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ABSTRACT: The electric double layer (EDL) at liquid−solid interfaces
is fundamental to many research areas ranging from electrochemistry
and microﬂuidics to colloidal chemistry. Here, we demonstrate the
electricity generation by mechanically modulating the EDL at the
hydrogel−dielectric polymer interfaces. It is found that contact
electriﬁcation between the hydrogel and the dielectric polymer could
charge the dielectric polymer surface at ﬁrst; the mechanical
deformation of the pyramid-shaped hydrogel results in the periodic
variation of the EDL area and capacitance, which then induces an
alternative current in the external circuits. This mechano-to-electrical
energy conversion mechanism is then utilized to construct soft
stretchable self-powered pressure sensors by designing dynamic EDL
at hydrogel−dielectric elastomer interfaces. The sensitivity is optimized
to 1.40 kPa−1 in the low-pressure range of 31−300 Pa by increasing the
elastomer roughness. Its antifreeze performance is also improved by adding ethylene glycol into the hydrogel. The capability
in detecting subtle human activities is further demonstrated. This mechano-electrical energy conversion and the
corresponding self-powered sensor can be widely applied in future soft electronics.
KEYWORDS: electric double layer, electricity generation, triboelectric nanogenerator, self-powered sensor, stretchable electronics

INTRODUCTION
The electric double layer (EDL) is widely known to describe the
interaction between ions and solid surfaces at the liquid/solid
interfaces, which lays the foundation of many research areas such
as electrochemistry, microﬂuidics, and colloidal chemistry.1−4
Recent studies have shown that modulating the EDL at liquid/
solid interfaces with diﬀerent environmental stimuli can lead to
electricity generation, including kinetically induced variation of
liquid/solid interfaces,5−8 thermal evaporation of water,9,10 and
humidity variations.11−13 In particular, a number of studies have
found that electricity can be generated by diﬀerent kinetic
motions (dropping, waving, or ﬂowing) of water or water
droplets on various solid surfaces, including dielectric
polymers,5,8,14−17 inorganic oxides,18−20 and carbon nanomaterials.21−23 These diﬀerent mechanical stimuli can change the
EDL capacitance or increase the interface charge quantities,
leading to the potential diﬀerences and electrical current
between the two electrodes. For example, the high-voltage
© XXXX American Chemical Society

triboelectric nanogenerators (TENG) were reported by striking
water droplets or waving bulk water on the hydrophobic
polymer surfaces.7,8 Similarly, electricity generation was
reported by squeezing a water droplet placed between an
electrode and a polymer-coated electrode.15,17 Electricity
generation was also achieved by dropping or waving water on
carbon nanomaterials.21,22
The wide investigations of these dynamic EDL-based
electricity generators also draw interest to the mechanism on
the origin of surface charges at the liquid/solid interfaces. Even
though the Gouy−Chapman−Stern model1 has been wellReceived: August 12, 2021
Accepted: December 8, 2021
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Figure 1. Electricity generation by dynamic EDL at hydrogel−dielectric polymer interfaces. (a) Scheme of the structure and working
mechanism of the dynamic EDL-based TENG with pyramid-shaped hydrogel. (b) Photographs showing the process of squeezing the pyramid
hydrogel (scale bar: 3 mm). (c) Short-circuit current, open-circuit voltage of the pyramid TENG and the moving distance of the upper dielectric
layer. The traveling distance of the upper dielectric layer (z) is zero when it contacts the tips of hydrogel pyramids before pressing. (d)
Equivalent circuit model of the dynamic EDL-based TENG.

established to theoretically describe the structure and the
potential drop of the EDL, the origin of the surface charges is still
not clearly and comprehensively understood.5,24 Recent studies
have found that the contact electriﬁcation involved with the
electron transfer process at the liquid/solid interfaces
contributes to the formation of charged solid surfaces, diﬀerent
from various traditional mechanisms such as ionization,
dissolution, or ion adsorption of the solid surfaces.5,18,20,24,25
Then, Wang’s hybrid EDL model was proposed to describe the
two-step formation process of the EDL, based on contact
electriﬁcation and subsequent electrostatic counterion adsorption.20,26 It is nevertheless noted that there is still argument
about the charge transfer mechanism of contact electriﬁcation at
the solid−liquid interfaces.27,28
Despite this progress, study is still rare for utilizing hydrogel
electrolyte to construct dynamic EDL. The hydrogel is in solid
form, which will certainly extend the applications of these
electricity generation devices.29−31 Thus, the mechano-electrical
conversion by dynamic EDL can potentially be applied for
designing self-powered force-sensitive sensors. Compared with
the intensively reported resistive or capacitive pressure/strain
sensors, the self-powered sensing unit requires no electricity
sources, since it directly outputs electrical signals in response to
the mechanical stimuli.32−34
Therefore, we demonstrated herein the electricity generation
by a mechanical motion-induced dynamic EDL at the hydrogel−
dielectric elastomer interfaces, and showed its application as a
self-powered soft pressure sensor for monitoring human
activities. By varying the interface areas, the EDL capacitance
changes, and the unbalanced charges on elastomer surfaces
induce alternative current in external circuits. Furthermore, the
sensitivity of electrical outputs responsive to the mechanical

