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HIGHLIGHTS

® Liquid metal interconnects encapsulated with a high thermal conductivity elastomer.
® Flexible, body-worn thermoelectric generators with best-in-class performance.

® Highest reported power density > 35 uW/cm? from body heat harvesting.

® First flexible thermoelectric generator that has the potential to rival rigid TEGs.

ARTICLE INFO ABSTRACT

This paper reports flexible thermoelectric generators (TEGs) employing eutectic gallium indium (EGaln) liquid
metal interconnects encased in a novel, high thermal conductivity (HTC) elastomer. These TEGs are part of a
broader effort to harvest thermal energy from the body and convert it into electrical energy to power wearable
electronics. The flexible TEGs reported in this paper employ the same thermoelectric legs' used in rigid TEGs,
thus eliminating the need to develop new materials specifically for flexible TEGs that often sacrifice the so-called
figure of merit' for flexibility. Flexible TEGs reported here embed rigid thermoelectric legs' in soft and flexible
packaging, using stretchable EGaln interconnects. The use of liquid metal interconnects provides ultimate
stretchability and low electrical resistance between the thermoelectric legs. The liquid metal lines are encased in
a new stretchable silicone elastomer doped with both graphene nano-platelets and EGaln to increase its thermal
conductivity. This high thermal conductivity elastomer not only reduces the parasitic thermal resistance of the
encapsulation layer but it also serves as a heat spreader, leading to 1.7X improvement in the output power
density of TEGs compared to devices fabricated with a conventional elastomer. The device performance is
further improved by a thin Cu layer acting as a heat spreader providing an additional 1.3X enhancement in the
output power at 1.2 m/s air velocity (typical walking speed). Worn on the wrist, our best devices achieve power
levels in excess of 30 UW/cm? at an air velocity of 1.2 m/s outperforming previously reported flexible TEGs.
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health and the environment to achieve a comprehensive understanding
of the human condition. Long-term monitoring can significantly im-

1. Introduction

The wearable electronics industry is growing rapidly with many
promising applications in health and performance monitoring systems.
The “holy-grail” of wearable devices is long-term, continuous mon-
itoring using the human body as a continuous supply of energy to either
achieve self-powered operation or to significantly extend the battery
lifetime. Such devices can include many sensors to monitor human
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prove out-patient treatment following a surgical operation as well as
management of chronic diseases such as asthma and diabetes, which
can ultimately lead to improvement in quality of life. Yet, the necessity
to recharge the batteries in such devices forces the user to periodically
remove the device. At best, this results in missed measurement oppor-
tunities, and at worst, can cause non-compliance.
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To realize a fully self-powered operation, the system must rely so-
lely on the energy harvested from the human body or the environment.
Previous studies focused on body heat [1-10], body motion [11-16],
and wireless RF [17-21] as potential energy sources. Among these,
harvesting the body heat using thermoelectric generators (TEGs)
emerges as a promising solution since heat is available continuously
even when the body is at rest. A typical thermoelectric generator con-
sists of P-type and N-type semiconductor legs sandwiched between two
thermally conductive headers, and metal traces that electrically inter-
connect the legs in series. As such, the legs of a TEG are thermally in
parallel and electrically in series. When a TEG is placed on a heat source
(e.g. human body), heat flows through the legs developing a tempera-
ture differential, AT, between the two headers. Each leg generates a
voltage determined by the temperature differential and the Seebeck
coefficient of the thermoelectric material. Since the polarities of the
voltages generated across the P- and N-type legs are opposite, they add
to produce a larger output voltage. A heatsink is typically attached to
the cold side to encourage heat rejection and to achieve a larger tem-
perature differential across the legs. Bismuth chalcogenides are proven
to be the most efficient materials at typical body temperatures.

The interest in flexible TEGs as body heat harvesters is growing due
to their ability to conform to the human skin and their potential to
provide an aesthetically pleasing system in the form of an elastic band
[1,22]. Flexible TEGs also have the potential to find use cases in in-
dustrial applications where they can conform to non-flat surfaces (in
contrast, conventional TEGs are built from rigid materials that cannot
bend). Previous work on flexible TEGs explored a variety of different
processes to deposit both organic and inorganic thermoelectric mate-
rials on flexible substrates using a variety of techniques including
physical vapor deposition, screen printing and electrochemical de-
position [23-42]. Another approach followed by different groups fo-
cused on encasing rigid thermoelectric legs in a stretchable elastomer
[4,6-9,43,44]. It is quite challenging to compare these devices since the
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characterization methods and conditions exhibit considerable varia-
tions between different laboratories. Nevertheless, Fig. 1 attempts to
compare the power densities of recently reported flexible TEGs as a
function of AT across the device for AT < 30°C. We note that some of
the data points in Fig. 1 were calculated based on the reported para-
meters (such as voltage, surface area, and temperature) in the papers.
We can see that with the exception of a few, the power densities of the
flexible TEGs included in this summary is below 10 pW/cm?. Therefore,
there is a strong need to develop technologies that can deliver at least
an order of magnitude higher power density to make this approach
feasible for wearable devices, which will typically require hundreds of
microwatts to operate.

