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ABSTRACT: Manipulating charges is fundamental to numerous systems,
and this ability is achieved through materials of diverse characteristics. This
ability is achieved through materials of diverse characteristics. Electrets are
dielectrics that trap charges or dipoles. Applications include electro-
photography, microphones, air filters, and energy harvesters. To trap
charges or dipoles for a long time, electrets are commonly made of hard
dielectrics. Stretchable dielectrics are short—lived electrets. The two
properties, longevity and stretchability, conflict; existing electrets struggle
to attain both. This work describes an approach to developing stretchable
electrets. Nanoparticles of a hard electret are immobilized in a matrix of
dielectric elastomer. The composite divides the labor of two functions: the particles trap charges with longevity, and the matrix
enables stretchability. The design considerably broadens the choice of materials to enable stretchable electrets. Silica nanoparticles in
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stretchable electrets open extensive opportunities.

~? and a lifetime beyond 60 days. Long—lived,
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he separation of positive and negative charges is

prerequisite for electromechanical transduction. The
mechanisms of charge separation vary with materials. A
dielectric separates charges of different polarities that
accumulate at the interfaces between the dielectric and two
electrodes. A piezoelectric breaks the symmetry of the crystal,
so that the center of positive charges and the center of negative
charges separate on the scale of the unit cell of the crystal,
giving a spontaneous polarization.l’2 An electret traps injected
charges separated on a macroscopic scale or traps molecular
dipoles.”™> Contact electrification induces charges near the
surface of a dielectric.”” All of these materials are being
developed to enable electromechanical transduction in
stretchable electronics. Applications include human—computer
interfaces and soft robots.

The development of a stretchable electret faces a
fundamental challenge. An electret is commonly required to
separate charges for the entire life of a device, often over the
years. Whereas a piezoelectric is in a thermodynamic phase
(ie, the ferroelectric phase) and separates charges by a
thermodynamic effect, an electret separates charges by a kinetic
effect. All dielectrics can trap charges or dipoles and function as
electrets. Some electrets are short—lived, and others are long—
lived. To trap charges or dipoles for a long time, electrets are
commonly made of hard dielectrics (e.g, inorganics and
plastics).”™"? Stretchable dielectrics such as elastomers are
short—lived electrets: they discharge fast. The two properties,
longevity and stretchability, conflict. Existing electrets struggle
to attain both.
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The struggle to resolve the longevity—stretchability conflict
is playing out in the development of stretchable electrets. Hard
electrets can be made soft by introducing pores.'*'> The
reduced stiffness increases a principal characteristic of
electromechanical transduction, the ratio of the induced charge
to the applied force. However, the porous inorganics and
plastics have relatively small stretches, the low breakdown
strength of the air in the pores limits charge density, and the
pores and their surfaces provide paths of conduction for
discharge. Hard electrets have been made flexible in the form
of thin sheets'®™*° and made stretchable in the form of
serpentines.”’ The serpentine-shaped electrets achieve both
longevity and stretchability. Carbon nanotubes are introduced
into an elastomer matrix to enable stretchable electrets.””
Upon poling, the interfaces between the carbon nanotubes and
the elastomer host charges, but do not trap charges, just like a
conductor/dielectric interface in a capacitor. The poled
composite discharges through the elastomer within hours.
Porous elastomers have been studied as stretchable electrets in
several papers.”” >° Only one of these papers reported a
lifetime, which went beyond 40 days.”® This result is intriguing,
given the low resistivity of elastomers. The result was
unexplained in the original paper. We will discuss this result
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Figure 1. Principle of the long—lived, stretchable electret. (a) A matrix of a dielectric elastomer immobilizes nanoparticles of a hard electret. Upon
poling, the electret particles trap charges. A rigid electrode is connected through a resistor to the ground. When the composite approaches the
electrode, charges are induced on the electrode, drawn from the ground. (b) When the composite is stretched, the deformation of the elastomer
carries the electret particles, changes the amount of induced charges on the electrode, and causes a current through the resistor. (c) During poling,
the composite is attached with two electrodes, subject to an intense direct electric field, E, in a thermal environment of an elevated temperature, T.
(d) The composite is kept at a constant elevated temperature by a heat plate for a period of heating time, t,. After the heat plate is switched off, the
composite cools to room temperature over some time. The poling electric field is applied for a period of poling time, t,, typically until the sample

cools to room temperature.

later on the basis of our own findings. Particles of a polymer
with molecular dipoles are embedded in a matrix of a dielectric
elastomer to enable stretchable electrets.”””® This approach
can potentially achieve both longevity and stretchability, but
the reported electrets discharge substantially within days. In
a recent work, droplets of a liquid electret are embedded in a
stretchable textile and are shielded by a molecular design to
enhance lifetime.”” This composite electret has demonstrated
impressive longevity and stretchability. Block copolymers have
also been used as stretchable electrets, where the hard blocks
trap charges, and the soft blocks enable stretchability.”**" No
lifetime of these materials has been reported.