pressure was optimized by increasing interface roughness,
reaching 1.40 kPa−1 in the low pressure range of 31−300 Pa.
Due to the high sensitivity, softness, and stretchability of the selfpowered sensor, its capability in detecting subtle human
activities was demonstrated, such as throat movements, vocal
cord vibrations, muscle motions, and abdominal breathing.

RESULTS AND DISCUSSION
We ﬁrst constructed a dynamic interface between a hydrogel ﬁlm
(polyacrylamide, PAM) and a dielectric polymer (polytetraﬂuoro ethylene, PTFE). To design an electricity generation
device based on dynamic EDL, the PAM hydrogel with pyramid
arrays was placed between a Cu plate and another PTFE-coated
Cu plate (Figure 1a). We deﬁne that the traveling distance of the
top plate (z) is zero when it contacts the tips of hydrogel
pyramids before pressing (Figure 1a <i>); z reaches maximum
(zmax) when the PTFE is fully covered by hydrogel (Figure 1a
<ii>). As demonstrated previously that the contact electriﬁcation between water and dielectric polymers can charge the solid
surfaces with static charges,5,20,24 this applies here as well, since
the hydrogel is swollen with about 80 wt % deionized water. As
the contact electriﬁcation contributes to the formation of
charged PTFE surfaces, this device is termed a triboelectric
nanogenerator (TENG).35 As the PTFE is highly tribo-negative,
it is negatively charged after the electriﬁcation. The charged
PTFE surface will attract counterions in the water to form an
EDL by the Coulombic force. When the pressure is released and
the top PTFE-coated Cu plate moves upward, the unscreened
charges on the PTFE surfaces will induce the formation of
opposite charges in the upper Cu electrode, leading to the
electrical current from the downside to the upper Cu electrode
(Figure 1a <iii>). The current stops when the upper electrode
B
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Figure 2. Contact electriﬁcation mechanism and optimization between the hydrogel and dielectric polymers. (a) Mechanism of contact
electriﬁcation: (i) between pyramid hydrogel with deionized water and PTFE, and (ii) between pyramid hydrogel containing LiCl solution and
PTFE. The transferred short-circuit charges when using (b) the hydrogel containing diﬀerent concentrations of LiCl solution and (c) water−
EG mixture solutions with diﬀerent volume ratios. (d) Comparison of the transferred short-circuit charges at low temperature when using
hydrogel with deionized water or water−EG mixture. The insets are photos of the two hydrogels frozen at −40 °C for 3 h (scale bar: 3 cm). (e)
Water retention percentage of these two hydrogels at room temperature.

counterions in EDL along with the solution ﬂowing under the
pressure gradient, which is also associated with the change of
EDL.36 The streaming current converts hydrostatic energy to
electrical power by the pressure-driven transport of ions in the
EDL. This work generates electricity by changing the EDL
capacitance through mechanical motion. This electricity
generation process had been previously reported by several
studies.15,37 However, the PTFE layer was previously neglected
when considering the mechanically modulated EDL. Since the
EDL exists at the solid−electrolyte interfaces in direct contact
and is in the nanometer thickness range, the thick PTFE (70 μm