This laboratory previously proposed a unique approach to fabrica-
tion of flexible TEGs. The approach relies on rigid thermoelectric legs
(i.e. the same legs used in rigid TEGs) connected in series using
stretchable, self-healing eutectic gallium-indium (EGaln) liquid metal
interconnects encased in a stretchable elastomer [8,45]. A similar TEG
with rigid thermoelectric legs and galinstan interconnects was also re-
ported by Jeong et al. [9]. More recently, Chen et al. reported a lateral
TEG [46], which also employed EGaln interconnects. In this device,
nanowires of thermoelectric material were inkjet printed on a kapton
substrate and connected in series using EGaln interconnects. While
inkjet printing of the material is intriguing, more work is needed on this
approach to match the properties of bulk thermoelectric materials.
More importantly, this device is not suitable for wearable devices due
its planar geometry. With a resistivity of 2.94 uQ-cm, the EGaln inter-
connects' contribution to the device resistance is negligibly small [47].
Furthermore, EGaln is non-toxic and does not evaporate [48,49], an
important advantage for wearable applications. The device developed
in this work is effectively soft, flexible, and stretchable since all of the
materials are soft, other than the small, rigid thermoelectric ‘legs'. One
potential issue with Ga is that it can alloy with metals like Bi and Sb
[50,51]. However, the devices fabricated in this study maintained their

Cao et al. (2013)

—— Sevilla et al. (2013)
®— Kim et al. 2014)*

=
o

=

3)
=

=

b Kim et al. (2018) @& —— Weber et al. (2006)

2 2 Liu et al. (2017) A
g 107 ~ Eom et al. (2017)* _A.L @—— Iezzietal (2017)

8 Jeong et al. (2017)

Ghafouri et al. (2008) P S

q")' -4 Wang et al. (2018) ————® [ " *—— Francioso et al. (2011)

2 10 ‘

]

s

10
30 T~
20/\\ e — SCre e
o S~ Py, Zing;
\\ B e o Iig
dp 10 S iy
( OC \\ e e/ o,
) 0 < abn‘cs /”tlbl]
8"/[;
ey,
i) C““Q\O ey
® Bulk Materials Fabrics ® prvD
@ Screen Printing @ Organic/Solution

Fig. 1. A comparison of generated power levels for some of the recent flexible thermoelectric generators created to date. (*On-body measurement).
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total resistance and overall performance with no noticeable changes
within a period of one year suggesting that neither the electrical contact
resistivity nor the thermoelectric properties were not affected. It is also
important to note that Ga is not in direct contact with the thermo-
electric material due to several layers of contact metallization including
Au and Ti. Finally, the total weight of EGaln used in the TEGs reported
here (for both interconnects and encapsulation layers) is around
175 mg/cm? which would cost less than $0.2/cm?, which is negligible
compared to the cost of the thermoelectric legs.

The proof-of-concept TEGs reported by Suarez et al. exhibited per-
formance levels, which suggested that it might be possible to produce
flexible TEGs that rival the performance of their rigid counterparts [8].
A key attraction of this approach is its compatibility with the thermo-
electric legs used in rigid devices, which eliminates the need to develop
new flexible thermoelectric materials that often sacrifice performance
to gain flexibility. Furthermore, the fabrication process is compatible
with pick-and-place tooling used in rigid TEG manufacturing. As such,
these attributes make the technology quite accessible to manufacturers
of rigid thermoelectric modules.

A key challenge in using liquid metal interconnects in flexible TEGs
is that liquid EGaln interconnects need to be encapsulated. It is sensible
to encase the metal in a silicone elastomer because silicones are gen-
erally easy to process and have soft mechanical properties. Because the
temperature differential between the skin and the surrounding en-
vironment is small (typically less than 10°), it is imperative that this
encasing layer can provide a sufficiently high thermal conductivity to
minimize its contribution to the parasitic thermal resistance on both
sides of the device. Recently, this group has reported a method to in-
crease the thermal conductivity of polydimethylsiloxane (PDMS) by
5.6X by adding EGaln droplets and graphene nano-platelets to the
elastomer. The focus of this report is flexible TEGs with EGaln inter-
connects fabricated using this new high thermal conductivity (HTC)
encapsulation material. The results show that the best devices in-
corporating the new elastomer can deliver power density levels above
10 uW/cm? rivaling the performance of the best rigid TEGs used for
heat harvesting from the human body. Compared to other previously
reported flexible TEGs, wearable TEGs developed in this study de-
monstrate the highest power density levels measured on the human
body, which will be reviewed in the Results“ section.

