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Abstract

Flexible thermoelectric generators (TEGs) are transforming wearable electronics by harvesting
body heat as a sustainable power source, offering an alternative to conventional energy systems.
However, their performance is often constrained by low thermal-to-electrical conversion
efficiency. This work presents a detailed numerical investigation, based on finite element
analysis (FEA), to optimize direct-written organic micro-TEGs (u-OTEGs) embedded in
flexible substrates for enhanced skin-heat energy harvesting. Organic semiconductors,
including p-type poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) and
n-type poly(benzodifurandione)/benzodipyrandione (PBFDO/BPDO), were selected for their
tunable electrical and mechanical properties. Key design parameters were systematically
refined to maximize power density and conversion efficiency. The embedded structure
effectively minimizes interfacial heat loss, ensuring stable performance across various body
locations and thermal conditions. Under optimized conditions, the embedded-leg n-OTEG
increases the temperature gradient (AT) from 3.58 °C to 10.4 °C, raises the open-circuit voltage
(Voc) from 10.41 mV to 18.4 mV, and boosts the output power from 0.83 uW to 2.56 pW.
Remarkably, the proposed architecture achieves over a 250% enhancement in thermal
efficiency compared with conventional wearable TEGs, attributed to the optimized embedded
configuration. These findings highlight the potential of direct-written organic TEGs as scalable,

self-powered platforms for next-generation wearable and biomedical devices.
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1. Introduction

The field of wearable technology has advanced rapidly alongside the spread of personalized
electronic devices such as smartwatches, healthcare monitoring platforms, artificial intelligence
systems, and the Internet of Things (IoT) [1-9]. Increasing attention has been directed toward
the development of flexible, self-powered electronic systems fabricated from eco-friendly
materials and utilizing renewable energy sources, including solar and thermal energy. These
devices are particularly appealing due to their ability to conform to complex three-dimensional
(3D) surfaces and irregular geometries such as the contours of the human body while operating
independently of conventional batteries [10-14]. Energy harvesting from the human body
represents a promising approach to ensure a continuous and sustainable power supply for
wearable electronics. Several energy conversion mechanisms have been explored for this
purpose, such as triboelectric [15], piezoelectric [16], pyroelectric [17], and thermoelectric
generator (TEG) technologies [18]. With ongoing progress in flexible and skin-integrated
electronics, the integration of self-sustained energy systems capable of dynamically interfacing
with the human body is becoming increasingly feasible. Among these, TEGs are particularly
notable for their inherent ability to deliver continuous direct current (DC) power without the
need for complex energy management circuits, while also offering long-term stability and
maintenance-free operation.

TEGs can effectively harvest sustainable energy from the temperature gradient between a heat
source such as the natural heat emitted by human skin and the surrounding environment,
converting thermal energy into electrical power through the Seebeck effect [19,20]. Despite
their high TE efficiency, conventional inorganic semiconductor materials with high TE
performance, including Bi;Te; and SbyTes, are costly to fabricate, rely on scarce and toxic
elements, and possess intrinsic rigidity [21-25]. For wearable applications, key parameters such
as low weight, material composition, thickness, softness, flexibility, and conformability are as
critical as overall efficiency and cost-effectiveness. Consequently, while inorganic TE materials
are widely studied for their superior performance [26], their brittleness, toxicity, scarcity, and
high density significantly limit their integration into body-heat harvesting systems. In contrast,
organic-based TEGs offer remarkable advantages, including high mechanical flexibility,
lightweight nature, environmental compatibility, and excellent biocompatibility, making them
highly suitable for skin-conformal and wearable applications [27]. Extensive research efforts
have therefore focused on developing flexible organic TEGs to optimize energy extraction from

human body heat [28-35].
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BixTes-based TEGs built on flexible substrates such as PDMS, PEN, and PI have emerged as
promising candidates for wearable energy harvesting due to their tunable mechanical
compliance and favorable TE properties, enabling design-driven device architectures for on-
skin operation [36-40]. Early flexible modules retained bulk BiTes/SboTeslegs while
employing eutectic gallium-indium (EGaln) liquid-metal interconnects, combining high TE
performance with stretchable, skin-conformal packaging [41,42]. Optimization of filler thermal
conductivity further improved AT across the TE legs and enhanced power density by balancing
heat spreading and minimizing parasitic heat leakage [43]. A flexible TEG composed of p-type
and n-type BixTes legs assembled on a PI substrate laminated with a copper electrode layer has
been developed [44]. These TEG platforms, integrated with ultra-low-voltage energy
management circuits and Bluetooth telemetry, enable stable sensing and wireless
communication at temperature differences as small as 2-4 °C, thereby minimizing the need for
external batteries in wearable applications. Despite notable advancements, BiTes-based
flexible TEGs still face challenges related to material toxicity, and high density, which hinder
their large-scale deployment in wearable technologies [45]. Their relatively heavy and
voluminous structures contrast with the miniaturization trends of modern electronics and pose
concerns for direct skin-contact applications due to the scarcity and potential toxicity of
constituent elements. These limitations continue to drive the development of lighter,
biocompatible, and miniaturized TE materials, as well as innovative packaging and thermal-
architecture designs aimed at reducing mass and volume while maintaining milliwatt-level
body-heat energy conversion [46].

