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A flexoelectricity-enabled ultrahigh piezoelectric effect
of a polymeric composite foam as a strain-gradient
electric generator

Dongze Yan', Jianxiang Wang?3, Jinwu Xiang’, Yufeng Xing’, Li-Hua Shao'*

All dielectric materials including ceramics, semiconductors, biomaterials, and polymers have the property of
flexoelectricity, which opens a fertile avenue to sensing, actuation, and energy harvesting by a broad range
of materials. However, the flexoelectricity of solids is weak at the macroscale. Here, we achieve an ultrahigh
flexoelectric effect via a composite foam based on PDMS and CCTO nanopatrticles. The mass- and deformabil-
ity-specific flexoelectricity of the foam exceeds 10,000 times that of the solid matrix under compression, yielding
a density-specific equivalent piezoelectric coefficient 120 times that of PZT. The flexoelectricity output remains
stable in 1,000,000 deformation cycles, and a portable sample can power LEDs and charge mobile phones and
Bluetooth headsets. Our work provides a route to exploiting flexible and light-weight materials with highly sen-
sitive omnidirectional electromechanical coupling that have applications in sensing, actuation, and scalable
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energy harvesting.

INTRODUCTION
Flexoelectricity refers to generation of electricity by materials when
subjected to nonuniform mechanical strains such as bending and
twisting (1-5). Compared to piezoelectricity, flexoelectricity is a
universal effect not limited by crystalline symmetry, polarization,
and depolarization temperature, and is thus allowed in all dielectric
materials including soft matters such as polymers (6-9), biomateri-
als (10-13), and liquid crystals (2, 14, 15), as well as ceramics and
semiconductors (16) and perovskites under high temperatures (17).
The flexoelectric effect finds wide applications in flexoelectronics
(18), sensing and actuating (19-21), photoflexoelectricity (22),
data storage (23), and energy harvesting (24-26). Photocurrent of
ferroelectric oxides can be enhanced by two orders of magnitude
by the flexoelectric effect corresponding to a giant strain gradient
as high as 107/m (27), and the bulk photovoltaic coefficient of
MoS, sheets is enhanced by orders of magnitude compared to
that of most noncentrosymmetric materials under a strain gradient
of 10%/m (28). Photoconductance of BiFeOjs films can be effectively
mediated by strain gradients (29, 30). However, the flexoelectric
effect is size dependent and is weak at the macroscale, as is
evident from the small flexoelectric coefficients in the range of
107 to 107* C/m for ferroelectrics and ceramics and 107! to
107% C/m for polymers (31). Thus, hereto, the effect has been
mostly investigated and used at nano- to microscales where local
giant strain gradients can be realized by various ways such as inden-
tation (32-34), lattice mismatch (27, 30, 35-38), and bending of
nano/microscale beams (26, 39-42).

In this work, we achieve an ultrahigh flexoelectric effect through
design of a composite foam based on polydimethylsiloxane (PDMS)
and a twisted foam structure (Fig. 1). The mass- and deformability-
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specific flexoelectric response of the structure is more than 10,000
times that of the solid truncated pyramid PDMS material under
compression. The foam structure can generate electricity under om-
nidirectional deformation and thus can also be used as a piezoelec-
tric material. In this sense, the equivalent piezoelectric coefficient
(1522 pC/N) is comparable to the high-performance piezoelectric
ceramic Pb(Mg;,3Nb,,3)O5-PbTiO; (PMN-PT, 1510 pC/N), yield-
ing a 120 times higher density-specific equivalent piezoelectric co-
efficient than lead-zirconate-titanate (PZT). By this design, we
generate an output of electricity at the microampere scale with a
simple portable device. We term this device a “strain-gradient elec-
tric generator.” By storing energy generated by the foam samples, we
have successfully lit red light-emitting diode (LED) lights and
charged mobile phones and Bluetooth headsets. The output
remains stable over 1 million deformation cycles.

