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Abstract: Ferroelectret nanogenerators (FENGs) have garnered attention due to their unique porous
structure and excellent piezoelectric performance. However, most existing FENGs lack sufficient
stretchability and flexibility, limiting their application in the field of wearable electronics. In this
regard, we have focused on the development of an ultrathin, stretchable, and twistable ferroelectret
nanogenerator (UST-FENG) based on Ecoflex, which is made up of graphene, Ecoflex, and anhydrous
ethanol, with controllable pore shape and density. The UST-FENG has a thickness of only 860 µm, a
fracture elongation rate of up to 574%, and a Young’s modulus of only 0.2 MPa, exhibiting outstanding
thinness and excellent stretchability. Its quasi-static piezoelectric coefficient is approximately 38 pC/N.
Utilizing this UST-FENG device can enable the recognition of facial muscle movements such as
blinking and speaking, thereby helping to monitor people’s facial conditions and improve their
quality of life. The successful application of the UST-FENG in facial muscle recognition represents an
important step forward in the field of wearable systems for the human face.

Keywords: ferroelectret nanogenerator; stretchable; ultrathin; twistable; Ecoflex; controlled piezoelec-
tric effect; facial muscle detection

1. Introduction

With the rapid development of the Internet of Things (IoT) and artificial intelligence,
ferroelectret nanogenerators (FENGs) have received wide attention as a potential flexible
electronic material [1–3]. An FENG is a polymer thin film with unique cellular structure
and an internal quasi-permanent dipole moment that can exhibit macroscopic piezoelec-
tric effects [4–6]. Since scientists discovered that porous polypropylene (PP) thin films
have excellent piezoelectric properties, much research has focused on their preparation,
performance characterization, theoretical model establishment, and application develop-
ment [7–9].

One of the characteristics of ferroelectrets is that they can bind the charge in the
internal vacancies to form macroscopic dipoles during the polarization process, thereby
exhibiting macroscopic piezoelectric effects [10–12]. However, most preparation methods
of ferroelectrets, such as chemical foaming, are difficult to control in terms of the shape
and distribution of the pores [13–15]. When the shape of the hole is irregular and the
distribution is not uniform, the internal electric field distribution will be uneven during the
polarization process, preventing the effective accumulation and directional arrangement
of charges, thus reducing the macroscopic piezoelectric effect of the material [16]. In this
case, using a laser cutting machine to cut out controlled voids is an appropriate method.
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In addition, some sensors are flexible, but their stretch and expansion performance are
low, which limits their applicability to certain wearable scenarios and hinders accurate
real-time motion guidance. To effectively address these challenges, it is necessary to
develop a wearable electronic sensor that combines self-powered capabilities, flexibility,
strong stretchability, continuous availability, and wide applicability. This article reports
an ultrathin, stretchable, and twistable ferroelectret nanogenerator (UST-FENG) based on
Ecoflex that has the characteristics of controllable hole shape and density, which strengthens
the control of the geometric shape of ferroelectrets and improves their overall performance.
Moreover, with its high stretchability and flexibility, the UST-FENG is able to recognize
facial muscle movements such as blinking and speaking.

Over the past few decades, common materials used in the preparation of FENGs
have included polypropylene (PP), formaldehyde polyvinyl alcohol (FEP), etc., but their
recycling remains a challenge [17–20]. Ecoflex, as a green material, has come to people’s
attention [21]. Ecoflex is a biodegradable material that helps reduce plastic pollution and
decreases the extensive reliance on fossil resources [22]. In addition, it possesses superior
stretchability and flexibility, making it suitable as a base material for wearable FENGs [23].
Suitable electrodes are required to possess good impedance characteristics and long-term
stability. [24–26]. In this paper, commercially available graphene electrodes are used for
the UST-FENG. It can be well combined with the substrate Ecoflex, and it can maintain its
performance under various environmental conditions [27,28].

Due to its excellent properties and potential applications, the UST-FENG has a promis-
ing application prospect in the Internet of Things, smart homes, and other related fields.
Continued research and development in this area will contribute to the advancement of
ultrathin, stretchable, and twistable electronics [29].

