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A B S T R A C T

Flexible thermoelectric generator became an attractive technology for its wide use especially for curved surfaces
applications. This study proposes design of a flexible thermoelectric generator, which is part of a sensor and
supplies required electrical power for human body application. The thermoelectric generator module has ink-
based thermoelements which are made of nano-carbon bismuth telluride materials. Flexible fins conduct the
body heat to the thermoelectric uni-couples, extended fins exchange the heat from the cold side of the ther-
moelectric generator to the ambient. A fully developed one-dimensional steady-state numerical model including
temperature-dependent thermoelectric properties of different materials is built to reveal basic characteristics and
optimal design criteria of the thermoelectric generator. Results show that ambient temperature presents sig-
nificant influence on thermoelectric generator performance, but thermal resistance from blood to skin surface
and contact thermal resistance at skin surface has negligible influence. A very low air velocity, e.g. 0.01m/s is
enough to ensure a considerable temperature difference through the thermoelectric element. Increasing ther-
moelectric elements thickness and thermoelectric module row number in a proper range can significantly en-
hance thermoelectric generator performance. The maximum output power can reach 0.2 μW/cm2, which in-
dicates the proposed design is promising for supplying human body sensors. In addition, the basic optimal design
criteria of the flexible thermoelectric generator and its relative merits are discussed and presented.

1. Introduction

Thermoelectric generator (TEG) is a promising technology for
electricity production with a power magnitude from large-scale in-
dustrial application (kW) to various distributed applications (nW, μW,
mW and W). Once placed between hot and cold reservoirs, continuous
output power can be generated based on the well-known Seebeck effect
[1]. Therefore, it is of widespread value in various application objec-
tives. For example, in metal manufacturing industry, TEG is a promising
technology to harvest the waste heat of high-temperature slag
(1200–1600 °C) by using phase change material to lower its operating
temperature [2]; even if use low-temperature slag flushing water
(100 °C) as heat source, a numerical model predicted that 0.93 kW
electrical energy can be produced per area [3]. In vehicle industry,
through using TEG to recover the exhaust waste heat, a parametric
optimization study showed that a maximum electrical energy of 188W
for commercial vehicle and 886W for heavy-duty vehicle can be

obtained [4]. In solar energy utilization, TEGs combined with micro-
channel heat pipe to enhance hot-side heat transfer can generate an
electrical power of around 0.1W [5]. In addition, in the field of sensor,
TEG can be integrated as a power source for industrial-process, en-
vironmental and biological monitoring [6].

With the rapid development of economy and society, more atten-
tions have been paid to health care technologies, and correspondingly
functionality-increased sensors with a power requirement range from
ultra-low magnitude (nW) to middle magnitude (μW) and large mag-
nitude (mW) have become increasingly popular for health care and
environment monitoring. In [7], common wearable biomedical sensors,
thermal resistances at different body locations, and material properties
of body tissue and convective heat transfer coefficients at skin surface
were introduced. In [8], key challenges and corresponding technologies
in wearable health and environmental systems that enable ultra-long
battery lifetime, user comfort and wearability were addressed. In [9],
recently emerging flexible thermoelectric (TE) materials suited for
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wearable applications were reviewed and compared, such as polymer-
based materials, inorganic and Organic materials with different fabri-
cation methods. In [10], properties of human body as a heat source,
thermal matching and performance test of wearable TEG for different
applications were discussed and presented. In [11], main interface
circuits and control techniques for high-efficient energy harvesting
from human body were presented in detail.