returns to the position z = 0 (Figure 1a <iv>), but a reversed
current ﬂow occurs when pressing the device again (Figure 1a
<v>). Figure 1b recorded the cross-sectional photos of the
device when pressing it. The deformation of the hydrogel and
the increase of the hydrogel−PTFE interface area were clearly
observed during the pressing process. The EDL capacitance at
the interface between the hydrogel and PTFE varies with the
change of the contact area between the hydrogel and PTFE by
the mechanical motion. The output generation here is diﬀerent
from the streaming current/potential. According to the previous
reports, streaming current is generated by the transportation of
C
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in our work and 300 nm in a previous work15) should be
considered. Then, the dynamic EDL should be located at the
PTFE−hydrogel interface, and the formation of this EDL
involves the electriﬁcation process as well.
The typical short-circuit current (Isc) and open-circuit voltage
(Voc) are shown in Figure 1c. The amplitude of Isc reaches 115
nA, and the maximum Voc is 6.5 V for a hydrogel ﬁlm with
pyramid height of 3 mm and pyramid number of 7 × 7 (total area
is 4 × 4 cm2). We further optimized the height of the hydrogel
pyramid, with the bottom side length ﬁxed at 4 mm. The Qsc
increased ﬁrst with the height and then showed less variation
after reaching 3 mm height (Figure S2). By ﬁxing the pyramid
size, the output improved with the pyramid number due to the
increased total device area. Therefore, we ﬁxed the pyramid
height and number to 3 mm and 7 × 7 for all following tests,
other than mentioned speciﬁcally.
The dynamic EDL-based TENG can be equivalent to a circuit
consisting of a series of capacitors, as depicted in Figure 1d. The
top electrode and the charged PTFE surfaces can be represented
as the capacitor C1; the EDL capacitor at the PTFE−hydrogel
interface varying with the mechanical motion is termed Cd‑EDL;
whereas the capacitance of the EDL at the hydrogel−bottom
electrode interface is approximately steady and termed Cs‑EDL.
As the mechanical motion breaks the charge equilibrium in the
dynamic EDL capacitor, there will be induced charges in the top
and bottom electrodes with quantity of Q(t). At the short-circuit
condition, the voltage between the top and bottom electrode will
be zero; while at open-circuit condition, the total transferred
charge quantity is zero. Then, the Voc, Qsc, and Isc can be derived
as
λd
ε0εhA(t )

(1)

σA 0λd
Cε0εhA(t ) + λd

(2)

Voc = σA 0

Q sc =

Isc =

dQ sc
dt

=

to the generated charge density in the PTFE surfaces (σ)
according to eqs 1−3. First, we compared the devices using
PAM hydrogels swollen with DI water and LiCl solutions,
respectively (as schematically shown in Figure 2a). It can be seen
that the transferred charge quantity Qsc sustains little variation
(3.1−3.25 nC) when adding a trace amount of salt in the
hydrogel (<0.1 M LiCl), but it decreases dramatically to ∼0.97
nC when the LiCl concentration is higher than 0.5 M (Figure
2b). Coincidentally, the transferred charge quantity Qsc has a
similar changing pattern when diﬀerent concentrations of NaCl
are added into the hydrogel, as shown in Figure S6. At the same
concentration of 0.05 mol/L, the charge quantity reaches the
maximum value. This trend is consistent with a previous study
using droplets of deionized water or salt solution.18,24 It can be
explained schematically as Figure 2a. Despite the dispute on
charge transfer mechanism in contact electriﬁcation,27,28 we
adopted an electron transfer mechanism to explain this result,
since the electriﬁed charge quantity is high when using the
hydrogel with deionized water. As suggested previously,5,24,38
the electron transfers between water molecule and the PTFE
contribute to the electriﬁed charges. Meanwhile, H2O+ will be
generated during the contact electriﬁcation process. When the
electron of a water molecular transfers to PTFE surfaces, it
becomes cationic H2O+. The lifetime of H2O+ is proven to be
less than 50 fs, and it joins with a neigboring water molecule to
yield an OH radical and H3O+ based on the reaction H2O+ +
H2O → OH• + H3O+.39 In the actual case, H3O+ should form
the EDL with the charged PTFE surface, as the lifetime of H2O+
is short. Nevertheless, H2O+ is illustrated in the EDL structure in
Figure 2a to better show the electriﬁcation process. When
adding an excess amount of salt in the hydrogel, there will be a
large number of free ions in the hydrogel, which can screen the
interface from the electron transfer process between a water
molecule and the PTFE. Therefore, the contact electriﬁcation is
suppressed if the salt concentration is higher than a certain value.
The reduced electriﬁed charges on PTFE surfaces account for
the lower electrical outputs of the devices using hydrogels
swollen with concentrated salt solutions. Previously, we
reported TENGs with hydrogel or other solid-state ionic
conductors as the electrode.40,41 We found that the salt
concentration had a negligible impact on the performances,40
and high outputs can still be obtained even when the
conductivity is as low as 10−6 S/cm. This may be because the
transferred charge quantity is low and the ion-migrating process
is not the bottleneck step. In this study, the hydrogel functions
both as an electriﬁcation layer and an ion-migrating electrode. In
contrast, it is concluded that the salt addition is detrimental to
the performances.
We also studied the interface electriﬁcation when adding
ethylene glycol (EG) in the hydrogel. The transferred charge
quantity Qsc decreases with the decrease of the water-to-EG
volume ratio (Figure 2c). Compared to the hydrogel with only
deionized water, the Qsc decreases from 3.1 nC to 2.17 nC, 1.7
nC, 0.81 nC, and 0.28 nC, when the water-to-EG ratio is 4:1, 3:2,
2:3, and 1:4, respectively. This trend can be attributed to the
smaller polarity of EG than water. Despite the reduced contact
electriﬁcation at the hydrogel−PTFE interface, the two
following beneﬁcial eﬀects are obtained using the water−EG
mixture in the hydrogel. First, the EG is commercially used as an
antifreeze agent, which can reduce the freezing point of the
mixture, thereby widening the operation temperature range of
the device.42 Typically, the mixture has the best antifreeze
properties with an EG volume percentage around ∼40−60%.43

