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ARTICLE INFO ABSTRACT

This article reports on a moldable soft porous composite of liquid metal alloy (LMA) and Ecoflex-0030 elastomer
for the first time, where random pores in the composite behaves as tiny triboelectric nanogenerators (TENGs).
The triboelectric foam produced a maximum peak-to-peak short-circuit current (Isc) of ~466nA (charge
density = ~35 pC/mz) and open circuit voltage (Vo) of ~78 V for a sample of size 5 cm X 5 cm X 1 cm, where
the output current is ~20% higher than previously reported triboelectric foams based on PDMS and lead zir-
conate titanate (PZT)/carbon nanotube (CNT) of equivalent area. In addition, surface texture further increases
the foam's softness and enhance the charge generation leading to a 36% increase in triboelectric charge (charge
density = ~48 uC/m?). A soft monolithic shoe insole is prepared, which produced a range of triboelectric re-
sponses in the order of pA in response to different modes of human motion. Upon jogging, the porous shoe insole
with 3 wt parts of LMA in Ecoflex matrix, produce an instantaneous power of ~2.6 mW (instantaneous power
density = 13uW/cm?). In addition, the insole also shows capacitive response to deformation, enabling the
sensor to perform in-motion force and weight measurement.
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1. Introduction

The soft electronics have attracted much attention for emerging
applications in wearables, soft robotics, electronic skin, prosthetics, and
implantable devices [1-10]. Especially for wearable electronics, soft
moldable substrates can enhance the device conformability to human
body shapes and offer better machine-body interface. This can enable
new form-factor advantages over rigid electronics, especially for motion
energy harvesting and sensing [11-14].

Generating static electrical charges by mechanical motion, tribo-
electric nanogenerators (TENGs) have gained much interests as energy
harvesters for self-powered sensors for wearable electronics [15-30].
TENGs have been constructed with a wide variety of thin dielectric and
conductor materials [15-19,31-34]. Many of these materials are flex-
ible, soft, may be processed in low temperatures, and compatible with
additive-based processing for flexible electronics [15-19,35]. As such,
TENGs, as mechanical-to-electrical energy harvesters, can offer major
large-area conformability advantage over typical piezoelectric har-
vesters with rigid crystals [35].
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Wang's group have characterized well the basic modes of tribo-
electric generation: (i) vertical contact-separation, (ii) contact-sliding,
(iii) single electrode, and (iv) free standing triboelectric-layer mode
[36,37]. Mechanical, structural, and other material properties are all
influential to charge generation and extraction [35,38,39]. Suitable
optimized materials/composites and structures are necessary to harvest
electrical energy/charges from human motion. Recently, it has been
shown that triboelectric charge harvesting enhances upon increasing
the softness of a material due to the improved contacts between dif-
ferent surfaces [40]. Although, TENG approaches based on conductor-
elastomer composite material have been reported [41-46], the work
largely focuses on thin-film structures rather than 3D volumetric form
factors.

In this work, we investigate a soft moldable bulk structure that in-
corporates different triboelectrification, compounded through porous
microstructures. We have used Galinstan [47] (GagsIn,>Sn;¢) LMA and
Ecoflex to create a triboelectric foam where NaCl particles are used as a
water-soluble sacrificial template to create pores in the elastomer. In all
the composites, 10 g (parts) of Ecoflex is used as the base matrix. The
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concentration (by weight parts) of LMA and NaCl is varied with respect
to the above base matrix (Ecoflex). The optimum composite with 3 wt
parts of LMA in Ecoflex matrix (LMA:NaCl:Ecoflex = 3:5:10), produced
a maximum peak-to-peak Isc and Voc. Further, by molding hexagonal-
packed columnar surface textures, more contact-separation triboelec-
trification with respect to the electrodes was created. This increases the
charge generation by 36%. For application point of view, in case of
jogging, the porous composite with 3wt parts of LMA (LMA:NaCl:E-
coflex = 3:5:10) in Ecoflex matrix (shoe insole), produce an in-
stantaneous power of ~2.6mW (instantaneous power den-
sity = 13 uW/cm?). The obtained instantaneous power density is ~18
and ~32 times higher than previously reported triboelectric foams
based on PDMS and CNT/PZT respectively [41,42]. The above gener-
ated power can be useful to power certain wearable sensors [e.g.
electrocardiogram (ECG) chip] [48]. On the application of a smart-
sensor footwear (Fig. 1), we demonstrate a single-piece of shoe insole
(area ~200 cm?). The insole produced a range of triboelectric re-
sponses, giving output currents in the order of A in response to the
stomping/jumping/jogging motion of a 73 kg person. In addition, the
insole also shows capacitive response to deformation, enabling the
sensor to perform in-motion force and weight measurement (Fig. 1). In
existing triboelectric materials reported, the triboelectric signals are
obtained dynamically. In our case, we show that apart from tribo-
electric signals, the capacitance of the composite can be utilized to
measure both static as well as dynamic forces [49-51]. With sufficient
thickness, our demonstrated shoe insole can operate in both contact-
separation and compression mode. Moreover, it can be monolithically
molded into any shape to conform well to the foot so that it can sense
the forces and motion of the foot more intimately and accurately than
piecewise sensors. The detailed working mechanism of the shoe gen-
erator/sensor is discussed in later sections.
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2. Material synthesis and characterization

