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Desighing thermoelectric generators for
self-powered wearable electronics

Francisco Suarez, Amin Nozariasbmarz, Daryoosh Vashaee and Mehmet C. Ozturk*

Body wearable sensors and electronics for health and environment monitoring are becoming increasingly
popular as their functionality increases. Thermoelectric generators (TEGs) are of interest to make these
wearables self-powered by making them rely entirely on the heat harvested from the human body. The
challenge with using thermoelectrics on the human body is the large thermal resistances experienced
at the skin/TEG and TEG/ambient interfaces. These parasitics can be potentially so large that they
can dominate the device performance. Therefore, it is critical to have accurate models to predict the
device performance considering material properties, module design and parasitics. In this paper, we
present a computationally efficient, quasi three-dimensional TEG model and use this model to explore
the design criteria for current state-of-the-art rigid TEG modules as well as prospective flexible modules
for body wearable applications. We show the impact of the properties of the thermoelectric material,
module design and dimensions, heat spreaders, filler material, heat sink and skin contact resistance
on device performance. We also identify the significance of material thermal conductivity over the
Seebeck coefficient and electrical resistivity in improving the output power for wearable applications.
For flexible TEGs, we identify the thermal conductivity of the filler material as one of the critical
parameters that need to be taken into consideration for optimal performance. Finally, the model was
used to design a custom TEG with improved material properties and device design. The measurements
indicate a nearly 3x improvement in power output over a commercial TEG with similar area as
successfully predicted by the calculations.

The human body is an endless source of renewable energy. Useable energy in the form of heat is radiated continuously from the skin as the body self regulates a
precise core temperature. Thermoelectric Generators (TEGs) are solid state (no moving parts) devices that are capable of converting heat into electrical energy.

TEGs operate on the principal that when subjected to a temperature differential, they produce an associated voltage due to the Seebeck effect. Wearable devices
pose as an interesting application for TEGs as the human skin and the ambient provide a natural temperature differential from which energy can be harvested.

As their functionality increases, wearable devices for fitness and wellness monitoring are becoming more popular than ever before. The interest in applying

these devices to applications that require long-term continuous monitoring (e.g. clinical studies) is also growing. However, the burden of frequent recharging or

replacing of the batteries on these devices plagues user compliance and is currently one of the largest challenges facing the industry. By taking advantage of the
available temperature difference between the body and the ambient, the wearable devices have the opportunity to not only harvest energy for improving battery
life but also completely eliminate the battery all together and become truly “self-powered”.

1 Introduction

different research groups and it has become the focus of a
number of scientific publications.>® These studies have shown

Thermoelectric generators (TEGS) present a unique opportunity
to convert heat radiated from the human body to electricity for
self-powered wearables. The TEG technology has already been
exploited in several commercial devices starting with the Seiko
Thermic watch.! The topic has also attracted the interest of
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that TEGs can produce hundreds of uW of power, which has
proven to be sufficient for powering different body sensors such
as electrocardiogram (ECG) and pulse oximeter.”® However,
comprehensive modeling of how individual material dimen-
sions, material properties, parasitic resistances, filler thermal
conductivity as well as heat spreading internal and external
to the device has not been performed to evaluate full system
performance. There is a growing interest in using TEGs to
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create self-powered wearables with increased capability to monitor
the human health and the environment.® Such devices will require
multi-modal sensing to achieve a truly comprehensive assessment
of the human condition. To achieve such a goal, TEGs must be
able to deliver milliwatts of power via improvements in material
properties and system design. The latter is especially important
given the high thermal parasitic resistances at the body/TEG and
TEG/air interfaces. In this paper, we present a computationally
efficient quasi three dimensional model which was employed to
study the impact of all key design parameters on harvesting energy
from the human body. Additionally, we experimentally evaluate
the output power of a commercial TEG placed on the human body
and study the potential impact that a proper design could have on
improving performance.

1.1 Human body as a heat source

The human body produces heat as a byproduct of metabolic
chemical reactions.'® Both the conversion of organic matter
into energy and the transformation of that energy into useful
work contributes to our core body temperature. The heat is
then distributed to different parts of the body by the blood flow
and is released through the skin via radiation, convection and
sweat evaporation.'* As the ambient temperature changes, the
body regulates the blood flow through contracting (vasocon-
striction) and dilation (vasodilation) of the blood vessels.

The skin temperature is an important factor that needs to be
taken into account in choosing the optimal locations for energy
harvesting. The skin temperature is naturally higher at body
locations where the blood vessels are closer to the skin surface.
Systematic studies that focus on measurements of the body
temperature at different locations have been previously con-
ducted. For example, Fig. 1 shows skin temperatures for various
body locations reported by Webb."?

It can be seen that the highest temperatures are measured
on the forehead and the temperatures progressively drop
toward the feet. It is interesting to note however that the
temperature range becomes far more significant as the ambient
temperature drops. For instance, while the temperature differ-
ence, Tmax — Tmin is only about 1 °C at an ambient temperature

Skin Location Cold (15°C) Reom (27°C) Hot (47°C)
Forehead (A) 317 35.2 37
Back of Neck (B) 31.2 35.1 36.1
Chest (C) 30.1 34.4 35.8
Upper Back (D) 30.7 34.4 36.3
Lewer Back (E) 29.2 33.7 36.6
Upper Abdomen (F) 29.0 33.8 35.7
Lower Abdomen (G) 29.2 34.8 36.2

™ Tricep (H) 28.0 33.2 36.6
Forearm () 26.9 34.0 37.0
Hand (L) 23.7 33.8 36.7
Hip (M) 26.5 32.2 36.8
Side thigh (N) 27.3 33.0 36.5
Front Thigh (O) 29.4 33.7 36.7
Back Thigh (F) 25.5 32.2 36.0
calf (Q) 25.1 31.6 35.9
Foot (R) 23.2 304 36.2

Fig. 1 Reported human skin temperatures for different points on the body
at varying ambient temperatures.*®
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Fig. 2 Cartoon illustrating the three parasitic resistance that impact TEG
performance.

of 47 °C, it increases to 8.5 °C when the ambient temperature
drops to 15 °C. The standard deviation obtained for these
measurements also varies with location and the ambient tem-
perature reaching a maximum of 2 °C at 15 °C.

1.2 TEGs for harvesting heat from the human body

When a TEG is placed on the human body, the extrinsic
temperature differential, AT, between the body core and the
ambient results in a steady flow of heat through the TEG, which
leads to an intrinsic temperature differential, AT; across the TEG,
which in turn produces an output voltage, V,, via the Seebeck
effect. Successful harvesting of heat from the human body relies
on maximizing this temperature differential, which turns out to
be a challenging task due to several parasitic thermal resistances.