RESULTS

Fabrication and characterization of structured

composite foam

PDMS is one of the most commonly used soft elastomers in flexible
electronics, biomedical devices, and energy harvesting because of its
large reversible deformation, low cost, and excellent biocompatibil-
ity (43). However, the flexoelectric coefficient of PDMS is quite low
at 10719 C/m (8, 42). To enhance the flexoelectric output of PDMS,
ceramic particles of copper-calcium-titanate (CaCu;3Ti O1,;
CCTO) were added into the PDMS matrix to make a composite
(Fig. 1A). The CCTO particles of nanoscale (n-CCTO) and micro-
scale diameter (u-CCTO) were used since it has been reported that
dielectric permittivity of CCTO increases with decreasing particle
size (44). CCTO exhibits high “effective” dielectric permittivity
(10° to 10* at room temperature) due to the barrier-layer mecha-
nism (44, 45). Narvaez et al. (16) have shown that an oxide semi-
conductor heterostructure exhibits an enhanced flexoelectric-like
response because of the barrier-layer mechanism. In addition, the
piezoelectric effect is excluded because the CCTO particles have a
centrosymmetric structure (46). The dielectric permittivity of the

10f9



SCIENCE ADVANCES | RESEARCH ARTICLE

A B

Precured
Filler

Mixing with NaCl

Curing & leaching

Electrod:
Cyclic loading l o

onm

PDMS
s Electrode

Foam

AN

Foam

Fig. 1. Fabrication and characterization of twisted composite foam. Schematic plots of precured PDMS and n-CCTO particle mixture (A) and composite foam with
ligaments consisting of PDMS matrix and n-CCTO particles (B). (C) Photo and SEM images of the foam structure. (D) Twisted PDMS-CCTO composite foam and confi-

guration of electrodes.

solid PDMS/CCTO composite is theoretically analyzed in the “Di-
electric permittivity of solid composite” section of Materials and
Methods, and it is shown (fig. S1) that the dielectric permittivity
of the binary composite increases with increasing dielectric permit-
tivity and volume fraction of the filler.

Then, a foam structure was fabricated with the composite of
PDMS/n-CCTO as the base material, as schematically illustrated
in Fig. 1B (details of the fabrication process can be found in the
“Fabrication” section of Materials and Methods). The scanning
electron microscopy (SEM) images and a photo of the foam struc-
ture are shown in Fig. 1C, where the randomly distributed open
pores and ligaments at several tens of micrometers can be observed.
Because of the disordered arrangement in all directions, the internal
ligaments of the foam structure can undergo bending deformation
when a block of the foam is subjected to any loading and thus gen-
erate electricity. The aspect ratio I/§ (I and § are the pore diameter
and ligament thickness of the foam structure, respectively) of the
ligaments can be optimized by adjusting the fractions of PDMS
and sacrificial NaCl particle template to create large strain gradients.
When the foam is subjected to cyclic compression, the effective
flexoelectric current I* can be described by the scaling law

I* o< apfppn* (é) (1)

where o, i, f, A, and n* are a nondimensional parameter related to
the geometry of the microstructure, the flexoelectric coefficient of
the solid (i.e., the ligaments), the frequency of the cyclic deforma-
tion, the compression displacement, and the total number of layers
where the charges are collected, respectively (8). Therefore, to create
high strain gradients and to collect more electricity, in this work, we
devise a composite foam with an optimum aspect ratio of the liga-
ments. The thickness of the ligaments decreases with an increase of
mass ratio m (fig. S2A), defined as the ratio of the mass of the sac-
rificial NaCl particle template to that of PDMS. As described in the

Yan et al., Sci. Adv. 9, eadc8845 (2023) 13 January 2023

“Calculation of mass ratio” section of Materials and Methods and
fig. S2B, the flexoelectric current of the samples with m = 6 is the
largest, which is selected here (aspect ratio is ca. 4.5). The relative
dielectric permittivity and dielectric loss of the PDMS foam are
0.92 and 0.005, respectively, as shown in fig. S3A. The relative di-
electric permittivity of the PDMS/n-CCTO, s (the volume frac-
tion of n-CCTO is v = 5%) foam is 4.29, with a low dielectric loss
of 0.009, as shown in fig. S3B.