In this study, the foam is based on a porous liquid metal alloy-
Ecoflex 0030 (LMA- Ecoflex) composite, prepared by sacrificial dis-
solution of NaCl particles (Sigma Aldrich, Singapore) from the com-
posite matrix. The choice of LMA as the conductor allow us to control
its uniform distribution in a volume by high-speed blending in the pre-
cured elastomer. Due to its low melting temperature (—19°C), we
preferred Gallium-Indium-Tin alloy (Galinstan) as the LMA.

The foam (Fig. 2a and b and Fig. S1 in supplementary information)
has been prepared with varying concentration of LMA and NaCl parti-
cles in Ecoflex matrix and the formulations of different composites are
given in Table S1 (supplementary information). The schematic pre-
sentation for the preparation of porous LMA-Ecoflex composites is given
in Scheme S1 (supplementary information). We have used five samples
for each measurement and their mean values are plotted.

The cavities present in the above porous composites can be seen
clearly in both microscope (Fig. 2a, b and Fig. S2a) and scanning
electron microscope (SEM) images [Fig. S3 (supplementary informa-
tion)]. Residual undissolved NaCl crystals, are seen in the microscope
image (Fig. 2a, b and Fig. S2a). Based on microscope inspection, the
NaCl residues are typically less than 1-5% of the composite volume
with respect to the pores, and we have found it to have negligible im-
pact on the electrical and mechanical behavior of the foam. To quantify
the effect of undissolved salt (1-5%) on the triboelectric output, two
samples of dimension 1.5cm X 1.5cm X 1cm were cut from a pre-
viously prepared porous sample of dimension 5cm X 5cm X 1 cm. One
of them was immersed in hot water for another 96 h to remove the
residual (1-5%) salt. Finally, it was dried at 150 °C for 48 h to remove
all moisture, before the measurement. Then, output signal (Isc and Voc)
was measured for both samples and found to be marginal at ~33 pC/
m?. Hence, it can be deduced that NaCl residue below 5% has negligible

Triboelectric Energy
Harvesting

Dynamic Force Measurement k -

By Capacitive Sensing

Fig. 1. Concept of smart footwear with energy harvesting, force sensing capabilities, and wireless data connectivity.
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Fig. 2. (a) Low and (b) High magnification mi-
croscope images of porous nanocomposite con-
taining 3wt parts of LMA in Ecoflex matrix
(LMA:NaCl:Ecoflex = 3:5:10). Some undissolved
NaCl crystals remain (as indicated in figure b), (c)
Short-circuit electrical current generated during
the mechanical compression-and-relaxation cyclic
deformation of the foam; charge density per cycle
(Qcycle) is the integral of the current over a single
period of the mechanical cycle, normalized to the
top surface area, (d) Triboelectric charge density
for different samples of dimension
5cm X 5ecm X 1em (compression  depth =
5mm) (A) pure Ecoflex (B) porous Ecoflex