Here we demonstrate a general approach to make long—
lived, stretchable electrets. We immobilize nanoparticles of a
hard electret in a matrix of a dielectric elastomer (Figure 1a).
Upon poling, the volume of the particles and the interfaces
between the particles and matrix trap charges. Particles in
different locations in the matrix may trap charges of different
amounts and different polarities. Charges trapped in the
elastomer, if any, are short—lived. Like any electret, the
composite electret can be used with no electrode, one
electrode, or multiple attached electrodes. Here we illustrate
the principle of stretchable electret in noncontact electro-
mechanical transduction. An electrode is connected through a
resistor to the ground. When the composite electret
approaches the electrode, charges are induced on the electrode,
drawn from the ground (Movie S1). The stretchability of the
composite electret enables another mode of operation. When
the composite electret is stretched, the deformation of the
elastomer carries the electret particles, changes the amount of
induced charge on the electrode, and causes a current through
the resistor (Figure 1b, Movie S2). Both rigid—body motion
and deformation of the composite electret induce charges on
the electrode. Such a stretchable electret divides the labor of
two functions: the particles of a hard electret trap charge for a
long time, and the matrix of a dielectric elastomer enables

stretchability. This approach considerably broadens the choice
of materials to enable stretchable electrets. Many inorganics
and plastics can be used as particles to trap charges with
longevity, and many dielectric elastomers can be used as
matrices to enable stretchability.

To illustrate this approach, we use silica nanoparticles
(AEROSIL—200 hydrophilic) as the electret and polydime-
thylsiloxane (PDMS, SYLGARD 184) as the dielectric
elastomer. Several methods can be used to pole the composite;
here, we adopt thermal poling.”* The composite is maintained
at temperature, T, using a heat plate for a period of heating
time, t, and, after the heat plate is switched off, is cooled
naturally to room temperature (Figure 1c). A direct electric
field, E, is applied through the top and bottom electrodes to
the composite and is kept for a certain poling time, t,, typically
until the sample cools to room temperature (Figure 1d). The
experimental setup of the thermal poling can be found in
Figure S1.

We characterize the composite electret using an established
method (Figure 2a).>* The electret, thickness, h, is attached
with a bottom electrode. The top electrode is not attached to
the electret. As the top electrode moves down and up, we
record the charge flowing between the two electrodes as a
function of time, using a charge meter (B&K 2635SA) and an
oscilloscope (KEYSIGHT DSO1004A) (Figure 2b). The flow
of charge is highly reversible. The peak charge is a measure of
effective charges trapped in the electret. The two peaks of the
same amplitude but opposite polarities represent the contact
and the detachment between the top electrode and the electret.
The decay of the charge over time corresponds to the RC delay
of the charge meter, 10/27 ~ 1.6 s, governed by its internal
impedance.

The nominal charge density of an electret, g, is defined by
the peak charge divided by the area of the top electrode.
Unless otherwise specified, the PDMS is the 10:1 SYLGARD
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Figure 2. Poling characteristics. (a) Schematic of the experimental setup. (b) When the top electrode moves toward and away from the electret,
charges flow through a charge meter, Q, which connects the two electrodes. The nominal charge density, g, as a function of (c) the poling field, (d)
the poling temperature, (e) the heating time, #,, and (f) the filler ratio. The measured nominal charge densities are negative, but we plot the

absolute values. All data represent the mean and standard deviation.

184, the silica—to—PDMS weight ratio is 2.0%, the area of the
top electrode is 6.25 X 107* m? #, = 30 min, and t, = 120 min.

The nominal charge density q increases with the poling
electric field, E, and attains a level insensitive to the further
change of the electric field (Figure 2c). To study the effect of
poling temperature, we set the poling field, E = 3 MV m™’, and
the heating time, #, = 30 min. When the poling temperature
increases, the surface charge density also increases (Figure 2d).
We then set the poling field, E = 3 MV m™, and the poling
temperature, T = 210 °C, and measure the nominal charge
density as a function of poling time (Figure 2e). We vary #, and
set, t, = f, + 90 min. When the heating time is sufficiently long,
the charge density reaches a plateau. The suitable heating time
is determined empirically by the material and the geometry.
The nominal charge density increases with the amount of silica
in the electret (Figure 2f). We have also obtained similar
results with polytetrafluoroethylene (PTFE) particles embed-
ded in PDMS matrices (Figure S2).

The observed “plateau charge density” is understood as
follows. The electrical breakdown strength of PDMS is much
larger than that of the air.’"*”* Consequently, when the
composite is poled and the top electrode is removed, the
nominal charge density of the electret is limited by the
breakdown of air, not by the breakdown of PDMS. Given the
electric breakdown strength of air, E5 ~ 10° V. m™ and the

permittivity, &€ ~ 107" F m™ the upper limit of the nominal
charge density of the electret, g ~ ¢Ey ~ 107> C m™> This
order of magnitude is consistent with the experimentally
observed upper bound.