2. Experimental

Fig. 2 shows the process flow used to fabricate the flexible TEGs.
The P-type and N-type thermoelectric legs
(0.7 mm X 0.7 mm X 3 mm), acquired from a commercial supplier, are
composed of Big 5Sb; sTe; and BisSeg 3Te, 7 respectively. The legs were
received with Au contacts on either side of the legs. The properties of
these legs are summarized in Table 1. The leg dimensions were opti-
mized using the quasi-3D model reported in a previous paper by this
group [52]. The aspect ratio of the legs was chosen such that the in-
trinsic thermal resistance of the TEG is sufficiently large relative to the
parasitic thermal resistances, which include the EGaln encapsulation
resistance, contact resistances at the TEG/skin and TEG/air interfaces
and the thermal resistance of the human skin.

The thermoelectric legs were first placed on a glass slide through a
stencil (Fig. 2a). A double-sided adhesive tape was used to secure the
legs on a glass slide. Polydimethylsiloxane (PDMS, Slygard™ 184, Dow
Corning) silicone elastomer with a base to curing agent ratio of 10:1
was poured between the legs, planarized and cured. PDMS was mixed in
a mixing and degassing machine (THINKY, ARE-250) before casting
(Fig. 2b). Planarization involved placing a second glass slide (with a
thermal release tape) on top of the legs to help keep the surface level
and smooth. After curing the silicone at 70°C for 2 h on a hotplate, the
hotplate temperature was elevated to 90°C to remove the thermal re-
lease tape and the planarizing glass slide. Any PDMS residue on the legs
was manually removed under a microscope. EGaln interconnects were
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sprayed on the device through another stencil made of wax paper. Wax
paper was preferred since it allowed easy removal of the stencil without
damaging the interconnect lines. EGaln spray coating was carried out
for 5s from a distance of approximately 10 cm (Fig. 2c) to achieve a
thickness of 200 pm. Compared to the stencil-printing method used in
the fabrication of our earlier devices [8], spray coating greatly simpli-
fied EGaln application and significantly improved the device yield.
Specifically, the technique eliminated the need to (i) pre-wet the legs
with EGaln and HCI to remove the skin oxide on the EGaln surface, and,
(ii) oxygen plasma treatment of the PDMS surface for successful wetting
by EGaln. Another important advantage of spray coating is that it al-
lowed us to increase the leg density by reducing the separation between
the interconnects. The leg density is commonly quantified using the
TEG fill factor, which refers to the area occupied by the legs relative to
the device total area. Using spray coating of EGaln, we were able to
successfully increase the fill factor from 5% used in our proof-of-con-
cept devices to 20%. The EGaln interconnects were then encapsulated
by spraying a thin (~50um) layer of PDMS. This layer secured the
interconnects and provided easy handling of the device in subsequent
steps. To spray the elastomer, PDMS was diluted with hexane using a
weight ratio of 1:1. The spray coating was carried out for 10 s and the
sprayed elastomer was cured on a hotplate at 140°C for approximately
15 min (Fig. 2d). The TEG was then flipped and the same steps were
repeated on the back side of the device to complete the electrical circuit
(Fig. 2e). The TEGs were then coated on both sides with the HTC
elastomer to increase the thickness of the encapsulation layer and in-
crease the structural integrity of the final device. The elastomer was
cured for 2h at 70°C on a hotplate (Fig. 2f).

To produce the HTC elastomer, equal amounts (by weight) of PDMS
and EGaln (Sigma Aldrich) (14% EGaln by volume) were shear mixed
in a THINKY ARE-250 planetary mixer. Shear mixing reduces the size of
the liquid metal droplets, which retains their shapes after curing the
composite [53]. Immediately after mixing, GnPs with an average dia-
meter of 25 um (Sigma Aldrich 900413) were mixed into the elastomer
using a weight percentage of 2.2%. The results of an in-depth study on
the thermal and mechanical properties of this HTC elastomer can be
found in a recent publication by this group [54]. Fig. 3 shows the re-
ported thermal conductivity of the elastomer as a function of the GnP
weight percentage included in this paper for continuity. The thermal
conductivity of pure PDMS with no EGaln is also included as a re-
ference. We can see that the thermal conductivity is enhanced by both
EGaln and GnP addition to the elastomer. With EGaln and 2.2% GnP
inclusion, the thermal conductivity of the elastomer is 0.84 W/mK
corresponding to a 5.6X enhancement of the PDMS thermal con-
ductivity. Since the improvement in thermal conductivity beyond this
concentration is small, we have chosen to use this concentration to
fabricate our TEGs. At 2.2%, the material is still quite flexible and
stretchable as shown in the insert of Fig. 3. Fig. 4 shows the cross-
sectional microscope image of a typical TEG with HTC elastomer en-
capsulation. TEGs with different encapsulation thicknesses and fill
factors were fabricated to study the impact of the encapsulation elas-
tomer on device performance via experiments and modeling.

