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ABSTRACT

Conventionally, the output amplitude of triboelectric nanogenerators (TENGs) sensors is detected as the sensing
output, where the accuracy and stability are easily affected by environmental interferences such as humidity,
temperature and electrostatic coupling with surrounding objects. Meanwhile, the nature of pulse mode voltage
output cannot provide information to further generate a detailed profile of the varying force with time interval
when users press a typical TENG working in the contact-separation mode. These two critical issues hinder the
TENGs sensors to be competitive with conventionally commercialized sensors. In this study, a switchable textile-
triboelectric nanogenerator (S-TENG) is proposed to address these issues. By working on a switchable mode to
generate resistor-capacitor (RC) discharging voltage, i.e, enabling capacitive sensing, the capacitance of the
TENGs device is not affected by environmental interferences. Moreover, a high-frequency switching approach is
investigated to generate a continuous profile of time-dependent capacitance as a function of force along time,
referring to the continuous sensing parameter. Therefore, S-TENGs offer the sensory information which could not

be achieved by any other TENGs so far.

1. Introduction

Since firstly invented by Z. L. Wang et al. [1], triboelectric nano-
generators (TENGs) have shown superior capability on energy harvest-
ing [2-12], besides, kinds of methods were also proposed to enhance its
output characteristics [13-15]. Owing to its versatile capability, a va-
riety of self-powered sensors were developed [16-52] for various kinds
of mechanical and chemical sensing applications. For the mechanical
sensing applications, diversified physical factors, such as force [34,50],
tactile [51-53], pressure [24], sliding [35], contact area [25], bending
and tilting angle [26,46,49], rotation [27], speed [28] and acceleration
[29], etc., can be sensed by using well-designed TENG structures as long
as they can mechanically drive the TENG devices. By leveraging the
detection of the charge density change on the specifically modified
triboelectric contact surfaces as a function of targeted chemical con-
centration, a few liquid [30] and gas [19,31,32,46] based TENG

chemical sensors have been reported. However, the nature of TENGs not
only grants its versatility on self-powered sensors but also brings other
issues. TENGs devices are always operated mechanically at environment
with a set of specific parameters, such as force, speed, and frequency,
where the fluctuation of temperature, humidity and electrostatic
coupling from the surrounding environment also affect on the TENG
output. When users emphasize on detecting one of the parameters,
others are deemed to become interference parameters and such influ-
ence is difficult to be eliminated. For example, in the force sensing
application, the output of the TENGs device is not only measured as a
function of the applied force but also affected by other factors, such as
the force speed, the contact area and humidity. Therefore, good mea-
surement accuracy and repeatability of the output amplitude is ques-
tionable, or not achievable, if the interferences are not able to be
eliminated. Another issue is insufficiency sensing information. In the
non-open-circuit condition, it is well-known that the TENGs device only
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generates two peaks in one operation cycle. It is hard to get sufficient
information to reproduce a continuous profile representing the variation
of the sensing-parameter, e.g., a gradually changed force applied on a
TENGs device. These two issues are the major obstacles to make TENGs
sensors not able to compete with other commercialized sensors.

In this study, a switchable textile-TENGs (S-TENGs) is proposed to
solve these two issues. Simply speaking, S-TENGs is a textile-based soft
TENGs device with a switchable operation method to achieve self-
powered capacitive sensing. The switchable operation method is firstly
developed by Z. L. Wang et al. [54-56], which converts the continuous
triboelectric output to a standard RC discharge by a switching operation
for output amplification. In this switchable operation, an RC discharge
happens when the switch is closed. With a known load impedance R, the
instantaneous capacitance, C of the TENGs device can be decoded from
the measured time constant T = RC, which is a capacitive sensing sce-
nario. This instantaneous capacitance is a very reliable characterization
of the mechanical status of the TENGs device, which is determined by
the mechanical operation and not affected by temperature, humidity
and electrostatic coupling of the surrounding environment. Therefore,
the time constant T which represents the C will be a much more stable
and reliable sensing output compared with the voltage amplitude. If
instead of closed twice, the switch is periodically closed during the
whole operation to generate multiple RC discharging outputs, we can
plot a series of 7 to form a 7 curve, as the characterization of a continuous
and smooth capacitance variation of TENGs sensors. Based on the
practical applications, this 7 curve can represent the profile of the
sensing factors, such as force, weight and bending, which will be
demonstrated in this study.
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2. Results & discussion