We measure the nominal charge density of an electret as a
function of the storage time after poling. For a given sample,
the nominal charge density is measured once a day in the first
7 days and then in days 15, 30, and 60. Between the
measurements, the sample without electrode is sealed in a
plastic bag at room temperature. (We will measure charges of
the same samples over months and years when laboratories
open after the COVID—19 pandemic.) The charge density
depends on the amount of silica nanoparticles, and remains
nearly constant during the period of 60 days (Figure 3a).
When the filler ratio is beyond 2.0%, the mechanical properties
of the composite become poor, and the materials can hardly be
handled (Figure S6). We then fix the silica—to—PDMS weight
ratio as 2.0% and change the cross—linking density of PDMS.
The capability of charge retention decreases when the cross—
linking densities of PDMS decreases (Figure 3b). We surmise
that the elastomers with sparse cross-links are unable to
immobilize the electret particles. We estimate the mesh size at
various cross—linking densities and compare them with the size
of a silica particle (see details in the Supporting Information).
We cyclically stretch the electret with amplitude 4 = 1.2 and
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Figure 3. Charge retention. Unless otherwise specified, the experiments are conducted using a 1 mm thick PDMS SYLGARD film, with test area
6.25 X 107* m% external electric field, E = 3 MV m™', heating temperature, T = 210 °C, and heating time, #, = 30 min. (a) Charge retention of
PDMS SYLGARD 10:1 with different filler weight ratios. It is seen that a larger filler weight ratio gives higher charge density. (b) Charge retention
of the 2.0% weight ratio of fillers and different cross—linking densities of PDMS SYLGARD as 10:1, 12:1, 14:1, 16:1, 18:1, and 20:1. (c) Charge
stability of PDMS SYLGARD 10:1 with the 1.0% weight ratio of fillers after cyclic stretch. (d) Charge decay of PDMS SYLGARD 10:1 with the
1.0% weight ratio of fillers into phosphate—buffered saline solution (150 mL) at room temperature. All data represent the mean and standard

deviation.

frequency 2 Hz. After 10* cycles of stretch, the charge density
is still 85% of the initial—poled value (Figure 3c).

Stretchable electrets are promising in biological applications
due to the reduced mechanical mismatch between electrets
and soft living tissues. To test the lifetime of the stretchable
electrets in biofluidics, we soak the 1 mm thick electret in the
1X phosphate—buffered saline (PBS) solutions and measure its
nominal charge density as a function of time (Figure 3d). The
charge density remains constant for 20 days and then starts to
decrease. It reaches another steady state after 40 days. The ions
in PBS may diffuse into the PDMS, accumulate at the PDMS/
silica interfaces, and neutralize the electret. The discharge of
the electret soaked in the ionic solution indicates the need for
an elastomer matrix with a low conductivity of the charge
carriers present in the environment. The discharge can also be
retarded by using a stretchable seal.>>** A recent paper has
reported the impedance of several elastomers after soaking in
the PBS solution.” It is likely that some elastomers may have
markedly low conductivity than PDMS, and can be developed
as more suitable matrices or seals of stretchable electrets. In
addition, factors such as hydrolysis®® and other chemical
degradation may also limit the longevity of the stretchable
electret. Using long—term stable elastomers in ionic solution
(e.g., fluorinated elastomers) as an elastomeric matrix could
increase the longevity of the stretchable electrets in biological
applications.

Like any electrets, stretchable electrets enable both contact
and noncontact electromechanical transduction. Furthermore,
stretchable electrets induce electrical signals by both rigid—
body motion and deformation. For a stretchable electret
attached with one or multiple electrodes, we use carbon grease
(Digi—key 846) as the stretchable electrode. The stretchable
electret is sealed in 0.5 mm thick Ecoflex (00—30) at both the
bottom and top.

The electret can be used as a stretch sensor. A poled PDMS
SYLGARD 10:1 film, dimensions 2.5 cm X 4.0 cm X 1 mm, is
attached with the carbon grease electrode at the bottom and is
uncovered by the electrode at the top. The sealed electret is
cyclically stretched to amplitude 4 = 1.1 (Figure 4a) and 4 =
1.3 (Figure 4b) by hands in gloves, and the induced charge
flow is recorded over time. The change in the amount of
induced charge on the electrode increases with the stretch. The
peak-to-peak change is 0.96 nC for A = 1.1 and 3.48 nC for 4 =
1.3. It is seen from the linear electro-mechanical response that
the stretchable electret could be a sensitive and self-powered
stretch sensor.

The stretchable electret can also be used as a pressure sensor
(Figure 4c). The pressure is applied cyclically by a finger in
glove to an area ~1 cm™ In each cycle, the pressure is kept for
2 s before release. The applied pressure sensor also illustrates a
high sensitivity: the flow of charge (Figure 4d) is as much as
~2 nC within a finger load amplitude.

We further demonstrate noncontact stretch sensing (Figure
4e). A poled PDMS SYLGARD 10:1 film, dimensions 2.5 cm
X 8.0 cm X 1 mm, is used without any attached electrode. An
electrode is made of an aluminum film of 3.0 cm X 5.0 cm,
placed 1.5 cm below the stretchable electret. The left end of
the electret is aligned with the right end of the electrode.
During the stretch, the right end of the electret is fixed, and the
left end is stretched with various stretches. To prevent the
random electrostatic charge noises from dielectrics such as
gloves, the left end of the electret is stretched with a grounded
metal. The amount of induced charge depends on the stretch
(Figure 4f).

