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A B S T R A C T

Triboelectric nanogenerators (TENGs) device is proven to be a feasible method for self-powered direct neural/
muscle stimulations. However, the higher threshold current required for direct muscle stimulation makes the
efficiency of TENGs stimulator questionable. In this study, a new general configuration of TENG device, Diode
amplified Triboelectric nanogenerators (D-TENGs), is proposed to greatly enhance the efficiency of direct muscle
stimulation in three aspects: 1. the current can be much amplified by D-TENGs; 2. the exponential current pulse
of D-TENGs device is the optimal waveform with the highest efficiency for muscle stimulation; 3. the D-TENGs
can boost up the frequency of the current pulse to match with the resonance frequency of motoneurons in
muscle, which is around 500 Hz. Thus, D-TENGs can be considered as the optimal TENG device for direct muscle
stimulations. Meanwhile, the best electrode shift phenomenon observed in the experiments is explained and a
general guideline for neural interface design is proposed.

1. Introduction

Since firstly invented by Z. L. Wang et al. [1], triboelectric nano-
generators (TENGs) have shown superior capability on energy harvester
[2–9] and have been applied for various kinds of self-powered sensors
[10–14]. Owing to its easy and low cost fabrication and the develop-
ment of soft and wearable electronics [15–17], wide range material
selection for flexible and soft device configuration and versatile cap-
ability, TENGs has been widely applied for various kinds of biomedical
applications, such as pacemaker [18], heartbeat sensor [19], direct
electrical stimulations of central nerve system (CNS) [20,21] and per-
ipheral nerve system (PNS) [22–24]. Among them, the electrical nerve
stimulation is the most surprising one: an intense nerve stimulation is
achieved when either the output current or charge generated by the
TENG device [23,24] is much lower than the threshold predicted by the
conventional strength-duration relationship [25]. Although a compre-
hensive theoretical explanation for this abnormally high efficiency
cannot be achieved, it is reported that the exponential current wave-
form, which is the exactly the current waveform of TENG device, may

be the most effective for nerve stimulations [26]. Thus, TENG devices
are very promising to be used as a standalone self-powered nerve sti-
mulator in the future.

With the pioneer exploration of the direct nerve stimulation by
TENGs, it is worthy of investigating whether the same scenario can be
applied for direct muscle stimulations, which is an effective approach
for the prevention or reversing of the muscle atrophy after losing the
neural drive [27]. Meanwhile, functional electrical stimulation (FES) on
muscle aims to recover meaningful movements to achieve complicated
tasks of grasping and walking [27]. Moreover, electrical muscle sti-
mulation is also proved to be an effective approach in the treatment of
chronic venous insufficiency (CVI) of lower limbs [28–30], which is
frequently caused by the failure of the calf muscle pump. The external
muscle activations serving as musculovenous pumps [31] can supple-
ment the blood circulation to avoid the CVI caused symptoms such as
deep vein thrombosis (DVT) and venous ulcers. However, the challenge
for direct muscle stimulation by TENGs is obvious. Different from the
peripheral nerves or central nerves which are more spatially con-
centrated in a nerve bundle or a limited region, excitable motoneurons
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in muscle tissues have a sparse spatial distribution. The threshold cur-
rent required for activation of the muscle is very high, about hundreds
of μA level, which is a great challenge for a TENG device with mini-
mized dimension. Our previous study with extensive animal testing
shows that with a palm-sized conventional TENGs, slight muscle sti-
mulation can be achieved with an optimized electrode selection [32].

In this study, a new TENG device configuration, called Diode-am-
plified Triboelectric Nanogenerators (D-TENGs), is proposed to greatly
amplify the triboelectric output for effective direct muscle stimulations.
Different from the previous open-circuit voltage amplification by a high
voltage diode [33], this D-TENGs is a general configuration which can
easily be applied for many other TENG devices to significantly boost up
the amplitude of current, power with a much reduced matched im-
pedance. More importantly, D-TENGs can offer a unique property: it
can boot up the frequency of the current waveform to match with the
resonance frequency of the motoneurons, thus maximize the stimula-
tion efficiency. Thus, the D-TENGs can be considered as the most ef-
fective device for direct muscle stimulation. Meanwhile, the best elec-
trode pair (BEP) shift phenomenon observed in experiments is studied
and explained. Based on this, some general guidelines for neural in-
terface design is proposed.