2. Fabrication Method of UST-FENG

The UST-FENG prepared in this study is based on a biodegradable, eco-friendly
flexible material, Ecoflex (T00, Guoyuan Silicone Inc., Shenzhen, China), and has a typical
sandwich structure. The preparation process is as shown in Figure 1. In order to prevent
the film from curling and deforming during the preparation process, a “frame” formed by
cutting the polyimide (PI) film is used. During the preparation, the Ecoflex pre-polymer
and a platinum catalyst as the hardener are mixed at a 1:1 ratio by weight. The mixture is
poured evenly onto the PI film and then placed on a desktop spin coater (KW-4B, Sedekase
Electronics Inc., Beijing, China). The film thickness is evened out at a speed of 200 rpm for
30 s, and then at a speed of 250 rpm for another 30 s. It is then cured at 135 ◦C for 5 min, and
then the excess Ecoflex is removed using a blade, resulting in an about 200 µm thick Ecoflex
flexible film. This method was used to prepare three such films, one of which served as
the middle Ecoflex layer and was perforated using a laser cutting machine (SM–F10) that
employs a UV laser (cold light source). We used the laser cutting machine to cut a circular
array of 16 × 16 holes with a total of 256 holes in this middle Ecoflex layer, and the hole
diameter was 2 mm. The surfaces of the other two films were coated with graphene to
serve as flexible electrodes for the UST-FENG. To be specific, we first covered the surface of
the film with a mold to keep the edge of the electrode at a certain distance from the edge of
the film. Then, we poured the graphene powder evenly on the film and used a precision
scraper to smooth the graphene powder to apply the graphene layer to the Ecoflex film. A
0.1 mm diameter enameled wire was used as a lead electrode, which was placed on the
graphene surface, and the UST-FENG was encapsulated with polyurethane films (PU, Biyi
Plus Inc., Jiangxi, China) with a thickness of 50 µm, which is a medical-grade polyurethane
film to ensure that the device is not affected by the environment and suitable for contact
with human skin. Finally, the three films were assembled to form the UST-FENG. As the
Ecoflex and PU films have a certain degree of stickiness, the production of the UST-FENG
does not require additional adhesive, reflecting the simplicity and eco-friendliness of the
preparation process. The UST-FENG prepared in this study has a thickness of 860 µm and
is suitable for facial wearable scenes [30].
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Figure 1. Preparation process of the UST-FENG.

3. Results
3.1. The Working Principle of the UST-FENG

The structure of the UST-FENG is depicted in Figure 2. The Ecoflex film, which is
punched by a laser cutting machine, is located in the middle, with the upper and lower
layers of Ecoflex encapsulating the bound charge. The surface of the Ecoflex is covered
with graphene powder, and the outermost layers of the UST-FENG are encapsulated with
PU films.
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The scanning electron microscope (SEM) image of the surface of the graphene electrode
is shown in Figure 2b. From the figure, it is evident that the surface of the fabricated
graphene electrode is densely packed and smooth. The graphene electrode developed
in this study is an excellent stretchable electrode. In actual measurements, the resistance
was 1.9 kΩ/cm when the electrode was not stretched and 2.5 kΩ/cm when stretched by
100%, indicating good conductivity. The superior conductivity and stability of the graphene
electrode contribute to enhancing the stability of the UST-FENG’s performance.

The cross-sectional view of the UST-FENG is shown in Figure 2c. It can be seen that
the voids impacted by the laser cutting machine are dense and regular in shape. This
shows that the UST-FENG produced in this study, as compared to those made by physical
or chemical methods that randomly generate bubbles, has the advantage of stable and
controllable piezoelectric performance [31,32].

The method of corona polarization is used to charge the UST-FENG [33]. During
the polarization process, the corona discharge occurs when a sufficiently high voltage is
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applied to asymmetrical electrodes, such as needle electrodes and metal plates. The ions
and excited molecules produced by corona discharge are deposited on the surface of the
sample under the action of an electric field, forming a surface charge. These surface charges
generate an electric field that crosses the thickness of the sample, triggering a breakdown
of the gas in the void, thus charging the FENG [6]. During the deformation process of the
UST-FENG under stress, the dipole moment changes, the bound charge decreases, and
when the external circuit is connected, a charge flow is generated, resulting in a macroscopic
piezoelectric effect [34,35].