We have also poled several other elastomers and measured
their nominal charge densities over storage time (Figure S3).
Polybutadiene (BR), Ecoflex (00—30), and VHB (3 M 4910)
discharge within days. These findings confirm that elastomers
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Figure 4. Electromechanical transduction. (a) Induced charge when a sample is cyclically stretched to the amplitude of (a) 4 = 1.1 and (b) A = 1.3.
(c) Schematic of the sensing of the compression due to a finger. (d) Charge flow as a function of time during finger compression. (e) Schematic of
noncontact stretch sensing. The distance from the electret to the electrode is 1.5 cm. (f) Induced charge as a function of time during noncontact
stretch. Stretch with multiple amplitudes are applied as 4 = 1.2, A = 1.4, and 4 = 1.6.

by themselves are short—lived electrets. A cross—linked BR
containing silica nanoparticles retains charges, but the silica—
free cross—linked BR discharges within days, just like un—
cross—linked BR and other measured elastomers.

The PDMS SYLGARD 184 precursor contains some
amount of silica.”” To confirm the effect of silica nanoparticles,
we make a silica—free PDMS, and compare it with PDMS
SYLGARD 10:1 without AEROSIL silica, and PDMS
SYLGARD 10:1 with 2.0% AEROSIL silica (Figure $4). The
nominal charge densities of the three materials are 3 X 1076 C
m™2 2.6 X 10°° C m™? and 4.8 X 107> C m™2 The values
remain nearly constant over 60 days. These findings provide an
explanation for the report that a porous elastomer after poling
retains charges beyond 40 days.”’ The elastomer used in that
paper was SYLGARD 184, which contains some amount of
silica.

We have demonstrated the stretchable electrets using
thermal poling. Other methods of poling can also be used.
For example, corona poling may enlarge the nominal charge
density’ and lower poling temperature, which prevents the
elastomer from dtzgradation.?’s’39 Even in thermal poling, the

poling electric field may be increased by one or 2 orders of
magnitude to further enlarge the nominal charge density.*"*>*’
The breakdown strength of elastomers is the limit of initial-
poled charge density, and the breakdown strength of the
storage environment (open air in this work) is the limit of
charge retention. The poled charge generates an electric field
in the environment and may cause the breakdown of the
environment, reducing charge density.” We have adopted the
contact—detachment procedure to measure charges trapped in
an electret. This procedure may induce the breakdown of air
and reduce the nominal charge density.” Further results are
presented in Figures S5—8.

In our experiments, the poling electric field is set at 3 MV
m~!, within the breakdown of open air, and the poling
temperature is set at 210 °C so that PDMS will not suffer
thermal degradation. These conditions are below the values
commonly used to pole silica (500 MV m™" and 400 °C).*>*”
It is likely that the charges are trapped on the silica—PDMS
interfaces, rather than in the volumes of the silica nano-
particles. It is conceivable that, with suitable hard electrets,
dielectric elastomers, and poling methods, charges can be
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trapped in the volumes of the hard electret particles. In
principle, this approach should enable stretchable electrets to
achieve the same longevity as the hard electret itself. On the
other hand, the enormous total area of the interfaces between
particles and the elastomer may itself be an ideal trap for
charges. These considerations provide fertile grounds for
further research. In addition, the particles can be distributed in
the matrix homogeneously or with a pattern of design.
Patterned charges may provide interesting properties and
extend the scope of applications of the stretchable electrets.
Examples of patterned charges include electrophotography and
electrostatic assembly.”

In conclusion, we have described a general approach to
developing long—lived, stretchable electrets. A matrix of
dielectric elastomer immobilizes nanoparticles of hard electret
when the mesh of the polymer matrix is smaller than the
particles, or when the elastomer adheres to the particles. The
elastomer matrix enables stretchability, and the electret
particles enable longevity. The approach can recruit numerous
materials in the struggle to resolve the longevity—stretchability
conflict. Many dielectric elastomers can be used as matrices,
and many long—lived electrets can be used as particles. Both
the particle volumes and the particle/matrix interfaces may
trap charges of high density and longevity. The enormous
diversity expands property space, enables unusual combina-
tions of attributes, and opens doors to the applications of
stretchable electrets in engineering and medicine. The long—
lived, stretchable electret opens immediate opportunities in
stretchable electronics and soft robots. Potential applications
include stretchable and transparent touchpads and noncontact
electromechanical transducers. This work once again highlights
an unmet challenge in the broad field of stretchable
electronics: the development of stretchable seals.

Experimental Section. PDMS Containing Silica. The
PDMS is made using SYLGARD 184, and silica nanoparticles
are AEROSIL—200 hydrophilic, with a surface—to—mass ratio
of 200 m* g~". Silica particles are weighed in a hood and mixed
into hexane (0.1 g into 10 mL). The ratio of silica—to—PDMS
SYLGARD is by weight. The silica—hexane mixture is stirred
by a vortex mixer (VWR International as 3200 rpm) for 2 min
and then added to the precursor of PDMS SYLGARD. This
mixture is stirred by the same vortex mixer for 2 min and
degassed in a sonicator (Branson 1800) for S min. Then the
composite is poured into a plastic dish. Hexane evaporates, and
PDMS SYLGARD cures at room temperature for 48 h in a
hood.