In addition to choosing an optimized aspect ratio of the liga-
ments, we have designed a five-layer stacked-and-twisted composite
foam structure with a coupled compression-torsion deformation
mode, which will twist under unidirectional compression, as
shown in Fig. 1D. The top and bottom surfaces of the foam structure
were each coated with a conductive electrode. In addition, four elec-
trodes were embedded inside the structure, with the top layer of
each electrode insulated with a thin layer of PDMS, as schematically
shown in the inset of Fig. 1D. The wires connecting the electrode on
the top surface of the foam structure and the four internal electrodes
were connected together to the input channel of the current ampli-
fier, and the electrode on the bottom of the foam structure was con-
nected to the grounded input channel (Fig. 1D).

The deformations of the internal ligaments of the nontwisted
and twisted foam structures were calculated by the finite element
analysis software ABAQUS based on the unit cell of the Gibson-
Ashby (G-A) model (47), shown in Fig. 2. For both the nontwisted
(Fig. 2A) and twisted (Fig. 2B) foam structures, most of the liga-
ments undergo bending deformation under compression.
However, the twisted foam structure has a coupled compression-
torsion deformation mode, i.e., it twists under unidirectional com-
pression. Thus, the internal ligaments undergo both torsional and
bending deformations, as shown in Fig. 2B, and the strains of the
ligaments are much larger than those of the straight ones in
Fig. 2A. The strain nephograms of the cross sections of the horizon-
tal ligaments in both the nontwisted and twisted unit cells are given
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Fig. 2. Deformation of nontwisted and twisted structures under compression based on the finite element analysis. Strain nephograms for the nontwisted G-A
model (A) and for the twisted G-A model (B). Nephograms (C) (nontwisted) and (D) (twisted) show the variations of the axial strains in the transverse direction (Z direction)
for the horizontal beams and (E) (nontwisted) and (F) (twisted) show the variations of the axial strains in the transverse direction (X direction) for the vertical beams.

in Fig. 2 (C and D) with the maximum strains of 8.3 and 17.8%,
respectively. The strain nephograms of the cross sections of the ver-
tical ligaments in both the nontwisted and twisted unit cells are
given in Fig. 2 (E and F) with the maximum strains of 7.6 and
10.4%, respectively. The corresponding strain gradients (e, .) of
the horizontal ligaments in the nontwisted and twisted unit cells
are 3160/m and 6000/m, respectively. The strain gradients (e, )
of the vertical ligaments of the nontwisted and twisted unit cells
are 2540/m and 3620/m, respectively. For this reason, we have
chosen to focus on the performance of the stacked-and-twisted
macrostructure with a relative twisting angle 8 = 30° between the
top and bottom surfaces of the sample, as shown in Fig. 1D.

Before we present the performance of the stacked-and-twisted
foam sample of Fig. 1D, we give a detailed description of the
three contributions that lead to the enhancement of the flexoelectric
performance of the stacked-and-twisted composite foam. These
three contributions come from the composite structure (compared
to pure PDMS), the stacking, and the twisting.

First, strontium titanate (STO) and a-cristobalite particles were
also used to make composites. These particles have a centrosymmet-
ric structure (48, 49), and their dielectric permittivities &' are ca. 350
(50) and ca. 3 (51), respectively. The particle sizes of n-CCTO, STO,
and a-cristobalite particles are similar. Flexoelectric coefficients of
pure PDMS and the PDMS/a-cristobalite composite solid beams
are shown in Fig. 3A. The pure PDMS and the composites with 5
or 10% volume fractions of a-cristobalite particles have similar
flexoelectric coefficients. Figure 3B shows the effective flexoelectric
currents of the nontwisted and nonstacked composite foams made
of the PDMS matrix filled with four kinds of particles (a-cristoba-
lite, STO, nanoscale n-CCTO, and microscale u-CCTO) with differ-
ent volume fractions as functions of macroscopic unidirectional
compression strain. It is seen that nanoscale n-CCTO with a high
volume fraction and high effective dielectric permittivity generates
the highest effective flexoelectric current. The flexoelectric current
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of the PDMS/n-CCTO,,_s¢, foam is nearly 10 times larger than that
of the pure PDMS foam.