Since the operation method is changed, the optimization target of the
S-TENGs is quite different. In the conventional TENGs devices, the total
energy during the whole operation cycle is desired to be maximum. In S-
TENGs, each closing of the switch depletes the energy accumulated in
the TENGs device. Thus, the amplitude of each RC discharging peak is
determined by the energy generated during the time interval between
two switching operations, which is not related to the total energy
generated in the whole operation cycle but affected by the energy
density with respect to the total device volume. In other words, it is the
energy density other than the total energy to be maximized for the
structural design for the highest voltage amplitude.

The general working principle of the switch involved TENGs is
shown in Fig. 1(al) and its equivalent circuit is shown in Fig. 1(a2) and
(a3). During the operation cycle, the switch is closed only at the stages of
fully pressed, when the spacing of the device, d, reaches the minimum,
dmin, and fully released, when d reaches the maximum, dp,qy. The closing
of the switch depletes the energy accumulated in the TENGs device to
induce an RC discharging and generate an exponential voltage wave-
form. According to the current flow direction, the polarity of the expo-
nential voltage can be reversed as shown in Fig. 1(a4).

Fig. 1(b) and (c) illustrates the optimization of the energy density for
the switch involved TENGs system. Firstly, the parasitic capacitance
induced by the electrostatic coupling is considered for the expression of
the energy output. The electric field induced by the electrostatic charge
from triboelectrification is not all confined within the TENGs device but
partially coupled into the surrounding objects shown in Fig. 1(b1). This
effect can be modeled as some parasitic capacitors in Fig. 1(b2) and as C,
connected in parallel with the capacitance of the TENGs device, Creng,
as shown in Fig. 1(b3). Then the energy stored in the system can be

Fig. 1. The working principle of the
switchable TENGs and the optimization
for the energy density p. (al) Circuit
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expressed as:
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The energy output, Egupus, during the operation, can be considered as
the energy change of the system, AE, expressed as:
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Where A and d refer to the area and spacing of the TENGs device,
respectively. Then the energy density, p, of the system can be expressed
as a function of dp,q since dmin is a non-zero constant:
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The energy density at these two extreme conditions is zero as plotted
in Fig. 1(c2), there should be an optimized dpqy to achieve ppnqx. In the
testing, this optimized dy,qy is a relatively small value, which will be
detailed characterized in Fig. 2. Therefore, to achieve this maximum
energy density, a soft textile-based TENGs device of a narrow gap is
designed to fit the optimized dpq, as shown in Fig. 1(c3). The nitrile
rubber and EcoFlexTM-00-30 are utilized as positive and negative tribo-
material, respectively, owing to their soft nature and large
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electronegativity difference. Single side conductive Ni fabric tapes are
used as electrodes for both of them. The gap distance created by the folds
on the nitrile rubber generally fits the optimized value, which is
measured as 0.25 mm in Fig. 2. The detailed fabrication process is shown
in Fig. S1 (see Supporting information). The exact gap spacing is
controlled by the amount the wrinkles as shown in Fig. S2.

To explore the optimization spacer distance dpqy, a 5-layer zigzag
TENGs, which enables a well-controlled spacing, is used for a test. The
effective area is 6 x 6 cm? and all layers are connected in parallel. For a
better study of the output of releasing, a diode is added to remove the
voltage output of pressing. The materials for contact surfaces are the
same as the S-TENGs.