Silica—free PDMS. Part A is made by dispersing the cross-
linker (HMS—301(68037—59—2, gelest)) in DMS—V35 with
10 wt %. Part B is made by dispersing a Pt catalyst
(SIP6831.2(68478—92—2, gelest)) in DMS—V35 with 0.15
wt %. Parts A and B are mixed in the weight ratio of 1:3. The
mixture is stirred by a vortex mixer for 30 s, poured into a
mold, degassed in a vacuum chamber for 10 min, and cured in
a chamber at 65 °C for 24 h.

Thermal Poling. The temperature is maintained by a heat
plate, and the poling electric field is applied using a high
voltage source (Trek 610 E) with a bias output. Poling
electrodes are copper films with 6.0 cm X 2.5 cm X 0.5 mm.

Electrical Measurement. The charge is measured by a
charge amplifier (B&K—2635A), whose amplification ratio is
set to be 0.1 mV pC™. An oscilloscope (KEYSIGHT
DSO1004A) is connected in series to detect the charge flow.
The DC coupling mode of the oscilloscope is used for Figure

2b as an illustration, and the AC coupling mode of the
oscilloscope is used in the measurements of peak values. The
measuring electrodes are copper—zinc alloy films with 10.0 cm
X 2.5 cm X 1.0 mm. The measured area is 6.25 X 107* m”.

B ASSOCIATED CONTENT

© Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.nanolett.0c01434.

Scheme of thermal poling on stretchable -electrets;
nominal charge density of PTFE—PDMS composite
electret; charge measured as a function of time in
multiple material systems; charge retention of the
PDMS; nominal charge density of large size silica—
PDMS matrix; photo image of the silica—PDMS
composite of (a) 6.0% and (b) 10.0% filler mass ratio;
sign of charge density; piezoelectric response of
stretchable electret (PDF)

Movie S1 (MP4)

Movie S2 (MP4)

B AUTHOR INFORMATION

Corresponding Author
Zhigang Suo — John A. Paulson School of Engineering and
Applied Sciences, Kavli Institute for Bionano Science and
Technology, Harvard University, Cambridge, Massachusetts
02138, United States; © orcid.org/0000-0002-4068-4844;
Email: suo@seas.harvard.edu

Authors

Shuwen Zhang — John A. Paulson School of Engineering and
Applied Sciences, Kavli Institute for Bionano Science and
Technology, Harvard University, Cambridge, Massachusetts
02138, United States; State Key Laboratory for Strength and
Vibration of Mechanical Structures, Xi'an Jiaotong University,
Xi’an 710049, China

Yecheng Wang — John A. Paulson School of Engineering and
Applied Sciences, Kavli Institute for Bionano Science and
Technology, Harvard University, Cambridge, Massachusetts
02138, United States

Xi Yao — John A. Paulson School of Engineering and Applied
Sciences, Kavli Institute for Bionano Science and Technology,
Harvard University, Cambridge, Massachusetts 02138, United
States; Key Laboratory for Special Functional Materials of
Ministry of Education, School of Materials and Engineering,
Henan University, Kaifeng 475000, China

Paul Le Floch — John A. Paulson School of Engineering and
Applied Sciences, Kavli Institute for Bionano Science and
Technology, Harvard University, Cambridge, Massachusetts
02138, United States; © orcid.org/0000-0001-7211-1699

Xuxu Yang — John A. Paulson School of Engineering and Applied
Sciences, Kavli Institute for Bionano Science and Technology,
Harvard University, Cambridge, Massachusetts 02138, United
States; State Key Laboratory of Fluid Power & Mechatronic
System, Key Laboratory of Soft Machines and Smart Devices of
Zhejiang Province, Department of Engineering Mechanics and
Center for X-Mechanics, Zhejiang University, Hangzhou
310027, China

Jia Liu — John A. Paulson School of Engineering and Applied
Sciences, Kavli Institute for Bionano Science and Technology,
Harvard University, Cambridge, Massachusetts 02138, United
States; ® orcid.org/0000-0003-2217-6982

https://dx.doi.org/10.1021/acs.nanolett.0c01434
Nano Lett. XXXX, XXX, XXX—XXX


https://pubs.acs.org/doi/10.1021/acs.nanolett.0c01434?goto=supporting-info
http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.0c01434/suppl_file/nl0c01434_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.0c01434/suppl_file/nl0c01434_si_002.mp4
http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.0c01434/suppl_file/nl0c01434_si_003.mp4
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Zhigang+Suo"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0002-4068-4844
mailto:suo@seas.harvard.edu
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Shuwen+Zhang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yecheng+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xi+Yao"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Paul+Le+Floch"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0001-7211-1699
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xuxu+Yang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jia+Liu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0003-2217-6982
pubs.acs.org/NanoLett?ref=pdf
https://dx.doi.org/10.1021/acs.nanolett.0c01434?ref=pdf

Nano Letters

pubs.acs.org/NanoLett

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.nanolett.0c01434

Author Contributions

The manuscript was written through the contributions of all
authors. All authors have given approval to the final version of
the manuscript.