Cε0εhσA 0λd

d A (t )
(Cε0εhA(t) + λd) dt
2

(3)

where ε0 is vacuum permittivity, εh is the dielectric constant of
the hydrogel, λd is the thickness of the top EDL, A(t) is the
varying hydrogel−PTFE interface area, and A0 is the area of the
charged PTFE surface area or the maximum hydrogel−PTFE
1
1
interface area. C is a constant written as C = C + C . The
1
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detailed derivation can be seen in the Figure S3 and Supporting
Information Note 1. It can be seen that Voc is inversely
proportional to the hydrogel−PTFE interface area A(t); the Isc is
alternative when pressing and releasing the top electrode
alternately. These trends are consistent with the experimental
data as depicted in Figure 1c. The power output density of the
dynamic EDL-based TENG was measured by connecting it in
series with various load resistances arranging from 10 KΩ to 100
MΩ. The maximum power density of 1 mW/m2 was obtained at
a matched resistance of 4 MΩ (Figure S4). Meanwhile, the
output−frequency relationship of the dynamic EDL-based
TENG was studied, as shown in Figure S5. The Voc of the
TENG remains almost invariable with the frequency ranging 1−
10 Hz.
This dynamic EDL-based TENG is also suitable to study the
electriﬁcation behavior at the hydrogel−dielectric polymer
interfaces, as the electrical outputs are positively proportional
D
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Figure 3. Self-powered soft sensor. (a) Schematic illustration of single-electrode TENG sensor based on the dynamic EDL at hydrogel−
elastomer interfaces (upper). EDL formed at the PDMS/hydrogel interface and the metal wire/hydrogel interface, respectively (lower). (b).
SEM images of the PDMS with rough surface (upper) and SEM images of the hydrogel being lyophilized (lower). (c) Comparison of the voltage
of the TENG sensor using PDMS with smooth and rough surface. Comparison of the voltages of these two sensors under a series of pressure
stimuli: (d) smooth PDMS and (e) rough PDMS. (f) Summarized voltage−pressure variation of these two sensors and their corresponding
sensitivities. (g) Photos of the sensor at initial state and diﬀerent stretched states. (g) Voltage of the TENG sensor by stretching to diﬀerent
strains. (i) Summarized voltage−strain variation and sensitivity.

Therefore, the water-to-EG ratio was selected as 3:2 for the
hydrogel. After being frozen at −40 °C for 3 h, the Qsc of the
device using a water−EG mixture can still be 1.4 nC, showing a
limited decrease compared to that operating at 20 °C, whereas
the Qsc of the device using hydrogel with water only can just be
0.58 nC, only about 1/5 of that operating at 20 °C (Figure 2d).
As shown by the inset photos in Figure 2d, the hydrogel with EG
is still able to be stretched, but the hydrogel containing water
only is completely frozen and brittle after freezing at −40 °C for
3 h. Second, the EG has a much higher boiling point and is
nonvolatile compared with water, which helps to improve the
environmental stability of the device. The open-circuit voltage of
the samples above has the same trend as the Qsc, as shown in
Figure S7. When storing at a temperature of 25 °C and relative
humidity of 17%, the hydrogel containing water only was almost
completely dehydrated after 30 h; while the hydrogel with the
water−EG mixture retained a stable weight retention rate of