Second, for a stacked foam structure of n layers, as described
above, the flexoelectric current, I,,, is approximately equal to nl,
where I is the flexoelectric current of one layer. Figure 3C shows
that the flexoelectric current increases almost linearly with the
number # of layers for n = 1, 2, and 3. Similar methods have also
been reported in the literature to increase the output of piezoelec-
tricity (52-55). Previous experiment of Kwon et al. (56) for the flex-
oelectricity of multilayered barium strontium titanate cantilever
beams under bending also demonstrates that the flexoelectricity
output “is proportional to the number of flexoelectric layers.”

Last, the flexoelectric currents of the twisted three-layer PDMS/
n-CCTO,_s¢, foam structure with relative twisting angles () 0°, 10°,
20°, and 30° under unidirectional compression are shown in
Fig. 3D. The flexoelectric current increases with an increase in the
relative twisting angle. The flexoelectric current of the sample with
0 = 30° is ca. two times larger than that of the nontwisted one.

Performance of stacked-and-twisted composite foam

We now investigate the performance of the stacked-and-twisted
(6 = 30°, five layers) PDMS/n-CCTO,,_sy, composite foam structure
with macroscopic dimensions of 2 cm by 2 cm by 1 cm. The flexo-
electric current under unidirectional compression, which is ca. two
times larger than that of the nontwisted one, is shown in Fig. 4A.
Figure 4B shows variations of the flexoelectric current (left vertical
axis) and the macroscopic applied displacement (right vertical axis)
versus time, which demonstrates synchronicity of the flexoelectric
response and applied compression. The dependence of the flexo-
electric current on the loading frequency is shown in Fig. 4C. The
flexoelectric current increases linearly with loading frequency below
5 Hz but then the current starts to decrease. All the measurements
given below are based on f = 2 Hz. Figure 4D shows that flexoelectric
current is stable under continuous cyclic compression for more
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Fig. 3. Performance of solids and foams. (A) Flexoelectric coefficients of pure PDMS and PDMS/a-cristobalite composite solid beams. (B) Flexoelectric currents of the
nontwisted and nonstacked composite foam based on PDMS matrix filled with four kinds of particle (a-cristobalite, STO, n-CCTO, and p-CCTO) with different volume
fractions as functions of macroscopic compression strain. (C) Flexoelectric currents of the nontwisted stacked foam PDMS/n-CCTO,_sq, with different numbers of layers.
(D) Flexoelectric currents of twisted three-layer PDMS/n-CCTO,_sq, foams with different twist angles 6.

than 1 hour without any deterioration in the mechanical behavior of
the composite foam (Fig. 4E). This proves reproducibility of the
stress-strain curves over 1,000,000 loading-unloading cycles. The
flexoelectric output with peak current of 130 + 10 nA and equiva-
lent compressive modulus (43 + 1.5) x 10~> MPa remain stable for
60 days, as shown in Fig. 4F.

The mass- and deformability-specific flexoelectric current is
defined as Wiee = Imax/ (Mg €), Where Iy, My, and € represent the
maximum flexoelectric current, mass of the sample, and applied
unidirectional compression strain, respectively. Our sample
(stacked-and-twisted PDMS/n-CCTO,,_s, with dimensions of 2
cm by 2 cm by 1 cm) has an ultrahigh specific flexoelectric
output of W, = 1400 pA g~! %!, which is four orders of magni-
tude larger than that of the solid truncated pyramid PDMS (0.13 pA
g~! %™') under unidirectional compression (comparison shown in
Fig. 5A) and two orders of magnitude larger than that of pure
PDMS foam without the nanoparticles and optimized structures
(8). Conventionally, the piezoelectric effect is the most commonly
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exploited charge-load coupling effect in various devices in engi-
neering. An important figure of merit of a piezoelectric material
is the longitudinal piezoelectric coefficient ds3;, which is the
charge polarized per load. Here, the equivalent charge-load cou-
pling coefficient, d53, of the foam sample is calculated according
to the equation