Fig. 2 illustrates three key resistances that impact the effi-
ciency of these devices. First and foremost, human skin is a good
thermal insulator, which leads to a skin thermal resistance
between the body core and the TEG. Second, a large thermal
contact resistance exists at the skin-TEG interface due to the
rough morphology of the skin. Finally, a thermal resistance exists
at the TEG-ambient interface largely determined by convection.
Typically, a heatsink is used to increase the convection efficiency
by increasing the available surface area. However, if this device
is to be used on the human bodyj, it is quite undesirable to have
a large, clunky heatsink on the TEG. Therefore, it is favorable
not to use a heat sink or to use a heatsink with a small form-
factor while achieving an acceptable heatsink resistance, Ry at
this interface. A sizable portion of the available temperature
differential drops across these three resistances. Consequently,
for efficient harvesting of the body heat, it becomes critical to
minimize these parasitic resistances and choose the TEG para-
meters accordingly.

2 TEG model

In this work, a quasi three-dimensional thermal model was
employed, which takes into account the lateral spread of heat
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through the hot and cold side substrates as well as conduction
through the medium surrounding the semiconductor (thermo-
electric) material more commonly referred to as legs. The objective
is to provide a simple model that can provide similar design insight
as more sophisticated finite element analysis tools with increased
flexibility for changing the geometrical parameters while providing
results at a fraction of the computation time. In this section, we
present the basic structure of the thermal model as well as the
second order effects as incorporated in our calculations.

2.1 Basic circuit

Fig. 3 shows the electrical circuit of the basic model. In this
circuit, the ambient and the core body temperatures are repre-
sented by the ideal voltage sources, T, and T}, respectively, which
define the extrinsic temperature differential as AT, = T, — Th.
The intrinsic temperature differential is given by AT; = Ty, — T,
where Ty, and T, represent the temperatures on hot and cold
sides of the thermoelectric legs respectively. The model calcu-
lates AT; for a given AT, and uses this differential to calculate the
power generated by the thermoelectric module.

The circuit includes the thermal resistance of the legs,
Rreg and the three parasitic resistances illustrated in Fig. 2:
the hot-side resistance, Ry, includes the skin resistance, the skin/
TEG contact resistance, as well as the as the vertical resistance
through the substrate to the leg. The cold-side resistance, R, is
mainly determined by the heatsink resistance, Rys and vertical
resistance through the substrate.

The two current sources Qj/2 represent Joule heating resulting
from the electrical current, I, flowing through the legs once the
generator is connected to an external load. The net heat generated
due to this current is Q; = PR, where R is the total electrical
resistance of the TEG legs. It is assumed that this additional heat is
evenly distributed between the two sides of the module. The
electrical resistance of each TEG leg is determined by the electrical
resistivity, p of the material and the physical dimensions. The net
effect of this self-heating is to reduce the AT;.

The two voltage dependent current sources Q, represent
Peltier heating and cooling also resulting from the electrical
current flowing through the TEG. The Peltier heat pumped to or
from a junction can be calculated as Q, = III, where I is the
electric current flowing through the junction and I7 is the Peltier
coefficient of the semiconductor. The Seebeck coefficient, «
and the junction temperature, T. or T}, determine the Peltier
coefficient as IT = oT. It can be seen from the circuit that these
sources attempt to cool the hot side and heat the cold side,
effectively reducing the AT;.

f Rreg

T, R,
T PQ 0, Qlﬁg %@ QPM—TL T
2

[ T » 7 a

Fig. 3 Electrical analog of the thermal equivalent circuit employed by
the model.
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Analysis of the circuit shown in Fig. 3 yields the following
equations:

T — T, Ty, — T :
=T _Tp h+%7Qp
Rr1EG Ry 2 o
TthcichTa Qj
- __+Qp7
RteG R 2

which can be solved simultaneously to determine AT; = T}, — Te.
The open-circuit voltage, V,. produced by the TEG is given by

Voe = N(oty + 0,)AT; 2)

for a TEG with N pairs of p-n legs. In this equation, «, and o,
represent the Seebeck coefficients of the n-type and p-type legs
respectively. The source resistance, Rs of the TEG is given by

N h
RS = 3(pp + pn>m7 + cht (3)

where 7 and w represent the height and width of each leg and
pn and p, represent the electrical resistivities of the n-type and
p-type legs respectively. R, includes the contact resistances at the
metal-semiconductor interfaces as well as the series resistance
of the metal lines connecting the TEG legs in series.

The generated open-circuit voltage is shared between the source
resistance Rs and the external load resistance R;. The power
delivered to the load can then be calculated as:

P max — 2 (4)

2.2 Heat flow around the legs

Since the TEG legs are attached to a thermally conductive
substrate, the heat entering the bottom substrate from areas
surrounding the legs also contribute to the output power
generated by the TEG. However, this heat must first flow
laterally through the bottom substrate before it can be collected
by the TEG legs. Similarly, the heat leaving the legs spreads
laterally in the top substrate before it is dissipated to the
ambient through the heatsink via convection. The thermal
resistances presented to these lateral heat flows could be
negligibly small if a TEG employs relatively thick substrates
made of a good thermal conductor. However, as the TEG
dimensions are downscaled for wearables and flexible devices,
this parasitic effect can play a significant role and it must be
taken into account in the calculations.

Furthermore, some of the heat traveling through the bottom
substrate escapes into the medium (typically air) surrounding
the legs effectively resulting in a thermal shunt between the two
substrates. For conventional TEGs, this effect can be fairly small
since air is not a good conductor of heat (x ~ 0.025 Wm 'K '
at 300 K). On the other hand, in flexible TEGs, the medium
surrounding the legs is typically an elastomer, which can be far
more conductive than air and it can cause a significant drop
in device performance.

In our model, the lateral heat flow through the substrates
and thermal shunting of the legs are treated numerically
following a quasi three-dimensional approach. An electrical
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Fig. 4 (a) Complete circuit representing the heat flow around a single

TEG leg; (b) circuit after separation of the hot and cold sides; (c) final circuit
per leg with Thevenin equivalents.

analog circuit is created to represent the lateral, in-plane heat
flow through the substrates as well as the out-of-plane flow
between them. The circuit shown in Fig. 4a represents the heat
flow through and around a single leg. In this circuit, Rjeg is
the thermal resistance of the leg. The resistances, Ry, and
R represent the thermal resistances connecting the leg to
the skin on the hot side and to the ambient on the cold side.
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Fig. 5 3-D representation of thermal resistances around a single leg.
Lateral thermal resistance, Ry, represents heat flow through the substrate
around the legs. Vertical resistance, R,; represents vertical heat flow
around the legs through the medium between the hot and cold substrates.
Hot and cold side resistances Ry; and R.; represent both the heat transfer
from the heat source (body) as well as vertical conduction through the hot
substrate as well as vertical conduction through the cold substrate and
heat transfer to the cold source (ambient) respectively.

Fig. 5 illustrates the origin of the additional resistances included in
the resistive network of Fig. 4a. The rectangular region surrounding
each leg is divided into n rings of thickness, dx, which are used
to calculate the in-plane and out-of-plane heat flow.

On the lower, hot-side substrate, each ring introduces two
thermal resistances: a skin-to-leg resistance, Ry; as well as a
thermal resistance, R); representing the lateral flow of heat
from the ith ring toward the leg, where 7 = 1, 2,.. ., n. Similarly,
each ring on the top, cold-side substrate introduces three
resistances: a leg-to-ambient resistance, Ry,; largely determined
by the rate of convection on this surface, a lateral resistance Ry;
representing the heat flow from the leg to the ith ring, and a
vertical resistance through the filler material between the hot
and cold substrates, R,,.

