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Wearable thermoelectric generators provide a reliable power generation

method for self-powered wearable electronic devices. However, there has
been a lack of research regarding the comfort of wearable thermoelectric
generators. Here we propose a design for a comfortable wearable thermo-
electric generators system with high output power based on sandwiched
thermoelectric model. This model paves the way for simultaneously optimiz-
ing comfort (skin temperature and pressure perception) and output power by
systematically considering a variety of thermal resistive environments and
bending states, the properties of the thermoelectric and encapsulation
materials, and the device structure. To verify this strategy, we fabricate
wearable thermoelectric generators using Mg-based thermoelectric materials.
These materials have great potential for replacing traditional Bi,Tes-based
materials and enable our wearable thermoelectric generators with a power
density of 18.4 pWem™ under a wearing pressure of 0.8 kPa and with a skin
temperature of 33 °C, ensuring the wearer’s comfort.

Rapid progress in personalization propelled by remarkable
advancements in wearable and implantable electronics is revolu-
tionizing the field of healthcare'. An uninterrupted power supply
is indispensable for such bioelectronics, particularly for life-
critical applications like artificial cardiac pacemakers. Wearable
thermoelectric generators (w-TEGs) can provide continuous
electrical energy by harnessing human body heat through the
Seebeck effect®. Their numerous advantages, including high
reliability, the absence of moving parts and noise, and environ-
mental friendliness, make them an ideal potential solution for
ensuring uninterrupted power® ™. Despite these benefits, how-
ever, research into achieving high-output and comfortable
w-TEGs is still in its infancy.

To ensure wearability, w-TEGs must be comfortable, including
maintaining appropriate skin temperature, limiting perceived pres-
sure, and being mechanically flexible (including bending, stretching,
and folding) to accommodate the body’s dynamic movement'"2. While
significant progress has been achieved in elevating the output power
of w-TEGs at extreme conditions”™®, their comfort, unfortunately,
remains consistently overlooked, even though this is indeed a neces-
sary consideration for applications since it affects the stability of the
heat source and the wearability of the device, like for other wearable
electronics™*.

Optimizing both wearability and device output presents a sig-
nificant challenge. Wearability (the device’s bending stiffness and
bending radius, the body’s perceived temperature, etc.) and output
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performance (power density:P,, load resistance:R,, voltage density:V 4,
etc.) are intricately coupled through the device structure, the prop-
erties of the thermoelectric (TE) material, and the environment* %,
Hence, achieving comfort and high output simultaneously is not
straightforward. In essence, maximizing output does not rely only on
optimizing TE material performance, but also requires meticulous
design of the w-TEG’s structure and thermal management at the sys-
tem level. However, no general analytical formula for system efficiency
and wearability of w-TEGs has been reported to date.

In this study, we establish a model for w-TEGs utilizing a sand-
wiched structure, the most representative of TE devices. By integrating
mechanical and TE analyses, we derive explicit formulas to quantita-
tively analyze the optimization of multidimensional parameters for
both comfort and power output while worn on a human body in real-
world environments. We establish a direct link between the system’s
output and its wearing comfort by considering the interconnections
among the structural parameters of the device, the performance of the
TE materials, and the external environment. We identify the optimal
structural matching range for maximizing system efficiency and
wearability and predict the maximum output power of w-TEGs posi-
tioned at various locations on or near the human body. Moreover,
experimental validation is conducted on actual human subjects using
w-TEGs that employ n-type MgsBi, and p-type MgAgSb-based TE
materials (n-type: Mgz 5Bi; 40Sbo sS€o.01; p-type: MgAgo.05Sbo.oo; the TE
performance of each is shown in Supplementary Fig. S1). Recently,
these materials have been intensively studied for use in non-wearable
TEGs due to their cost effectiveness and high TE performance near
room temperature***, The outcomes here closely approximate those
for state-of-the-art Bi,Tes-based w-TEGs, highlighting the potential of
our fabricated w-TEGs. Our work provides a comprehensive strategy
for the design of w-TEG systems, incorporating a multidimensional
quantification analysis to maximize device output power while
ensuring wearing comfort.

Result

Design process for w-TEGs

Coupled interactions among the thermal networks in w-TEGs and their
low in-plane thermal conductivity resulting from the use of flexible
substrates give rise to additional thermal leakage in these devices"*.
Finite element analysis (FEA), in which all influencing factors, including
lateral heat transfer analysis and parameters related to TE leg shape,
are encompassed within a unified model, has proven to be an effective
approach for addressing such intricate issues”*. Nevertheless, its
computational cost is notably high, and it cannot offer concise and
profound guidance similar to that from analytical formulas, making it
challenging to analyze coupling mechanisms and quantify parameters
from a macroscopic perspective. One-dimensional (ID) numerical
analysis is straightforward and efficient®*”.. It is often employed for
general, macroscopic mechanism quantification, aiding in parameter
guidance for w-TEG design.