Q_d_Q_d(ﬁ)_ 1 ﬂ (2)
¥ dF  d(EeA) 2mfEAde

where i, €, f, E, and A are the flexoelectric current, compressive
strain, frequency of cyclically applied load, equivalent compressive
modulus, and cross-sectional area of the sample, respectively. d5iof
the PDMS/n-CCTO,_s¢, sample is 1522 pC/N, which is consider-
ably larger than that of the most commonly used piezoelectric ce-
ramics (57-64), as shown in Fig. 5B. d51 of our polymeric composite
foam is larger than that of the lead-free piezoelectric ceramics and is
comparable to that of known lead-containing piezoelectric ceramics
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Fig. 4. Flexoelectric currents and mechanical property of stacked-and-twisted PDMS/n-CCTO,_so, foam (0 = 30’, five layers). (A) Comparison of flexoelectric cur-
rents of the twisted and nontwisted samples. (B) Flexoelectric current (left axis, yellow) and the applied displacement (right axis, blue). (C) Dependence of the flexoelectric
current on the loading frequency at 20% applied strain. (D) Stable flexoelectric current with continuous measurement for more than 1 hour. (E) Reproducible stress-strain
curves over 1,000,000 loading-unloading cycles. (F) Flexoelectric peak current (left axis, green) and equivalent compressive modulus (right axis, pink) of the foam over 60

days (measurements were made for 10 min each day over 60 days at ¢ = 50%).

[e.g., PMN-PT (64)]. The flexoelectric output of the composite
foam can be further improved by using larger volume fractions of
fillers with higher dielectric permittivity. Moreover, one of the
major advantages of the foam is its light weight. The density of
the foam is ca. 250 kg/m?, whereas the density of the piezoelectric
ceramics is ca. 6800 to 8500 kg/m>. The density-specific equivalent
charge-load coupling coefficient d53 of the foam is compared with
those of typical high-performance piezoelectric polymer and ce-
ramics in Fig. 5C: The density-specific d5; of PDMS/n-CCTO,,_s,
is 120 times and 380 times larger than that of the most commonly
used PZT ceramic and B-polyvinylidene difluoride polymer, respec-
tively. The PDMS/n-CCTO,_sy, foam has an extremely long
working life with peak current output remaining stable for more
than 1,000,000 continuous cycles, as shown in Fig. 5D.

The universality of flexoelectricity effect provides a promising
route to direct conversion of ambient mechanical energy into elec-
tricity. Thus, attempts have been made to design energy harvesters
based on flexoelectricity (24-26, 65). Because of the need for large
strain gradients, previous flexoelectric energy harvesters are based
on beam or plate bending (24-26, 65). The weak flexoelectric
output of solids has, however, hindered the development of
energy harvesting based on flexoelectricity. Thus, practical and scal-
able energy harvesting based on flexoelectricity is yet to be realized.
While the piezoelectric (66, 67) and triboelectric (68, 69) nanogen-
erators and flexoelectric energy harvesters at the nano/microscale
are good energy sources for micro/nanoscale devices (24, 26, 66),
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everyday portable devices call for generators that are easily scalable,
cost effective, durable, and adaptable to wide application scenarios.

The ultrahigh flexoelectric output of the composite foam enables
it to convert natural mechanical energy into electric energy easily as
a strain gradient electric generator. The flexoelectric output voltage
and current of the PDMS/n-CCTO,,_sy, foam sample (2 cm by 2 cm
by 1 cm) are 1.85 V and 130 nA, respectively, which charges a ca-
pacitor (4.7 pF) to 1.8 V in 2 min under cyclic compression. Then,
the charged capacitor lights up a commercial LED as the inset of
Fig. 5D shows (movie S1).