(C) T = Period of full cycle 40JE = Ecoflex Porous E+ L without LMA (NaCl:Ecoflex = 5:10), (C) non-
. (d) L=LMA (10:3) porous composite with LMA (LMA:Ecoflex =
i ] I ] 1:10), (D) porous composite with LMA

half cycle ™ Y
g 30 25 (LMA:NaCl:Ecoflex = 1:5:10), (E) porous compo-
':T C:JL 254 z i - site with LMA (LMA:NaCl:Ecoflex = 2:5:10),
S \-;, 20 Qe =0 2 f g g % (F) porous composite with LMA
I3 . - ! gc 8 "g' 3 (LMA:NaCl:Ecoflex = 3:5:10), and (G) porous
0 Relaxation 30 p—— | gL composite with LMA (LMA:NaCl:Ecoflex =
half cycle o 104} H ?o.x 4:5:10) [Maximum percent error ~ 6%], and (e)
b i 54 E PorousE+L EFM image of LMA-Ecoflex composite (3 wt parts
Qm.,,=f Abs(I,)dt o Only TET (10:1) of LMA in Ecoflex) showing regions of different

: . : : 0 : conductivity.

3 4 5 6 17
Time (s)

(e)
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effect on the performance of the foam. The pore sizes are not uniform,
and they are expected to follow the distribution of sacrificial NaCl
crystals. The LMA appears to be well distributed between the pores and
it is visibly dark compared to pure Ecoflex, due to the Gallium oxide
formation [2]. The description of SEM images and mechanical prop-
erties of these composites have been provided in supplementary in-
formation.

3. Effects of foam composition and LMA loading

The pores and conductivity of the elastomer matrix play a crucial
role for triboelectric properties of the foam. We sandwiched the foam
between copper foil electrodes that are connected to a current source
meter and a mechanical tester (Multitest 2.5-I, Mecmesin). The average
charge density generated per cycle (Qcycle) in response to mechanical
deformation is measured by the time integral, over a full compression-
relaxation cycle, of the absolute Isc due to mechanical action (Fig. 2c).
To test the bulk foam response instead of contact-surface effects, we
ensured that the electrodes are well adhered to the foam under cyclic
deformation to avoid any electrode-foam separation during testing.

Fig. 2d summarizes the experiment where we tested the elastomer in
response to cyclic mechanical deformation, with respect to the presence
of different concentration of LMA and pores. No charges were generated
by the elastomer without the pores or LMA, confirming that both the

25°

pores and the LMA are necessary for charge generation.

Increasing the LMA loading, up to 3wt parts of LMA in Ecoflex
matrix (LMA:NaCl:Ecoflex = 3:5:10), increases the charge generation,
for the same pore density. For higher LMA concentrations, the charge
output drops dramatically (Fig. 2d, Case F). The details on the electrical
output have been provided in the supplementary information (Fig. S4).
We found the charge degradation to be related to the excess con-
ductivity and charge leakage resulting from LMA overload of the elas-
tomer. This is discussed in the context of our single-cavity model, where
we studied the pore electrostatics. In the meantime, we examine the
foam's microstructure in terms of pore and LMA distribution.

Electrostatic force microscopy (EFM) scans were performed over a
sample area of 10 x 10 um? in the elastomer regions between the pores.
We alternated the tip bias between 10V and —10V to detect the pre-
sence of surface charge. The regions of different contrast (dark/bright)
in the EFM images indicate regions of different conductivities (Fig. 2e).
Assuming that the high contrast regions represent large conductivity
changes, the EFM scans suggest the LMA regions are not continuous
between the pores, despite the visual uniformity of the inner-pore
elastomer regions localized near the cavities. Therefore, we suspect the
charges generated by the pores do not flow between the pores and they
likely remain localized near the cavities. We assume that such mixed
distribution of conductive and insulating regions continues into the
inner surfaces of all the cavities. During mechanical compression of the
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Fig. 3. (a) Schematic representation of the

single cavity system where the middle layer is a

Ci,  pure Ecoflex elastomer with a cavity of dimen-

sion 3cm X 3cm X 0.5cm. Top and bottom
layers (non-porous) are prepared with different

c’ ™ LMA concentration (LMA:Ecoflex = 1:10, 3:10,

proposed equivalent passive circuit representa-

Cc & tion of the single pore structure (does not in-

clude triboelectrification and mechanical de-

+ and 4:10) and thicknesses (1 mm-7 mm), (b) A

Ecoflex + LMA (wt %) // :

formation), (c) Variation of output charge (per
cycle) with sample thickness (1 mm-7 mm) for
composites containing different concentrations
of LMA [Maximum percent error ~5%], (d)
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foam (Fig. 2a and b), the inner surfaces of the cavities contact to pro-
duce electrification that is likened to contact-separation or contact-
sliding triboelectrification effect.