TEGs were also fabricated with thin copper heat spreaders deposited
on the HTC elastomer. DC Sputtering was used to deposit a 30 nm Ti
layer on the elastomer as an adhesion promoter. This was followed by
the deposition of a 300 nm thick copper layer to serve as the seed layer
for electroplating an 8 um thick copper layer in a copper sulfate solution
using a current density of 0.02 mA/cm?® Higher current densities were
found to etch the seed layer, resulting in chipping or complete removal
of the electroplated metal.

The fabricated TEGs were characterized using the measurement set-
up shown in Fig. 5a. A hotplate kept at 32°C was used as the heat
source. The “wind tunnel“, shown in Fig. 5, was designed and fabri-
cated using a resin 3D printer. We used an adjustable speed electric fan
to create airflow through the tunnel and an anemometer was placed
directly over the TEG to measure the air velocity. The ambient
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Fig. 2. The process flow used in fabrication of flexible thermoelectric generators. (a) The legs are placed through a template; (b) PDMS is poured between the legs,
planarized and cured; (c¢) EGaln interconnects are sprayed through a hard mask; (d) A thin (~ 50 pm) layer of PDMS is sprayed as temporary encapsulation; (e) The
device is flipped and liquid metal interconnects are sprayed and encapsulated on the backside; (f) Final high thermal conductivity encapsulation elastomer is drop-
casted on both sides of the device and cured.

Table 1

Properties of thermoelectric legs.
Parameter N-type legs P-type legs
Electrical Conductivity 1100 S/cm 820 S/cm
Thermal Conductivity Unknown 1.45W/mK
Seebeck Coefficient —220 uv/K 220 pV/K

temperature varied between 20°C and 22°C during the measurements.
Each measurement was performed approximately 5min after placing
the TEG on the hotplate. All measurements were repeated three times
and the average values were calculated. Finally, the best fabricated TEG
was incorporated into a wristband made using Ecoflex™ (a commer-
cially available elastomer). Hook-and-loop fastener strips were also
attached to the two ends of the Ecoflex band to fasten the device around
the wrist (Fig. 5b). The TEG was tested on the wrist using the same

setup as before.

Thermal Conductivity (W/mK)

PDMS:EGaln =1:1 (By weight)
¢

2 4 6
GnP Weight Percentage (%)

Fig. 3. Thermal conductivity of the encapsulation elastomer with and without
EGaln inclusion as a function of the GnP weight percentage. (Inset: A cured
sample doped with 50 wt% liquid metal (EGaln) and 2.2 wt% GnP.)
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(a)
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Fig. 4. (a) A thermoelectric generator made with high thermal conductivity encapsulation. (b) Cross-sectional image of the device.
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Fig. 5. (a) Setup used to characterize the thermoelectric generators On the
hotplate. (b) TEG worn on the wrist inside and outside of the wind tunnel.

3. Results
3.1. Impact of EGaln encapsulation on device performance

TEGs were fabricated using either pure PDMS or the HTC elastomer
encapsulation to compare the impact of thermal conductivity on device
performance. For both materials, two different thicknesses of 300 or
800 um were used to vary the encapsulation thermal resistance. Fig. 6a
shows the open-circuit voltage, V,., for four different TEGs fabricated