Extensive research has explored conducting polymers such as polyaniline [47], polypyrrole [48],
carbon-based composites [49], PEDOT:PSS [50] as promising flexible TE materials for
organic-based TEGs. These materials are particularly attractive for next-generation wearable
energy-harvesting systems due to their combination of mechanical flexibility and tunable TE
performance, where electrical conductivity can be precisely tailored through chemical doping
[51]. In this context, Massetti et al. [52] reported a fully direct-written organic p-TEG based
on printable p- and n-type TE inks, achieving monolithic integration on flexible substrates and
demonstrating the feasibility of scalable, low-cost fabrication for self-powered microsystems.
Organic-based flexible TEGs have found diverse practical applications, ranging from body-heat
harvesting for wrist- and glove-integrated sensors to high-temperature monitoring and fire-
warning systems, underscoring their versatility in self-powered wearable electronics. For
example, flexible 3D spiral TEGs fabricated from PEDOT:PSS-tosylate/tellurium/single-
walled carbon nanotube (PEDOT-Tos/Te/SWCNT) ternary nanocomposite films have achieved
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output powers of 7.04 and 9.59 pW under an 80 °C temperature difference when integrated into
wrist-worn devices [53]. In glove-based applications, highly elastic and flame-retardant TE
aerogels composed of PEDOT:PSS/SWCNT composites have been employed for self-powered
high-temperature sensing and fire warning, reaching output powers up to 400 uW under a
300 °C gradient. Similarly, Du et al. [54] demonstrated a reduced graphene oxide
(rGO)/rPEDOT:PSS-based self-powered motion sensor capable of accurately recognizing
multiple hand movements. Although the power output of such organic TEGs typically lies
within the milliwatt-to-nanowatt range, their eco-friendliness, lightweight nature, ease of
synthesis, and material abundance continue to motivate efforts toward performance
enhancement through improved material engineering and architectural optimization. For
instance, Lv et al. [55] proposed a 3D spring-like TEG (S-TEG) composed of dual elastomer
layers and thermally insulating air gaps to efficiently exploit vertical temperature gradients.
Thermal modeling confirmed enhanced interfacial heat transfer, reduced internal heat leakage,
and improved ambient heat dissipation, yielding an output of 749.19 nW under a 30 °C
temperature difference using only three pairs of SWCNT-based p—n couples.

In parallel, several numerical and theoretical studies have investigated strategies for optimizing
heat-energy harvesting in self-powered wearable systems [56-66]. Tang et al. [67] employed
finite element modeling to develop a multifactor design roadmap for wearable p-TEGs,
identifying optimal parameters such as packing density, leg geometry, and convective heat
transfer coefficient, whereas Suarez et al. [68] proposed a quasi-3D computational model to
evaluate both rigid and flexible module designs. More recently, flexible thin-film TEG
architectures designed for on-skin applications have provided detailed structural and thermo-
mechanical frameworks optimized for curved, low-profile surfaces [69]. Another study
systematically examined the effect of TE leg geometry in thin-film TEGs, revealing that leg
shape strongly influences electrical performance, power density, and device footprint in flexible
configurations [70]. While these studies have substantially advanced the understanding of
individual aspects ranging from material to device modelling, the integration of organic u-TEG
design with human skin remains underexplored, representing an important direction for future
development in self-powered wearable electronics.

In this work, we unveil a numerical study of skin-heat energy harvesting through a p-OTEG
ingeniously embedded in flexible substrates. Leveraging FEM simulations, we optimize critical
design parameters such as leg geometry, dimensions, asymmetry ratio, electrode thickness, and
leg numbers to overcome the challenges of integrating TEGs onto the human body, unlocking

efficient thermal-to-electrical conversion. Moreover, to enhance the thermal efficiency of the
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optimized flexible TEGs for wearable applications, we employ a design where thermoelectric
(TE) legs are embedded within the substrate, significantly boosting performance through

reduced heat loss and improved energy harvesting.