We expect negative charges to be gained by the insulating Ecoflex
regions due to its higher surface electronegativity as per triboelectric
series and the positive charges build up in the conductive regions due to
the LMA (Scheme S2) [41], when the inner surface of the cavities
contact during compression. Upon force relaxation, the positive-nega-
tive charge separation produces an open-circuit potential difference
(Vo) that leads to a short-circuit current (Isc). As the pore undergoes
the relaxation, the Ic reverses. Although we have shown that both the
pores and LMA distribution are key to the triboelectric charge genera-
tion, the exact charge distribution in the complex random network of
pores in the composite is difficult to describe and investigate. We expect
the mechanism at the pore level to be analogous to the well-reported
contact-separation mode (Scheme S3, Supplementary Information). As
such, to understand how the fixed charge generation transfers to cur-
rent under composite motion, we investigate it at the level of a single
simplified model of a pore (Fig. 3a).

4. Single-cavity model for pore electrostatic study
To understand how LMA and the pores produce the triboelec-

trification, we constructed a large single-cavity test structure to simu-
late a single pore (Fig. 3a and b). Although mechanical properties of the

0 2 4 6 8 10 12 14 16 18

Area (cm?)

single-cavity structure may differ from the multi-pore foam, we expect
it to provide qualitative trend on the electrical properties influenced by
the material composition. The single cavity of dimension
3cm X 3cm X 0.5 cm, is prepared from a pure Ecoflex elastomer sheet
of thickness 0.5 cm, where it is used as the middle layer of the sand-
wiched structure (Fig. 3a). The single cavity is defined by three layers
(dip' layer sandwiched between two layers of d;,), which simulate the
inner-pore (ip) elastomer regions. The top and bottom layers (d;p)
connects the pore to the top and bottom copper (Cu) electrodes, while
the side layers (d'j,) separate the top and bottom d;, layers. The
equivalent passive circuit representation of the single pore structure is
shown in Fig. 3b.

We vary the LMA concentration and thickness of the dy, layers and
characterize the triboelectric charge output (Fig. 3c and d). The inner-pore
(ip) distance in the foam may be modeled by d;, thickness. We found that
as di, layer thickness decreases, the triboelectric charge output (Qcycie)
increases (Fig. 3¢). In addition, we found that Qcy tend to increase with
increasing LMA concentration from 1 to 3wt parts in Ecoflex matrix
(Fig. 3c). This Qcyce difference between structures with different LMA
concentrations reduces as dj, increases. This is consistent with the elas-
tomer composite's dielectric constant (g;,) increase with increased LMA
incorporation. This would lead to enhancement of the equivalent capaci-
tance per unit area between the pore and the Cu-electrodes (Ci, ~ &;p/djp).
Since Qcycle = Ceffective-Voc, increasing e;, enhances Qcyce, and this en-
hancement is expected to diminish with increasing dj,.
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The change in dielectric properties has been separately character-
ized by dielectric spectroscopy (Navocontrol Alpha A spectrometer) for
the same pore-free LMA-Ecoflex composites (Fig. 3d). Based on the
frequency-dependent dielectric constant, increasing LMA concentration
from 1 to 3 wt parts increased &;, by 23% (Fig. 3d). This confirms that
LMA concentration increases the capacitive charge coupling between
the pore and the electrodes. This is also consistent with EFM observa-
tion that the LMA is largely localized between the pores, leading to
electric field coupling rather than charge transport between the pores.