The dpqy of TENGs equals to the height difference when the device is
fully pressed and released. Then the dpqy is controlled by the releasing
height. To compare the output characteristics of TENGs with a switch
(TENG-WS) and without a switch (TENG-WOS), the voltage output with
different d,,q, and load resistance are measured. Fig. 2(b) shows the data
samples when the load resistance is 10 MQ. As seen, the voltage for
TENG-WS is always an exponential waveform while the ones for TENG-
WOS are broad peaks. The output energy is further calculated from the
exact waveforms as shown in Fig. 2(b). Since the load resistance is the
exclusive energy consumer in the circuit, the output energy should not
change with load resistance, which is confirmed by the curve of TENG-
WS. Then the energy density by changing the dpmqy is shown in Fig. 2(d).
As seen, it follows the same curve in Fig. 1(c2) and the optimized value
of the dpqy for a 5-layer device is 1.2 mm. Then the dpy for a single layer
is about 0.25 mm. Other detailed device characterization for TENG-WS
and TENG-WOS can be found in Fig. S3 (Supporting Information). Then
the S-TENGs is prepared based on the optimized dyqy. Due to the soft
nature of the textile materials, the device can be operated in several
different modes, such as tapping, folding and wrapping as shown in
Fig. 2(e). One of the advantages of the S-TENGs is that the voltage
amplitude is not affected by the operation speed. For conventional
TENGs, which is TENG-WOS here, the voltage amplitude will increase
with contact-separation speed, which is the tapping speed. However, a
textile device always follows a gradual contact-separation pattern,
introducing a slow contact-separation speed. Thus, the textile-based
TENGs normally cannot achieve a high voltage output. However, for
the cases with a switch, which is TENG-WS, the energy can be accu-
mulated before releasing and the tapping speed does not affect the
output, as shown in Fig. 2(f-g). The similar data for the other two
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Fig. 2. The optimization of the dmax and the characterization of S-TENGs. (a) Testing configuration for the zigzag TENGs. (b) output voltage curves for TENG-WS
and TENG-WOS with different spacer distances from 0.3 to 2 mm, respectively, R is 10 MQ. (c) The effect of the dmax and load resistance on the output energy of
TENG-WS and TENG-WOS. (d) The curve of energy density with respect to the dmax. (e) Three typical operating modes for S-TENG. (f-g) The comparison of output
voltage curves between TENG-WS and TENG-WOS when the device is tapped at a low (f) and high (g) speed, respectively. (h) The comparison of voltage amplitude
between TENG-WS and TENG-WOS when the device is tapped, folded and wrapped, respectively. R is 8.3 MQ.
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operation modes, folding and wrapping can be found in Fig. S4 (Sup-
porting Information). Fig. 2(h) summarizes the voltage amplitude with
different operation speed for TENG-WS and TENG-WOS in three oper-
ation modes.

As demonstrated above, the time constant, T = RC, refers to how the
device is squeezed either by force of bending. Then any interference
factors, which do not affect the capacitance of the device, can be elim-
inated by the measurement of 1. The capacitance is calculated from
equation (3), and the humidity has no effect on both the area, A, and the
spacing, d, and only has a slight effect on the permittivity, . Thus, the
effect of humidity can be eliminated. Therefore, a new sensing mecha-
nism by measuring the time constant, 7, is proposed for stable and
reliable TENGs sensors. Here two general and fundamental sensing
scenarios, static sensing and dynamic sensing, are demonstrated. In the
future, various sensing applications can be developed based on these
two scenarios.

One of the direct applications of the static scenario of S-TENGs is a
self-powered weight scale as shown in Fig. 3. The weight of the object on
the device can be directly measured from the time constant of the
exponential output voltage waveform. The circuit and testing configu-
ration are shown in Fig. 3(a) and Fig. S5 (Supporting Information). A
tray is put on the device for a uniform weight distribution from the
object. The voltage waveform on a fixed resistance, which is 8.3 MQ, is
measured. Since only the waveform of pressing is required in this
application, a diode is connected to remove the interference of the
releasing signal. The operation of the measurement is simple, which can
be found in Video S1 (Supporting Information). An object is put on the
tray then switch is pressed to generate an exponential voltage waveform.
Then the exact weight is measured by calibrating 7. Since this is a
manual operation, the time interval from putting the object to pressing
the switch will affect the amplitude of the output voltage because of the
energy accumulated in the device will have a dissipation with time.
Fig. 3(b—c) shows the effect of this time interval on the voltage ampli-
tude and the time constant. The time points for calculating t, where
amplitude decrease to 1/e of its peak value, are labeled as red points. As
seen in Fig. 3(b), the amplitude decreases with this time interval while
the t almost keeps the same. Fig. 3(c) summarizes this trend in Fig. 3(b).
Fig. 3(d-f) shows the effect of the weight and humidity on the voltage
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amplitude and time constant. The t increases with weight (Fig. 3(d)) but
is not affected by the humidity (Fig. 3(e)). However, the amplitude is
highly affected by the humidity. The summarized calibration by
changing the humidity and weight is shown in Fig. 3(f). The two curves
of the measured 7t under different humidity levels almost have no dif-
ference. However, for the curves of measured voltage, a 10% RH
increment causes about 80% voltage drop. This test clearly demonstrates
that the measurement of the 7 can effectively remove the interference of
humidity in sensing applications. It is noticed that the whole 7 curve is
not linear. It will be more linear and sensitive at small force range. Thus,
a very detailed calibration from 0-2 N is shown in Fig. 4(a). The sensing
accuracy is 0.2 ms/N.