Here we have proposed a complete design strategy based on the
1D coupling mechanism. Figure 1 illustrates the logical framework for
the full parameter optimization of a wearable TE power generation
module based on the coupled field equations of TE and mechanical
models. Our design strategy takes into account various application
scenarios by considering environmental temperature (7,), bending
radius (r), body temperature (7,), and parameters of the TE and
encapsulation materials, including Young’s modulus (£) and thermal
conductivity (kg) values for the encapsulation materials. Here the
encapsulation materials are defined as the filler and substrates of the
w-TEG. For a given environment and set of materials, the output and
wearability of the system are highly dependent on the TE leg geometry
and the heat dissipation design®*. We first established the connec-
tion between the wearability parameters for the system, including skin
pressure (Pr) and skin temperature (7), and those for its structure,

including length (L)/width (w) of the TE leg, the fill factor (F), the p-/n-
type material area ratio (Fp/,,), the ambient and total heat transfer
coefficient (h,,h), and obtained the ranges of values for the structural
parameters. Then, on the base of ensuring wearability, the optimal
geometric parameters of the TE leg were obtained by combining
multiple parameters and optimizing the output efficiency of the sys-
tem. When determining optimal geometric parameters that meet the
design requirements, the properties of the TE and encapsulation
materials must also be properly considered since, on the one hand, the
TE materials directly determine the electrical and thermal perfor-
mance of the w-TEG system under ideal conditions, while on the other
hand, its mechanical performance mainly depends on the physical
properties of the encapsulation materials. For example, using low-E
filling materials for the TE legs or the absence of filling materials can
greatly improve the flexibility of the device but reduce its reliability.
The device design should thus be based on the application environ-
ment and incorporate matching encapsulation materials. After the
optimal geometric parameters were obtained, FEA was used for more
precise adjustment to maximize the power output while meeting the
wearing resistance requirements for any given material and environ-
mental conditions and the device was finally prepared for experi-
mental verification.

Coupling mechanism between output performance and wearing
comfort

To assess the various aspects of w-TEG system performance, we have
separately constructed thermal-electric and mechanical models of the
device when worn on a human body as ideally simulated (no dis-
placement between the two materials, without considering the cen-
terline stretching and without considering Poisson’s ratio, etc.). The
thermal-electric model primarily focuses on investigating the w-TEG’s
output performance and T, while the mechanical model is employed
to study the flexibility of the w-TEG and determine the minimum
pressure exerted on the skin when worn. The mechanical model is
shown in Fig. 2a, b and assumes a cylindrical shape for the body part on
which the w-TEG is worn. According to static equilibrium principles,
given its three-layer structure, the bending stiffness (Ei;;;) of the
system should satisfy the following expression (see Supplementary
Note S1):

Eiypo=Eyiy +E*i+Ei, o

In this context, £}, £*, and E; represent the effective Young’s
modulus of the bottom substrate (hot side of TEG), the filler layer, and
the top substrate (cold side of TEG), respectively, and are functions of
the material’s Young's modulus and F. iy, i, and i, denote the respective
area moments of inertia of the bottom substrate, the filler layer, and
the top substrate with respect to the neutral axis and are functions of
the material’s style modulus and L (see Supplementary Notes S1, S2).

»ip, E¥i, and E7i, represent the effective bending stiffness of the
bottom substrate, the filler layer, and the top substrate, respectively.
Thus, given Young’s modulus and height of the material, the device’s
Eirg; with respect to the F and L can be computed. Furthermore, as
shown in Fig. 2b, it is possible to derive the pressure (Pr) exerted on the
skin as a result of the device bending against a body part (assumed to
be an ideal cylinder), and this can be expressed as (see Supplementary
Notes S1, S2):

12FirgG

Wreg® ( r2 —0.25W 2 +r2 — 0.25 w,f#) )]

where W; is the width of the TEG and r is the bending radius.
Equation (2) is based on the encapsulation material being a linear

Pr=
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Fig. 1| Logical framework for the full-parameter optimization of a w-TEG. The target parameters (V,, P4, Pr, T, R;) are determined by the application environment, the
optimized process, and optimal geometric parameters for w-TEG preparation and performance verification.
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Fig. 2 | w-TEG models. a Schematic illustration of the internal structure of the w-TEG. b Mechanical model of the w-TEG during bending. ¢ Thermal network of the w-TEG

system.

elastomer. For the hyperelastomer material, we also give the deriva-
tion process (Mooney _Rivlin model, see Supplementary Note S3), but
the result is more complicated. For general applications, we can
approximate the linear elastomer to simplify the analysis (It adapts to
the application environment when the bending radius exceeds 5 cm.).