However, beyond 3 wt parts LMA in Ecoflex matrix, we observe that
Qcycle decreases with increasing LMA concentration (Fig. 3d). Despite a
further increase in €;;, from 3 to 4 wt parts of LMA in Ecoflex matrix, as
per dielectric spectroscopy (Fig. 3d), Qcycle of composite with 4 wt parts
of LMA in Ecoflex actually drops below that of the composite with 3 wt
parts of LMA for all thicknesses. This is attributed to the charge leakage
when LMA concentration becomes too high, and the elastomer capa-
citor can no longer hold the triboelectric charge upon generation (Fig.
S5) [52-54]. In all porous composites, there may be some loss due to air
breakdown as there are conductive LMA surrounding the micro-cav-
ities. This suggests that for the triboelectric foam, it is important that
the inner-pore elastomer should have high &;,, while remaining non-
conductive, to enhance the capacitance for triboelectric charge due to

(a)

Cu Elect

200 §._\
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ey S
Q 125
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the pores. Based on the same capacitance argument, the capacitive
charge coupling should also be enhanced by reducing the thickness of
di;, layer, or higher pore density in the random multi-pore foam struc-
ture.

5. Effects of foam porosity, mechanical stiffness, area, and
thickness

The foam's pore density (porosity) can be modulated by increasing/
decreasing the concentration of sacrificial NaCl particles. In Fig. 3e, we
showed the output energy of samples (dimen-
sion = 5cm X 5cm X 1cm) with a fixed 3 wt parts of LMA in Ecoflex
matrix, where salt particle concentration was varied (LMA:NaCl:Eco-
flex = 3:5/7/9:10] to get different porosity. We observed an increase in
output charge with the increase in porosity. The maximum output
charge was observed for the sample with ~28% porosity. However, we
see a dramatic decrease in the output charge beyond this point. It ap-
pears that the excess of pores compromised the foam's structural stiff-
ness; leading to significant pore collapse and the degradation of quick
elastic recovery following mechanical compressions. This explains the
degradation of the triboelectric charge generation.

We observe related dependence between the foam's mechanical

elaxation
T T

N+

3 4 5
Time (s)

—o— 20 mm thick
504 —*— 30 mm thick

10 20 30 40 50 60
Compressive Strain (%)

Fig. 4. (a) Schematic representation of testing conditions of 6-small pieces of small samples (1 cm x 1 cm), (b) one single piece (2.5 cm X 2.5 cm), (c) Variation of
charge density with area of samples (LMA:NaCl:Ecoflex = 3:5:10) at a compression depth of 5mm [Maximum percent error ~ 8%], (d) Comparison of current density
for two different samples of area 1 cm X 1 cm and 4 cm X 4 cm, and (e and f) Variation of charge with compression depths and compressive strains for composite
with 3 wt parts of LMA in Ecoflex matrix (LMA:NaCl:Ecoflex = 3:5:10) at three different thicknesses. [Maximum percent error ~ 8%].
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properties and the triboelectric output in the form of area dependence.
Fig. 3f shows the stiffness of square samples (thickness = 10 mm) with
respect to different area upon compressive cycles of 5mm depth. The
stiffness of the composite materials was calculated from the maximum
force upon 5 mm compression depth. The stiffness is defined as: k = F/
8x, where k is the effective stiffness of the porous composite, F is the
maximum force on the porous composite at 5mm compression depth,
and 8x is the displacement produced by the force along the same degree
of freedom. Here, the stiffness is determined by tracking the force
(stress) needed to produce the same compression depth (strain). Due to
the increased contribution of the edges, the samples become softer
(lower stress/strain) when the area decreases (e.g. 31750 N/m for
1 x 1cm? as compared to 62765 N/m for 4 x 4 cm?) (Fig. 3f). Fig. 4a
and b shows the schematics for the test condition of 6-small pieces
(1 cm X 1cm) of samples and one single piece (2.5cm X 2.5cm) re-
spectively. There is an area dependence in the Qcycie; With a significant
increase for samples below 4 cm? (Fig. 4c).