2. Methods

2.1. Simulation of TE device properties

A three-dimensional steady-state FEM was developed using COMSOL Multiphysics to
numerically study the electrical and thermal properties of TEG devices. The
optimization model for a film TE leg is described in Supporting Information Figure S1.
Post-treated PEDOT:PSS, poly(benzodifurandione)/benzodipyrandione (BPDO)
PBFDO/BPDO, and silver were selected as the materials for p- and n-type TE leg, and
electrode, respectively. The electrical and thermal characteristics of these materials are
detailed in Supporting information Table S1. The PEDOT:PSS and PBFDO/BPDO legs
were treated as effective isotropic media, using the experimentally reported in-plane
parameters as direction-independent inputs [S0, 71]. This approximation is justified
because the study focuses on the relative comparison of device architectures under
identical material properties.

The p-type TE leg material, consisting of H:SO+ and NaOH-treated PEDOT:PSS
reported by Fan et al.,[50] demonstrates state-of-the-art performance with a power
factor of 334 pW m™ K2 among PEDOT:PSS-based systems and their treatments.
Meanwhile, the n-type leg material, derived from poly(benzodifurandione) (PBFDO)
optimized via benzodipyrandione (BPDO) isomeric incorporation as reported by Ji et
al.,[71] exhibits exceptional n-type characteristics with a power factor of 142 pW m™
K™. Accordingly, it can be inferred that a TEG designed and fabricated using the
optimized structure and material parameters would enable maximum harvesting of
thermal energy from human skin. For optimization purposes, the hot-side temperature
of the TE device and TEG was fixed at 95 °C, since organic TE materials such as
PEDOT:PSS tend to exhibit degraded performance at higher temperatures. Moreover, a
higher hot-side temperature increases the temperature gradient across the TE leg,
thereby enhancing the Seebeck voltage and facilitating a clearer evaluation of parameter
dependencies during optimization. Although most wearable devices operate within lower
temperature ranges, it remains important to consider potential applications under
elevated-temperature environments, such as in fire-resistant garments. In contrast,

when simulating skin-based thermal energy harvesting, the skin temperature, serving as
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the heat source, was varied to represent typical values observed across different body
regions under cold, ambient, and hot environmental conditions. The cold-side electrode
of the TEG was modeled under forced convective heat flux boundary conditions.
Additionally, the convective heat transfer coefficient (h) was set to 22 W m2 K™, as
determined in our previous work [69], where h was obtained by experimentally
calibrating simulated and measured temperature differences across a fabricated TEG

under varying hot-side temperatures.

2.2. Mathematical, thermal, and electrical modeling

A mathematical modeling and simulation framework was employed to evaluate the
performance of TEGs. The analysis was carried out using FEM to solve the coupled equations
governing heat transfer and electrical conduction, enabling detailed examination of the
mechanisms that influence and enhance power generation. In thermodynamics, heat flux
density describes the rate of thermal energy transfer from a region of higher temperature to one
of lower temperature. This transfer occurs through three primary mechanisms including thermal
conduction, thermal convection, and thermal radiation which together provide a comprehensive
understanding of the modes of heat transfer in the system. The corresponding heat fluxes for

each mechanism are expressed by Equations (1) to (3):

k.A(THot=Tco
QConduction = w (1)
QConvectian = h.A. (THot - TCold) (2)
QRadiation =o' A (TIfILot - Tgold) (3)

Here, k denotes the thermal conductivity (W-m™-K™), A is the surface area (m?), Ty and Tcqlg
represent the hot- and cold-side temperatures (K), t is the material thickness (m), h is the
convective heat transfer coefficient (W-m2-K™), and ¢’ is the Stefan—Boltzmann constant
(5.67 x 10® W-m2-K™). Because radiative heat transfer typically becomes significant only at
high temperatures, it can be neglected in organic and wearable TEG systems. Consequently,
the dominant heat transfer mechanisms in such devices are thermal conduction and
convection .[71] The current density (/) within a TEG is governed by the combined effects of

the electric field, voltage, and temperature gradient, and can be expressed as follows:

J =—a(VV +5.T) )
V=0 ®)
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where o is the electrical conductivity (S-m™), V is the electric potential (V), S is the Seebeck
coefficient (V-K™), and VT represents the temperature gradient (K-m™). The heat flux and
current density within a TEG are intrinsically coupled through the fundamental TE effects, and

their thermodynamic relationships can be expressed as follows:
J& ds .
V(kvT) + L -1y, [(E) VT + (VS)T] =0 (6)