Supplementary video related to this article can be found at https
://doi.org/10.1016/j.nanoen.2020.104462.

A natural extension of this scenario is that: if the force applied is not
static but dynamically changing, can this device generate a force profile,
which is highly desired for quite a lot of actual sensing applications? In
operation of S-TENGs, the criterion for a voltage generation when you
close the switch is that there should have a certain force variation. Then
close the switch when the force is changed, the changing profile of the
force can be sensed.

A simple demonstration is shown in Fig. 4. The actual operation can
be found in Video S2 (Supporting Information). Five 45-g weights are
put on the tray one by one then removed one by one. The switch is closed
for each change of the number of weights to generate a series of voltage
peaks as shown in Fig. 4(b). It is emphasized that the diode in Fig. 3(a) is
removed since now we need to sense both the pressing and releasing
procedures. As seen, the peaks are positive for weight increasing and
negative for weight decreasing, meaning the polarity can show the
changing trend of the force. Then the measured t of each signal gener-
ally shows the force profile. It is noticed that the maximum 7 does not
happen at the maximum weight but has one signal delay, which is the
signal after the maximum weight. Meanwhile, the end of the curve does
not recover to its initial value. This is because of the response time of
textile materials. It takes some time for the textile to reach the equilib-
rium deformation when an external force is applied, which can be
considered as a response delay. This indicates that the device should be
further optimized to overcome this issue. Considering that the soft
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Fig. 3. Demonstration of static sensing scenario. (a) Testing configuration of weight scale; (b) The RC discharging voltage waveforms with different time interval
from putting the object to pressing the switch; (c) The amplitude and t of the waveforms in (b); (d) The normalized voltage waveforms with different weight put on
the tray; (e) The voltage waveforms with the same weight in different RH levels; (f) The characterization of the weight-t curve and weight-voltage peak curve with

different RH levels.
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device can also be folded rather than be pressed, it can also be used to
measure the hand gripping strength when the device is folded by hands,
as shown in Fig. 4(c-d). Since the hand gripping force is not unidirec-
tional, it is difficult to directly measure the applied force. Thus, we only
roughly use small, medium and large force to characterize the result.

Supplementary video related to this article can be found at https
://doi.org/10.1016/j.nanoen.2020.104462.

In the application of sensing a dynamically changing force, we can
boost up the tapping frequency of the switch, named as switching fre-
quency fs, to acquire a smoother force profile. A comprehensive expla-
nation for the data analysis is illustrated in Fig. 5(a). There are three data
dimensions for us to decode the force. The first dimension is from the
polarity of the output, which is determined by the operation trend.
According to the exact application, it is defined that the pressing or
bending the device generates positive peaks while releasing or stretch-
ing the device generates negative peaks. Secondly, the exact amplitude
of the peaks refers to the derivative of force with respect to time, dF/dt.
Since the voltage amplitude refers to the energy generated during the
time interval between two switching operations, At~ 1/f;, then the
voltage peak, V}, can be considered as a function of generated energy, E.
Meanwhile, the generated energy is proportional to the force change
during At, then Vj, is a function of dF/dt, shown as below.when fs is a
constant.

Therefore, a curve of dF/dt can be plotted from the acquired data.
Thirdly, for each peak, the 7 can be calculated as the sensing result of the
exact force at the time point when the switch is closed. A curve of force
with respect to time can be plotted. Moreover, since 7 is proportional to
F, dr/dt also refers to dF/dt. Theoretically, the two curves of dz/dt and V),
will match with each other. Therefore, in the data analysis, there are
four curves to be presented: the original measured voltage waveforms,
the curve of the peak values V), the curve of decoded time constant T and
the curve of dr/dt.