The PDMS/n-CCTO,_5¢, foam was fabricated into an insole and
placed in a sports shoe, enabling mechanical deformation energy to
be directly converted into electricity during walking. The peak elec-
tric output voltage and current of an insole (size, 200 cm? by 0.75
cm) are 5.8 V and 1.0 pA, respectively, as shown in the inset of
Fig. 5E. The insole was connected directly to a capacitor (4 mF)
during walking at ca. 2 Hz. The flexoelectricity generated during a
7-hour walk charged the capacitor to 5.8 V, which then realized
charging a smart phone, and charged a Bluetooth headset for a
period of ca. 2 s (Fig. 5E and movie S1).

In addition to harvesting energy on land, the foam structure
could be used to harvest energy from vibrations like tidal motion.
Here, the foam is pasted on the inner wall of a 16-cm-diameter ball
containing an inertial block (diameter, 8 cm) in the middle. The vi-
bration causes relative movement between the ball and the inertial
block to produce displacement, which deforms the foam. The
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Fig. 5. Performance and applications of strain gradient electric generators based on microstructured polymeric composite. (A) Comparison of the mass- and
deformability-specific flexoelectric current W, between twisted PDMS/n-CCTO,_s, foam and solid truncated pyramid PDMS under an applied strain of 25%, which
shows that the former is four orders of magnitude larger than that of the latter. (B) Comparison of equivalent piezoelectric coefficients and (C) comparison of
density-specific equivalent piezoelectric coefficients, between PDMS/n-CCTO,_sq, foam sample with dimensions 2 cm by 2 cm by 1T cm and common piezoelectric ma-
terials. (D) Peak current over 1,000,000 cycles of compression of the composite foam generator, whose output flexoelectricity charges a capacitor, which can then light
LEDs (red LED, forward rated voltage and current are 1.8 V and 20 mA), shown in the inset. (E) Flexoelectricity (the current and voltage are shown in the inset) generated by
one insole during walking motion charges the capacitor, which can then charge a smart phone and Bluetooth headset. (F) A ball with the foam inside when subjected to
vibration charges a capacitor, which can then light up five commercial LEDs. (G) Potential applications of wearable strain gradient generators such as insoles, protective
ankle, and knee pads, to power other wearable devices.

vibration is simulated by manually shaking the ball (at ca. 3 Hz), and
the induced peak current and voltage are 8 £ 2 pA and 11 £ 2V,
respectively, capable of charging a capacitor (22 uF) to 10 V in ca.
40 s. The capacitor can light up five commercial LEDs, as shown in
Fig. 5F and movie S2.

To date, only the flexoelectricity generated by the ligaments near
the conductive electrode has been harvested. In the future, all of the
fine ligaments can be coated with electrodes at desired locations to
contribute to the flexoelectricity output by more ingenious design
and fabrication technology, similar to three-dimensional (3D)
printing and other additive manufacturing technologies.

Yan et al., Sci. Adv. 9, eadc8845 (2023) 13 January 2023

Theoretically (see the “Flexoelectric output of an ideal microstruc-
tured insole” section of Materials and Methods), a pair of insoles
each of size 200 cm? by 1 cm, containing 0.5-um-thick ligaments
can generate peak flexoelectric voltage reaching 10 V at a walking
frequency of 1 Hz with the peak output current reaching 10 A. In
this manner, the instantaneous peak power generated by each step
of one foam insole can reach 100 W. This power is enough to charge
immediately smart devices, such as pacemakers, sport watches,
mobile phones, and so on. It will take ca. 167 s to fully charge a
400-mA-hour Bluetooth headset battery and ca. 27 min to fully
charge a 4000-mA-hour phone battery. Owing to their high
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flexibility, durability, and ease of manufacture, light-weight poly-
meric foam structures with an ultrahigh flexoelectric output can
be easily made as protective ankle and knee pad wearable generators
to power other wearable devices (Fig. 5G).