using the above variations in TEG construction. All four TEGs were
fabricated with a fill factor of 20%. We measured V,,. as a function of
the airflow for velocities ranging from zero (natural convection) to
1.2 m/s (walking speed). We can see that V, increases significantly as a
result of reducing the thickness of the pure PDMS encapsulation from
800 pm to 300 um, which is expected due to the appreciable reduction
of the encapsulation thermal resistance on both sides of the device.
Using the thermal conductivity provided for the thermoelectric legs in
Table 2, the thermal resistance of a single leg
(0.7mm X 0.7mm X 3mm) can be calculated as 4100 K/W. Using a
thermal conductivity of 0.15 W/mK for pure PDMS (Fig. 3), the thermal
resistance of a 300 um thick PDMS layer of the same base area as the
legs is 10X larger than that of a single leg. Therefore, an encapsulation
layer with such high resistance on either side of the device would be
expected to significantly lower the temperature differential, AT, across
the legs. This observation is supported by the measurements shown in
Fig. 6a for devices with the HTC elastomer. For the thinner, 300 um
insulation, V. is 1.3X higher with the HTC elastomer at an air velocity
of 1.2m/s. It is interesting to note that when the HTC encapsulation
thickness increases to 800 um, we observe only a small drop in V. This
suggests that due to the higher thermal conductivity of the HTC elas-
tomer, the penalty for increasing the encapsulation thickness is much
reduced, thus allowing the use of a thicker layer for increased robust-
ness. Nevertheless, in our experience, 300 um encapsulation was found
to be sufficiently thick to achieve a robust encapsulation layer with no
sign of EGaln leakage through the elastomer during regular handling.
The measured V, levels were used to calculate the output power, P,
assuming a matching load resistance. The output power can be ex-
pressed as

%
4 X Rypg (@)

where Ry is the TEG resistance, measured as 6.5 = 0.5Q for all our
devices fabricated in this study. Fig. 6b shows the power density of the
TEGs calculated using the above equation. For an encapsulation
thickness of 300 pm, a 1.7X improvement in power density was ob-
tained at 1.2 m/s as a result of replacing PDMS with the HTC elastomer.
It is encouraging to note that even with natural convection (i.e., no air
flow) the power density is around 10 um/cm? At 1.2m/s, the power
density jumps to 45 pyW/cm?,

To support the measurements, we used COMSOL Multi-physics
software to simulate the temperature gradient across a single thermo-
electric leg using the structure shown in Fig. 7a, which closely mimics
the fabricated devices. In these simulations, we used an EGaln
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Fig. 6. Device performance measured for different encapsulation layers. (a)
Measured open-circuit voltage versus air velocity. (b) Calculated power density
of thermoelectric generators with 20% fill factor. The numbers in the labels
refer to the thickness of the encasing layer. The lines are just used to guide the
eye. Decreasing the thickness of PDMS or increasing the thermal conductivity
helps improve the power density.

Table 2

Parameters used in COMSOL simulation.
Parameter Value Unit
thermoelectric leg electrical conductivity 1000 S/cm
thermoelectric leg thermal conductivity 1.45 W/mK
thermoelectric leg Seebeck coefficient + 220 uv/K
EGaln electrical resistivity 2.94 HQ-cm
EGaln thickness 200 um
EGaln Interconnect width 750 pm
Filler (PDMS) thermal conductivity 0.15 W/mK
Heat Transfer Coefficient (Natural Convection) 5 W/m2K
Ambient Temperature 21 °C
Hot Side Temperature 32 °C

interconnect thickness of 200 um. The EGaln encapsulation consists of a
50 um thick elastomer that conforms to the EGaln interconnects and a
second, thicker planarized elastomer. We varied the thermal con-
ductivity of the second encapsulation layer from 0.1 (below PDMS) to
2W/mK and its thickness from 100 to 1000 pm covering the range
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considered to fabricate our devices. The other parameters used in the
simulations are listed in Table 2. The simulation results summarized in
Fig. 7b, are in close agreement with the measurement results shown in
Fig. 6. Clearly, the temperature differential across the leg increases with
increasing thermal conductivity of the encapsulation regardless of the
encapsulation thickness. The dependence of the temperature differ-
ential on the encapsulation thickness is strongest for the lowest thermal
conductivity of 0.1 W/mK but it decreases with the increasing thermal
conductivity of the elastomer. At the highest thermal conductivity of
2W/mkK, the thickness dependence is negligibly small, which means
that a thicker elastomer can be used without appreciable degradation in
device performance. The simulation results suggest that the thermal
conductivity of 0.85 W/mK used in this study brings us fairly close to
the best performance possible with the proposed device architecture.