Here two different applications are demonstrated for this dynamic
sensing. One is to sense the bending angle of the elbow by attaching the
device on the inner side of the cloth. Another is to sense the stepping

sed to measure the hand grip strength: (c) output voltage curves under different the

force of foot by attaching the device inside a shoe at the heel position.
The detailed demonstration video can be found in Videos S3 and S4
(Supporting Information). The circuit used in dynamic sensing shown in
Fig. 5(b) is a bit different from the one used in static sensing: the diode is
removed.

Supplementary video related to this article can be found at https
://doi.org/10.1016/j.nanoen.2020.104462.

Fig. 5(c—d) and (f-h) shows the angle sensing of the elbow. Firstly, a
detailed -0 curve in Fig. 5(c) showing the relationship between the
bending angle, 6, of the elbow and the measured 7. The red and green
dots refer to the data measured from stretching and bending the arm,
respectively, showing a negligible hysteresis. The sensing accuracy is
0.0044 ms/degree. Then a dynamic sensing procedure by continuously
bending and stretching the arm between 0° and 90° was performed at
different fs, ranging from 2 Hz to 4 Hz by hand tapping, shown in Fig. 5
(f-h). All (i) figures show the raw data from the recording. Then the
exact Tt of each peak is calculated to plot the curve shown in all (ii)
figures. With the calibration curve in Fig. 5(c), a 6 curve can be further
decoded. Based on the 7 curves, the derivative curves of dz/dt are plotted
as yellow curves in all (iii) figures. As a comparison, the curves of the
voltage peak, V), are also plotted as blue curves. This V}, curve represents
the derivative of the bending angle, df/dt. As seen, the curves of dz/dt
and V, match with each other, validating the theory. Meanwhile, a
higher fs can achieve a higher sensing resolution and generate a
smoother profile of the sensing angle.

Fig. 5(h—k) shows the force sensing of the foot stepping. The data is
recorded and analyzed in the same way. Since the detailed 7-F curve has
been calibrated in Fig. 4(a), the calibration is not repeated here. The foot
stepping upon the device is repeated with fs from 2 Hz to 4 Hz. It is the
same as in the elbow sensing, a higher fs can achieve a higher sensing
resolution. It is noticed that the stepping force was kept for a while in the
testing. This kept force can be reproduced in the sensing results when the
fs is 4 Hz. Also as confirmed in its (iii) figure, in the duration of force
keeping, the value of the derivative is zero.

Apparently, to achieve a better sensing resolution, a higher fs is
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preferred but is out of the capability of handing tapping. A simple
alternative approach is to replace the mechanical switch with a MOS-
FET. The on/off of the MOSFET can be controlled by a clock signal. The
detailed circuit and test configuration are shown in Fig. 6(a). A
demonstration of sensing the tapping force is shown in Fig. 6(b-d) with
fs from 20 Hz to 80 Hz. The on-duration of the clock signal for each cycle
is always 5 ms. As seen, for the fs of 20 Hz, the force sensing curve is
quite smooth. This continuous and smooth force sensing curve cannot be
achieved by conventional TENGs sensors but now can be easily achieved
by S-TENGs with a high fs recording system. The detailed demonstration
video can be found in Video S5 (Supporting Information).

Supplementary video related to this article can be found at https
://doi.org/10.1016/j.nanoen.2020.104462.

However, for a higher fs, which are the cases of 40 Hz and 80 Hz, the
resolution of the sensing curves seems to have deterioration. This is a
noticeable issue for high fs recording. As seen from Fig. 6(b-d), a high fs
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Fig. 5. Demonstration of dynamic
sensing. (a) The method to analyze the
measured data: The polarity represents
the working condition of the device,
positive peaks refer to stretching in
angle sensor and releasing in force
sensor; negative peaks refer to bending
angle sensor and pressing in force
sensor; the t represents the sensing
output; the voltage amplitude repre-
sents the derivative of the sensing
output, which is dF/dt in force sensor
and dO/dt in angle sensor; (b) The
testing configuration of the angle sensor
and force sensor; (¢) The characteriza-
tion of the relationship between
bending angle and the t; (d) The sce-
narios of bending angle sensor when the
device is attached to the elbow; (e) The
scenarios of force sensor when the de-
vice is put in the shoe; (f-h) The sensing
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provides a higher resolution but also reduces the amplitude of each
peak, which is from 20 V for 20 Hz to 5 V for 80 Hz. The total energy in
one operation cycle is conserved and consumed by all peaks, a higher fs
will reduce the energy for each peak, thus reduce the amplitude. Since
the 7 is decoded from the exact waveform of each peak, the noise will
attenuate the waveform and further deteriorate the accuracy of 7. A
lower voltage amplitude makes the accuracy of the decoded r more
vulnerable to the attenuation by the noise. Therefore, here is a trade-off
between resolution and accuracy. A system with higher energy to in-
crease the amplitude of each peak can enhance the accuracy of decoded
7 and also boost up the fs. In future work, a material optimization to
increase the energy output is critical for the performance improvement
of the device.