The lateral resistance, Rj; is determined by the thermal
conductivity of the substrate and the physical dimensions:
the circumference of the ring, the thickness of the substrate
and the width, dx. The model assumes that the two substrates
are made of the same material and that they have the same
thickness. As such, the lateral resistances, Rj; of the rectangular
rings are assumed to be identical for both substrates.

To account for the heat flow between the two substrates,
each ring on the bottom substrate is connected to an identical
ring on the top substrate through a vertical resistance, R;.
Conduction through the filler material is assumed as the
dominant heat transfer mechanism.

To simplify the solution, each resistive network was represented
by a Thevenin equivalent circuit. In this approach, one can
reduce a large circuit consisting of voltage sources and resistors
down to a simple equivalent circuit with a single voltage source
in series with a single resistor.’* It was assumed that the air

This journal is © The Royal Society of Chemistry 2016
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temperature midway between the two substrates was fixed
at T' = (T, + T.)/2, enabling separation of the upper and lower
resistive networks as shown in Fig. 4b. It was then possible to
obtain the Thevenin equivalent circuits for heat spreading
around the legs for both sides resulting in the equivalent circuit
shown in Fig. 4c where heat flow across the leg is the combi-
nation of heat flow directly underneath the leg as well as the
heat collected around the leg. This circuit was then replicated
for all legs in the TEG module assuming uniform heat distribu-
tion throughout the module. This implies that the same
temperatures appear on hot and cold sides of every single leg
yielding virtual shorts between equivalent nodes of the resistive
networks representing the individual legs. These virtual shorts
effectively place all TEG legs as well as the equivalent resis-
tances in parallel yielding two final Thevenin circuits represent-
ing the entire module. These circuits were then used to replace
Tay Tv, R and Ry, in the circuit of Fig. 3 as

' Reo' Teeth + Re-th Ty

T, = ! ! 5
! RCO +Rc-Th ( )
+ Rio The Ru-tn T

T, = ho h'/rh‘l' hT,h b ©)

Ryo' + Ri-Tn
P Rno' % Ru-th’ @)

¢ Rio' + Rn-mn'
" Rio' X Ru-ti )

h — &% 7 . 5 7
Rno" + Ru-h

where R’ = Re/2N, Rpo' = Rpo/2N, Reqn’ = Reqn/2N,
Rp1h’ = Rhn/2N.

2.3 Skin to TEG resistance

A TEG placed on the human skin sees two main resistances
between the skin temperature and core body temperature
as shown in Fig. 2. The first resistance is the skin resistance
which is a complicated function of specific physiological para-
meters such as weight, age, body fat and even gender."” The
second resistance is the thermal contact resistance at the TEG-
skin interface. Since the skin is an inherently rough surface,
this resistance can have a significant impact on the TEG
performance. However, since skin is soft and can deform with
pressure, the contact resistance at the skin/TEG interface is
highly dependent on pressure.

The contact resistance, R. between two dissimilar surfaces
can be expressed in terms of the heat transfer coefficient, 7. as
R. = 1/h.A where A is the contact area. Ho et al. used a previous
model by Yovanovich et al.’® to calculate the contact resistance
between the fingertip and different surfaces.'® According to this
model, the heat transfer coefficient at the TEG/skin interface
can be expressed as

A P 0.95
he = 1.25K57” (H_c) (9)

where «g is the harmonic mean thermal conductivity, Aa is the
average surface asperity slope, ¢ is the RMS surface roughness

This journal is © The Royal Society of Chemistry 2016
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Fig. 6 Heat transfer coefficient of the TEG/skin interface as a function of
pressure for various locations on the body. Common areas investigated
for wearables such as the Tricep, Forearm and Forehead are highlighted.
It can be seen that since the skin is soft and elastic, the contact resistance
is a function of the pressure applied.

and P is the applied pressure and Hc is the micro-hardness of
the skin. Fig. 6 shows the estimated heat transfer coefficient
for different locations on the body as a function of contact
pressure varying from 0 to 1 kPa. For reference, 0.5 and 0.8 kPa
corresponds to tight fitting clothing.'” In these calculations, we
have used the RMS skin roughness figures reported by Tchvialevaa
et al.,"® who used a laser speckle technique for in vivo measure-
ments. For skin Aa and Hc, we have relied on values used by Ho
et al.*® For the TEG, orpg = 1 pm and Aa = 0.2 pm were assumed,
which are representative of a surface much smoother than the
skin. It can be seen that the heat transfer coefficient varies
appreciably with pressure and shows significant variations
between different locations on the body. The largest 7. (i.e. the
smallest contact resistivity) was obtained for the forearm, which
exhibits a range of 50 to 75 W m~> K" for tight fitting clothing.
Tricep, which exhibits a similar %, appears to be another good
location. According to these calculations, the forehead has the
smallest heat transfer coefficient, corresponding to an approx-
imate range of 25 to 40 W m > K~ ' despite providing the highest
temperature on the body according to Fig. 1.

Using the skin temperatures given in Fig. 1 for different
body locations, and assuming a uniform convective heat trans-
fer coefficient of heony & 5 W m~> K~'*° for the body, we can
estimate the skin heat transfer coefficient, g, from

hkin = hcony - M (10)
Tcore — 4 skin
This yields ~15 W m > K" for the wrist at room temperature,
which, appears to be a favorite location for commercial wearables.
Clearly, this value is smaller than the heat transfer coefficients
given in Fig. 6 especially with tight fitting clothing. Since the two
resistances are in series, the effective heat transfer coefficient
is given by
hchskin
hdf B hc + hskin (11)
which, will be dominated by the smaller of the two coefficients.
In our calculations, we have bypassed the skin resistance by
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relying on average wrist skin temperatures given by assuming
that this resistance is embedded in the skin temperature
measured on the body.”® We have then used a conservative
estimate for the heat transfer coefficient of 50 W m~2 K™ ! to
represent the interface, which falls within the lower range of
20-100 W m > K ' for the skin heat transfer coefficient
reported by Lossec et al.’

2.4 Heat rejection at cold side

For the TEG to achieve a large AT, the ability to reject heat from
the cold-side is just as important as the skin temperature.
Typically, a heat sink is attached to the cold-side of a TEG to
provide a large surface area for effective convective cooling.
Unfortunately, heat dissipation will inevitably decrease if the
TEG (and the heat sink) are buried under clothing. Therefore,
potential usable locations include the neck, face, arms and
possibly the lower legs. Furthermore, forced convection relies
on air flow and since air flow increases with body motion,
locations that are naturally more mobile (e.g. arms and legs)
will be advantageous.*!

The heat sinks used on wearable devices must be efficient yet
non-burdening. This simply means that we should try our best to
avoid large, bulky heat sinks. This requirement unfortunately
comes at a cost due to the fact that the smaller the area we
provide for convection, the larger the thermal resistance we will
have between the TEG and the ambient.