The thermal-electric model, the parameters for which are depic-
ted in Fig. 2¢, integrates core body temperature, the thermal resistance
of the skin layers (K), contact thermal resistance between the device
and the skin (K,,), the TE module, and heat sink elements to evaluate
device output and T,. Generally, human skin is a complex, multi-
layered system. Skin temperature varies depending on the ambient
temperature or different points of the body (Supplementary Table S1).
To simplify the calculations, the core body temperature was set within
the range of 36.5°C to 37.5°C, which is according to balancing the
energy produced through metabolism with the heat dissipated to the
environment through convection, radiation and evaporation

processes, and is typically independent of the environment’*. Since T,
exhibits relatively minor variations within a small range around room
temperature®*”, we model it using an equivalent heat transfer coeffi-
cient (Supplementary Table S2). In accordance with non-equilibrium
thermodynamics, under 1D current and energy flow conditions, the
differential equations describing the temperature distribution 7(x) in
the presence of electric current density /,, are:

_/2

Vi VD) +=2- =1 J - VT=0 3

Q=S-T-J,—k-VT 4)

where S, g, k, T, 7, and Q represent the Seebeck coefficient, electrical
conductivity, thermal conductivity, temperature, Thomson coeffi-
cient, and heat flux, respectively. In practical w-TEG systems, the filler
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material significantly impacts both heat transfer and output. There-
fore, we incorporate the study of filler thermal conductivity into our
thermodynamic model. For simplicity, we naturally assume that the
contribution of the filler material to heat conduction within the TE
system is uniform. Under this assumption, and by disregarding the
Thomson effect and the contact resistance and thermal resistance of
the substrate (see Supplementary Note S4), the governing equations
and boundary conditions for a single-leg TE system under steady-state
conditions are as follows:

2
LdT + Rregl”

= 5
dx? LAF 0, ©)
< a7 o Te—Ty _
—K AE+ST”I_Q”_K—,I’X_L’ (6)
and
* ar _ _Tc_Ta —
—K Aa+ST,,.I—QC— K. ,x=0, )

where /, A, and Ry are the electric current, cross-sectional area, and
resistance, respectively, of the TE leg; 7, and T, are ambient
temperature and body temperature, respectively; 7. and T, are the
temperature at the cold and hot sides, respectively, of the TEG; Q. and
Q, are the heat flow values at the cold and hot sides, respectively, of
the TEG; and K, and K, are the thermal resistance values at the cold
and hot sides, respectively, of the TEG. k* represents the thermal
conductivity of the TEG, encompassing that for both the TE legs and
the filler material. It can be expressed by the following formula:

K*=kF+K:(1-F), (€))

where k and k are the thermal conductivity values for the TE materials
and the filler materials, respectively. The derived expressions for the
simplified generator’s maximum power density (P,) and the effective
temperature difference shown below are presented in detail in Sup-
plementary Note S4:

P AT? y V4 ©
a- 2 . 7T,
) D T
and
1 1 1 1
Z= 4 + =, (10)
h hC hcon hS

where Z=S%0/k; Z T 4 is the average TE figure of merit determining
the efficiency of TEG**. h,, h,, and h,, are the heat transfer coeffi-
cients for the cold side of the TEG, the skin, and the contact between
the TEG and the skin, respectively. Through analysis of the P, it can be
deduced that attaining high P, requires a multifaceted approach. On
one hand, it involves enhancing the AT, h, and ZT while decreasing k.
On the other hand, achieving optimal structural design, which includes
optimizing L and F along with , is essential for achieving maximum
power output.

While the pursuit of high P, is undoubtedly a primary objective
for real-world applications of w-TEGs, it comes with the trade-off of
increased L, which could impact wearing comfort. Here we also
focused on Ty as a quantitative reference for wearing comfort.
Assuming that the w-TEG operates at the optimal current, and

considering the heat transfer equation, the expression of T is:

K AT
KA =To
h + KF+Kp(1-F)

Ts=T,— an

where K is the total thermal resistance of the system and can be
expressed as: K =K+ K, + Krgc. K7g¢ is the total thermal resistance of
the TEG. The above analysis is based on a single-leg model (i.e., the TE
properties of the p- and n-type materials are identical), and we also
analyzed a two-leg model (Supplementary Note S5). Once the TE
materials are identified, the optimal cross-sectional area ratio (Fp/s, ope)
for the p- and n-type materials can be obtained by inserting the
structural parameters into Supplementary Eq. (S57). Notably, under
conditions where the temperature difference is not significant and the
TE performance of the materials remains stable, the optimal F,,;; o, for
achieving the highest P; does not change with variations in device
structure or heat dissipation (Supplementary Fig. S5a-c). The
equivalent ZT and effective thermal conductivity can then be derived
[Supplementary Eqgs. (S61) and (S63) and Fig. S5d]. Once the equivalent
7T Z Tpn) and effective thermal conductivity (Kpn) are determined,
they can be incorporated into the single-leg model for analysis.