Close inspection of the Isc response to cyclic deformation reveals
correspondingly different features for the small 1 x 1cm? (softer)
versus the larger 4 X 4 cm? (stiffer) sample (Fig. 4d). Being softer,
smaller samples show broader Isc peak response during the compres-
sion cycle, leading to higher charge generation (area under Isc curve)
due to compression. In contrast, the larger sample, being stiffer, pro-
duce lower triboelectric charge under compression (and relaxation). In
addition, secondary Isc peaks (Fig. 4d) appear to become more pre-
valent in the smaller samples; due to increased sensitivity to non-uni-
form mechanical relaxation of the randomly-distributed pores, as the
foam becomes softer. Given that samples of smaller area (Fig. 4a)
produce a larger charge density as compared to a single-piece with a
larger area (Fig. 4b). It would be intuitive to utilize distributed smaller
samples to form a larger area to enhance the triboelectric output. In-
deed, when 6 pieces of sample of size 1 cm X 1 cm each are connected
in parallel (total area = 6 cm?), the resultant output is 203.5 pC/m?,
which is more than a single larger piece of sample (6.25 cm?; 22.89 uG/
m?, Fig. 4c).

(a)

t Load
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We have characterized the thickness dependence of the foam by
cyclic deformation of 5cm X 5cm square samples of three different
thicknesses (10, 20, and 30 mm). We studied the effect of compression
up to 60% compressive strain and observed that there is continuous
increase in the output charge, when the compression depth increases
for samples of all thicknesses (Fig. 4e). By varying the compression
depths, it is seen that higher Q. is produced for thinner samples,
compared to thicker ones, for a given compression depth. However,
when the output charge is normalized by fractional compressive depth
with respect to the sample thickness (Strain = compression depth/
sample thickness), Qcycie follows identical dependence (Fig. 4f). Hence,
Qcycle is only dependent on percent volume change of the foam, con-
firming that the foam behaves as a volumetric triboelectric generator.

6. Monolithic foam molding to enhance triboelectric generation

In addition to electrification due to the compression-relaxation de-
formation of the foam; the contact and separation of the top copper
electrode with respect of the composite foam (Scheme S3, supplemen-
tary information) can also be applied to generate further charges by
mechanical motion (Fig. 5). For a 5cm X 5em X 1 cem flat foam with
3wt parts LMA in Ecoflex matrix (LMA:NaCl:Ecoflex = 3:5:10), we
found the peak-to-peak output current of 212 nA (Fig. 6a) and voltage
of 28 V (Fig. 6b) upon contact-separation triboelectrification. However,
we need soft spring-like structural behavior to support the electrode-to-
foam separation that can be modulated by compression-relaxation
motion, to exploit this additional mode of electrification.

To this end, we molded a series of hexagonally-packed soft round
columns surface support structures for the “Cu” electrode (Figs. 5b and
6¢). The surface support structures not only increased the contact sur-
face area, they effectively segmented a significant volume of the foam.
This reduces the effective foam stiffness, which is expected to further
enhance the energy harvesting of compressive motion, as previously
discussed. After optimizing the LMA loading and porosity for mechan-
ical and electrical output, we characterize the performance of a

1

Contact-Separation

Foam Surface

Fig. 5. Schematic representation of (a) contact-separation between top electrode and porous LMA-Ecoflex composite and (b) compression modes of sample with

hexagonally packed columnar surface textures.
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Pk-pk (Max Voltage) = 28 V

Fig. 6. Peak-peak (a, b) current (max ~ 212 nA)
and voltage (max ~28V) of flat porous LMA-
Ecoflex composite (LMA:NaCl:Ecoflex = 3:5:10)
measured at an operation frequency of ~0.4 Hz,
(c) Photograph of a piece of porous pimple
structured sample, (d) schematics of the cross-
sectional image of the porous pimple structured
sample; peak-peak (e) current (Isc), and (f) vol-
tage (Voc) for pimple structured porous LMA-
Ecoflex composites with 3wt parts of LMA in
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Ecoflex matrix (LMA:NaCl:Ecoflex = 3:5:10)
under 5mm compressive cycles and at an op-
eration frequency of ~0.4Hz [active sample
area = 12.56 cm?].

(e) 200 Pk-pk (Max Current) = 323.25nA (f) 70] ——Pk-pk (Max Voltage) = 6231 V
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5cm X 5cm X 1cm sample. In this structure, thickness of the base
composite and the columns are 3.5mm and 6.5mm respectively
(Fig. 6d).