3.2. Impact of fill factor on device performance

Conventional rigid TEGs typically have air between their legs. With
a thermal conductivity of 0.025 W/mK [55,1], air is approximately 60X
less conductive than bismuth-based chalcogenides used in TEGs opti-
mized for room temperature applications. Thus, in rigid TEGs, almost
the entire heat provided by the source is forced to flow through the legs.
In a flexible TEG, typically, a flexible material with a considerably
higher thermal conductivity fills the space between the legs. For ex-
ample, PDMS used in this study is approximately 6X more conductive
than air, thus providing an undesirable conductive path for heat. To
study the impact of the fill factor on the performance of our flexible
TEGs, we fabricated modules with three different fill factors of 5, 13
and 20%. The corresponding TEG areas were 1.6, 3.0, and 6.4 cm? re-
spectively. The EGaln interconnects were encapsulated with a 300 pm
thick PDMS or HTC elastomer layer. The V,. levels measured from TEGs
at different air velocities and the corresponding power density figures
are plotted in Fig. 8. We can see that for the TEGs with PDMS en-
capsulation, V,. appears to increase slightly with the fill factor. This
behavior may be attributed to the reduction in the area occupied by the
filler elastomer at higher fill factors. Interestingly however, with HTC
encapsulation, we do not observe a discernable dependence on fill
factor. We speculate that the heat spreading provided by the HTC en-
capsulation somewhat compensates for the loss by increasing the area
available for heat collection/rejection around each leg.

3.3. Impact of copper heat spreader on device performance

A rigid TEG relies on its thermally conductive “headers“ to spread
heat laterally for effective heat collection on the hot side and effective
heat rejection on the cold side. While the HTC elastomer provides some
contribution to the lateral heat spreading, its resistivity is still high
compared to the typical header materials used in rigid TEGs. The
thermal sheet resistance of a 300 um thick HTC elastomer can be cal-
culated as 3900 K/W per square. In contrast, the thermal sheet re-
sistance of a 1 um thick copper layer is approximately 2600 K/W per
square assuming a copper thermal conductivity of 385 W/mK [56].
Therefore, a thin copper layer has the potential to improve the lateral
heat spreading, further reducing the parasitic resistance on either side
of the device. Fig. 9 shows the simulated AT across a single central leg
of a 64-leg TEG as a function of the Cu spreader thickness. For these
simulations, we added a thin Cu spreader on the cold side of the 3-D
structure shown in Fig. 7. We assumed natural convection (i.e. zero
airflow) as the primary heat rejection mechanism. We can see that the
simulated AT increases with the Cu thickness providing a V,. im-
provement on the order of ~30% before leveling off at around 8 pm,
where, the thermal sheet resistance of the spreader is 12X lower than
that of the HTC elastomer. Therefore, we anticipate a significant con-
tribution from such a layer to the lateral heat spreading. To verify, we
fabricated flexible TEGs with 8 pm thick Cu heat spreaders. A typical
module is shown in Fig. 10. The spreader was deposited only on one
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Fig. 9. Modeled AT across a single leg in a 64 leg thermoelectric generator
plotted as a function of the copper spreader thickness.

—2 cm—

Fig. 10. Thermoelectric generator with an electroplated copper spreader layer
on top of HTC elastomer.

side of the TEG. Fig. 11 shows measured V,. levels with and without the
Cu spreader on the cold side of the flexible TEG. As shown, higher V,,
levels are obtained with the Cu spreaders at all air velocities regardless
of the encapsulation material. Interestingly however, with either HTC
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Fig. 11. (a) Open-circuit voltage measured for thermoelectric generators made
using high thermal conductivity encapsulation (with different fill factors of 5,
13, 20%) with and without a copper spreader layer. (b) Open-circuit voltage
measured for thermoelectric generators with PDMS encapsulation with and
without copper spreader. The lines are used just to guide the eye.

or PDMS encapsulation, larger V,. levels are obtained at lower fill
factors. This result is consistent with the observations of Suarez et al.
[52], who argued that increasing the module area by reducing the leg
density would reduce the thermal contact resistances at the TEG/skin
and TEG/air interfaces thereby increasing the ratio of the TEG thermal
resistance to the total resistance, which ultimately determines the AT
across the legs. As shown in Fig. 11b, with PDMS encapsulation, this
effect is strong enough to reverse the dependence of V,. on the fill
factor.

Fig. 12 shows the power density figures calculated using the mea-
sured V,. levels. We can see that the power density improves sig-
nificantly with the addition of the Cu spreader. Furthermore, the de-
pendence on fill factor is reversed yielding higher power density figures
at higher fill factors. It is evident that the HTC elastomer and the Cu
spreader are working in conjunction to improve the device perfor-
mance. Comparison of the power levels of devices fabricated with a fill
factor of 20% reveals that the copper spreader provides a 1.2X-1.3X
improvement in power density at an air velocity of 1.2m/s. We note
that, unless this 20-30% improvement is essential for a specific appli-
cation, the spreader may be omitted considering the additional
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Fig. 12. (a) Power density for devices fabricated using high thermal con-
ductivity encapsulation (with different fill factors of 5, 13, 20%) with and
without copper spreader. (b) Power density for devices fabricated using PDMS
EGaln encapsulation with and without copper spreader. The lines are used just
to guide the eye.

complexity of electroplating Cu on the elastomer. A simpler approach
might be an integrated flexible heatsink or larger device area.