In this work, we have adopted a theoretical model proposed
by Teertstra et al. to estimate the thermal resistance of the
parallel finned heat sinks used in our calculations.?” The model
assumes forced convection as the main heat transfer mechanism
but it also includes the impact of heat conduction through the
fins. Using this model, it is possible for a given heat sink
geometry and air velocity to calculate the Nusselt number, a
value representing the ratio of heat transferred through convec-
tion off a surface versus conduction. This value can then be used
to calculate the thermal resistance, Ryg = 1/h,A where A is the
area of the TEG and #, is the heat transfer coefficient of the
heatsink measured in W m™—> K.

The calculated heat transfer coefficient of a small heat sink is
plotted in Fig. 7 as a function of the thermal conductivity of the
material used to construct the heat sink. The calculations were
made assuming different air velocities ranging from almost zero
to 1.4 m s~ corresponding to walking at a normal pace.”* The
heat sink had 11 parallel fins, which were 0.5 mm thick and
5 mm tall. The base area of the heat sink was 1 cm x 1 cm.

There are several important conclusions we can draw from
Fig. 7 for wearable thermoelectric harvesters. First, we can see that
the heat transfer coefficient is a strong function of air velocity. This
essentially implies that the performance of a wearable TEG will
improve significantly if the person wearing the TEG is moving,
which is consistent with experimental findings from researchers.”
For this reason, certain locations on the body (e.g. lower arm)
are advantageous because they naturally move during tasks
done by hands even if the person is not walking or running.
Second, the impact of air velocity diminishes at higher velocities.
This is somewhat disappointing because it implies that the TEG
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performance will not improve significantly if the person moves
even faster (e.g. running). Finally, we note that the heat transfer
coefficient saturates beyond a certain thermal conductivity level
and the saturation point shifts to higher values as the air
velocity increases. Even more interestingly, we note that at
v =1.4 m s, there will not be anything gained from using a
material with a thermal conductivity larger than 10 Wm ™' K.
This is significant because heat sinks are typically constructed
of metals such as aluminum that are great thermal conductors.
However, when the fin height is on the order of a few mm, the
heat does not have to travel a large distance before it can leave
the fins via convection. This observation opens the door to a
variety of alternative materials including certain polymers
with thermal conductivity levels above 5 W m ' K ' to
create small, flexible heat sinks. In our calculations, we will
assume a moderate heat sink with a heat transfer coefficient of
100 W m~> K~ '. This assumption also implies that a larger
temperature drop will occur across the skin contact resistance
with 7, =50 Wm ™2 K.

2.5 Material parameters

The model parameters used in this study (unless noted other-
wise) are listed in Table 1. These parameters correspond to a
semiconductor figure-of-merit z7, defined by:
S%
T=—T 12

T =2 (12)
of about zT = 0.8, typical of commercial TEGs based on the
Bismuth Chalcogenide system. For simplicity, we have assumed
that the parameters for p- and n-type legs are identical.

2.6 Optimum load resistance

According to the maximum power transfer theorem, the resis-
tance of a load connected to a voltage source must match the
output resistance of that source. If we assume this linear case,

This journal is © The Royal Society of Chemistry 2016
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Table 1 TEG parameters used in calculations

Parameter Unit Symbol Value
Electrical conductivity Sem™! ¢ 1000
Thermal conductivity Wm 'K K 1.5
Seebeck coefficient uv K* S 200
Electrical contact resistivity Qem™? Pe 1077
Interconnect resistivity (Cu) Qcm? pclt 1078
Interconnect thickness pm hic 20
Substrate thermal conductivity WmtlK? KSubstrate 200
Substrate thickness mm Rsubstrate 0.5
Leg height mm h 1
Leg base area mm? 4 0.25
Thermal conductivity of air Wm 'K Kair 0.025
Body heat transfer coefficient Wm 2K hg 50
Heatsink heat transfer coeff. WmZ2K* hys 100
TEG area cm? Arpg 1
Ambient temperature °C Tambient 27
Skin temperature °C TBody 34

where Rg = Ry, then the max power can be defined as P= V,,.*/4Ry.
However, a TEG is a non-linear device, whose behavior is altered
by Joule heating and Peltier heating/cooling as discussed
in Section 2.1. Consequently, simple matching of the load
and source resistances does not yield the optimum operation
point. Fig. 8 illustrates the relative contributions of the Peltier
heating/cooling as well as Joule heating to the total heat flowing
through the module. It can be seen that the contribution
of Joule heating is quite negligible, which is not surprising
considering the magnitude of the electric current flowing
through the module.” On the other hand, the Peltier effect,
while still small, can not be neglected. Fig. 9 shows the output
power generated by the TEG as a function of the ratio of the
external load resistance, R oap to the TEG source resistance,
Rrgg. Calculations were carried out both with and without
including the Peltier effect. It can be seen that the Peltier effect
results in a sizable drop in the output power. Furthermore, the
maximum power is no longer reached when Ry oap = Rrgg, but it
is shifted to a larger value of ~1.4Rgg. This value is consistent
with the analytical expression Rioap = RtegV 1+ ZT, which
yields the optimum load resistance for a given ZT.>**
We differentiate ZT (upper case) from zT (lower case) here to
specify device ZT which is derived from the overall efficieny of
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Fig. 8 Comparison of total heat flux flowing through the TEG, Qeg, vs.
heat lost through Joule and Peltier effects.
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Fig. 9 Generated output power versus R oap/Rteg ratio with and without
Peltier effect.

the entire device versus material zT which is representative
of a single leg.>® Further calculations in this paper will include
the Peltier effect as well as the load ratio of 1.4 corresponding
to ZT ~ 0.8.

3 Results

Fig. 10 shows typical temperature distributions from the
body’s core to the ambient for both a warm (27 °C) and cooler
day (15 °C). Since the body regulates heat (blood) flow as the
ambient changes, varying skin temperatures for the two condi-
tions must be taken into account. Skin temperatures of 34 and
26.9 °C for the forearm from Fig. 1 were correlated to the warm
and cool ambient temperatures respectively. The calculations
were carried out assuming a fill factor of 25%, which is about
typical for commercial TEGs. It can be seen that only a small
fraction of AT, drops across the thermoelectric legs. While the
AT across the TEG increased (from 0.5 °C to 0.9 °C) with

38
ool AT < 1°C

MNOoW W w
0o o N B

27°C

(]
=

Temperature (C°)

15°C

Interface TEG
Location

Fig. 10 Temperature difference from core body temperature to the
ambient air. It can be seen that almost all of the temperature coming into
the TEG is lost through the skin as well as the heatsink. Since the body
regulates heat flow through the skin as function of the ambient, similar
delta’s across the TEG are obtained for varying ambient temperatures.
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decreasing ambient temperature, the total percentage of avail-
able AT that falls across the TEG remained about the same
around 4-5%. We can see from the figure that the skin
resistance dominates over the TEG and heatsink thermal
resistances. There is clearly not much that we can do to improve
this except choose a location on the body that minimizes
the skin resistance. The contact resistance will be helped by
increasing the pressure but this may be a concern for long-term
use. The heatsink resistance can be improved by increasing
the fin area but again, this is not so desirable if the objective is
to create a non-burdening device with a small form-factor.
Ignoring the parasitic resistances, the module thermal resis-
tance can be expressed as

1 I

RipG = ——o 13
TEG =2 FF x Areg (13)

which leaves the semiconductor thermal conductivity, leg
height, leg base-area and the fill factor (FF) as the four variables
we can work with to improve the module performance. Fill
factor is the percentage of total TEG area occupied by the
thermoelectric legs. Another effect that needs to be considered
is the heat conduction through the medium surrounding the
legs, often referred to as the filler. Since the filler is effectively
in parallel with Rrgg, it can have a substantial impact on the
module resistance.