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

This work is supported by NSF MRSEC (DMR~—14—-20570).
X.Y. is funded by the National Natural Science Foundation of
China (21905077). X.X.Y. was a visiting student at Harvard
University, supported by the China Scholarship Council.

B ABBREVIATIONS
PDMS, polydimethylsiloxane; PBS, phosphate-buffered saline

B REFERENCES

(1) Jaffe, B.; Cook, W.; Jaffe, H. Piezoelectric Ceramics; Academic
Press Inc.: London and New York, 1971.

(2) Kawai, H. The Piezoelectricity of Poly (Vinylidene Fluoride).
Jpn. J. Appl. Phys. 1969, 8, 975.

(3) Sessler, G. Electrets, 2nd ed.; Springer: New York, 1987.

(4) Kestelman, V.; Pinchuk, L.; Goldade, V. Electrets in Engineering
Fundamentals and Applications, 1st ed.; Springer: New York, 2000.

(5) Wang, S.; Xie, Y.; Niu, S;; Lin, L.; Liu, C.; Zhou, Y. S.; Wang, Z.
Maximum Surface Charge Density for Triboelectric Nanogenerators
Achieved by Ionized—air Injection: Methodology and Theoretical
Understanding. Adv. Mater. 2014, 26, 6720—6728.

(6) Wang, Z.; Wang, A. On the Origin of Contact—electrification.
Mater. Today 2019, 30, 34—S51.

(7) McCarty, L. S.; Whitesides, G. M. Electrostatic Charging due to
Separation of Ions at Interfaces: Contact Electrification of Ionic
Electrets. Angew. Chem., Int. Ed. 2008, 47, 2188—2207.

(8) Eguchi, M. On the Permanent Electret. Philos. Mag. 1925, 49,
178.

(9) Gerson, R; Rohrbaugh, J. Experiments on the Carnauba Wax
Electret. J. Chem. Phys. 195§, 23, 2381.

(10) Sessler, G.; West, J. Self—biased Condenser Microphone with
High Capacitance. J. Acoust. Soc. Am. 1962, 34, 1787.

(11) Hohm, D.; Gerhard—Multhaupt, R. Silicon-dioxide Electret
Transducer. J. Acoust. Soc. Am. 1984, 75, 1297—1298.

(12) Royer, M.; Holmen, J.; Wurm, M,; Aadland, O.; Glenn, M.
ZnO on Si Integrated Acoustic Sensor. Sens. Actuators 1983, 4, 357—
362.

(13) Sakane, Y.; Suzuki, Y.; Kasagi, N. The Development of a High—
performance Perfluorinated Polymer Electret and its Application to
Micro Power Generation. J. Micromech. Microeng. 2008, 18, 104011.

(14) Anton, S.; Farinholt, K; Erturk, A. Piezoelectret Foam—based
Vibration Energy Harvesting. J. Intell. Mater. Syst. Struct. 2014, 25,
1681—1692.

(15) Bauer, S.; Gerhard-Multhaupt, R.; Sessler, G. M. Ferroelectrets:
Soft Electroactive Foams for Transducers. Phys. Today 2004, 57, 37—
43.

(16) Altafim, R; Qiu, X.; Wirges, W.; Gerhard, R; Altafim, R;
Basso, H.; Jenninger, W.; Wagner, J. Template—based Fluoroethyle-
nepropylene Piezoelectrets with Tubular Channels for Transducer
Applications. J. Appl. Phys. 2009, 106, No. 014106.

(17) Li, W.; Torres, D,; Diaz, R; Wang, Z.; Wu, C; Wang, C,;
Wang, Z.; Sepulveda, N. Nanogenerator-based Dual—functional and
Self—powered Thin Patch Loudspeaker or Microphone for Flexible
Electronics. Nat. Commun. 2017, 8, 15310.

(18) Wang, B.; Zhong, J.; Zhong, Q.; Wu, N.; Cheng, X; Li, W.; Liu,
K,; Huang, L.; Hu, B.; Zhou, J. Sandwiched Composite Fluorocarbon

Film for Flexible Electret Generator. Adv. Electron. Mater. 2016, 2,
1500408.

(19) Suzuki, Y. Recent Progress in MEMS Electret Generator for
Energy Harvesting. IEE] Trans. Electr. Electron. Eng. 2011, 6, 101—
111.

(20) Suzuki, Y.; Miki, D.; Edamoto, M.; Honzumi, M. A MEMS
Electret Generator with Electrostatic Levitation for Vibration—driven
Energy—harvesting Applications. ]. Micromech. Microeng. 2010, 20,
104002.

(21) Ma, X,; Zhang, X. Vibration Energy Harvesting with Stretchable
Electrets. 2018 IEEE 2nd International Conference on Dielectrics (ICD)
2018, 1—-4.

(22) Xu, W,; Kranz, M.; Kim, S.; Allen, M. Micropatternable Elastic
Electrets Based on a PDMS/carbon Nanotube Composite. J.
Micromech. Microeng. 2010, 20, 104003.