The TEG generates an V¢ as a result of the temperature difference across its hot and cold
junctions through the Seebeck effect. This open-circuit voltage, measured across the output
terminals in the absence of an external load, represents the maximum potential difference that
the TEG can produce under open-circuit conditions. The open-circuit voltage of the TEG can
be expressed as a function of the Seebeck coefficient of the TE material, the number of TE pair

leg, and the temperature difference across the device, as follows:

where N is the number of p—n leg pairs, S is the Seebeck coefficient (V-K™), and AT is the
temperatures difference across the TEG (K), respectively. The electrical current generated by a
TEG is influenced by several factors, including the temperature difference across the device,
the intrinsic TE properties of the materials, and the resistance of the external load. The
temperature gradient across the TEG induces a voltage through the Seebeck effect, which in
turn drives an electrical current through the circuit. The magnitude of this current can be
determined using Ohm’s law, accounting for both the internal resistance of the TEG and the

external load resistance, as follows:

| = Yoc (8)

RTEG+RLoad

where [ is the output current (A), V¢ is the open-circuit voltage (V), Rrgg is the internal
resistance of the TEG (Q), and Ry ,,41s the external load resistance ().
The maximum output power is achieved when the external load resistance is equal to the

internal resistance of the TEG, i.e.,
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(10)

2
_ Voc

P =
max
4RTEG

3. Results and Discussion

To maximize the TE power output and thermal efficiency of the proposed direct-written p-
OTEG, a systematic numerical optimization was performed using FEA. The material p-type
PEDOT:PSS and n-type PBFDO/BPDO, while the structural and geometrical parameters were
varied to identify the optimal configuration. The analysis sequentially investigated the influence
of the substrate material, leg shape, TEG thickness, leg cross-sectional area, asymmetry ratio,
electrode thickness, and the number of TE legs on the overall device performance. Each
parameter was optimized based on its impact on the AT, V,., TEG resistance (Ryg¢), and
maximum output power (P, ). This multivariable optimization approach revealed critical
trade-offs between thermal insulation and electrical transport, establishing a precise balance
required for achieving high thermal efficiency in flexible u-OTEG. Notably, embedding the TE
legs within the substrate substantially reduced interfacial heat losses and improved the effective
thermal gradient, leading to a significant enhancement in both power density and thermal-to-

electrical conversion efficiency compared to conventional planar TEG architectures.

3.1. Substrate Material and Shape of TE Leg

The thermal and mechanical characteristics of the substrate have a profound impact on the TE
performance of u-OTEGs, primarily by dictating the AT across the TE legs. To elucidate this
effect, five representative substrate materials like polyimide (PI), polyethylene naphthalate
(PEN), polyethylene terephthalate (PET), glass, and aerogel were analyzed under identical
geometric and boundary conditions. Figure 1(a,b) depicts the variations in AT, V¢, Rrgs, and
Puyax- Among these materials, aerogel exhibited the largest AT of 1.49 °C, leading to the highest
Voc (0.132 mV) and Prax (817.26 pW). This superior performance is attributed to the ultralow
thermal conductivity of aerogel, which effectively minimizes heat leakage through the substrate
and maintains a high temperature gradient across the TE junctions. In contrast, glass and PI,
possessing higher thermal conductivities, exhibited greater parasitic heat losses, resulting in
lower AT and reduced output power. The Ry remained nearly constant (~5.3 Q) across all
substrates, confirming that the electrical resistance is predominantly determined by the TE legs
rather than the substrate.

From a physical standpoint, the substrate functions as both a mechanical support and a thermal
interface that mediates heat transfer between the TE legs and the environment. Therefore, an