3.1 The effect of semiconductor thermal conductivity

Traditionally, research efforts in thermoelectric cooling and
energy harvesting have emphasized material improvements to
enhance the figure-of-merit, zT. It should be noted however that
certain system requirements may increase the importance of
certain parameters over others. Here, we show that body energy
harvesting is one such application, for which, the thermal
conductivity of the material is more important than the other
two parameters (¢ and x) making up the zT.

Fig. 11 shows the output power against a varying thermal
conductivity and Seebeck coefficient for two different z7T's of 0.8
and 2.0 and two different cases of parasitic resistances. Fig. 11a
considers a TEG with small source and heatsink thermal
resistances. The calculations were performed assuming
ha = hg = 1000 W m > K. Using this heat transfer coefficient,
the two parasitic resistances amount to a small percentage of the
thermal resistance of the legs. On the other hand, Fig. 11b considers
a TEG with much larger parasitic resistances typical for energy
harvesting from the human body. Heat transfer coefficients of of
100 and 50 W m > K" were assumed for %, and Ay respectively.

The calculations were performed for a constant fill factor of
25%, leg length of 1 mm and base area of 0.25 mm?. To obtain
the surface plots with constant zT values, the electrical con-
ductivity was adjusted as x and S were varied. Clearly, zT of 2.0
is hypothetical and it represents a value well beyond the reach
of current commercial modules. While minimal, for a constant
thermal conductivity, there does exist a slight increase in power
with increasing Seebeck coefficient. We would not expect to
observe this increase since the power factor, ¢S is kept
constant as the electrical resistivity is tuned to keep the zT
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Fig. 11 Output power versus thermal conductivity and Seebeck coeffi-
cient for two different zT values. The calculations were performed for a
constant fill factor of 25%, leg length of 1 mm and base area of 0.25 mm?.
Thermal conductivity and Seebeck coefficient were varied and electrical
conductivity was calculated to keep the overall zT constant (A) more
common case of TEG with low input and output thermal resistances.
(B) Wearable TEG with high input and output parasitic thermal resistances.
It can be seen that for wearables, a TEG with a moderate zT of 0.8 but low
thermal conductivity can outperform a TEG with a super high zT of 2.0 but
higher thermal conductivity.

constant for each Seebeck coefficient. However, for a given zT
and thermal conductivity, the increase in Seebeck coefficient
corresponds to a decrease in electrical conductivity. As the
electrical conductivity of the TE leg decreases, the current
and therefore the secondary Peltier heating/cooling effects also
reduce, yielding higher output power.

In Fig. 11a, we make two key observations. First, we can see
that an improvement in z7 always shows an improvement in
performance for any permutations of Seebeck, thermal and
electrical conductivity. Second, for either zT, as we lower the
thermal conductivity for a given Seebeck coefficient, the output
power decreases. This is because electrical conductivity must
decrease with thermal conductivity to keep the ZT constant.
As such, lowering the thermal conductivity is equivalent to
reducing the power factor, ¢S and we can conclude that when
the parasitic resistances are small, lowering the power factor
results in a reduction of the output power.

On the other hand, the behavior in Fig. 11b is strikingly
different. In this case, lowering the thermal conductivity
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(hence the power factor) has the opposite effect of increasing the
output power. Since the parasitic resistances are much larger
than the resistance of the legs, only a fraction of the available
temperature drops across the TEG. Given the fact that the output
power is proportional to the square of AT;, the impact of thermal
conductivity on the output power is significant.

This interesting behavior brings up another observation
about z7. The figure indicates that a material with z7' = 0.8
and a very low thermal conductivity of x = 0.2 W m ™' K can
actually have twice the power of a system with z7 = 2.0 and
k=1W m ' K . While we assert that zT is still important, we
can see that lowering the thermal conductivity is far more critical
than increasing the electrical conductivity (and hence, the power
factor) for this particular application. This finding is consistent
with the findings of Mayer et al. who noted the importance of x
over S and ¢ in heatsink limited applications.?® This result shows
potential promise for printable and flexible thermoelectrics for
wearable applications, which exhibit low zTs but often have
inherently very low thermal conductivities.>”®

As a final note, we would like to emphasize that the above
calculations and therefore conclusions were made for two
materials with the same fill factor, leg height and base
area. These parameters will clearly need to be optimized for a
given thermal conductivity to achieve the best possible perfor-
mance. These parameters are considered in more detail in the
following section.

3.2 The effect of fill factor and physical dimensions

What dictates device performance is the thermal resistance of
the module and how it compares to the parasitic resistances
that exist in the overall system. In order to increase the module
thermal resistance, we can reduce the fill factor, FF, by redu-
cing the number of legs and/or decrease their base-area.

Fig. 12 compares the impact of changing the fill factor
(number of legs) in three different TEGs, with semiconductor
thermal conductivities of x = 0.2, 0.5 and 1.5 W m ™' K *. The
legs are 1 mm tall and they have a base area of 0.5 x 0.5 mm®.
The intrinsic temperature differential, AT;, voltage and output
power are plotted as a function of the number of legs (and FF).

Number of Legs

Number of Legs

View Article Online
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Fig. 12a compares AT; for the TEGs. As more legs are added, the
TEG thermal resistance and the AT; decreases. Not surprisingly,
the module with the lowest thermal conductivity operates
with a larger temperature differential throughout the entire
FF range. For the most thermally conductive module, the
temperature differential is less than 2 °C once FF > 10%.
Fig. 12b compares the open-circuit voltages of the three TEGs.
Clearly, the TEG with the lower thermal conductivity performs
significantly better throughout the entire FF range. Finally,
Fig. 12¢ shows that the TEG with x = 1.5 W m ™' K ' reaches
its maximum power at a very small fill factor (FF) of about 3%
corresponding to about 10 legs. Increasing the fill factor causes
a rapid drop in power resulting in a reduction of more than
50% at a fill factor of 20. On the other hand, with x = 0.2, the
maximum power is reached at FF ~ 25 corresponding to ~100
legs. It is important to note that it is quite challenging to
construct a mechanically stable module with FF < 20% if the
legs are attached using thermal compression bonding, as is the
case now with commercial modules. Therefore, even though it
is theoretically possible to reach about the same maximum
power level with all three thermal conductivities, in practice, it
will not be possible to produce a mechanically robust module
with only a handful of legs. In conclusion, reducing the thermal
conductivity allows us to construct modules with higher fill
factors, which is needed for structural integrity.