Under mechanical compression-relaxation cyclic testing (Fig. 5b),
we measured an Isc and Voc of ~324 nA (charge density = ~48 pC/m?)
and ~63V respectively (Fig. 6e and f). By increasing the effective
surface of the elastomer, we show that higher triboelectric charge
density for the foam can be achieved. There is some effect of contact-
separation between different columns and also with the copper elec-
trode (upon compressive cycles) on the overall output charge/energy
(Fig. 5b). We used the above 3D-pimple structured model to prepare a
full shoe insole (Fig. 7a) and studied its output current (Isc) and voltage
(Voc) with respect to different modes of human motion, which is dis-
cussed in later section. To check the stability of LMA-Ecoflex TENG, we
have carried out more than 10, 000 cycles of pressing and releasing (at
compression depth = 5mm) at a frequency of ~0.4 Hz and found the
output signals are quite stable (Fig. S6, Supplementary Information).

7. Demonstration of electrical energy harvesting through
prepared shoe insole

As a demonstration of the moldability of the porous composite
prepared for possible use in wearable energy harvesting applications,
one porous 3D shoe-insole was prepared of thickness 10 mm (thickness/
height of base = 3.5mm and thickness/height of columns = 6.5 mm,
Fig. 6d) using the optimal conditions found in earlier experiments
(LMA:NaCl:Ecoflex = 3:5:10). Different modes of human motion are

10
Time (s)

used to generate the output as shown in Fig. 7, whereas Fig. 8a and b
shows the corresponding Isc and Vo respectively. It is observed that
there is variation of Igc and V¢ with different modes of human motion
and the Isc and Vo are highest in case of jogging which are ~13 pA and
~200V respectively. The different power density obtained in case of
various types of human motion (using shoe insole) is given in Fig. S7
(Supplementary Information). The shoe insole produces a maximum
instantaneous power of 2.6mW (instantaneous power den-
sity = 13 uW/cm?) in case of jogging, which can be used to power ECG
chips and other small-scale wearable sensors/electronics. The above
obtained instantaneous power density is ~18 and ~32 times higher
than previously reported triboelectric foams based on PDMS and CNT/
PZT respectively [41,42]. In Fig. 8 (a, b), the same person (73kg) is
used to collect the output (Isc and Voc) of the different types of motion
state. In Fig. 8 ¢, we want to show the effect of a person with a lighter
weight on the amount of output current especially in case of jogging.
We observed that there is a reduction in the output current (4.15 pA)
when the person's weight is less (67 kg). It concluded that larger weight
produces larger compression followed by larger output signal as also
seen in case of Fig. 4e and f. The frequency of the current (Fig. 8a) and
voltage (Fig. 8b) output varies because they are measured separately at
different instances. In both cases, a source measurement unit is con-
nected and operated at different modes, i.e. current or voltage sensing
mode to obtain the plot shown in Fig. 8 (a, b). Apart from compression,
we also presented the output performance of the porous composite
based on other kinds of deformation such as stretching, bending and
twisting, which are more relevant in case of wearable electronics. To
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(d)
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Fig. 7. Demonstration of energy harvesting from human motion using shoe insole prepared from porous LMA-Ecoflex composite [3 wt parts of LMA in Ecoflex matrix
(LMA:NaCl:Ecoflex = 3:5:10)]. (a) photograph of a porous LMA-Ecoflex shoe-insole used in sandal in between two copper electrodes, (b-g) different stages of human

motion and corresponding outputs (Isc, Voc) are given in Fig. 8a and b.

test these deformations, we used a sample of dimension
5cm X 5cm X 0.2cm, coated with conducting carbon grease (MG
chemicals, Canada) on both sides as electrodes. The time dependent
output current was measured with respect to different % strains
(10%-100%), 1.6 cm of bending radii, and 180° twisting. The output
charge per cycle was calculated by integrating current over time and
presented in Fig. 8d. Stretching and bending was done by a mechanical
tester (Multitest 2.5-i), whereas twisting was done manually as given in
Fig. S8 (Supplementary Information).