optimal substrate should offer minimal thermal conductivity while maintaining adequate
9
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flexibility for skin-mounted applications. The results clearly demonstrate that aerogel provides
the best compromise between thermal insulation and mechanical compliance, making it an ideal
candidate for flexible p-OTEGs. Its ability to confine heat within the device enhances thermal
coupling at the hot junction, thereby improving both power density and conversion efficiency.
Building upon this optimized substrate, the effect of TE leg geometry was further investigated
to elucidate its influence on heat transfer and charge transport within the u-OTEG. As illustrated
in Figure 1(c-e), twelve different leg shapes including symmetric and asymmetric
configurations such as cuboid, cylindrical, trapezoidal, hexagonal, and triangular cross-
sections were analyzed. To ensure a controlled and meaningful comparison, the twelve TE-leg
geometries in Figure 1 were grouped into symmetric and asymmetric configurations under
identical material properties and leg height. For the symmetric shapes (E, J, K, L), the cross-
sectional area was kept identical so that only the geometric profile influenced heat and charge
transport. For the asymmetric shapes (A—D, F-I), one surface area was maintained constant
across all legs, while the second surface was reduced by the same factor for all asymmetric
geometries. The resulting smaller surface areas were verified to be identical across the
asymmetric group, ensuring a consistent degree of asymmetry. In addition, for some
asymmetric profiles, multiple orientations relative to the vertical heat-flow direction were
examined to capture orientation-dependent effects. Consequently, the observed variations in
AT, Voc, Rrgg, and Py, are dominated by geometry-driven heat-flow behavior rather than
differences in effective contact area. The comparison focused on AT, V¢, Rrgs, and Py, to
determine the most efficient design. The results indicate that the asymmetric cylindrical leg (F)
achieved the highest AT (3.2 °C) and Vy. (0.279 mV), owing to its enhanced ability to
concentrate and guide heat flow toward the cold junction. Conversely, the hexagonal prism (K)
exhibited the lowest AT (1.66 °C) and V. (0.147 mV), primarily due to lateral heat dissipation
caused by its wider contact area. In terms of power generation, the symmetric cuboid leg (E)
delivered the highest Py, (1013 pW) and the lowest Ryg; (5.3 Q), indicating superior
electrical conduction and minimal internal resistance.

This trade-off highlights the delicate balance between thermal and electrical transport in p-
OTEGs: asymmetric geometries strengthen the thermal gradient and voltage generation, while
symmetric geometries favor charge conduction and power output [70]. Among all tested shapes,
the symmetric cuboid was identified as the most promising configuration, achieving the best
compromise between heat confinement and electrical efficiency. These findings underscore the
crucial role of geometric design in optimizing the thermoelectric response of flexible p-OTEGs

for wearable and biomedical energy-harvesting systems.
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Figure 1. Effect of substrate material and leg geometry on the p-OTEG performance.
(a,b) AT, Vy¢, Rrgg, and Py, for different substrate materials (PI, PEN, PET, glass, and
aerogel), (c,d) AT, V¢, Rrgg, and Pmax for various leg geometries with both symmetric and
asymmetric configurations, and (e) Schematic illustration of the investigated leg shapes (A—
L), including cuboid, cylindrical, trapezoidal, hexagonal, and triangular cross-sections. Green
icons indicate the cross-sectional shape of each TE leg.

3.2. TE Leg Optimization: TEG Thickness, Leg Area, and Asymmetry Ratio

11
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Following the leg-shape analysis, the symmetric cuboid configuration identified as the most
efficient geometry was adopted for further structural optimization. In the first stage, the TEG
thickness was varied from 25 to 500 um while maintaining a fixed leg width of 10 pm. Figure
2(a-d) shows the resulting variations in AT, Vy¢, Rrge, and Py,,. The output power initially
increased with thickness, reaching a maximum Py, of 68.2 nW at 300 um. This behavior
arises from the competing effects between thermal resistance and electrical path length:
Increasing the TE-leg thickness enhances the effective thermal resistance along the vertical
direction, allowing a larger temperature gradient to be sustained across the leg. Consequently,
AT increases with thickness until reaching saturation, as shown in Figure 2(a). The optimal
thickness thus represents the balance where sufficient heat flux and manageable internal
resistance yield the highest overall power output. To evaluate the robustness of the identified
optimum against material-property variations, we performed a sensitivity analysis by varying
the Seebeck coefficient of the p-type (PEDOT:PSS) leg by £30% while keeping other transport
parameters unchanged, and re-optimizing the TE-leg thickness for maximum output power
density. The results are provided in the Supplementary Information (Figure S3 and Table S2).

In the second stage, the TEG thickness was fixed at 300 um, and the leg area was tuned by
varying the square side length from 5 to 400 um. Figure 2(e-h) illustrates the corresponding
trends in AT, V¢, Rrgg, and Py,,. The power output increased sharply with leg width due to
enhanced electrical conduction and reduced internal resistance, reaching an optimal Py, of
378.4 nW at 75 um. In this study, the p-type and n-type legs were assigned identical widths to
maintain a controlled geometry for architecture-level comparison and to ensure fabrication-
compatible layouts in direct-written / thin-film p-TEGs. Material-specific optimization of p/n
leg dimensions (e.g., area ratio for resistance matching) is beyond the scope of the present work
and may be explored in future studies. Further increases in leg width, however, promoted
excessive heat spreading and decreased AT and V., resulting in reduced performance. This
outcome confirms that the leg area plays a key role in balancing heat confinement with efficient
charge transport.