Fig. 13 shows the device performance against different leg
base areas, while keeping the leg height constant at 1 mm. The
combination of both base area and the number of legs would
therefore determine the fill factor for each curve. We can see
that as we reduce the base area, the voltage increases for the
same number of legs. On the other hand, the same output
power is reached by all three devices but with different number
of legs. While reducing the base area will increase the TEG
resistance, the module’s structural integrity will gradually
worsen as we make the legs thinner and longer.

Finally, Fig. 14 explores the impact of leg height on TEG
performance, while varying the fill factor but keeping the base
area fixed at 0.5 x 0.5 mm. Clearly, the performance steadily
improves with increasing leg length. We can see that adjusting
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Fig. 12 Temperature differential, output voltage and output power for as a function of the fill factor for three different thermal conductivity values
of 0.2, 0.5 and 1.5 W m™2 K™ Leg length was fixed at 1 mm, leg area at 0.025 mm? and TEG area at 1 cm?.
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Fig. 14 Temperature differential across the TEG, output voltage and power for different leg lengths, h. Leg base area was fixed at 0.025 mm? and TEG

area at 1 cm?.

the length also shifts the optimum operating point to slightly
higher FFs. This finding is consistent with other researchers
who have noted increased performance with leg length.>° Just
as the case with base area, as we increase the leg length, we
increase the leg thermal resistance which allows for a larger AT
and increased voltage. However, as we increase the leg length, we
also increase the distance for the heat to conduct through the
filler material. It is this reduction of the filler thermal conduc-
tivity that allows for the overall increase in power in addition to
the shift in FF, which is the subject of the next section.
Overall, geometry plays a crucial role in optimizing power
output. The specific application where the TEG will be used will
define the physical geometrical constraints and the TEG must
be designed around those limitations. Leg length is the most
dominant variable for increasing power, but it has been shown
before that eventually, the electrical resistance starts to take over
and decreases the overall power above a critical leg length.’
However these leg lengths are typically much too large for most
wearable applications. If the maximum leg length is constrained
by the application, then base area and thermal conductivity can
be varied for optimization. Reducing the base area will increase
the leg aspect ratio, which favorably increases the device thermal
resistance. A smaller base area also allows for additional legs,

2108 | Energy Environ. Sci,, 2016, 9, 2099-2113

which can lead to a higher output voltage. However, there is a
limit to the size of legs that can be cut using conventional saws.
Material thermal conductivity can then provide a new degree of
freedom in increasing the TEG resistance under both geometric
and non-traditional constraints such as comfort and aesthetics
for wearables.

3.3 The effect of filler thermal conductivity

In a typical TEG, air surrounds the semiconductor legs. While air
has a fairly low thermal conductivity of k ~ 0.025 W m™~" K"
at room temperature, its effect on TEG performance must be
considered given the fact that 50% or more of the volume
between the two substrates is filled with air. The impact of the
filler material becomes even more critical if other materials are
substituted for air. This is indeed the case for flexible TEGs,
which typically use a polymer based material in place of air.
Fig. 15a shows the TEG output power density plotted as a
function of the number of legs (or FF) for four different filler
materials: vacuum, air, polydimethylsiloxane (PDMS), a popular
elastomer commonly used as a flexible substrate material with
k=0.15W m~ " K ' and a theoretical case in which only half of
the area is filled with PDMS resulting in composite air/PDMS
thermal conductivity of k = 0.08 W m~" K~ ". The base area for

This journal is © The Royal Society of Chemistry 2016
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Fig. 15 Output power for four different filler materials: vacuum (k = o0), air
(k = 0.025), PDMS (k = 0.15) and half air/PDMS (k = 0.08) with an increased
leg base area of 0.562 pm?. All powers converge to a similar power at fill
factors above 20%. However, below 20%, flexible TEGs filled with PDMS
perform comparably to air, and TEGs filled with a material with k = 0.08
outperform commercial TEGs with only half of the number of leg couples.

these curves has been increased to 0.562 pm? in order to have
the maximum peaks more pronounced at lower fill factors. All
four curves exhibit a similar behavior: a peak power is reached
at a certain FF, which rapidly drops with increasing FF due to
decreasing thermal resistance of the module as more legs are
added. The peak power drops with increasing thermal conduc-
tivity of the filler material and it shifts slightly to larger FF
values. At a first glance, it can be seen that this thermal
shunting effect can have a significant impact on TEG perfor-
mance. The maximum power drops from 31 to 17 uW cm 2,
when the medium changes from vacuum to air. It then drops
further with PDMS down to 5 y4W cm ™ 2. On the other hand, it is
also evident that the impact of the medium becomes less
dramatic at higher fill factors. All four curves converge to
comparable power levels for FF > 20%. For commercial TEGs,
FF typically runs even higher in order to ensure the structural
integrity of the module. It is interesting to note that for
printable and flexible thermoelectrics, this point can actually
be an advantage, since the mechanical restraint can be relaxed
and lower FF can be realized. In this regime, we can see that a
TEG with flexible filler materials can not only perform similar
to that of air, but in the case of the half air/PDMS case, nearly
double the performance of a standard TEG with a fill factor
higher than 20%. Not only does this allow for the possibility of
flexible TEGs outperforming their rigid counterparts, but the
performance can be met at a reduction of more than half the
amount of material needed, leading to a lower overall cost.

3.4 The effect of lateral heat flow and impact of substrates

A TEG relies on lateral flow of heat through the substrates to
collect and reject heat effectively. On the hot-side, the heat
collected from the entire area module area should move to the
legs. Similarly, it is through this substrate that the rejected heat
reaches the heatsink for convection. The thickness and the
thermal conductivity of this substrate dictates the lateral thermal
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Fig. 16 Output power for different substrate thicknesses. It can be seen
that above 5 pm, substrate thickness does not effect the overall power.
Thinner substrates for heat spreading can be advantageous for flexible
TEGs, where metals need to be thin in order to maintain flexibility.

resistance included in our model with the resistors, R,. In our
calculations, we have assumed x = 200 W m~* K for the
substrates. This value is close to the thermal conductivity of
aluminum nitride (x ~ 185 Wm™ " K " at 300 K) a commonly used
substrate material for rigid TEGs. It is also close to the thermal
conductivity of aluminum (x ~ 205 W m™* K " at 300 K), which
can serve as a thin heat spreader on flexible TEGs.

Fig. 16 shows the power plotted against the fill factor for
different substrate thicknesses, decreasing from 500 um - typical
for a rigid TEG down to 0.5 um, which could be used to create a
thin spreader on a flexible module. Air was assumed to be the
medium surrounding the legs. It can be seen that the effect of
the substrate thickness is small provided that the substrate
thickness is above 5 microns. Even at a thickness of 0.5 pm,
at high fill factors, the power levels are very similar to those
obtained using thicker substrates. Therefore, flexible thermo-
electrics that exploit a wearable form factor can still achieve
sufficient heat spreading with thinner substrates or metal sprea-
ders without sacrificing the overall performance.