Many studies have shown that TEGs can be wonderfully integrated
with various sensors to make self-powered wearables through utilizing
the heat from human body. A theoretical study on the optimal design of
TEG with small temperature difference ΔT=1–10 K indicated that the
internal thermal resistance should match the total external thermal
resistance for maximum power production [12]. By considering actual
properties of human body and environment conditions, a theoretical
and experimental study suggested that wearable TEGs are feasible for
self-powered devices with an electric power requirement no larger than
1mW [13]. An experimental study showed that human-body movement
(i.e. convection thermal transfer) has significant effect on thermal en-
ergy harvesting, while humidity levels of ambient air do not have a
significant correlation to power [14]. By considering practical limita-
tions of wearable TEGs (e.g. structurally practical heat sink and module
geometries, the use of boost converter and the size constraint), a the-
oretical modelling study showed that maximum output power density
with optimal heat sink fin geometries and thermoelectric (TE) module
geometries can reach 11.4 μWcm−2 [15]. An experimental test on
1 cm2 Bi2Te3-Sb2Te3 TEG showed a maximum output power of about
17 μWwith optimal TE leg length of 4mm [16]. By considering optimal
sizing parameters (e.g. TE leg length, capture surface area of TEG and
height of heatsink) of a TEG for harvesting human body thermal energy,
a theoretical modelling study revealed the competitive relation between
maximizing the output power and minimizing the total volume [17]. An
experimental study showed that size of spreader (i.e. both-sides sub-
strates), applied location of human body and walking speed have sig-
nificant effect on wearable TEG performance [18]. An experimental test
showed that more than 20 μW output power can be generated from a
9 cm2 commercial TEG device that mounted on a human wrist at room
temperature 22 °C [19], while another experimental test showed that a

4× 4 cm2 commercial-off-the-shelf (COTS) TEG can harvest approxi-
mately 60 μW from human body at room temperature [20]. By testing
an improved TEG with heatsink at cold side, it was shown that output
power density of 7 μWcm−2 can be obtained when the wearer is sta-
tionary, while the power generation is 30 μWcm−2 when the wearer is
walking at a speed of 1.4 ms−1 [21]. By testing a wearable TEG with
different cold-side heatsinks (i.e. flat, grooved and checkerboard), a
maximum power density of 28.5 μWcm−2 was obtained with check-
erboard heatsink [22]. Using a quasi-three-dimensional model, the
significant effects of key design parameters such as fill factor, geometry
of TE element and substrate, and filler material in TEG, on harvesting
energy from human body were revealed [23]. By fabricating 12 thin
thermocouples (∼300 μm) on commercially available silk fabric to
form a flexible TEG, a maximum output power of 15 nW was obtained
with a temperature difference ΔT=35 K [24].

As for the literatures mentioned above, traditional TEG construction
that a number of TE uni-couples placed between two substrates with or
without heatsink at cold side have been mostly used, and approximate
assumptions such as identical materials and temperature independent
properties of TE elements were used. In this work, a flexible TEG design
with novel construction is proposed. One flexible fin contacts to the skin
for collecting heat from the human body, while other flexible fin is
placed at the cold side of TE uni-couple for dissipating heat to ambient.
The ink-based thermoelements made of nano-carbon bismuth telluride
materials are arranged between the warm-side and cold-side fins. Then,
a fully developed one-dimensional steady-state numerical model is built
to reveal the basic characteristics and parametric optimization of the
new flexible TEG, in which temperature dependent thermoelectric
properties such as Seebeck coefficient, electrical resistivity and thermal
conductivity of p- and n-type TE elements are considered. Some key
optimal design criteria are found in order to provide output power up to
0.2 μWcm−2, which could be used for some wearable sensing devices
and electronic circuits with power requirement of several μW, e.g. ultra-
low power radios [25], wrist watch [26] and so on.

Nomenclature

A area, m2

d thickness, m
F line-fill factor
h heat transfer coefficient, W/m ·K2

I current, A
k thermal conductivity, W/m·K
K average thermal conductance, W/K
L length, m
N number
P power, W
Q thermal flux through TE uni-couple, W
R electrical resistance, Ω
T temperature, K

TΔ temperature difference, K
U total voltage, V
V control volume, m3

v velocity of air, m/s
W width, m
w output power, W
x coordinate axis, m

Greek symbols

λ thermal conductivity of copper, W/m·K

α Seebeck coefficient, V/K
ρ electrical resistivity, Ωm
ψ thermal resistivity, Km /W2

Ψ thermal resistance, K/W
η conversion efficiency

Subscripts

bl blood
bs from blood to skin surface
c cold side
cs in contact with skin surface
L load
max maximum value
h hot (warm) side
hs heatsink (fin)
n n-type TE element
out output
opt optimal value
p p-type TE element
r row
is insulation substrate
TEG thermoelectric generator
uc uni-couple
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