Finally, with both the TEG thickness and leg area fixed at their optimal values of 300 pm and
75 um, respectively, the asymmetry ratio (A2/A1) of the leg was varied from 0.3 to 6, as shown
in Figure 2(i-1). The results reveal that a moderate asymmetry (ratio =~ 0.9) delivers the
maximum Py, of 397.2 nW. In addition to P,,,,, we report the optimized power density as a
function of TEG thickness, square side length, and asymmetry ratio. The corresponding results

are provided in the Supplementary Information (Figure S2). As shown in Figure S2, the
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maximum power densities are 4.5, 25, and 26.2 mW/cm? for TEG thickness, square side length,
and asymmetry ratio, respectively.

This improvement can be attributed to enhanced heat concentration near the hot junction and
improved heat-flux directionality, which strengthen AT and V. without significantly affecting
Rrg¢. These findings demonstrate that a mildly asymmetric leg profile effectively optimizes
the balance between thermal and electrical transport, maximizing the overall energy conversion

efficiency of the p-OTEG.
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Figure 2. Optimization of the u-OTEG structural parameters.
(a—d) Variations in AT, V¢, Rrgg, and Py, as a function of TEG thickness,
(e—h) Dependence of AT, V¢, Rrgg, and Py, on the leg area (square side length), and
(i-1) Effect of asymmetry ratio (A2/A1) on AT, V¢, Rrgg, and Pygy.-

3.3. Electrode thickness and leg numbers

The optimized pu-OTEG structure, comprising an asymmetric cuboid leg with a thickness of
300 um, width of 75 um, and asymmetry ratio of 0.9, was employed to investigate the influence
of electrode thickness and leg number on device performance. The electrode thickness was first
varied from 1 pm to 20 um, and the resulting changes in AT, V¢, Rrgq, and Pygare shown in
Figure 3(a—d). As the electrode thickness increased, both AT and V. gradually rose due to

improved interfacial heat spreading and reduced contact resistance, which enhanced the
13
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effective temperature gradient across the thermoelectric legs. In contrast, Rz, exhibited a
rapid drop at small thicknesses (<5 um) and then stabilized, indicating that further thickening
no longer significantly impacts electrical conduction once a continuous low-resistance path is
formed. Correspondingly, Py, increased sharply with electrode thickness and reached
saturation beyond 5 pm, where additional material contributed negligible improvements. This
behavior reflects the dual thermal—electrical role of electrodes: thinner electrodes impede
thermal coupling and increase Joule losses, while overly thick ones act as thermal sinks, causing
lateral heat diffusion that reduces AT. Therefore, an intermediate electrode thickness of
approximately 5 pm achieves the optimal trade-off between thermal conduction and electrical
resistance, resulting in the highest Pmax of 498.36 nW.

In the final optimization stage, the number of TE legs was varied from 2 to 144 to examine its
influence on overall module performance (Figure 3(e—i)). As the leg number increased, AT
across individual legs decreased sharply and then stabilized beyond ~40 legs. This reduction
originates from the formation of multiple parallel heat conduction paths: with more legs, the
total cross-sectional area for thermal transport increases, enabling greater heat flow through the
module and thereby lowering the temperature drop per leg. Simultaneously, V. increased
almost linearly with leg number, consistent with the additive nature of the Seebeck effect, where
each p—n couple contributes a fixed voltage increment. The Rrz; also rose proportionally due
to longer cumulative current paths and additional contact interfaces. Despite this, Pyqy
continued to increase since the gain in V,, outweighed the moderate rise in resistance,
demonstrating that increasing leg number improves total output power up to a practical limit.
The thermal efficiency exhibited a nonmonotonic trend initially high for few-leg configurations
and then decreasing and stabilizing at larger leg numbers. At small leg numbers, each leg
experiences a larger AT, enabling stronger thermoelectric conversion efficiency. As leg
numbers increases, however, the temperature difference per leg decreases because of enhanced
heat spreading, leading to a reduction in the effective Carnot ratio (AT/Tavg). Beyond a certain
threshold (~40-60 legs), the efficiency approaches a steady value, indicating a quasi-
equilibrium between electrical gain and thermal loss. This saturation reflects the intrinsic
limitation of parallel thermal channels in p-TEG arrays, where additional legs no longer
contribute significantly to the net energy conversion due to thermal crowding and uniform
temperature distribution across the base substrate. For instance, at 64 legs, the p-OTEG
achieved AT =10.32 °C, Vy =32 mV, Ryge =32 Q, Pygr = 2.7 uW, and a thermal efficiency

of 0.07%, confirming its robust performance under realistic wearable conditions.