Multi-parameter w-TEG optimization

Based on the study of the above model, the object-oriented w-TEG
design is determined by the usable temperature difference, bending
radius, equivalent skin thermal resistance, area, target power, and
voltage density of w-TEGs by considering the application environment
of the target use. In addition, the appropriate TE materials need to be
selected according to the temperature range, and flexible, low-
thermal-conductivity fillers and high-thermal-conductivity substrates
need to be selected according to the application. Here we chose Mg-
based TE materials for our study. Compared to the state-of-the-art
room-temperature BiyTe; and Ag,Se alloys, Mg-based materials are
much more cost-effective since they contain no expensive elements and
they are less toxic, making them better suited for wearable devices, as
well as the most promising candidates to replace Bi,Te; for room-
temperature applications™***°*, In addition, to ensure uniform heat
dissipation and mechanical performance during bending when the
device is worn, we employed a high-thermal-conductivity and stretch-
able liquid metal (LM)-metal-encapsulated polydimethylsiloxane
(PDMS/LM/Copper, E,&E, =820 kPa, k; =2.1 Wm'K™) for the substrate.
The intermediate fill material comprises a soft and low-thermal-
conductivity polyurethane foam (E =270 kPa, k;=0.025 WmK™). We
first considered the mechanical properties as the optimization para-
meters for the w-TEG. Figure 3a shows Pr as a function of device
structure on the arm (r=>5 cm). Evidently, the Pr of the w-TEG increases
with increasing L and F. The black line represents the critical Pr (0.5 to
0.8 kPa) associated with wearing tight-fitting clothing on the body**.
Beyond this Pr, the skin perceives tightness. Results for the T of the
arm were determined based on Eq. (11) and are shown as a function of
structure at room temperature in Fig. 3b. Here, we set the operative
environment to the arm, with an equivalent skin heat transfer coeffi-
cient of 30Wm?2K™ and a contact heat transfer coefficient of
80 Wm™K™ between the device and the skin. These values are used as
references and are based on previous studies, although they will vary in
practical applications due to the presence of sweat discharge**. In
addition, the heat transfer coefficient of the cold end is set to
30 WmK™. Clearly, as F increases or L decreases, the T, decreases
accordingly. We defined four temperature ranges to represent the
perception of warmth or coldness on the skin. For instance, tempera-
tures exceeding 34 °C are perceived as hot, and those between 32 and
34 °C are perceived as warm, which is considered ideal for comfort.
Temperatures between 32 and 30 °C and below 30 °C are perceived as
cold and very cold, respectively. It is worth noting that temperature
perception varies among individuals and body parts. For example,
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Fig. 3 | Structural design workflow for a w-TEG system. a-c Pr, T, and P,
respectively, as functions of F and L for a device designed for the arm at room
temperature. d, Relationship among the w-TEG’s P, and T and Pr based on (a-c).
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lower-temperatures objects are perceived differently on the head
and feet. Our definition of warmth and coldness perception is
based on the examples of the torso and the arms for reference.
After the w-TEG wearing comfort was optimized, to maximize P,

it was determined as a function of the structure using Eq. (9), and
the results are shown in Fig. 3c. On one hand, increasing L can
improve the output, and on the other hand, when L is fixed, the
filling factor needs to meet certain conditions to maximize the
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power output. Generally, given the selection of TE materials, the
thermal conductivity remains constant. Thus, Eq. (9) can be
reformulated to obtain the optimal expression for F:

(K —Kf) (K—Ke+Z-T gy - K)
FOpt= \/ s s e X(h-L+Kf)

(12)
(K — K+ (K2 — K Kp) - Z - Tpyg

For ease of analysis, mapping the structural parameters yields the
coupled results for Pr, T, and output P; when the w-TEG is worn on
the arm, as illustrated in Fig. 3d. While higher temperature differences,
TE leg performance, and heat transfer coefficients lead to elevated
output, it is essential to maintain them within a reasonable range to
ensure long-term wearing comfort, a criterion to which wearable
devices should adhere. High P, is undoubtedly appealing. However, as
device flexibility diminishes, it subjects the skin to increased pressure.
In this case, a TE leg height greater than 3 mm would result in reduced
flexibility or excessively high T,. Conversely, reducing the device
height too much to enhance flexibility would be inappropriate as well
since the resulting increased F may lead to a sensation of coldness on
the skin. For long-term wear, prioritizing wearing comfort over device
output enhancement is the design objective we aspire to achieve. As
shown in Supplementary Fig. S6, achieving comfort-centric structural
device design becomes particularly stringent under low-temperature
conditions with high heat transfer.

