ropagation modulus gradient  stress; delays crack bevond 1000 bends [83]
propag (filler & crosslink) growth y
Open circuits after L.M (Ga—In) Provides self-healing  >95% conductivity
microchannel . cr [86]
rupture . conductive pathways  restored within 60 s
interconnects
Skin irritation & Fu&ﬁﬁgﬁglw Reduces cytotoxicity;  Reported safe for [43]
cytotoxicity hydrophilic groups) improves skin safety prolonged skin contact
. o Lack of epidermal High comphqnce & Stretchability up to
Biocompatibility =~ comfort under Ecoflex elastomer softness; mimics skin 0/ . [44]
. ~600% without failure
stretch mechanics
Sweat, heat, & PDMS /silicone  Prevents degradation thanced stability
) ) during on-body wear [89]
moisture exposure encapsulation from sweat & heat tests
Energy-intensive, Solvent-free Lowers Improved
S environmental o
solvent-heavy polymerization & impact: ereener reproducibility and  [80]
processing renewable monomers pact, & sustainability
chemistry
Scalability & high-  Screen printing, Enables mass Screen-printed PU/CNT
throughput aerosol jet, roll-to-  production at low  inks: stable output & [50]
Sustainable fabrication roll (R2R) cost stretchability
manufacturing Enables

Demonstrated tunable
thermal gradients in

Direct ink writing

Limited structural (DIW) with in-situ

programmable filler [90]

programmability curin architecture & devices
& gradients
Lifecycle & end-of- Lifecycle assessment Identifies hotspots; LCA highlighted

guides recycling
strategies

recyclability/end-of-life [91]

life concerns ..
as critical

& eco-design

Beyond elastomeric composites, high-entropy thermoelectric materials represent an emerging solution where
configurational entropy stabilizes multi-element phases and enhances phonon scattering. Tang et al. [92]
demonstrated that such entropy-engineered systems can achieve competitive zT values without compromising
electrical transport. Although not elastomer-based, the concept of entropy-driven stabilization parallels the role of
chain dynamics and filler dispersion in elastomer composites [93]. Future efforts could explore embedding
nanoscale high-entropy fillers into elastomer matrices, combining entropy-engineered thermal management with
the mechanical compliance of soft systems to expand the design space for sustainable FTEGs.

3.3. Scalable Fabrication and Application-Oriented Optimization

Achieving real-world deployment of elastomer-based FTEGs depends not only on material performance but
also on scalable, cost-effective, and reproducible fabrication techniques. Conventional lab-scale methods, such as
drop-casting or spin-coating, though effective for proof-of-concept studies, are not suitable for mass production [94].

Emerging scalable methods include screen printing, inkjet printing, aerosol jet printing, and roll-to-roll (R2R)
lamination, which allow rapid deposition of thermoelectric composites onto flexible substrates with high resolution
and throughout [95]. For example, screen-printed PU/CNT thermoelectric inks have been used to fabricate
conformal energy harvesters with excellent stretchability and output power [50]. Ink formulation and rheological
control are essential for these methods to ensure uniform filler dispersion, film integrity, and interface adhesion.
Hybrid processing approaches, such as combining 3D printing with in-situ curing or laser patterning, enable the
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construction of complex architectures with spatially controlled properties [90]. For instance, direct-ink-writing of
elastomer-thermoelectric inks enables layer-by-layer construction of stretchable devices with programmable
thermal gradients and mechanical responses.

Beyond fabrication, application-oriented optimization is crucial. In wearable applications, devices must
withstand sweat, temperature fluctuation, and mechanical stress while maintaining performance. Encapsulation
strategies using biocompatible elastomers, breathable membranes, or hydrophobic coatings help improve comfort
and durability [89]. In biomedical contexts, sterilization compatibility and long-term skin contact must be verified
through cytotoxicity and irritation tests. Power conditioning circuits, storage systems, and wireless transmission
modules must be integrated to deliver usable energy. Recent developments have introduced FTEG-based systems
that autonomously power biosensors, motion detectors, or wireless nodes using only body heat [96]. These systems
require co-optimization of power output, mechanical resilience, and energy management circuitry.

Future efforts should also focus on lifecycle assessment, cost analysis, and eco-design of FTEGs, especially
for disposable or biodegradable devices. Sustainable material selection, energy-efficient manufacturing, and end-
of-life recyclability will become critical as flexible thermoelectric devices move toward commercial adoption [91].

4. Conclusions

Elastomer-based FTEGs represent a transformative class of energy harvesters with the potential to power
wearable devices and autonomous sensors in dynamic environments. Recent progress in material design,
particularly the integration of self-healing, biodegradable, and stretchable polymers, has expanded the functional
landscape of FTEGs. Advanced filler alignment, interface engineering, and scalable fabrication methods have
collectively improved thermoelectric efficiency without compromising mechanical flexibility. However, persistent
challenges such as achieving stable filler dispersion, minimizing interfacial resistance, and ensuring long-term
durability under repeated deformation must be addressed. Moreover, the incorporation of sustainable practices,
ranging from green synthesis to lifecycle assessment, is crucial for real-world deployment. Moving forward, the
convergence of hierarchical geometry design, multifunctional interphases, and Al-driven optimization is expected
to enable highly adaptive, resilient, and eco-compatible FTEGs suitable for a broad spectrum of practical
applications.
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