14



WILEY-VCH

(a) (b) (©)
16.6 2ol
° 145 I ,
164} e 1.44 , 201
<L { §
~ /‘ > . 7 —_ L8F
O 162} . S 142 y S s Ty=180 °C
N » ~ 141 » =t
e .
2160- K 3140 P o 14t
—@ T,=80°C > L3 —@- T,=80°C 12k
158} -
138 10}
15.6L— s - . . 1370 s : . s 0.8 . . , .
0 5 10 15 20 0 5 10 15 20 0 5 10 15 20
Electrode thickness (um) Electrode thickness (um) Electrode thickness (im)
(d) (e) )
550} R 16} 60t
oo - ¢
500
/ 15b 1 50 o
450 o - —g0°
- ' 4 —~al ! > a0} - Ty=80°C L7
= 400} N @) I = P
£ Q_13t | —¢- T;=80°C = 30 ¢
3500 —@- T,;=80°C = ¢ 2 -
300 @ < 12 \ = 20 _©
250} ! 21 N op o % 14
wl ¢ . . . ol C-0¢--¢--0 ol @
0 5 1o 15 20 0 20 40 60 80 100 120 140 0 20 40 60 80 100 120 140
Electrode thickness (um) Leg number ' Leg number
(2) (h) (1)
< oasf
70F 5 /{> o U
ool . 2 012}
Ty=80°C - —g0° .
50 H §4' O Ty=80°C R 8 onf
Q
G a0} = 5| 0// 2 o0l | - Ty=80°C
e 301 : / m (
Al ; — 009f
20} © <
10f it 27 E oosp
(] >
0 ¢ = 007} > >
L 1L 1 1 1 1 1 1 0 1 1 L 1 1 L L 1 1 1 1 1 1 1 L L
0 20 40 60 80 100 120 140 0 20 40 60 80 100 120 140 0 20 40 60 80 100 120 140
Leg number Leg number Leg number

Figure 3. Effect of electrode thickness and leg number on u-OTEG performance.
(a—d) Variations in AT, V¢, Rrgg, and Py, as a function of electrode thickness and
(e—1) Dependence of AT, V¢, Rrgg, Pyax, and thermal efficiency on the number of
thermoelectric legs.

3.4. Performance Comparison Between Embedded-Leg and Conventional TEGs

To highlight the effectiveness of the proposed embedded-leg configuration, the optimized p-
OTEG was compared with a conventional TEG of identical material composition and geometric
footprint. Figures 4a and 4b present the steady-state temperature distributions of both
architectures at a hot-side temperature of 80°C. In the conventional design, the TE legs are
directly exposed on the substrate surface, leading to substantial lateral heat dissipation and poor
confinement of the thermal gradient. As a result, the average AT across the TE legs was only
3.58 °C. In contrast, the embedded-leg configuration confines the TE elements within the low-

conductivity substrate matrix, which effectively suppresses interfacial heat leakage and
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concentrates the temperature drop across each leg. This design yields an enhanced AT of
10.4 °C approximately a threefold improvement confirming the superior heat management
capability of the embedded structure.

Figure 4(c—f) compare AT, V¢, Pyax, and thermal efficiency as functions of the hot-side
temperature (Thot). Both AT and V. increase linearly with Txo for the two designs, yet the
embedded-leg u-OTEG consistently achieves higher values due to its improved vertical heat
flow and reduced parasitic losses. The Py, exhibits a quadratic-like dependence on THot,
reflecting the combined effect of voltage enhancement and decreased internal resistance at
higher temperature gradients. Most notably, the embedded-leg configuration demonstrates a
295% increase in thermal efficiency compared with the conventional TEG, underscoring the
critical role of geometric thermal confinement in maximizing energy conversion.

From a physical standpoint, embedding the TE legs within the substrate introduces an additional
thermal barrier that redirects the heat flux vertically, minimizing lateral diffusion and
maintaining a sharper temperature gradient across each junction. This confinement not only
enhances the effective Seebeck voltage but also ensures a more uniform thermal distribution,
leading to improved conversion efficiency and mechanical robustness under bending or skin
contact. Consequently, the embedded-leg u-OTEG architecture offers a scalable and energy-
efficient platform for next-generation wearable thermoelectric energy harvesters.
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Figure 4. Comparison between conventional and embedded-leg n-OTEG architectures.
(a,b) Steady-state temperature distributions for conventional and embedded-leg configurations
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at Thot = 80 °C and (c—f) Variations of AT, Vj¢, Pyax, and thermal efficiency as functions of
Thot for both designs.