It is observed that there is continuous increase in charge with the
increase in % strain (Fig. 8d) and maximum charge per cycle is ob-
served for 100% strain, which is ~88 nC. Larger strain compresses the
cavities more followed by higher output. Moreover, output energy
produced by bending and twisting action are smaller compared to

stretching. The output charge per cycles upon bending and twisting are
~58nC and ~55 nC respectively. Hence, this type of porous composites
can be used as wearable energy harvester to power wearable sensors as
it can harvest energy from stretching, bending, and twisting.

8. Porous LMA-Ecoflex composite as force measurement sensor

In this section, we showed the possibility of using the porous
composite as a force/weight measurement sensor as a result of capa-
citance change with different amount of deformations. The effect of
loading on the static capacitance of porous composite with the optimal
condition (LMA:NaCl:Ecoflex = 3:5:10) and three different sample sizes
(thicknesses = 1, 2, 3cm and area = 5cm X 5cm) is given in Fig. 9a.
The variation of displacement with the applied load is given in Fig. 9b.

6 Fig. 8. Output (a) Short circuit current (Isc)
Vi J4— (i) Foot Press 199.25
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Fig. 9. Variation of (a, b) Capacitance and displacement with applied force respectively for composite with optimum composition and samples of three different
thicknesses (1, 2, and 3 cm) and area of 5cm X 5cm [Maximum percent error ~ 9%], (¢) Dynamic capacitance with time at two different cyclic compressive forces
(700N and 2000 N) for samples of two different thicknesses 1 and 3 cm, (d) Variation of static capacitance with applied force, and (e) Variation of dynamic
capacitance with time at two different cyclic compressive forces (700 N and 2000 N) on shoe insole [Maximum percent error ~ 7%].

It is observed that there is increase in capacitance/displacement
with the increase in applied force. The capacitance of the above samples
was also measured under cyclic compressive forces (Fig. 9¢). Moreover,
we also studied the effect of static/cyclic forces and different forms of
human motion (walking, jogging, and jumping) on capacitance of shoe
insole and presented in Fig. 9d and e and Fig. 10 respectively. The
change in capacitance of the material subjected to different loading
conditions allows us to track the weight and force exerted on the legs of
a person when it is used as a shoe insole. There are different curve
patterns with different forms of human motion (Fig. 10, person's
weight = 73 kg), which can give an indication that a person is walking/
jogging/jumping. This capacitive sensing requires additional power
source when sensing force, assisted by the energy harvested in the tri-
boelectric mode. A possible application could be a physical activity
sensor of a person to constantly track the degree of physical activity he/
she is undergoing, resulting in a much more accurate fitness monitor.

9. Summary and conclusions

Porous liquid metal alloy-Ecoflex (LMA-Ecoflex) composites have
been prepared from Ecoflex elastomer, LMA and NaCl particles, where

NaCl is used as a sacrificial template. These composites have been de-
monstrated for the first time in TENG application. We found the porous
composite prepared with 3 parts of LMA, 5 parts of NaCl in Ecoflex
matrix (LMA:NaCl:Ecoflex = 3:5:10), has better performance compared
to other composites. The triboelectric foam produced a maximum peak-
to-peak  short-circuit current (Isc) of ~466nA  (charge
density = ~35 uC/mz) and open circuit voltage (Voc) of ~78V for a
sample of size 5 cm X 5 cm X 1 cm subjected to 5mm compression-
relaxation cycles, where the output current is ~20% higher than pre-
viously reported triboelectric foams based on PDMS and PZT/CNT of
equivalent area. The shoe insole produces an instantaneous power of
2.6 mW (power density = 13 uyW/cm?) in case of jogging, which can be
used to power ECG chips and other small-scale wearable sensors. The
obtained instantaneous power density is found significantly higher than
previously reported triboelectric foams based on PDMS and CNT/PZT.
We also found that there is change in capacitance with loading of dif-
ferent static or cyclic forces. So, this type of composites can be used as
weight/force measurement sensor. These porous composites can also be
used as wearable energy harvester to power wearable sensors as it can
harvest energy from stretching, bending, and twisting.
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Fig. 10. Variation of capacitance with different forms of human motion (walking, jogging, and jumping).
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