Meanwhile, there are always some data points, whose amplitude are
very low, generating unreliable 7 even if the fs is low. Thus, an algorithm
is developed to find and correct these error data points with the
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Fig. 6. The testing circuit configuration by using a MOSFET as a switch and the algorithm to correct the error data and the comparison of the data before and after
the correction. (a) The testing circuit configuration by using a MOSFET as a switch; (b—d) The sensing results with different fs: (m) 20 Hz; (n) 40 Hz; (o) 80 Hz. (e) The
detailed flow chart of the algorithm; (f~h) The data comparison before and after the correction: all (i) refer to the measured voltage curves with fs of (b) 20 Hz; (c) 40

Hz; (d) 80 Hz; all (ii) refers to the t curve before and after the correction.

information of dr/dt and V. The flow chart is shown in Fig. 6(e) and its
principle is explained below.

As mentioned above, the changing trend of curves of dr/dt and V,
should match with each other. Here the dr/dt calculated from the 7 curve
is also vulnerable to the noise. However, the noise only attenuates the
shape of the waveform but cannot alter the polarity. So the polarity is a
stable indicator of the changing trend of the sensing parameter, which is
represented by dr/dt. Therefore, the diagnosis of error data is based on
the polarity mismatch between dz/dt and V). Since these error data al-
ways happens when the force tends to get stabilized, an approximation is
applied that the force change for error data can be neglected. Then the
error data gets the same 7 as the one before it. This correction results in
the flat curves shown in Fig. 6(b-d). As seen, these flat curves tend to
happen when the force reaches a maximum or minimum. A comparison
of the decoded 7 curves from 20 Hz to 80 Hz before and after the
correction are shown in Fig. 6(f-h). As seen, for the case of 20 Hz, since
the amplitude is higher, only a few points need correction. But for the
case of 80 Hz, much more data points need to be corrected due to the
lower voltage amplitude. The detailed algorithm can be found in the
Supporting information S6.

Since in this study, the S-TENGs is more like a sensing approach
rather than an exact device, we prepared a detailed comparison with
other types of sensing mechanisms and approaches in the Supporting
information S7.

3. Conclusions

In conclusion, a switchable textile-triboelectric nanogenerator (S-
TENG) is proposed to achieve a self-powered capacitive sensing. Instead
of measuring the voltage amplitude, which is common for conventional
TENGs sensors, the time constant 7, referring to the instantaneous
capacitance of the device, is decoded as the sensing output. This self-
powered capacitive sensing offers quite a lot of exclusive advantages.

Firstly, it can eliminate all environmental interferences, such as tem-
perature and humidity, to make the sensing output stable and reliable.
Secondly, it can be used for the sensing of a static force value or a dy-
namic force profile. For the dynamic force profile, the resolution can be
enhanced by boosting up the switching frequency, which can be easily
achieved by a MOSFET. Lastly, instead of measuring the amplitude only,
there are three data dimensions available in our approach: the voltage
amplitude, V}, the decoded time constant, 7, and the derivative of the
time constant, dz/dt. These three data dimensions not only allow us to
generate the sensing output but also enable a data correction to further
improve the sensing accuracy.

4. Materials and methods
4.1. Preparation of the device

The preparation of EcoFlexTM 00-30: First, the mixture of Parts A
and B (EcoFlexTM 00-30) with either volume or weight ratio of 1:1 was
dispersed thoroughly for about 3 min, then the blend was uniformly
coated on Ni electrode and baked with 70 °C in the oven for about 30
min.

4.2. Characterization of the S-TENG

The output voltage and was measured by DSOX3034A oscilloscope
(Agilent).
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