3.2. UST-FENG Performance Simulation

The performance of the UST-FENG, which is divided into five layers, is simulated.
The top and bottom layers, which are conductive electrodes, are made up of graphene. The
three middle layers, also known as the sandwich layers, are composed of two layers of
undrilled Ecoflex covering the upper and lower surfaces of the drilled Ecoflex film. By
default, the electrode is grounded in the electrostatic field, with the charge bound to the
hole’s upper and lower surfaces through polarization. For the simulation, the upper and
lower surfaces of the UST-FENG’s hole are set to bear charges of opposite polarities. In
the solid mechanics field, a fixed constraint surface is set at the geometric boundary layer
where the yoz plane coincides, a roll support surface is set at the geometric boundary layer
where the xoz plane coincides, and a boundary load of 4.5 kPa stress is set at the UST-FENG
upper surface parallel to the xoz plane. The UST-FENG compresses under stress, releasing
charge in the process. This process is simulated by coupling the electrostatic field with the
solid mechanical field.

The 3D simulation results of the potential distribution are depicted in Figure 3a. The
charge is concentrated on both sides of the hole, so the potential distribution primarily
presents a pattern of high potential in the center and low potential around the periphery [36].
After the extrusion deformation, the charge in the middle region of the hole is effectively
released, and the potential is reduced. The displacement resulting from the mechanical
response is shown in Figure 3b. It represents the change in position of material points within
the model. The maximum displacement at the UST-FENG boundary reaches 0.12 mm under
an extrusion stress of 4.5 kPa. Figure 3c illustrates the overall stress variation at 15 times
the scale factor. Figure 3d shows a cross-section of a single hole at diameter, which allows
for a closer examination of the deformation in that specific area. It can be seen that the
electric potential is mainly distributed on the upper and lower surfaces of the hole, and the
deformation of a single hole is about 0.12 mm.