DISCUSSION

In summary, we have realized practical flexoelectricity harvesting at
the macroscopic scale via a polymeric composite foam with an ul-
trahigh flexoelectric effect. The mass- and deformability-specific
flexoelectric output is 10,000 times that of the pure solid polymer
under unidirectional compression. The foam can also be used as
a light-weight and sensitive piezoelectric material with its ultrahigh
equivalent piezoelectric coefficient. The electric output remains
stable over 1,000,000 cyclic deformations. Owing to its omnidirec-
tional mechanoelectric coupling (the flexoelectric effects under
macroscopic bending are demonstrated in the "Flexoelectric
effects of composite foam beams under macroscopic bending”
section of the Supplementary Materials, shown in fig. S4), the
foam adapts to various deformation modes such as body motion,
tides, winds, and vibrations to convert various mechanical energies
into electricity without complicated mechanisms and abrasion
caused by moving parts.

Other dielectric materials such as degradable polymers and even
natural materials also exhibit the flexoelectric effect. They can make
biodegradable or biocompatible omnidirectional electromechanical
sensors and generators. Therefore, this work breaks the limitation of
low flexoelectric effect of solids at the macroscale and paves a way
for wide applications of flexoelectricity.

MATERIALS AND METHODS

Fabrication

PDMS prepolymer (SYLGARD 184A) and a thermal curing agent
(SYLGARD 184B) were mixed at a weight ratio of 10:1, and the
mixture was denoted as “precured PDMS." CCTO particles
(shown in fig. S5A) were fully mixed with the precured PDMS at
a specific mass ratio, and the bubbles were removed by leaving
the mixture in vacuum for 30 min. Here, NaCl particles were select-
ed as the sacrificial template at a specific mass ratio (the details are
given in the Calculation of mass ratio section of Materials and
Methods), which were vigorously stirred with the precured
PDMS/CCTO mixture. The mixture was then injected into a
mold [cross section, 2 cm by 2 cm; height, 2 mm; and relative twist-
ing angle (0), 6° between the upper and lower surfaces of the mold].
The mold has a torsional structure printed using a 3D printer (Mak-
erBot PABH65, USA). After curing at 80°C for 60 min, the cured
PDMS/CCTO/NaCl composite was submerged in an ultrapure
water bath containing an ultrasonic cleaner at 80°C for 72 hours
to dissolve the NaCl particles, followed by rinsing five times. The
absence of NaCl particles is ensured by measuring the mass of the
foam and energy dispersive spectroscopy spectrum, as shown in fig.
S5B. After drying in a convection oven (Jinghong DHG-9030A,
China) for 2 hours at 80°C, the silver conductive epoxy electrodes
(MG Chemicals, 8330S-21G 2-Part Epoxy Kit) with high electric
conductivity and low stiffness were brushed on the top surface of
the samples. Only the bottom surface of the bottom layer was
coated with the electrode. A thin layer of precured PDMS was
coated on the top side of the electrode to bond it to the adjacent
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layer and to insulate it and cured at 80°C for 1 hour. The twisted
PDMS/CCTO foam with a torsional structure (h = 10 mm and
0 = 30°) was obtained as the result.

Material characterization

The microscopic structures were characterized by SEM (HITACHI
SU8020, Japan), and the microstructure sizes were calculated by av-
eraging the values obtained from Image]J software.

Experimental setup

The electrostatic charge of the sample was removed by an electro-
static eliminator (KEYENCE SJ-F036, Japan) before each test. A
dynamic mechanical analyzer (TA ElectroForce-DMA3200, USA)
was used for dynamic loading. A current preamplifier (Stanford Re-
search SR-570, USA) was used to measure and convert the current
signal to voltage signal with a low noise gain mode and a low-pass
filter method. The real-time voltage signal was recorded by an os-
cilloscope (Tektronix MDO-3034, USA).

Dielectric permittivity of solid composite

It has been reported that the measured dielectric permittivity of a
solid PDMS/CCTO composite agrees with the Yamada model
(70), as discussed below (71). Let the dielectric permittivity of the
matrix and the filler be €; and ¢,, respectively. Assume that the filler
is an ellipsoid with three unequal axes (a, b, ¢), and the electrostatic
field E, acts on it along the x direction. According to Maxwell equa-
tion, the external potential (¢;) and internal potential (¢,) at a point
(x, , ) of the ellipsoid are

