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Abstract
Electrets are materials that retain quasi-permanent electric charges and are attracting attention as key components of
batteryless micropower supplies. A chemical structure that facilitates ionization and that can stabilize these charges, such as a
π-conjugated system, is expected to increase the charge density compared with that of conventional insulating polymers.
Here, we report a mechanoelectric generator (MEG) (vibrational energy harvester) that uses alkylated π-conjugated polymers
(Alk-CPs), which can be monopolarized either into positive or negative mode electrets. With the attachment of insulating,
bulky, yet flexible alkyl side chains to the π-conjugated backbone, the poled Alk-CPs showed long charge lifetime suitable
for MEGs. The elastic modulus of the electret was adjusted to approximately match that of the stretchable polyurethane
substrate by blending two miscible Alk-CPs with different elastic moduli, producing a laminated film that could be stretched
up to 300%. The MEG presented showed conformability when applied to a deformable object.

Introduction

Electrets are monopolarized or bipolarized dielectrics that
have been quasi-permanently charged by various methods.
Applications of these electrical counterparts of magnets
are rather limited, even though more than one hundred
years have passed since they were first experimentally
demonstrated [1]. For example, the idea of power gen-
eration with electrets has been around for a long time, but
the corresponding output is small (Supplementary Note 1).

Nevertheless, electret-based mechanoelectric generators
(MEGs), which convert mechanical force to electricity via
electrostatic induction, have continued to attract the
interest of researchers because they exhibit some unique
properties that are not seen in chemical batteries. First,
the ideal MEG has an infinite lifetime based on its
mechanism of operation, although in reality, the lifetime
of the device is determined by the lifetime of the charge in
the electret. Second, MEGs do not require an electrolyte
and possess high impedance and thus are thought to be
safe for human-adaptive power supplies. In recent years,
with improvements in the performance of MEGs [2, 3]
along with the miniaturization and power savings of
electronic devices, various practical applications for
MEGs, such as wearable devices [4–6], sensors [7, 8], and
transmitters [9], have emerged.

How long the charge of electrets can be retained is an
area of concern. To prevent the loss of trapped charges due
to self-discharge, highly insulating polymers such as
fluoropolymers [10], polyamides [11], and polyolefins [12]
are often used. Of the various methods used for mono/
bipolarization, which is called poling [13], ambient-
atmosphere corona discharge is a simple method that
enables poling in a short time. Molecules in the atmosphere
are ionized by high voltage, and the resulting ions collide
with the polymers to generate a monopole (and in some
cases, a dipole induced by it). (Supplementary Note 2).
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Although the actual species of trapped charges in the
electrets are not well understood, they are believed to
consist of the impacting ions themselves or oxidation/
reduction products formed by subsequent reaction with the
polymers.

Another concern is how to increase the density of the
charges trapped in an electret. Compared to the electro-
nically inactive polymers described above, π-conjugated
molecules and polymers are expected to trap charges with
greater thermodynamic stability because they easily ionize
[14]. By taking advantage of this feature, several π-
electrets, including perylene diimides [15], phthalocya-
nines [16, 17], and π-conjugated polymers [18–20], have
been designed for organic field effect transistor (OFET)
memories. However, π-electrets exhibit relatively high
electrical conductivity, resulting in a short lifetime for
trapped charges due to self-discharge, and thus are con-
sidered unsuitable for MEGs [21]. This lifetime can be
improved by insulation or isolation of the π-conjugated unit
at the molecular level by alkyl side chains or polymeric
matrices, which is also advantageous for application to
flexible devices [22, 23]. Recently, we proposed stretchable
MEGs using porphyrins as π-electrets, where the porphyrins
are liquefied at room temperature by peripherally attached
bulky yet flexible alkyl chains [24]. The present work
describes the first π-conjugated polymer-based MEGs,
whose trapped charges are stabilized by insulating alkyl side
chains. We highlight a unique feature of these alkylated π-
conjugated polymers (Alk-CPs), that the modulus of the π-
electrets can be adjusted by blending two miscible Alk-CPs
[25], thus providing the assembled MEGs with excellent
stretchability.

Experimental procedure

Materials

Alk-CPs P1 and P2 were synthesized as previously
reported [25]. The molecular weight and its distribution
were determined by gel permeation chromatography using
a Shimadzu Nexera GPC system equipped with a column
(Shim-pack GPC-80M, 300 mm length × 8 mm diameter,
exclusion limit 2 × 107Da). The number-average mole-
cular weights (Mn), weight-average molecular weight
(Mw), and polydispersity index (PDI=Mw/Mn) referenced
to polystyrene standards (TSKgel, Tosoh Corporation,
Japan) were as follows. P1: Mn= 10.4 kDa, Mw= 18.6
kDa, PDI= 1.78; P2: Mn= 10.6 kDa, Mw= 19.6 kDa,
PDI= 1.84. The Alk-CP blend B1 was prepared by dis-
solving equimass P1 and P2 in a small amount of
chloroform and then drying under vacuum at 150 °C
overnight.