3.5 Impact of external spreaders

Since wearable TEGs suffer from large thermal parasitic resis-
tances, using heat spreaders that extend beyond the module area
can be quite effective in enhancing the device performance. In
these calculations, we have assumed that the spreader width is
identical to that of the module and that the spreader extends the
same length equally on either side of the TEG. We have assumed
a 10 pm thick Cu spreader with a polymer cladding whose
thickness is equal to the height of the TEG. The cladding was
added to reduce the heat lost from the spreader to the ambient.
Finally we assumed the same heat sink heat transfer coefficient,
his =100 W m™2 K for the top of the cladding to the ambient.
Lateral heat flow through the polymer cladding is assumed to
be negligible and therefore only preferential through the Cu
spreader. The external spreader was included in the model by a
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Fig. 17 Output power of a 1 cm? TEG with varying external spreader
areas. It can be seen that significant improvement can be obtained by
simply adding an external spreader to reduce the thermal resistance at the
hot source.

resistor chain similar to that shown in Fig. 4a to calculate the
lateral flow of heat around the legs, where R,, R.o, R;, and Ry,
represent the vertical conduction through the polymer, the con-
vective heat transfer to the ambient, lateral heat flow through the
copper, and heat transfer through the skin respectively.

Shown in Fig. 17 is the output power plotted as a function of
the leg count for a 1 em? TEG with four different spreader areas.
Also shown for comparison is the output power of a larger TEG
with a surface area of 2 cm?® but no spreader. It can be seen
that the external spreader can make a significant contribution
to the output power. However, this contribution decreases as
the external spreader becomes too large compared to the TEG
and the heat must travel a long distance. Clearly, the perfor-
mance of the spreader will improve as the thickness of the
spreader is increased to reduce the lateral thermal resistance. It
is also important to note that this calculation also includes the
heat loss to the ambient via conduction through the polymer on
top of the spreader. This result is consistent with previous
findings and can be improved with heat spreading on the cold
side as well.* For applications where space is in abundance, heat
spreading might offer a way to provide large gain in perfor-
mance, without any additional cost of thermoelectric modules
and materials. For a wearable device such as a wristband, the
heat spreader can be easily integrated into the band.

4 Experimental

In order to verify the potential impact that design optimizations
could have on wearable TEGs a custom TEG was built and tested
against a commercial off-the-shelf (COTS) TEG. Both TEGs
used materials based on the Bismuth Chalcogenide system.
The custom TEG used polycrystalline N type legs and nano-
structured bulk p-type legs. Nanostructuring was employed in
order to reduce the thermal conductivity of the material, which

2110 | Energy Environ. Sci., 2016, 9, 2099-2113

View Article Online

Energy & Environmental Science

Table 2 TEG parameters for both a custom TEG and COTS TEG. Leg
parameters represent the average of n-type and p-type legs

Parameter Custom COTS

TEG area 0.97 cm* 0.87 cm?

Fill factor 28.3% 31.8%

Leg base area 0.36 mm? 0.384 mm?”

Leg length 2.2 mm 1.2 mm

Leg Seebeck 208 uv K1 210 uv K*

Leg thermal conductivity 1.14Wm 'K’ 145Wm 'K
Leg electrical conductivity 807 Scem™! 900 S cm™*

was shown to be the most critical material parameter for wearable
TEGs. n-Type legs had § = 210 v K, x = 1.5 W m™ ' K,
¢ =900 S cm™ ' while the p-type legs exhibited S = 206 pv K%,
k=078 Wm 'K, ¢=7158 cm . Detailed description of
the fabrication processes used to manufacture the nanostructured
ptype legs as well as device integration will be published else-
where.?® The geometries of the legs were also optimized for higher
performance on the human body by making the custom legs
longer and thinner. The fill-factor of the custom and COTS TEGs
were 28.3% and 31.8% respectively. A summary of the parameters
is provided in Table 2. As discussed previously, the lower fill-factor
also contributes to improved performance on the human body. To
assemble the module, individual legs were bonded (using Indium
5.7LT solder) to Au coated Cu interconnects fabricated on an
alumina substrate. A Finetech Fineplacer Pico thermocompres-
sion bonder was used at 200 °C for 5 min with a force of 10 N.
Table 2 summarizes the dimensions and material properties for
the two devices. Fig. 18 shows the experimental setup used for
testing the device as well as the images of the custom built TEG
and a COTS module.

Fig. 18 (A) Experimental setup showing oscilloscope reading of load
voltage and TEG wristband (with heatsink) on the wrist. (B) TEG fastened
to the watch baseplate with PDMS thermal insulation. (C) Front view of the
custom and COTS TEGs. (D) Side view of the custom and COTS TEGs.
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Fig. 18a shows the experimental setup used for measuring the
output voltages across a load from the TEGs. An Agilent DSO4012A
100 MHz Oscilloscope was used to record the output voltage from
the TEG. A 12 VDC electric fan was used to cool the cold-side of the
TEG via forced convection. A DC power supply was used to adjust
the fan speed. The watch was placed on the wrist and held at a fixed
distance of 20 cm. The voltage dependence of the air velocity was
calibrated using an anemometer (extech 45170CM), which also
recorded the ambient temperature. Load resistors were chosen for
the optimal resistance as described by Rioap = RtegV' 1+ ZT,
where ZT was measured using a Z-meter (TEC DX4090). The load
resistors for the custom and COTS TEGs were therefore chosen to be
9 and 1.9 ohms respectively. Fig. 18b shows the TEG placed inside
of the baseplate of an empty watch case. This baseplate served as a
6 cm” spreader underneath the TEG. The TEG itself was centered
and secured to the base plate using double sided carbon tape.
A 10 x 15 x 4 mm heatsink was also mounted to the device
for some of the measurements using double sided carbon tape as
well. The baseplate around the TEG was insulated using a thin
PDMS layer in order to prevent active convective cooling by the
fan. Fig. 18c shows a front view of the two TEGs, showing the leg
width and length difference between the two. Fig. 18d shows a
side view, showing the module showing again the geometry
difference as well as slight difference in the fill factor.

Fig. 19 shows the average saturated output power for the two
TEGs (without and without heatsinks) at air velocities of 0, 0.3,
0.6 and 0.9 m s~ '. Three individual measurements were made
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Fig. 19 Experimental comparison of custom and COTS TEG performance
with and without heatsink using a 6 cm? heat spreader. The data points
correspond to experimental data obtained from the wrist. The solid lines
correspond to the model output.
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for each air velocity for both the custom and COTS TEGs.
All measurements at different air velocities for each respective
TEG was made without removing it from the wrist. The order
of air velocity measurements were also randomized. A thermal
stabilization time of 5 min was allotted before each new
measurement to allow for the TEGs to reach resting power
levels. Once air flow was applied, output voltage across the load
was recorded for 3 min. The average ambient temperature
throughout all measurements was 22.6 °C with a standard
deviation of 0.4 °C. In order to fit the model to the measured
data, the body heat transfer coefficient 4g, and the heatsink
heat transfer coefficient /2, need to be known. Because the skin
temperature under the wrist watch is also an unknown, we have
chosen to work with the known core body temperature of 37 °C.
Then, hy includes the thermal resistance through the skin in
addition to the contact resistance between the skin and watch
baseplate, and heat transfer through the baseplate/carbon tape
to the TEG. To determine the /g without a heatsink, we assumed
a heat transfer coefficient of i, = 5 W m~> K ' for natural
convection. This yielded Az =15 W m > K * for the COTS TEG,
which very closely matches calculations discussed previously for
the body and contact resistances in series in Section 2.3. Keeping
hy the same, A, of 30, 35 and 40 W m 2 K™ * for air velocities of
0.3, 0.6 and 0.9 m s~ ' were found respectively.