3.4. Device flexibility and impact of mechanical bending on device
performance

Much of the earlier work on flexible electronics focused on the var-
iations that occurred in the electrical properties of devices and circuits
upon flexing them [57-62]. Flexible TEGs proposed to date by various
groups around the world employed different device architectures and a
variety of flexible and stretchable materials. Therefore, there is a need to
develop a standard procedure to benchmark the flexibility of different
TEGs. In this work, we have made an attempt to develop a standard
procedure to compare flexibility of different TEG modules. In this study,
we used a force gauge to measure the force needed to bend a flexible TEG
to a known diameter. Fig. 13a shows the set-up. The bending diameter
used in our measurements was 9 cm. We applied this method to TEGs
with different fill factors since device flexibility is naturally affected by
the spacing between the rigid legs. The measurements were also repeated
for control samples consisting of either pure PDMS or the HTC/PDMS/
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Fig. 13. (a) Setup used to measure force required to bend the devices around a
cylinder. (b) Force required to keep the thermoelectric generators and control
samples bent around a cylinder. (FF: fill factor).

HTC stack (total thickness of 3.7 mm) used in our devices without the
rigid thermoelectric legs. We note that since all TEGs have 64 legs, dif-
ferent fill factors correspond to different TEG and control sample areas.
The fill factors of 5, 13 and 20% yield TEG areas of 21.76, 14.56, and
11.44 cm? respectively. The measured force is plotted in Fig. 13b for
different TEGs and control samples. As expected, the force needed to
bend the samples increases with the sample area for all three cases. We
note that the bending force is slightly higher for the HTC/PDMS/HTC
stack, which is expected due to the higher Young's modulus of the HTC
elastomer [54]. As expected, the bending force further increases with
incorporation of the rigid thermoelectric legs. It is interesting to note that
this increase is independent of the fill factor or the device area. We note
that the flexibility of these TEGs is largely dependent on the flexibility of
PDMS used as the base elastomer in this study. There is a potential to
appreciably increase the flexibility of these devices by employing newer
elastomers such as Ecoflex™ and Dragonskin with lower Young's moduli
[63-65].
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Fig. 14. (a) Setup used to measure the electrical resistance of a thermoelectric
generator with a fill factor of 20% at a bending radius of 17 mm. (b) AC elec-
trical resistance of the device as a function of the number of bending cycles. The
resistance measurement was repeated every 20 cycles.

To investigate the impact of bending on total TEG electrical re-
sistance and the reliability of interconnects upon repeated bending
cycles, we used the tensile testing system (Instron™ 5943) shown in
Fig. 14a. The system was programmed to repeatedly flex the TEG to a
bending diameter of 17 mm at 0.5 cycles/second for 250 bending cy-
cles. The AC electrical resistance was measured after each 20 cycles by
a DX 4090 Z-Meter manufactured by TEC-Microsystems. The measured
electrical resistance is shown in Fig. 14b as a function of the number of
bending cycles. As shown, the electrical resistance of the TEG remains
constant within + 0.5% during the entire measurement with no signs of
failure after 250 bending cycles.

To evaluate the impact of mechanical bending on TEG performance,
we measured the open-circuit voltage of flexible TEGs mounted on
heated metal with different diameters. A flexible heater coil was
wrapped around the pipes and powered to reach a steady temperature
of 32°C immediately under the flexible TEG. The set-up is shown in
Fig. 15. We used metal pipes with three different diameters of 2.54 cm,
5.08 cm, and 7.62cm. The measurements were performed using the
same procedure we used for the hot-plate measurements. The measured
open circuit voltage and the corresponding power density are shown in
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Fig. 15. (a) Schematic, and (b) a picture of the setup used to measure the
thermoelectric generators around different pipes.

Fig. 16a and b respectively. It is important to note that the AC electrical
resistance used to calculate the power density levels did not change
with bending. V,. and power density levels measured on a hotplate are
also included in the plots. The measurements reveal a small but mea-
surable difference in TEG performance with bending. This behavior
may be attributed to different factors including the thickening of the
bottom encapsulation layer under compression, which would increase
the parasitic thermal resistance between the legs and the human body.
With air flow, the thermal resistance between the TEG and the ambient
is also expected to change due to the smaller TEG area exposed to air
flow with smaller pipe diameters. In conclusion, the measurements
suggest that the generated voltage decreases with decreasing bending
diameter. On the pipe with the smallest diameter of 1 in., the drop in
V,. is close to 20%.