Alk-CP film preparation

Weighed Alk-CP (10 mg) was heated under vacuum to
remove bubbles, placed between two polyimide (PI) films
(Kapton®, 12.5 μm thickness) with aluminum foil spacers
(4 × 12 μm) and slowly pressed at 100 °C (P1), 60 °C (B1),
or room temperature (20 °C, P2) with a pressure of 10MPa
using a hot press machine (MP-SCH, Toyo Seiki Seisaku-
sho, Ltd., Japan). One PI film was peeled off under proper
cooling, and another PI film was cut to the same size as the
Alk-CP film. The laminated films were used for screening
experiments on the poling conditions (i.e., surface potential
measurements). For MEG fabrication, the Alk-CP film on
the PI film was transferred onto porous polytetra-
fluoroethylene (pPTFE) film (Poreflon®, Sumitomo Electric
Industries Ltd., Japan, 0.5 μm pore size, 30 μm thickness)
by pressing at the same temperature as the press molding
with a lower pressure of 1 MPa.

Surface potential measurement

The Alk-CP/PI film was placed on a fluorinated tin oxide
(FTO) glass substrate (25 × 25 mm) and poled at various
temperatures (20, 60, and 100 °C) and durations (1, 5, and
15 min). The poling was performed using a corona dis-
charging gun (GC90PN, Green Techno Co., Ltd., Japan)
placed perpendicular to a grounded stainless steel plate
(200 × 200 mm). The poling temperature was controlled by
a hot plate (ND-2A, AS ONE Corp., Japan). The
electrode–sample distance was fixed at 200 mm, and the
applied voltage was ±80 kV. The surface potential was
measured at room temperature (at approximately 20 °C with
a relative humidity of 60–70%) using an electrostatic ana-
lyzer (Keyence SK-100) with a sample–probe distance of
15 mm (air scaling factor= 1.00, detection area= φ60
mm). The obtained surface potential values were corrected
in terms of the detection area with a proportional factor of
2.24, which was determined by measuring the surface
potential of the poled PI films with different diameters.

Fabrication of MEG

A stretchable electrode was fabricated on polyurethane
(Breath Roll® BR15, Nitto Co., Ltd., Japan, 13 μm thick-
ness) by applying silver-plated nylon fibers (AGposs®,
Mitsufuji Co., Ltd., Japan, fiber length= 3 mm). The typi-
cal resistance of the electrode was <5 Ω. The poling of the
Alk-CP/pPTFE laminated film was performed on the elec-
trode at 60 °C for 15 min using the procedure described
above. After placing a polyurethane (PU) spacer, the active
area of the electret was sealed by another electrode. Suc-
cessful assembly of the MEG was confirmed by insulation
between two electrodes with a resistance of >40MΩ. The
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open circuit voltage (Voc) of working MEGs was recorded
on an oscilloscope (MT-775, MotherTool Co., Ltd., Japan)
equipped with a probe with an input impedance of 1MΩ.
The top electrode of the MEG was connected to the probe,
and the bottom electrode was grounded.

Results and discussion

Preparation of π-electrets

Donor–acceptor alternating copolymers, composed of
electron-deficient benzothiadiazole units and electron-rich
dialkoxybenzene units [25], were used as π-electrets
(Fig. 1a). Branched alkyl chains with a branch at the 2-
position, the so-called Guerbet chains (CnCn+4), are highly
capable of softening and amorphizing rigid π-conjugated
molecules [26–30] and polymers [25, 31, 32] and enable a
wide range of elastic modulus (G’) tunability. P1, with short
side chains (n= 2), is a glass at room temperature (Tg=
29 °C), while P2, with long side chains (n= 8), is a liquid
(Tg=−29 °C). Both Alk-CPs are highly insulating for two
reasons. One reason is their amorphousness; the absence of
long-range ordering makes interchain conduction such as
carrier hopping less likely to occur. The other is insulation
by the alkyl side chains, which also suppress interchain
conduction.