In addition to P4, output voltage density (V) is another crucial
indicator that should be considered throughout the comprehensive
design process. The expression for output voltage density under
maximum power output conditions depends not only on the structural
parameters discussed above but also significantly on the TE leg width
(w, Supplementary Note S6):

1 ATSF oL
2w (Lh+ KF g + K (1= Fope) )

Va= 13)

The derived V, results are displayed in Fig. 3e, which shows that
the voltage density can reach high values when the w is very small. In
regard to the w, a comprehensive balance among factors such as
manufacturing precision, material mechanical strength, and welding
strength should be considered for device design. For example, FEA
(see Supplementary Fig. S7 for details) shows that thinner TE legs are
subjected to greater shear stress than thicker TE legs (Fig. 3e) and are,
therefore, more likely to break. It should be noted that the above
analysis disregards secondary thermal effects within the TEG system,
including the thermal diffusion resistance within the substrate and the
contact thermal resistance between the filler and the TE leg, which are
challenging to incorporate into 1D numerical analysis. Furthermore, w
does not contribute to the P, in the 1D numerical analysis, but in real-
world applications, the influence of secondary thermal effects will also
impact the P,;. A smaller w leads to a more even distribution of thermal
conduction, reducing the impact of secondary thermal effects and
aligning more closely with the estimations from the 1D numerical
analysis, which was validated through more accurate FEA (see Sup-
plementary Fig. S8 for details). Based on the research discussed above,
certain parameter margins should be reserved (Supplementary Fig. S9
shows P, based on different models as a function of F, h, w. The margin
can be reserved according to the related parameters.). When finalizing
the design structure, allow for minor adjustments using FEA, as illu-
strated in Fig. 3f, and in turn, for greater precision among these
parameters.

Furthermore, at F=F,,, P, increases with increasing L and h
(Supplementary Fig. S12a, b). For given target P, and ambient tem-
perature values, the range of heat transfer and L values satisfying the

target power can be determined by using Egs. (8-10, 12). The device
structure can then be optimized to satisfy the target power as much as
possible while simultaneously improving the wearability of the device
using Eqs. (2, 8-13) (the detailed design process is shown in Supple-
mentary Fig. S12-S14). Whether under low or high heat dissipation
conditions, the optimal L exceeds 8 mm (Supplementary Fig. S15a, b).
While reducing the x of the TE material contributes slightly to
increasing P; and decreasing the optimal L (Supplementary Fig.
S15c, d), its effect is rather minor. This finding differs from the con-
clusions of Suarez et al., primarily due to the absence of an optimized
structural design in their studies®*. In our study, for w-TEG based on
inorganic bulk TE materials (usually the thermal conductivity of TE
materials exceeds 0.1Wm™K™), assuming that ZT is unchanged,
reducing k of TE materials (while the power factor is also reduced) has
little impact on improving the P, of the device, but the F,,. will be
increased (Supplementary Fig. S16), increasing the cost of the device.
Through further optimization calculations, we can subsequently
derive an expression for the maximum P, at various parts of the
human body under the assumption of ideal structural parameters and
by neglecting interface thermal resistance (K, & Kcon =0):

2
P Z-(T,—T,)*-hy
4.Q+ZT 4y +2,/14 72T,

where h represents the equivalent skin thermal resistance. For
instance, the equivalent skin thermal resistance is relatively low for
body parts like the forehead (25-40 Wm2K™). When K. & K .,,, =0 and
at room temperature, the maximum achievable P, by a Mg-based w-
TEG with a ZT of approximately 0.75 is 67 pyWcm™. Conversely, for
body parts with relatively large equivalent skin thermal resistance,
such as the foot (7-25 Wm™K™), the maximum achievable P, is about
33 pWem™ (Supplementary Table S4).

14)

Device preparation and mechanical properties

The materials and device structures were chosen based on the results
in the previous section. The TE legs are Mg-based materials without
tellurium (n-type: Mg;,Bi149Sbo.sSe€o.01; p-type: MgAgo.05Sbo.o9). The
filler material is polyurethane and the substrate materials are PDMS
filled with liquid metal (LM) and copper composites. The fabrication
steps are illustrated in the method part. Both the substrate and the
filler have excellent stretchability, which can effectively reduce the
heon, Which is very important for enhancing the performance of
wearable heat collection (Supplementary Fig. S17). The stress-strain
results of the substrate and the filler are shown in Supplementary Fig.
S10. The solid-liquid blend substrate with high thermal conductivity
(21Wm™K™) and low thermal conductivity filler (0.025 Wm™K™) can
reduce the secondary thermal effect, establish a higher temperature
difference and improve the output performance of w-TEG (Supple-
mentary Fig. S18). As shown in Fig. 4a, the TE legs of the TEG are
connected by S-type copper electrodes, and due to the stretchable
encapsulation and electrodes, the prepared device has good flexibility
and stretchability (Fig. 4b-d). It can be installed on non-deployable
spherical surfaces with a radius of 30 mm or on complex human skin
surfaces. The mechanical reliability of w-TEG was demonstrated by
measuring the properties under different bending and tensile condi-
tions. Figure 4e illustrates the variation in the w-TEG’s resistance over
multiple bending cycles, and the results show that the bending radius
of the w-TEG can reach 5 mm. When the device was placed on a testing
platform with a target bending radius of 10 mm, its internal resistance
change rate (Ryg; o/R7eg) and output remained relatively stable
throughout more than 500 bending cycles (Fig. 4f, g). In addition, our
w-TEG showed up to 30% stretchability, and the Ryr; o/Rrrc and out-
put performance of the device remained unchanged after more than
200 repetitions at 20% strain (Fig. 4h-j).
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Fig. 4 | Photographs and mechanical properties of w-TEG. a-d Photographs of a
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Model verification