about 60% after 60 h (Figure 2e). When tested in air without
encapsulation, the water in the hydrogel still evaporate which
cause that the Voc of the TENG declines after dehydration for 24
h and then maintains stable (Figure S8). Appropriate
encapsulation is required for future practical applications.
After these mechanism and optimization studies, we designed
a soft and stretchable self-powered pressure/strain sensor based
on the dynamic EDL-based TENG. Traveling distance of the top
electrode will increase with the pressure, which will lead to the
larger maximum interface area for contact electriﬁcation and
thereby higher Voc. This pressure-sensitive outputs make it
potentially viable for pressure sensors. In order to achieve the
softness and stretchability, the sensor was designed as
schematically shown in Figure 3a. A single-electrode structure
was adopted and a dielectric elastomer (polydimethylsiloxane,
PDMS) was selected for replacing the unstretchable PTFE.
Meantime, PAM hydrogel with water-to-EG ratio of 3:2 was
E
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Figure 4. Demonstration of the self-powered sensor for detecting subtle mechanical motions. The sensor is attached to the throat for (a)
swallowing and (b) speaking detection; and (c) breathing detection by attaching it on the belly. (d,e) Signals of human joint motion from the
ﬁngers and wrist. (f) Voltage of the sensor induced by the muscle movement.

To determine the sensitivity of the pressure sensor, the Voc
values of the two devices with smooth and rough PDMS were
recorded under diverse pressures, respectively (Figure 3d and e).
The Voc increases linearly with the pressure and reaches
saturation when the pressure is higher than about 2 kPa.
Therefore, the sensitive pressure range of the sensor was
estimated to be 0.063−2 kPa and from 0.031−1.938 kPa for
device with smooth and rough PDMS, respectively. The
sensitivity (S) can be calculated by

selected, considering the combined performances of high
output, antifreeze, and antidehydration capabilities. The ionic
conductivity of the PAM hydrogel with water-to-EG ratio of 3:2
is 1.31 × 10−3 S/cm at the room temperature (Figure S9). The
thickness of the PDMS was optimized to be about 200 μm
(Figure S10). The total area of the device is 4 × 4 cm2; the size of
the hydrogel pyramid is 4 mm × 4 mm × 3 mm; the pyramid
number is 7 × 7. Considering that the sensitivity of the sensor
can be improved by increasing the roughness of the hydrogel−
PDMS interfaces, we further introduce rough microstructures to
the PDMS by using sandpaper (roughness of no. 180 #) as the
casting mold. The top surface of the hydrogel pyramid forms
dynamic EDL together with the PDMS, while the bottom
hydrogel surface forms static EDL together with a metal wire, as
shown in the bottom picture of Figure 3a. The small metal wire−
hydrogel interface here ensures the stretchability of the whole
device. The whole electricity generation process of the device is
illustrated in Figure S11. The selected PDMS surface contacting
the hydrogel pyramid possesses a rough surface with protrusions
and grooves at micrometer scale, as shown in the top SEM image
of Figure 3b. The bottom SEM photo of Figure 3b shows the
morphology of the hydrogel after being lyophilized. In order to
measuring the open-circuit of the sensor, the PDMS and the
hydrogel both are adhered to the tough acrylic plate due to the
softness. Then, the output performance of the TENG sensor is
measured by pressing the pyramid tip of the hydrogel with
PDMS using a step motor. Compared with the device using a
smooth PDMS surface (Voc is 1.21 V), the Voc of the device using
rough PDMS reaches approximately 3.19 V (Figure 3c). This
conﬁrms that the rougher interface eﬀectively enhances the
output property, which is attributed to the increase in the
eﬀective contact area at the interface for electriﬁcation.44 Then,
the Voc of the device was measured at diﬀerent frequencies
ranging 1−10 Hz (Figure S12). The electrical output of the
sensor remains invariant under wide frequency, which can
ensure the reliable monitoring for human motion with variable
frequency. Besides, the sensor also exhibits excellent durability
even after 6000 cycles (Figure S13).