(23) Hsu, T; Yeh, C; Su, T. Piezoelectric PDMS Electrets for
MEMS Transducers. 2010 IEEE 23rd International Conference on
Micro Electro Mechanical Systems (MEMS) 2010, 388—391.

(24) Kachroudi, A.; Basrour, S.; Rufer, L.; Sylvestre, A.; Jomni, F.
Micro-structured PDMS Piezoelectric Enhancement Through Charg-
ing Conditions. Smart Mater. Struct. 2016, 25, 105027.

(25) Wang, J.; Liang, H,; Fang, W,; Su, Y. Composite Rubber
Electret with Piezoelectric 31 and 33 Modes for Elastically
Electromechanical Sensors. 2015 IEEE SENSORS 2015, 1—4.

(26) Wang, J; Ly, C; Lo, S.; Su, Y.; Fang, W. Composite Rubber
Electret for Electromechanical Load Detection. 2017 19th Interna-
tional Conference on Solid—State Sensors, Actuators and Microsystems
(TRANSDUCERS) 2017, 1368—1371.

(27) Ko, Y. S;; Nuesch, F. A;; Opris, D. M. Charge Generation by
Ultra—stretchable Elastomeric Electrets. J. Mater. Chem. C 2017, S,
1826.

(28) Ko, Y. S.; Nuesch, F. A.; Damjanovic, D.; Opris, D. M. An All—
organic Elastomeric Electret Composite. Adv. Mater. 2017, 29,
1603813.

(29) Ghosh, A.; Yoshida, M.; Suemori, K; Isago, H.; Kobayashi, N.;
Mizutani, Y.; Kurashige, Y.; Kawamura, I; Nirei, M.; Yamamuro, O;
Takaya, T.; Iwata, K; Saeki, A.; Nagura, K,; Ishihara, S.; Nakanishi, T.
Soft Chromophore Featured Liquid Porphyrins and Their Utilization
toward Liquid Electret Applications. Nat. Commun. 2019, 10, 4210.

(30) Hung, C.; Nakahira, S.; Chiu, Y.; Isono, T.; Wu, H.; Watanabe,
K,; Chiang, Y.; Takashima, S.; Borsali, R.; Tung, S.; Satoh, T.; Chen,
W. Control over Molecular Architectures of Carbohydrate—based
Block Copolymers for Stretchable Electrical Memory Devices.
Macromolecules 2018, 51, 4966—4975.

(31) Ashby, M. F. Material Selection in Mechanical Design, 3rd ed.;
Elsevier: Burlington, 2005.

(32) Bhowmick, A.; Stephens, H. Handbook of Elastomers, 2nd ed.;
Marcel Dekker Inc.: New York, 2001.

(33) Le Floch, P.; Meixuanzi, S.; Tang, J.; Liu, J.; Suo, Z. Stretchable
Seal. ACS Appl. Mater. Interfaces 2018, 10, 27333—27343.

(34) Le Floch, P; Yao, X; Liu, Q;; Wang, Z.; Nian, G.; Sun, Y.; Jia,
L.; Suo, Z. Wearable and Washable Conductors for Active Textiles.
ACS Appl. Mater. Interfaces 2017, 9, 25542—25552.

(35) Le Floch, P.; Molinari, N; Nan, K; Zhang, S.; Kozinsky, B.;
Suo, Z.; Liu, J. Fundamental Limits to the Electrochemical Impedance
Stability of Dielectric Elastomers in Bioelectronics. Nano Lett. 2020,
20, 224—233.

(36) Yang, X; Yang, J; Chen, L,; Suo, Z. Hydrolytic Crack in a
Rubbery Network. Extreme. Mech. Lett. 2019, 31, 100531.

(37) Liy, J.; Zong, G.; He, L.; Zhang, Y.; Liu, C.; Wang, L. Effects of
Fumed and Mesoporous Silica Nanoparticles on the Properties of
Sylgard 184 Polydimethylsiloxane. Micromachines 2015, 6, 855—864.

(38) Minami, T.; Utsubo, T.; Yamatani, T.; Miyata, T.; Ohbayashi,
Y. SiO, Electret Thin Films Prepared by Various Deposition Methods.
Thin Solid Films 2003, 426, 47—52.

(39) Olthuis, W.; Bergveld, P. On the Charge Storage and Decay
Mechanism in Silicon Dioxide Electrets. IEEE Trans. Electr. Insul.
1992, 27, 691—697.