The same calculations were repeated for the custom TEG
using the same Ay and %, values. However, it was determined
that we needed to increase Ay from 15 to 18 W m 2 K ! to
achieve a better match to the experimental data. This increase
in hy is suggestive of reduced skin resistance under the TEG,
which can be attributed to a physiological change in the skin.
This is expected in order to account for the increased thermal
resistance to heat flow from the custom TEG. Since the custom
TEG has a higher thermal resistance, the body has a harder
time rejecting heat through the TEG. Therefore, blood flow
through the skin would need to increase, lowering the skin
resistance (i.e. increased hg) allowing heat to flow easier.

The same procedure was followed for both devices
after attaching a heatsink. The same Ay values of 15 and
18 W m~? K ' were used for the COTS and custom TEGs
respectively. The heat transfer coefficient, 4, was found to be
20, 100, 200 and 300 W m ™2 K ! for air velocities of 0, 0.3, 0.6
and 0.9 m s~ respectively.

As shown in Fig. 19, by properly designing the custom TEG,
a 3x improvement over the conventional COTS TEG is possible.
It is important to note that further improvements will be
possible by nanostructuring the n-type legs in the future.
The power levels for both devices increase with increasing
airflow but saturate above a certain level due to saturation of the
heatsink thermal resistance according to Rys = 1/h,A. Furthermore,
adding a heatsink provides an almost 4x improvement by
itself. It can be seen that the model predicts the performance
improvements achieved by engineering the material properties,
device design, and convection reasonably well. In our measure-
ments, it was observed that the performance of both TEGs dropped
the longer the wristbands were worn. This is the primary cause
of the spread in the measured values. This suggests that a
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stabilization time of 5 min was perhaps not long enough for the
device to truly reach thermal equilibrium. It is also interesting
to note that the spread is even larger with the heatsink because
it is taking longer to reach thermal equilibrium conditions due
to more effective convective cooling. Overall, we would like to
emphasize that these are difficult measurements due to varia-
tions in contact resistance, ambient temperature as well as
physiological changes in the skin. Nevertheless, the model
predicts the overall experimental performance reasonably well
thus providing a computationally efficient tool to optimize the
TEG design for body energy harvesting.

Another viewpoint is to compare the power density in terms of
the weight of the thermoelectric material used. The N and P type
densities for the custom TEG were obtained from Archimedes
measurements and were found to be 7.48 and 6.57 g cm ®
respectively. Theoretical densities of 7.69 and 6.72 g cm™> for
the N and P type legs were assumed for the COTs TEGs respec-
tively. This yielded 0.39 grams of thermoelectric material used for
the custom TEG and 0.17 grams for the COTs TEG. Model fit
curves for the heatsink experimental data shown in Fig. 19 were
used for comparisons. These calculations indicate that at rest, the
custom and COTSs TEGs produced 52 uW ¢~ and 46 uW g~ ', and
with 0.9 m s~ " air flow they produced 330 yW g~ and 325 yW g~ *
respectively. These numbers suggest that the COTS and custom
TEGs are comparable when they are compared using power
generated per unit weight. However, it is important to remember
that these two TEGs have different leg lengths as shown in Fig. 18.
To have a fair comparison, we simulated both power (UW) and
power density (W g~ ") for custom and COTS TEG materials as a
function of leg length and the resulting curves are shown in Fig. 20.
In these simulations, we have assumed the same dimensional
parameters for both TEGs that belonged to the COTS TEG
in Table 2. These calculations also assume Az = 15 Wm > K *,
hy =300 Wm > K ' and a 6 cm? spreader.

200 500
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4 400
160 F COTs
350 =
= 140 f 300 =
= E
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g 120 | 250 E.l:
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5 100 z
- 150 &
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Fig. 20 Simulated comparison of a TEG using custom and COTS materi-
als versus varying leg length. The calculations were performed using the
same dimensional parameters as the experimental COTS TEG including a
TEG area of 0.87 cm?, leg base area of 0.384 mm?, number of legs = 50
and a 6 cm? spreader. An air velocity of 0.9 m s~ was also assumed for the
calculations. It can be seen that the material enhancement in the custom
legs, most notably the reduction in thermal conductivity, causes an
improvement in both power and power density over all leg lengths.
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It can be seen that the custom TEG yields more power as well
as more power density at any leg length. Both of these improve-
ments can be attributed to enhancements in material proper-
ties, most notably the thermal conductivity. However, It is
interesting to note that for both TEGs, the power density is
decreasing with increasing length. This is due to the fact that
the power starts to saturate as we increase the leg length due to
increasing electrical resistance. Therefore as we add more
material, we are not gaining as much in power causing a
reduction in power density.

5 Conclusions

Designing thermoelectric modules for energy harvesting on the
human body pauses unique challenges. Current commercial
TEGs only experience around 1 °C drop of temperature across
the TEG itself even though the body to ambient temperature can
be as large as 10 °C or more. The majority of this temperature
differential drops across the skin itself and the parasitic thermal
resistances at the skin/TEG and TEG/ambient interfaces. This
small temperature differential severely limits the energy that can
be harvested from the body resulting in power levels on the order
of tens of microwatts per cm” Maximizing the temperature
differential across the TEG legs requires increasing the thermal
resistance of the semiconductor legs while minimizing all
thermal parasitic resistances. In this work, we have developed
a computationally efficient, quasi 3-D model to study the impact
of all critical design parameters on the performance of body
wearable TEGs. Our results indicate that successful use of TEGs
in body energy harvesting requires a multi-prong approach,
which includes a good module design to reduce the parasitic
losses as well as improvements in material properties optimized
for the application. We assert that while zT is important,
the critical parameter for body-wearable TEGs is the thermal
conductivity of the semiconductor material. Our results indicate
that a good module design must carefully consider the impact of
the semiconductor properties as well as second order effects
such as heat conduction through the filler material and two-
dimensional spreading of heat in the headers - especially for
flexible devices with thinner conducting materials. External heat
spreaders can also help significantly by increasing the area for
heat collection. Without any additional thermoelectric material,
these spreaders alone can double the performance of a wearable
TEG. For flexible TEGs, the critical parameters include the thermal
conductivity of the filler material, fill factor and spreading of
the heat between the legs through thin, flexible conductors.
With these parameters taken into consideration, it is possible
for a flexible TEG to be designed such that it would out perform
its rigid counterparts. Finally, the model was used to optimize
the material properties and device design to construct a custom
TEG using nanocomposite p-type and standard polycrystalline
n-type BiTe legs. The results indicate that it is possible to
design a TEG system that can provide 20 W continuously with
no air flow. Given the fact that more TEGs can be placed on a
wearable band, it should be possible to harvest significantly
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more power even when the person is at rest. With air flow
(i.e. motion), the custom TEG output power jumps to 120 pW
suggesting that with an optimal heat spreader and more TEGs,
the harvested power can approach mw.
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