Figure 1b shows stretching tests of the Alk-CPs lami-
nated with PU elastomer substrate. A uniform thin film of
the Alk-CPs (with thickness of approximately 50 μm) can
be easily obtained by using a hot press machine (vide
Experimental Procedure). The glassy P1 (G’ approxi-
mately 108 Pa) that transfers to the PU film easily cracks
under tensile deformation even with a small elongation
(10%), whereas the liquid P2 (G’ approximately 104 Pa)
can be stretched without any cracking until the substrate
breaks (>300%). However, since the liquid has no shape
retention, it will bleed onto the substrate within 24 h after
lamination. P1 and P2 are miscible with each other [25],
and the elastic modulus can be adjusted by the blend ratio

to obtain an elastic modulus close to that of the substrate.
The equimass blend (B1) is rubbery at room temperature
(G’ approximately 106 Pa), similar to the PU substrate, and
achieves both shape retention and deformation conform-
ability (300%) in the laminated film (Supplementary
Movie 1).

Charge retention

Prior to MEG fabrication, we investigated the charge
retention of the π-electret films (P1, P2, and B1) poled with
ambient-atmosphere corona discharge at different tempera-
tures (20, 60, and 100 °C) (Fig. 2). The surface potential
(Vs) was saturated after a short time of poling (<approxi-
mately 15 min) (Fig. S1), which was of the same polarity
(homocharge) as the applied voltage, suggesting that the
retained charge evolved from the injected active species. In
general, electrets have different positive and negative
charge retention characteristics depending on their electron
energy band structure, such as band gap and trap depth [33].
Since the present Alk-CPs have a donor–acceptor archi-
tecture, π-electrets of either positive or negative polarity
could be produced. Except for the case of poling tempera-
ture T= 20 °C, the surface potentials of the different sam-
ples were ordered P2 > B1 > P1. As representative results,
when T= 60 °C in positive mode (Fig. 2b), the initial Vs

and potential retention after 30 min were 0.75 kV/68% (P1),
0.93 kV/77% (P2), and 0.85 kV/76% (B1), respectively.
This trend is likely related to the mass composition ratio of
alkyl chains, which can prevent the loss of surface charge
due to self-discharge by insulation [21].

It is also believed that the reduction in the elastic mod-
ulus upon heating aids charge diffusion into the electret and
promotes thermally driven charge injection processes,
allowing a higher volumetric charge density and stable
charge retention to be achieved. For this reason, electret
poling is routinely performed under heat [34]. Charge
injection efficiency was found to be dependent on elastic
modulus in our previous work [24]; under the same con-
ditions, materials with lower elastic moduli were more

Fig. 1 a Chemical structures of
Alk-CPs P1 and P2.
b Stretching of Alk-CP films
laminated on polyurethane (PU)
elastomer film
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likely to be poled. However, the charge retention of the
present Alk-CPs was the highest at 60 °C, suggesting that
the charge injection efficiency is nearly independent of the
elastic modulus and unique to the π-conjugated backbone
chemical structure. A slight decrease in charge retention at
100 °C was observed. This may be due to the thermal
enhancement of electrical conduction [35]. (Supplementary
Note 3) causing charge loss, which competes with the
charge injection process; this needs to be clarified in the
future together with the poling mechanism.

Fabrication of MEGs

Figure 3a shows the structure of a fabricated MEG. A π-
electret layer, a porous polytetrafluoroethylene (pPTFE)
separator, and a PU insulator/spacer are laminated between
two stretchable silver electrodes. The assembled MEG
weighs only approximately 100 mg and has a thickness of
approximately 100 μm for an active area of 78.5 mm2

(=10 mm diameter of hole in PU insulator). A review of the

constituent materials may make it possible to further
increase the active area and reduce the weight and thick-
ness. Except for the case where the glassy P1 is used, the
entire assembled MEG is flexible and can be deformed in
stretching, twisting, and folding modes (Fig. 3b and Sup-
plementary Movie 2).