Y A S I §
P17 ~h dmey + (8, — &)m* |, (@ + u)B(u)
(3)
47'[81
¢ == *

“dne, + (8, — &) m*
where

2

2 y _
a’*+a + b’+a + czz+a =1
(@+u) (b +u) (+u)
Blu) =" (4)

* __ d
m —J C
a

Let the dielectric permittivity of an infinitesimal element Q of
the ellipsoid representing the composite be €, so the potential ¢
at a point P far away from Q is as follows

o= —Ex[l - V}c (5)

dme, + (e — el)m*;

where V is the volume of Q) and r is the distance from P to Q. As-
suming that Q) contains N filler ellipsoids, the potential at P can be
obtained as follows

& — & v}x ©)

= _E.|1- il
4 X[ dme) + (&85 — &) m* 13

The right-hand side of Eq. 5 is equal to that of Eq. 6 so that the
dielectric permittivity of the composite €' can be obtained as

doe [1 TG} } 7)

ner+ (82 —&1)(1—q)
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where n = 4m/m* is related to the structure of fillers, v is the volume
of a filler, and g = Nv/V is the volume fraction of fillers. Figure S1
shows that the dielectric permittivity of the binary composite in-
creases with the dielectric permittivity and volume fraction of
the filler.

Calculation of mass ratio

On the basis of the SEM images of the foam structure shown in
Fig. 1C, an NaCl particle is assumed to be a cube with the side
length I. The volume of each NaCl particle is I?, and the volume
of a unit cell of the foam structure is (I + x8)>, where x is a nondi-
mensional parameter related to the geometry of the microstructure;
here, x = 0.5. According to the definition of mass ratio m, we have

_ Myacl

3
Pract % (3) (8
= 3 3

MPDMS popns X ((5+3)" — (5)7)
where mppys, pppoms = 1.028 g/ml, and Vppys are the mass, density,
and volume of PDMS, respectively. mnacr, Pnact = 2.165 g/ml, and
Vaci are the mass, density, and volume of NaCl particle, respective-
ly. Three values of I/ are chosen for experiments, namely, 3.5, 4.5,
and 6; therefore, m is 4.27, 5.67, and 7.76, which are rounded off to
m = 4, 6, and 8, respectively.

Flexoelectric output of an ideal microstructured insole
Consider a beam of length [, width, and height §, whose upper and
lower surfaces along [ are coated with electrodes. The beam is sub-
jected to three-point bending under the action of a cyclic load F with
a frequency f = 1 Hz; then, the charge Q induced by the flexoelectric
polarization is

2
_ H1133F81 max

= T REI = P33tenn )

where E, I, W1133, and €™ are the elastic modulus, the moment of
inertia of the section, the transverse flexoelectric coefficient, and the
maximum strain of the middle cross section of the beam, respective-
ly . Assume that the macroscopic bottom surface area and height of
a porous insole are S and &, respectively, and the insole is uniformly
compressed during walking so that the internal ligaments undergo
the same deformation. All of the surfaces with the same polarity are
connected in series; then, the total amount of polarized charge Qg
generated by the insole is

_ ARl e
8(1+ )

where n = 4Sh/8 (I + §)? is the total number of ligaments inside the
porous insole. If for example, § = 200 cm?, h =1 cm, [ = 2.25 pm,
§=0.5pum, py133 = 4.5 x 1072 C/m, £l** = 0.5, then Qg = 1.08 C.

During walking, the peak current I and peak voltage U of the
insole are I = 21tf Qg = 6.78 A and U = 10 V. After being rectified
by a rectifier, the peak current, peak voltage, and instantaneous
power generated by a pair of insoles connected in parallel are 13.6
A, 10V, and 136 W. The charge generated in one load cycle (period,
T=15s)is Q

Qum = nQ (10)

T T
Q = 2J Idt = 2[13.6sin6.28tdt =86C (11)
0

0
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Therefore, to fully charge the batteries of 4000 and 400 mA-hour
by a pair of insoles, it will only take 27 min and 167 s, respectively.

Supplementary Materials
This PDF file includes:
Supplementary Text

Figs. S1 to S5

Other Supplementary Material for this
manuscript includes the following:
Movies ST and S2
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