3.3. Piezoelectric Properties of UST-FENG

The UST-FENG is subjected to periodic force using a universal testing machine to
characterize its longitudinal piezoelectric response. When the stress is applied to the UST-
FENG, the dipole moment changes and charge flow occurs, resulting in an open-circuit
voltage signal. The UST-FENG is centrally placed on a compression plate wrapped with
insulating tape, and the open-circuit voltage generated is measured, as shown in Figure 4a,b.
Figure 4c,d depict the voltage signals generated by the UST-FENG under vertical force. The
peak force applied to the UST-FENG is approximately 65 N. When rapidly compressed, the
open-circuit voltage amplitude surges, with a peak output voltage signal of 1.5 V; conversely,
upon the release of external force, similar signal changes occur, but with the opposite sign.
In particular, as the stress is released, the material undergoes a relaxation process, causing
the waveform to oscillate. This behavior is akin to piezoelectric devices, although this effect
is caused by engineered dipoles within the material rather than the material’s inherent
natural dipoles [37]. When the polarity of the signal acquisition electrode is switched,
the voltage generated by the UST-FENG reverses [38]. This characteristic confirms that
the measured output signal comes from the UST-FENG, not from artifacts caused by the
measuring instrument itself.
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electrode in the initial state. (c) Open-circuit voltage diagram produced by the UST-FENG under stress.
(d) After polarity switching, open-circuit voltage diagram produced by the UST-FENG under stress.
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As a silicone rubber, Ecoflex not only possesses flexibility but also exhibits excellent
tensile properties [23]. A tensile test was conducted on the UST-FENG using a tensile
testing machine (SSBC-500, Kejun Inc., Suzhou, China). The initial and stretched states of
the tested UST-FENG are shown in the inset in Figure 5a. The thickness and length of the
tested UST-FENG were 0.8 mm and 50 mm, respectively. Figure 5a shows the stress–strain
curve of the UST-FENG recorded by the universal testing machine. The results showed that
the UST-FENG exhibited superior tensile capacity, with a fracture elongation rate of 574%
and a stress at break of 1.34 MPa. The Young’s modulus of the UST-FENG designed in
this paper was relatively small, approximately 0.2 MPa. Its excellent tensile characteristics
indicate its adaptability to a variety of wearable sensor application scenarios [38–40].
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The piezoelectric properties of the UST-FENG were tested, providing data support
for the targeted applications of the UST-FENG. The potential of the upper and lower
surfaces of the UST-FENG was measured using a high-precision infrared electrostatic field
meter (FMX-003, Tongrong Inc., Guangzhou, China). Figure 5b shows the effect of the
charging voltage after polarization on the potential of the upper and lower surfaces of the
UST-FENG. The results showed that when the charging voltage was 14 kV, the potentials
of both the upper and lower surfaces of the UST-FENG reached their maximum values,
being 1.44 kV and −1.38 kV, respectively. To assess the temporal stability of charge storage,
we measured the surface potential over time. Over a 3-day period, we observed that
the maximum surface potential reduced to 1.31 kV, a 9% reduction. This relatively small
decrease in surface potential over this time frame indicates a good level of temporal stability
for charge storage in our system. The piezoelectric signal generated by the UST-FENG
was amplified by a charge amplifier (AFT-0966C, Love Volt Electronic Inc., Qinhuangdao,
China) and then collected by a data acquisition card (DSO-2820, virtin). Figure 5c shows
the relationship between the quasi-static d33 coefficient and the charging voltage. As
shown in the figure, when the charging voltage is 14 kV, the quasi-static d33 coefficient
of the UST-FENG reaches its maximum value of 38 pC/N, which coincides with the test
results of the surface potential of the UST-FENG. Figure 5d shows the charge generated
by the UST-FENG under a static load of 0~25 kPa. As the static load increases, the charge
generated by the UST-FENG also increases, showing a positive correlation, indicating the
good piezoelectric stability of the UST-FENG designed in this paper. Figure 5e shows the
relationship between the quasi-static d33 and the pressure applied to the UST-FENG. It can
be seen that as the load pressure increases, the quasi-static d33 coefficient first increases
and then gradually decreases within the range of 25~40 pC/N. It is worth noting that in
the range of lower load pressure (0–5 kPa), d33 rapidly increases, and then d33 tends to
stabilize. The maximum d33 of approximately 39 pC/N is measured at 4 kPa. After multiple
tests, the piezoelectric coefficient shows relative stability under various static and dynamic
loads. The response of the d33 coefficient to the applied pressure can be attributed to the
non-linear correlation between the Young’s modulus and the inherent applied stress of the
cell polymer material [14,41,42].

The dynamic piezoelectric characteristics of the UST-FENG were measured using an
exciter (VT-50, YMC Piezotronics Inc., Yangzhou, China) to apply dynamic excitation force
to the UST-FENG, and the acceleration was measured by an accelerometer (22A25, YMC
Piezotronics Inc., Yangzhou, China). Figure 5f shows the relationship between the dynamic
d33 and the frequency. As shown in the figure, the dynamic d33 first increases and then
decreases in the range of 10 Hz to 50 Hz, with the maximum d33 of 34 pC/N at 20 Hz, and
then sharply decreases at higher frequencies. It can be inferred that the resonance occurring
at a vibration frequency of approximately 20 Hz leads to a significant increase in the
longitudinal dynamic piezoelectric coefficient d33. Compared with the static piezoelectric
coefficient, the difference in the longitudinal dynamic piezoelectric coefficient is 10.53%,
which can be attributed to the viscosity of Ecoflex as an organic silicone material [43,44].