To validate the accuracy of the model discussed above, we fabricated
w-TEGs with different structures and conducted several verification
tests on the fabricated devices to confirm the reliability of the model.
We set up a test system for TE performance (Fig. 5a) and a test system
for mechanical performance (Fig. 5b). First of all, w-TEGs with leg
heights of 2.5-4 mm and F values of 3-17% were separately placed on
an arm and subjected to three different heat transfer conditions
(natural convection, moderate convective heat transfer, and higher
convective heat transfer). Results from 1D numerical analysis, FEA, and
experimental characterization are shown in Fig. 5c-e. The experi-
mental results are in good agreement with the predicted results but
slightly deviate under the conditions of low F or high convection. The
reasons could be accounted for w-TEGs with low F have a greater
influence on secondary thermal effects (FEA also proves this result).
The results under high convection conditions were higher than
expected because the device not only collects heat from the skin it
covers, but the surrounding skin also supplements heat to the hot end
of the device, and the skin slightly alters its metabolism (heat pro-
duction) as the environment becomes cold/hot. The second set of
verification tests focused on T . Similar to the first set of tests, devices
were separately placed on an arm under the same three heat dissipa-
tion conditions, and the experimentally obtained T ; values on the arm

were found to align closely with those anticipated from the model, as
shown in Fig. 5f. The third set of verification tests addressed
mechanical performance. Devices with optimized F and three different
L values were each placed beneath a cylindrical object to exert pres-
sure. The applied pressure and the bending radius of the w-TEG on the
cylinder were recorded, from which experimental Ei;z; results were
derived for comparison with the numerical model (Fig. 5g). The high
level of conformity between the expected values and the experimental
results highlights the reliability and sophistication of our model.

w-TEG performance during operation on a human body

A Mg-based w-TEG with an area of 4.5 cm x 4.5 cm was fabricated based
on the design criteria discussed above to validate the efficiency and
reliability of our model and design procedure for practical applica-
tions. First, a composite SiO,/TiO,/PMDS (STP) radiative cooling (RC)
film was applied to the device (Fig. 6a) to enhance the heat exchange
between the device and the environment*®. The ultraviolet (UV)
reflectance and infrared emissivity characteristics of the composite
film are presented in Supplementary Fig. S19, which shows that it
exhibits both high UV reflectance and high infrared emissivity to meet
the heat exchange requirements. We subsequently evaluated the
device’s voltage on a human wrist (Fig. 6b) and thigh (Fig. 6c). Com-
pared to the wrist, the open circuit voltage of the thigh is lower, and
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the voltage of the device reaches thermal equilibrium and becomes
stable after 5 mins, at which time the output power of the device worn
on the arm was obtained. The results (Fig. 6d) revealed that at room
temperature, the w-TEG exhibited an output power of up to 126 pW
when the person wearing the device stood still, while its output power
reached 367 pW (P;=18.4 pyWcm™) when the wearer engaged in slow
walking (walking speed =1ms?"). Furthermore, when a temperature
difference of 40 K was applied, the device achieved a maximum P, of
0.9 mWcm™ (Supplementary Fig. S20). This Mg-based w-TEG with
meticulously optimized geometry thus exhibited output and flexibility
comparable to those of Bi,Tes-based devices. Demonstrations of body-
heat harvesting showed that our w-TEG can be widely employed for
sustainably powering microwatt-scale wearable electronic devices
(Fig. 6e). Figure 6f provides a comprehensive comparison between our
Mg-based w-TEG and state-of-the-art Bi,Tez-based devices in terms of
P4, ZT of the TE materials, Bending curvature (r™), flexibility (Ei;z;™),
and 7. It is evident that our work (indicated by the red pentagon and
stars) excels in all these aspects™??*2%4°-5* indicating the exceptional
overall performance of our device. Finally, this design strategy is also
suitable for other TE materials, such as Bi,Tes, or low-temperature

industrial applications that do not need to consider wearability. For
example, we used this design strategy to collect the heat from hot
water at 50°C (or industrial wastewater) and successfully drive a
Bluetooth thermometer to remotely monitor the ambient temperature
(Supplementary note S7). The design process of object-oriented w-TEG
is summarized in Supplementary Note S8. In this work, a system design
strategy proposed by us will have a positive effect on the field of
thermoelectric devices.