S = (dΔV /VS)/dP

(4)

where ΔV represents the relative change of the open-circuit
voltage, Vs is the saturated voltage, and P denotes the pressure.
The sensitivity of the device with smooth PDMS is calculated to
be 0.45 kPa−1 before the pressure reaches 2 kPa, whereas the
sensitivity of the sensor with rough PDMS is calculated to be
1.40 kPa−1 as the pressure is below 0.3 kPa, and 0.23 kPa−1
within the pressure range of 0.3−2 kPa (Figure 3f). The higher
sensitivity at low pressure of the device with rough PDMS is
attributed to the deformation of PDMS microstructures at low
pressure, which leads to the larger change in the interface area
and thereby higher voltage variation comparing with that using
smooth PDMS.44,45 When the pressure increased higher than 2
kPa, complete deformation of the pyramid was achieved, and
then the voltage did not further increase with the pressure.
Moreover, Figure S14 indicates that the response time of our
sensor is about 26 ms under the load of 1 kg. It is noted that the
sensitivity or pressure range of the sensor may be improved by
tuning the elastic modulus of the hydrogel in the future work as
indicated by previous reports.46,47
Due to the stretchability of both the PDMS and hydrogel, the
self-powered sensor is stretchable. Because of the pyramid
structure, the stretchability of the hydrogel decreased, exhibiting
a fracture strain of 142% (Figure S15). As shown by photos in
Figure 3g, it can be uniaxially stretched to elongation ratio of λ =
2 (ε = 100% strain) without failure. It can also be twisted at
diverse torsion angles, as shown in Figure S16. We found that the
F
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area, and then the electriﬁed surfaces of the dielectric polymers
induced the alternative current ﬂowing through the external
circuits. By adding LiCl salt or EG solvent into the hydrogel, the
electriﬁcation was suppressed and the output decreased.
Nevertheless, the EG additive can promote the antifreeze and
anti-dehydration performances of these hydrogel-based devices.
Furthermore, we constructed a soft and stretchable self-powered
pressure sensor based on dynamic hydrogel−PDMS interfaces.
By increasing the roughness of the PDMS surface, the sensitivity
reached 1.40 kPa−1 in the low pressure range of 31 to 300 Pa.
Due to the high sensitivity, softness, and stretchability oaf the
self-powered sensor, its capability in detecting subtle human
activities was demonstrated, such as throat movements, vocal
cord vibrations, muscle motions, and abdominal breathing.

dynamical EDL-based TENG sensor can also output electrical
signals at tensile stretching deformation. As the device is
stretched gradually to larger strain (ε = 12.5%, 25%, 37.5%, 50%,
62.5%, 75%, and 87.5%), the corresponding open-circuit
voltages increase accordingly (Voc = 0.029, 0.076, 0.103, 0.139,
0.167, 0.210, and 0.250 V, respectively), as shown in Figure 3h.
This implies that the hydrogel−PDMS interface area also
changes with the tensile deformation, leading to the
deformation-induced dynamical EDL at the interfaces and the
electrical outputs. The voltage changes approximately with the
tensile strain (Figure 3i). The sensitivity to the strain can be
given by
S = (dΔV /V0)/dε

Article

(5)

where ΔV represents the relative change of the open-circuit
voltage, V0 is the minimum voltage, and ε denotes the strain. The
sensitivity of the SF-TENG sensor is 9.44 in the strain range
from 12.5% to 100%. Moreover, when the sensor is placed at
diﬀerent temperatures (−40 to 80 °C), the output voltage peak
value remains quite stable at the temperature range of −20 to 40
°C (Figure S17), which means that the sensor can be used at a
relatively wide temperature range.
Due to the high sensitivity of the TENG sensor to pressing
and stretching deformation, it can be used to monitor diverse
human activities, including throat movements, vocal cord
vibrations, abdominal breathing, joint and muscle movements,
and so on. The optimized TENG sensor was attached to
diﬀerent parts of the human body by the adhesive tape, and the
voltages were measured in real time of the human activities.
Compared with other traditional iontronic pressure sensors,48,49
the voltage of our sensor can be directly measured without a
power source device. The power consumption of our device is
lower than that of resistive or capacitive pressure/strain sensors.
By attaching the device on the neck, the voltage waveform can
distinguish the subtle mechanical motions of the throat when
swallowing and speaking, as shown by Figure 4a,b and Video S1,
respectively. When speaking diﬀerent words, the corresponding
voltages of the sensor show diﬀerent waveforms and peak values,
whereas the voltages have the same waveforms when repeating
the same word multiple times (Figure 4b), which makes it
possibly viable for biometric applications or voice-machine
interaction. Then, the sensor was attached to the abdominal wall
to monitor deep breathing of human bodies (Figure 4c, Video
S1). The periodic breathing of the human body can be clearly
observed from the voltage waveforms, which means it is also
possible to help monitor a person with apnea syndrome.
Furthermore, the sensor was also able to monitor stronger
mechanical deformations caused by joint and muscle movements, such as ﬁnger and wrist ﬂexion, biceps brachii movement,
knee and elbow movement, as shown in Figure 4d,e,f and Figure
S18, respectively. As the ﬁnger was bent at various angles (30°,
60°, 90°), the peak values of voltages gradually increase, making
it also possible for application such as human−machine
interaction. Therefore, this TENG sensor possesses a great
possibility to be utilized in the ﬁelds of human health monitoring
or human−machine interactions.