To evaluate the output characteristics of the fabricated
MEGs, we investigate the change in potential difference
between the top and bottom electrodes when a wooden ball
(diameter= 16 mm; weight m= 1.57 g; mgh=mv= 0.154
mJ for initial height h= 100 mm, g and v are the gravita-
tional acceleration and impact rate, respectively) is dropped
onto the MEGs (Fig. 4a). The single induction shows a
bipolar open circuit voltage (Voc), which is phase-reversed
by the poling polarity of the electret (Fig. 4b). This is
consistent with a possible operating principle, the so-called
contact–separation mode [2]. That is, in an MEG with a
positive electret, the induced (compensating) charge moves
from the bottom electrode to the top electrode due to the
change in the distance between the top electrode and the
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Fig. 3 a Structure (left) and
photograph (right) of a single
mechanoelectric generator cell.
b Deformability in stretching
(left), twisting (middle), and
folding (right) (inset shows
origami crane folded from a
single device) modes
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electret layer (i.e., the current is directed from the top
electrode to the bottom electrode) (Fig. 4c). During
relaxation, an opposite direction current flows, and the time
integral of the voltage equals zero. No significant difference
is observed among the amplitudes of the Voc of the Alk-CPs
(positive mode: Vmax= 1.98 V (P1); 1.18 V (P2); 1.67 V
(B1), negative mode: Vmin=−0.76 V (P1);− 1.09 V
(P2);− 1.50 V (B1)), indicating that elastic modulus tai-
loring is possible while maintaining charge retaining prop-
erties. The induction performance remains at 7–42% of the
initial value after 37 days, confirming the charge retention
of the present π-electrets (Table S1). Long-term retention
characteristics will be investigated further in a future study.

Under continuous vibration (frequency= 16.7, 33.3,
and 50 Hz), no significant differences in the average
amplitude of Voc are observed depending on the electret
poling polarity and vibration frequency (positive mode:
Vmax= 0.24 to 0.28 V (P1); 0.57 to 0.85 V (P2); 0.29 to
1.11 V (B1), negative mode: Vmin=−0.10 to −0.29 V
(P1);− 0.64 to −1.27 V (P2);−0.60 to −1.04 V (B1))

(Fig. 4d). Unlike the above single induction experiment,
P2 and B1 show larger amplitudes than P1; however, the
reason for this observation is not clear. In some of the tests
we conduct, the Voc polarities are inverted, suggesting that
they originate from something other than the charge
injected by corona discharge. For example, applied pres-
sure can induce triboelectric series-determined charges at
the separator–electret interface. Notably, the MEG retains
its original polarities after the continuous vibration test,
suggesting that this phenomenon originates from transient
induced charges.

Object-conformable mechanoelectric generation

According to the principle of mechanoelectric generation,
the waveform of the output Voc depends on the deforma-
tion velocity of the MEG; in the contact–separation mode,
it corresponds to the rate of change of the top
electrode–electret distance. Since the MEG presented is
stretchable, it can adapt to the deformation of the object on
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Fig. 4 a Photograph of a single induction experiment consisting of
dropping a wooden ball onto the fabricated mechanoelectric generator
(MEG). b Open circuit voltages (Voc) generated by the MEGs. MEGs
were placed on a wooden plate, and a wooden sphere was dropped
onto the top electrode from a height (h) of 100 mm (weight of the
wooden sphere m= 1.57 g, mgh= 0.154 mJ). The average maximum
voltage (Vmax, for positive mode MEG) and minimum voltage (Vmin,

for negative mode MEG) were taken from five tests, and errors were
represented by a standard deviation (1 SD). c Possible operation
mechanism of the MEG in contact–separation mode and electric field
strength (E) distribution along the thickness direction. d Voc of MEGs
under continuous vibration with different frequencies. An asterisk (*)
on the value indicates that the polarity of the output is reversed from
that of the single induction experiment
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which it is placed. We, therefore, conduct a ball drop
experiment using floor materials with different hardnesses
(Fig. 5a). With a relatively hard floor (wood), the peak
width is less than 1 ms, while with a relatively soft floor
(PU foam), the signal broadens to approximately 5 ms
(Fig. 5b). This difference in signal width corresponds to
the deceleration rate ( _ν) of the ball. That is, the ball
decelerates only within the thickness of the MEG upon
impact on the hard floor (ignoring the ball and floor
deformation), but on the soft floor, it takes longer to
decelerate due to indentation. Such dynamic properties are
not found in MEGs fabricated on typical inelastic sub-
strates such as FTO electrodes.

Conclusions

In summary, mechanoelectric generators (MEGs) using
alkylated π-conjugated polymer (Alk-CP) electrets were
successfully produced and demonstrated. The charge
retention properties of the π-electrets slightly decreased with
the elastic modulus (i.e., P2 > B1 > P1), which was adjusted
by blending glassy and liquid miscible Alk-CPs. This
simple method of matching the elastic modulus with that of
other laminated materials endowed the MEGs with excel-
lent stretching of up to 300% and deformability in different
modes such as twisting and folding. The object conform-
ability of the MEGs, which was a result of their deform-
ability, enabled the detection of not only displacement but
also time-dimensional information, which is difficult to
achieve with conventional hard and inelastic devices. Thus,
the MEGs are expected to be useful in future sensing
applications such as soft robotics and haptics.
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