Discussion

In conclusion, for practical applications, an ideal wearable thermo-
electric generator (w-TEG) should not only fulfill power generation
requirements but its wearability should also be comprehensively
considered. We calculated the output performance of the w-TEG sys-
tem, including power and voltage, as well as aspects of wearing com-
fort such as bending radius, bending pressure, skin temperature, and
other multidimensional parameters, providing a connection between
the device and the human body based on an analytical model. Through
decoupled analysis, we proposed a set of system-level design strate-
gies for the rapid assessment of maximum output power and optimal
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wearability for w-TEGs. Following this approach, we developed a high-
power-density Mg-based w-TEG that exhibits excellent flexibility and
wearer comfort. The research findings underscore the effectiveness of
our w-TEG in harvesting body heat for energy, with potential applica-
tions extending to self-powered wearable electronic devices and sen-
sors. This work provides an in-depth perspective on the system-level
design of wearable thermoelectric systems and low-temperature-
difference thermoelectric cogeneration systems.

Methods

Synthesis and preparation of n-type Mg;Bi,-based TE material
Magnesium (Mg) powder (99.5%, Aladdin), bismuth (Bi) powder
(99.99%, Aladdin), antimony (Sb) powder (99.5%, Aladdin), and

selenium (Se) powder (99.5%, Aladdin) were weighed inside a glove
box according to the nominal composition Mg; ,Bi; 49Sbg sSep o1 The
raw materials were then loaded into a stainless steel can and con-
tinuously ball-milled at 550 rpm (SPEX 8000 M) for 20 h in an argon
(Ar) environment. The ball-to-powder weight ratio was approximately
30:1. After the ball-milling process was complete, the powdered
material obtained was removed from the glove box and placed in an
agate mortar for further grinding. The ground powder was then
compacted uniformly and sandwiched between two layers of 304
stainless steel powder inside a graphite mold with a diameter of
12.7mm (the upper and lower barrier layers were approximately
0.5mm each, and the TE material had a height of ~2.5mm). Spark
plasma sintering (SPS) was performed under pressure of 60 MPa with a
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heating rate of 100 Kmin™ to reach 773 K, which was maintained for
5min, followed by additional heating at a rate of 100 K min™ to reach
1073 K for sintering for 5 mins.

Synthesis and preparation of p-type MgAgSb-based TE material
Mg powder (99.5%, Aladdin), silver (Ag) powder (99.9%, Macklin), and
Sb powder (99.5%, Aladdin) were weighed inside a glove box according
to the nominal composition MgAgo 05Sbo.99 and placed in a ball milling
can. The mixture was then ball-milled for 18 h under an Ar atmosphere
at a rotational speed of 600 rpm. The obtained powder was com-
pacted between two layers of Ag powder and placed into a graphite
mold with a diameter of 12.7 mm (the upper and lower barrier layers
were ~ 0.75 mm each, and the TE material had a height of ~ 2.5 mm) for
SPS. Sintering was carried out under pressure of 60 MPa, and the
temperature was raised to 523K at a rate of 150 Kmin™, followed by
slow heating at a rate of 50 K min™ to reach 573 K, which was main-
tained for 10 mins. The sintered samples were then subjected to a heat
treatment at 573K for 10 days in a tubular furnace with a mixed gas
atmosphere containing 5% H, and 95% Ar.

Substrate precursor

The stretchable substrate precursor was prepared by mixing PDMS (10
wt%-diluent, used to reduce viscosity), Galn (75.5 wt% Ga and 24.5 wt%
In), and copper (10 um, Aladdin) in a ratio of 35 vol%: 50 vol%: 15 vol%.
After adding LM and stirring for 30 mins (oxidizing LM to prevent
copper corrosion), add copper and stir for 30 mins.

Synthesis of radiative cooling film

To prepare the composite SiO,/TiO,/PMDS (STP) radiative cooling
(RC) film, inorganic particles of SiO, (5 um, Aladdin) and TiO, (150 nm,
Aladdin) were first added to a reagent bottle containing ethyl acetate
(99.9%, Aladdin) and sealed. The mixture was stirred using a magnetic
stirrer at room temperature with a rotational speed of 1000 rpm for 1 h
to obtain a well-dispersed SiO,/TiO, suspension. PDMS (Sylgard 184,
Dow Corning) was then added in a mass ratio of 10:1 to the prepared
SiO,/TiO, suspension. The mixture was stirred using a magnetic stirrer
at room temperature with a rotational speed of 1000 rpm for an
additional hour. Ultrasonic dispersion was subsequently performed
for 20 mins. After completion of the ultrasonic treatment, a curing
agent was added to the PDMS mixture in a mass ratio of 10:1, and the
mixture was mixed at room temperature for 10 mins to obtain the STP
composite solution. The prepared STP coating solution was degassed
for 3 mins in a 100% ultrasonic cleaner to obtain the coating solution,
which was poured onto an aluminum foil fixed reflector surface and
spread into a film using a film coater. Finally, the coated sample was
placed in an oven for heating with a staged profile. The temperature
was initially maintained at 40 °C for 30 mins and then gradually raised
to 60 °C, which was maintained for 2 h to obtain an RC composite film
with a smooth and uniform surface without bubbles. For practical
human body energy harvesting applications, the RC film is attached to
the top of the device to enhance heat exchange between the device
and the environment.