4. Facial Muscle Detection

In recent years, interest in wearable device research has been increasing [38,44,45]. In
this paper, a facial muscle detection device has been developed using a UST-FENG. The
tiny movements of facial muscles when the face performs an action, such as blinking or
speaking, allow the UST-FENG to be stressed and generate signals. The UST-FENG, based
on intelligent motion-mechanics tape, offers exceptional flexibility, stretchability, and skin
compatibility, ensuring comfortable adhesion to the skin of the face. The facial muscle
movement signals recorded by the UST-FENG are also captured by a charge amplifier and
a data acquisition card and then processed by a laptop. The transmission diagram of the
UST-FENG-generated signal is shown in Figure 6a.
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Figure 6b shows the photograph of the UST-FENG sticking on an eye, and Figure 6c
shows the blink signals detected by the UST-FENG. When the eyes are closed, the UST-
FENG generates a negative signal, and when the eyes are open, the UST-FENG generates a
positive signal. The amplitude and frequency of the signal correspond in real time with the
amplitude and frequency of blinking. This device can assist stroke/paralysis patients who
are unable to speak or move in conveying information, and it holds promise for detecting
fatigue driving. Figure 6d shows the photograph of the UST-FENG sticking on a mouth,
and Figure 6e shows the speech signals detected by the UST-FENG. When the mouth is
open for speaking, UST-FENG generates a positive signal, and when the mouth is closed,
the UST-FENG generates a reverse signal. The amplitude and frequency of the signal
correspond in real time with the amplitude and frequency of mouth opening. This device
can help aphonic patients convey information and holds potential for correcting people’s
poor speaking habits. Once the UST-FENG is integrated with a wireless transmission
module and equipped with a dedicated mobile application for analyzing the captured data,
it can provide effective and valuable insights about facial muscle information [46,47].
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In the IoT scenario, electric energy should be produced on board by transforming
ambient energy where and when available [48]. The UST-FENG is capable of generating
electrical charges because of the piezoelectric effect. These generated charges can be utilized
to drive the signal transmission process. By means of its internal energy, the UST-FENG
can accomplish signal transmission without relying on external energy sources, thus being
self-powered. To further evaluate the performance of this self-powered system, a test
regarding power generation with the UST-FENG was carried out. It was measured that the
UST-FENG generated an output power of 12 µW.

Overall, the UST-FENG represents a promising development in the field of facial
wearable technology. With its remarkable sensitivity, high flexibility, high stretchability,
and self-powered properties, it offers a multifunctional and potentially valuable tool for
conveying information for the disabled and for facial muscle detection. As technology
continues to evolve, it has the potential to transform the application scenarios of facial
muscle detection sensors. Beyond its applications in conveying information for the disabled
and facial muscle detection, the UST-FENG also has potential uses in other fields. For
instance, it can be used to monitor the progress of patients recovering from facial muscle
injuries. By tracking their facial muscle movements and providing feedback to therapists,
the UST-FENG can help ensure patients receive the most effective treatment, contributing
to innovative healthcare solutions.

5. Conclusions

This work, through the development of a UST-FENG designed for facial muscle recog-
nition, has enriched the development of stretchable and soft self-powered ferroelectric
nanogenerators. A series of experiments and performance evaluations were conducted in
this paper, validating the mechanical performance and self-powered transmission capabili-
ties of the UST-FENG. This confirmed its effectiveness and broad application potential. The
UST-FENG developed in this study is based on the environmentally friendly, biodegrad-
able, flexible material Ecoflex, which features controllable pore shape and density. Through
simulation and experimentation, the piezoelectric properties of the UST-FENG were opti-
mized. The experimental results show that the thickness of the UST-FENG is only 860 µm,
the fracture elongation rate is as high as 574%, and the Young’s modulus is only 0.2 MPa.
Its quasi-static piezoelectric coefficient is approximately 38 pC/N. Further testing under
various pressures and vibration frequencies confirmed its stability and reliability under
both dynamic and quasi-static conditions, demonstrating that the UST-FENG has excellent
thinness and superior stretchability. The use of this UST-FENG device not only identifies
facial muscle movements, such as blinking and speaking, thereby helping to monitor peo-
ple’s facial conditions and improve their quality of life, but it can also be used to monitor
the progress of patients recovering from facial muscle injuries. The successful application
of the UST-FENG in facial muscle recognition opens up new avenues for the creation of
intelligent motion sensors on the skin and robotic electronic skin.
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