3.5. Human skin-heat harvesting

TEGs have emerged as promising power sources for self-sustained electronics by exploiting
the continuous heat flux from the human body. However, their practical performance is often
limited by small temperature gradients between the skin and ambient air [69]. Numerous studies
have attempted to enhance thermal-to-electrical conversion by improving material properties,
optimizing heat exchangers, or integrating flexible substrates that conform to body contours
[72-75]. Despite these efforts, maintaining a stable and sufficient AT across the TE legs under
dynamic physiological conditions remains a key challenge. The proposed embedded-leg p-
OTEG design, which previously demonstrated a 295% improvement in thermal efficiency
compared with conventional architectures, offers an ideal platform to assess real-world skin-
heat energy harvesting. By embedding the thermoelectric elements within a thermally
insulating substrate, interfacial losses are minimized, allowing efficient utilization of the natural
temperature gradient across different body regions.

The optimized p-OTEG, comprising 64 asymmetric cuboid legs (300 um thickness, 75 pm
width, asymmetry ratio of 0.9, and 5 um electrode thickness), was evaluated on human skin at
multiple anatomical sites under three ambient environments: cold (15 °C), room (27 °C), and
hot (47 °C) (Figure 5 (a-h)). The corresponding skin temperatures for each location are
summarized in Table S3. Figures 5(i-1) display the variations in AT, V¢, Ppax, and thermal
efficiency across the selected body locations. Among all sites, the head region (location D)
exhibited the highest AT, V., and Py, across all thermal environments, reaching AT =
2.95 °C, Vo = 5.17 mV, Py, = 206.11 pW, and thermal efficiency = 0.019% under hot
conditions. This superior performance can be attributed to enhanced local vascularization and
proximity of major arteries to the skin surface, which result in higher and more stable skin
temperatures . In contrast, peripheral regions such as the hand and foot showed smaller AT
values due to weaker blood perfusion and more pronounced thermal regulation responses,
especially under cold ambient conditions.

The observed dependence of performance on body location reflects the complex
thermoregulation mechanism of human skin. Areas with greater metabolic activity, such as the
head and neck, maintain higher steady-state heat flux and thus provide more favorable
conditions for thermal energy harvesting [76]. The thermal efficiency of the ui-OTEG follows
the same trend, increasing with AT and stabilizing at elevated ambient temperatures where the

heat flux becomes approximately constant [77]. Overall, these results confirm that the
17



WILEY-VCH

embedded-leg u-OTEG can reliably harvest body heat with location-dependent performance,
demonstrating significant potential for powering self-sustained wearable and biomedical

electronics.
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Figure 5. Evaluation of the optimized pu-OTEG for on-skin thermal energy harvesting.

(a) Schematic of the embedded-leg n-TEG structure attached to human skin as a heat source.
(b—h) Selected body locations for performance assessment: hand (A), triceps (B), neck (C), head (D),
thigh (E), foot (F), and hip (G) and (i-1) Variations in AT, V¢, and Py, and thermal efficiency at

different body locations under cold (15 °C), room (27 °C), and hot (47 °C) ambient conditions.

4. Conclusions

This study presented a comprehensive finite element—based optimization of a direct-written
organic p-OTEG designed for efficient harvesting of human body heat. Utilizing
environmentally benign and mechanically compliant materials p-type PEDOT:PSS and n-type
PBFDO/BPDO. The proposed architecture exploits the synergy between organic
semiconductors and embedded thermal design to achieve high energy conversion performance.
Systematic optimization of the key structural parameters, including substrate composition, leg
geometry, TEG thickness, leg area, asymmetry ratio, electrode thickness, and leg number,
revealed that the aerogel-supported p-OTEG with asymmetric cuboid legs (300 pm thickness,

75 um width, 0.9 asymmetry ratio), and 5 pm electrodes in a 64-leg configuration provides the
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most favorable balance between thermal confinement and electrical conduction. Compared
with conventional planar TEGs, the embedded-leg configuration achieved up to a 295%
enhancement in thermal efficiency owing to its superior ability to suppress interfacial heat
leakage and maintain a concentrated temperature gradient across the thermoelectric junctions.
When evaluated under realistic human-skin conditions, the optimized p-OTEG demonstrated
stable, location-dependent performance across a wide range of ambient temperatures, with the
head region exhibiting the highest AT, V., and Py, due to enhanced local vascularization and
heat flux. These findings confirm the capability of the proposed u-OTEG to reliably convert
low-grade biological heat into electrical energy under practical wearable scenarios. Beyond
demonstrating high performance, this work establishes a scalable and material-sustainable
strategy for integrating organic thermoelectrics into flexible and skin-conformal platforms. The
embedded-leg p-OTEG architecture provides a robust blueprint for next-generation self-
powered wearable and biomedical systems, bridging the gap between efficient thermal

management, mechanical adaptability, and eco-friendly device engineering.
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