3.5. TEG performance on human wrist

Since the ultimate goal of this work is to develop high performance
flexible TEGs for wearable applications, we have used our best per-
forming TEG (with 300 pm thick HTC elastomer and copper spreader,
fill factor = 20%) on the wrist as shown in Fig. 17a. The open-circuit
voltage, V,., and the output power density of the TEG are shown in
Fig. 17b and c respectively. We can see that the behavior of the TEG at
different air velocities (generated by the fan) is similar to that obtained
on the hotplate. We can see that V,, first increases with increasing air
velocity but levels off after a certain point. During these measurements,
the measured skin temperature was around 30-31°C, which is lower
than the standard hot-plate temperature of 32°C used for the other
measurements. We note that, the airflow over the skin can potentially
reduce the skin temperature [66]. The measured output power pro-
duced by the TEG on the wrist at an air velocity of 1.2 m/s shows can
reach 35 uW/cm?, which is quite promising. Therefore, a flexible TEG
with an area of 100 cm? can provide a power level on the order of 1
mW, which is more than sufficient to power low-power sensors and
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Fig. 16. (a) Open-circuit voltage measured for the thermoelectric generator
made with high thermal conductivity encapsulation and copper spreader with a
fill factor of 20%. (b) Corresponding power density for the device. The lines are
used just to guide the eye.

electronics. This result also suggests that flexible TEGs with liquid metal
interconnects have the potential to rival their rigid counterparts for
future self-powered wearables [67-69].

Table 3 summarizes the power density levels generated by several of
the best flexible TEGs reported to date. TEGs presented in this table
were characterized on a hot surface (other than the human body) re-
lying on natural convection to reject heat from the cold side.

Table 4 compares several of the best flexible TEGs tested on the
human body with natural convection. The table reports the ambient
temperature used for the measurements. A cooler ambient implies a
larger AT and higher performance. We note that the best performing
devices employ rigid thermoelectric legs. The TEG reported in this
study shows the highest power density of 5.2 yW/cm? at an ambient
temperature of 21°C.

4. Conclusions

This paper reports high performance flexible thermoelectric gen-
erators (TEGs) with rigid P- and N-type bismuth chalcogenide ther-
moelectric legs connected in series with low-resistivity, self-healing,
stretchable liquid metal interconnects. The focus of this report is the
thermal conductivity of the material used to encapsulate the liquid
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Fig. 17. (a) Image of the thermoelectric generator worn on the wrist. (b) Open-
circuit voltage measured on the wrist for the thermoelectric generator made
with high thermal conductivity encapsulation and copper spreader with a fill
factor of 20%. (c) Corresponding power density for the device. The lines are
used just to guide the eye.

metal interconnects. In this work, we demonstrated TEGs fabricated
using a novel stretchable, high thermal conductivity elastomer con-
sisting of polydimethylsiloxane (PDMS) with graphene nano-platelets/
EGaln inclusions. This material can provide a thermal conductivity of
0.85W/mK corresponding to a 5.6X improvement over that of pure
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Table 3
Power density of different flexible TEGs characterized on a hot-plate or similar
heated surface relying on natural convection on the cold side.

Fabrication method AT (°C) Power density (uWW/cm?) Reference

Electrodeposition 22 3 [2]

Screen Printing 20 41 x 1073 [36]

Bulk 5 0.3 [71

Bulk 8.9 2.28 [6]

Bulk 11 12 This work
Table 4

Power density of different flexible TEGs characterized on the human body with
natural convection.

Fabrication method Ambient temperature  Power density (W/ Reference
Q9] cm?)

Dispenser printing 13 84 x 1073 [70]

Wet spinning of CNT 24 0.125 x 1073 [35]
Chemical Exfoliating 25 0.73 x 1072 [271
Screen Printing 17 0.73 [23]

Bulk 25 0.526 [7]

Bulk 5 2.5 [8]

Bulk 21 5.2 This work

PDMS. Through experimental work and modeling, we show that a
thermal conductivity close to 1 W/mK is needed to minimize the impact
of the encapsulation resistance on device performance. We also show
that the device performance can be further improved by adding a thin
copper heat spreader. The resulting TEGs worn on the wrist produce
power density levels approaching 35 pW/cm? at air velocities corre-
sponding to average walking speed. These performance figures make
this devices one of the best performing wearable flexible TEGs reported
to date. More importantly, the results suggest that our approach is
capable of producing flexible, large-area TEGs that have the potential to
rival the performance of rigid TEGs in wearable applications. This un-
ique approach eliminates the need to develop new thermoelectric ma-
terials to create flexible TEGs. Furthermore, with a fabrication proce-
dure that closely mimics rigid TEG manufacturing, the approach offers
a flexible TEG with a low cost-of-ownership, especially for existing rigid
TEG manufacturers.
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