METHODS
Materials. Herein, crylamide (AAM), lithium chloride (LiCl),
sodium chloride (NaCl), N,N′-methylenebis(acrylamide) (MBAA),
ammonium persulfate (AP), N,N,N′,N′-tetramethylethylenediamine
(TEMED) were purchased from Sigma-Aldrich. Ethylene glycol (EG)
was purchased from Aladdin. Sylgard 184 (PDMS) was used as the
elastomer.
Preparation of PAM Hydrogel Arrays. At ﬁrst, 1.6 g AAM, 0.01 g
MBAA, and 0.05 g AP were added to 10 mL deionized water. Then, the
suspension was stirred at 750 rpm until drugs were completely
dissolved. Next, diﬀerent concentrations of LiCl or NaCl (0, 0.05, 0.1,
0.5, 1, and 2 M, respectively) were dissolved into the clariﬁed solution
above. A 15 min ultrasonic water bath was used to remove the air
bubble in the solution. The solution was then poured into a mold (4 cm
× 4 cm) with the pyramid arrays (4 mm × 4 mm × 3 mm, 7 pixel × 7
pixel) as shown in Figure S1(i). After that, the bubbles existing between
the solution and the mold were removed by a needle, and a drop of
catalyst TEMED was instilled into the solution. Finally, the solution will
be cured within 10 min and the hydrogel arrays were obtained.
Preparation of Vertical Contact-Separation Mode TENG. The
structure of the TENG is illustrated in Figure 1a. Two copper ﬁlms were
selected as the parallel-conﬁgured electrodes. The polytetraﬂuoroethylene tape (thickness:70 μm, 4 cm × 4 cm) and the hydrogel arrays
were attached on the two Cu electrodes to serve as dielectric layers,
respectively.
Preparation of Single-Electrode Mode TENG. The PDMS ﬁlm
(The ratio of Sylgard 184 and curing agent is 10:1 by weight) was
obtained by spin-coating at ﬁrst, and then cured at 60 °C for 3 h (Figure
S1(ii)). The single-electrode mode TENG was assembled by using the
hydrogel arrays as electrode and PDMS as dielectric layer, as shown in
Figure 3a.
Characterization and Measurement. A step motor (LinMot
E1100) was employed to simulate the mechanical vibration, and the
speed (1 m/s) and frequency (∼5 Hz) of the step motor were ﬁxed for
all tests. Meanwhile, the output of the TENG were measured by an
electrometer Keithley 6517. The force imposed by the motor was
recorded by a Mark-10 force gauge. For measuring the output
performance of the TENG at low temperature, the TENG was put into
a thermostat (GDW-50L, Wuxi Zhongtian Company) and a linear
motor was stuck into the thermostat to control the TENG through a
feed through hole. The morphology of PDMS ﬁlm and lyophilized
hydrogel were received by ﬁeld emission scanning electron microscope
(Nova 250 SEM, FEI Company). The ESM301/Mark-10 system was
used to test the mechanical tensile of the hydrogel and the strain test
was ﬁxed at 30 mm/min. The impedance test was proceeded by an
electrochemical workstation (CHI660E), and the samples were
sandwiched by two stainless steel electrodes for tests.

CONCLUSIONS
In conclusion, electricity generation based on the dynamic EDL
at the hydrogel−dielectric polymer interfaces was demonstrated,
and the mechano-to-electrical energy conversion mechanism
was systematically discussed. The mechanical deformation of
the pyramid-shaped hydrogel resulted in the change of the EDL
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