w-TEG fabrication steps

Step 1: The bulk TE materials prepared as described above were cut
into n-type MgsBi,-based TE legs with dimensions of 1.5 mm x 1.5
mm x 3.5mm and p-type MgAgSb-based TE legs with dimensions of
2 mmx2 mmx3.5mm.

Step 2: Copper electrodes were prepared using the transfer
etching method and then coated with a 0.2 mm-thick layer of solder
paste using screen printing. The prepared TE legs were placed onto the
solder-paste-coated copper electrodes and placed on a heating stage.
The temperature was raised to 240 °C and maintained for 30s.

Step 3: In a mold, the substrate precursor prepared as described
above was poured to a thickness of about 1-1.5 mm and preheated at

80 °C for 10 mins. At this point, the surface of this hard substrate layer
had not yet solidified. The device prepared in Step 2 was then placed
on this preheated layer, and an additional layer of PDMS with a
thickness of about 0.2 mm was poured. The assembly was then placed
on the heating stage and heated to 80 °C for 1 h. The same procedure
was used to encapsulate the top electrode using the top substrate
prepared as described above.

Step 4: A polyurethane precursor (1076a) and a catalyst (1076b)
were mixed in a weight ratio of 2.5:1 and stirred for about 10s. The
mixture was quickly drawn into a syringe and injected between the TE
legs. The polyurethane subsequently foamed in the air and naturally
solidified to form the structure.

The w-TEG fabrication steps are schematically illustrated in Sup-
plementary Fig. S25.

Material characterization

The electrical conductivity (o) and Seebeck coefficient (a) of all
materials were measured using the ZEM-3 apparatus (ULVAC, Japan).
The tested samples were cut and polished to form rectangular speci-
mens with dimensions of 3 mm x3 mm x 12.5 mm. The testing tem-
perature ranged from 323K to 523K, with a temperature gradient
set at 50 K.

The thermal conductivity (k) of the TE materials was calculated
using the formula: k = D;zCpd, where D¢ represents the thermal dif-
fusivity of TE material, C, is the specific heat capacity of the material,
and d is the material density. Given that measuring Cp introduces sig-
nificant measurement error, previously reported values were adopted.
In this study, previously reported C, values for n-type Mg;Bi,-based TE
materials*>, determined using the Archimedes drainage method,
were used. Dy was measured using the LFA 457 laser thermal analyzer
(NETZSCH, Germany). The k values of the filling and substrate mate-
rials were measured using a thermal conductivity analyzer (TCi,
C-Therm Technologies Ltd.)

Contact resistance testing was conducted using a homemade
four-probe measurement apparatus. The testing current was set at
100 mA. As the probes moved from the contact metal layer through
the contact interface to the TE material, a series of voltage readings
were recorded to calculate the contact resistance.

Thermoelectric and mechanical performance characterization
of w-TEGs

The P, of each device was characterized using a digital multimeter
(Victor, VC8246A) to measure the load voltage (V) of the w-TEG. The
P4 was deduced using the formula P, = R'I/—*’A, where R, is the resistance
of the load resistor and A denotes the device area. During testing under
walking conditions, a fan was placed at the top of the device to
simulate an airspeed of 1.5 ms™. The airflow speed was measured using
an airflow velocity sensor (SMART SENSOR, AS836). The internal
resistance of the w-TEG after bending was determined by calculating
the slope of the I-V curve, which was established by subjecting the
w-TEG to a range of currents from —30 mA to 30 mA using a source
meter (Tektronix Keithley 6220) while simultaneously measuring the
voltage difference.

Three-dimensional finite element analysis of w-TEG
performance

We employed COMSOL Multiphysics (COMSOL Inc.) coupled with the
Heat Transfer and Electric Current modules to assess the thermo-
electric performance of our w-TEG. Within the TE module, the -
shaped TE legs were enveloped by the filling material and connected to
copper foil electrodes. These electrodes were further encapsulated by
the thermal conductive substrates. The model dimensions and
boundary conditions for the specific w-TEG configuration used in the
simulation are illustrated in Supplementary Fig. S8c. Simulation para-
meters included the material properties provided in Supplementary
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Table S3, as well as default values available within the COMSOL Mul-
tiphysics software package.

Reporting Summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The data supporting the plots in this paper and the other findings of
this study are available from the corresponding author upon reason-
able request.
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