https://dx.doi.org/10.1021/acs.nanolett.0c01434
Nano Lett. XXXX, XXX, XXX—XXX


https://pubs.acs.org/doi/10.1021/acs.nanolett.0c01434?ref=pdf
https://dx.doi.org/10.1143/JJAP.8.975
https://dx.doi.org/10.1002/adma.201402491
https://dx.doi.org/10.1002/adma.201402491
https://dx.doi.org/10.1002/adma.201402491
https://dx.doi.org/10.1016/j.mattod.2019.05.016
https://dx.doi.org/10.1002/anie.200701812
https://dx.doi.org/10.1002/anie.200701812
https://dx.doi.org/10.1002/anie.200701812
https://dx.doi.org/10.1080/14786442508634594
https://dx.doi.org/10.1063/1.1741886
https://dx.doi.org/10.1063/1.1741886
https://dx.doi.org/10.1121/1.1909130
https://dx.doi.org/10.1121/1.1909130
https://dx.doi.org/10.1121/1.390738
https://dx.doi.org/10.1121/1.390738
https://dx.doi.org/10.1016/0250-6874(83)85044-6
https://dx.doi.org/10.1088/0960-1317/18/10/104011
https://dx.doi.org/10.1088/0960-1317/18/10/104011
https://dx.doi.org/10.1088/0960-1317/18/10/104011
https://dx.doi.org/10.1177/1045389X14541501
https://dx.doi.org/10.1177/1045389X14541501
https://dx.doi.org/10.1063/1.1688068
https://dx.doi.org/10.1063/1.1688068
https://dx.doi.org/10.1063/1.3159039
https://dx.doi.org/10.1063/1.3159039
https://dx.doi.org/10.1063/1.3159039
https://dx.doi.org/10.1038/ncomms15310
https://dx.doi.org/10.1038/ncomms15310
https://dx.doi.org/10.1038/ncomms15310
https://dx.doi.org/10.1002/aelm.201500408
https://dx.doi.org/10.1002/aelm.201500408
https://dx.doi.org/10.1002/tee.20631
https://dx.doi.org/10.1002/tee.20631
https://dx.doi.org/10.1088/0960-1317/20/10/104002
https://dx.doi.org/10.1088/0960-1317/20/10/104002
https://dx.doi.org/10.1088/0960-1317/20/10/104002
https://dx.doi.org/10.1109/ICD.2018.8514773
https://dx.doi.org/10.1109/ICD.2018.8514773
https://dx.doi.org/10.1088/0960-1317/20/10/104003
https://dx.doi.org/10.1088/0960-1317/20/10/104003
https://dx.doi.org/10.1109/MEMSYS.2010.5442485
https://dx.doi.org/10.1109/MEMSYS.2010.5442485
https://dx.doi.org/10.1088/0964-1726/25/10/105027
https://dx.doi.org/10.1088/0964-1726/25/10/105027
https://dx.doi.org/10.1109/ICSENS.2015.7370287
https://dx.doi.org/10.1109/ICSENS.2015.7370287
https://dx.doi.org/10.1109/ICSENS.2015.7370287
https://dx.doi.org/10.1109/TRANSDUCERS.2017.7994311
https://dx.doi.org/10.1109/TRANSDUCERS.2017.7994311
https://dx.doi.org/10.1039/C6TC04956G
https://dx.doi.org/10.1039/C6TC04956G
https://dx.doi.org/10.1002/adma.201603813
https://dx.doi.org/10.1002/adma.201603813
https://dx.doi.org/10.1038/s41467-019-12249-8
https://dx.doi.org/10.1038/s41467-019-12249-8
https://dx.doi.org/10.1021/acs.macromol.8b00874
https://dx.doi.org/10.1021/acs.macromol.8b00874
https://dx.doi.org/10.1021/acsami.8b08910
https://dx.doi.org/10.1021/acsami.8b08910
https://dx.doi.org/10.1021/acsami.7b07361
https://dx.doi.org/10.1021/acs.nanolett.9b03705
https://dx.doi.org/10.1021/acs.nanolett.9b03705
https://dx.doi.org/10.1016/j.eml.2019.100531
https://dx.doi.org/10.1016/j.eml.2019.100531
https://dx.doi.org/10.3390/mi6070855
https://dx.doi.org/10.3390/mi6070855
https://dx.doi.org/10.3390/mi6070855
https://dx.doi.org/10.1016/S0040-6090(02)01302-0
https://dx.doi.org/10.1109/14.155784
https://dx.doi.org/10.1109/14.155784
pubs.acs.org/NanoLett?ref=pdf
https://dx.doi.org/10.1021/acs.nanolett.0c01434?ref=pdf

Nano Letters pubs.acs.org/NanoLett

(40) Dow Corning. Technical Data Sheet of SYLGARD™ 184
Silicone Elastomer. https://www.dow.com/content/dam/dcc/
documents/en-us/productdatasheet/11/11-31/11-3184-sylgard-184-
elastomer.pdf?iframe=true (accessed July 1, 2018).

https://dx.doi.org/10.1021/acs.nanolett.0c01434
Nano Lett. XXXX, XXX, XXX—XXX


https://www.dow.com/content/dam/dcc/documents/en-us/productdatasheet/11/11-31/11-3184-sylgard-184-elastomer.pdf?iframe=true
https://www.dow.com/content/dam/dcc/documents/en-us/productdatasheet/11/11-31/11-3184-sylgard-184-elastomer.pdf?iframe=true
https://www.dow.com/content/dam/dcc/documents/en-us/productdatasheet/11/11-31/11-3184-sylgard-184-elastomer.pdf?iframe=true
pubs.acs.org/NanoLett?ref=pdf
https://dx.doi.org/10.1021/acs.nanolett.0c01434?ref=pdf