2. Results

2.1. Working principle and characterization of D-TENGs

The structure and working process of the D-TENGs is shown in
Fig. 1(a). It is a typical zig-zag shape stack-layer device with a confine
to control the height of spacing [24]. There are 11 Al(Aluminium)-PTFE
(Polytetrafluoroethylene) triboelectric surface pairs connected in par-
allel (All Al layers are connected together and all PTFE layers are
connected together.). The dimension of each layer is 8 by 8 cm2. An
additional mechanical switch connected (Zener diode with 160 V
breakdown voltage) is required to control a diode (Zener diode with
160 V breakdown voltage) connected in parallel (Fig. 1(b)), which is
different from other reported TENGs. The detailed circuit connection is
shown in Fig. 1(b). The similar switch operation has been demonstrated
in previous studies [34–36]. This mechanical switch consists of two
pieces of copper tapes and its configuration is shown in Fig. 1(a). Its
operating logic is opposite to a normal switch, which is release-on and
press-off. The detailed configuration of the device and the switch can be
found in the Supplementary S1. The equivalent circuit of the whole

setup including the D-TENGs, the diode, the switch and the load (neural
interface and the muscle tissue) is shown in Fig. 1(b). The negative
terminal of the diode is connected to the positive terminal of the D-
TENGs, which is the Al surface. In one operation cycle, the switch will
close once to short circuit the diode and thus, generate a high output of
current pulse. Compared with a normal stack-layer TENGs which has
synchronization issue, the charge generated by all layers of D-TENGs
can be accumulated in front of the diode and transferred together
within a shorter duration to achieve a short and high current pulse, as
illustrated in Fig. 1(c). This amplified current pulse is sufficient and
effective for direct muscle stimulation through a neural interface im-
planted in the muscle, as shown in Fig. 1(d). Thus, a muscle activation
can be easily achieved with a standalone self-powered D-TENGs sti-
mulator.

The detailed working mechanism of the D-TENGs for current am-
plification can be found in Fig. 2(a). At the initial state (Fig. 2(a–i)), the
two contact surfaces are separated and the switch is on. The negative
electrostatic charges on the PTFE surface are balanced by the positive
charges on the top and bottom Al electrodes. Since the top Al electrode
is closer to the PTFE film, the quantity of positive charges on the top Al
electrode is higher than that of the bottom Al electrode. Then press the
D-TENGs to turn off the switch (Fig. 2(a-ii)). Since the spacing between
the top and bottom layer is reduced, the negative charges on the PTFE
layer tend to be more balanced by the bottom Al electrode. A current
pulse of pressing (Fig. 2(b)) is generated in this step. A further pressing
to make the top and bottom surfaces fully contact (Fig. 2(a-ii)) to finish
the current of pressing. Then release the D-TENGs to separate two
contact surfaces (Fig. 2(a-iv)). The negative charges tend to be more
balanced by the top Al electrode, thus a reverse current from the bottom
to top should happen. However, these charges will be blocked by the
diode until the D-TENGs is fully recovered to turn on the switch
(Fig. 2(a–v)). The accumulated charges can be released immediately
when the switch is on, generating a current of releasing as shown in
Fig. 2(b). Compared with the output of the current of other reported
TENGs, this releasing current can be much more amplified. A detailed
comparison of the current pulses for the device with and without the
diode amplification is shown in Fig. 2(c). Due to the too low releasing
current for the cases without diode, as seen in Fig. 2(b), the pressing
current is used instead. For the cases with diode, we still use the re-
leasing current. Meanwhile, to mimic the practical condition in muscle
stimulation, which can be seen in Fig. 3, the experiment is conducted by
hand tapping with almost the same tapping force. The measured

Fig. 1. D-TENGs for direct muscle stimulation. (a). Detailed structure and operation process of the D-TENGs; (b) The equivalent circuit of the D-TENGs for muscle
stimulations; (c) The current pulses amplified by the diode; (d) The current amplified by the diode can directly stimulate the muscle with an implanted neural
interface within the muscle.
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maximum impact force for the tapping is 40–50 N and the exact tapping
procedure can be found in Supplementary video. For the current of
pressing (Figs. 2(c-1)), there is almost no difference between the two
current pulses, since the diode has no effect during the pressing. This
current of pressing lasts about 30ms as long as the whole pressing
process in this case. The situation for the current of releasing without
diode amplification is the same as other stack-layer TENGs. The current
of releasing also lasts the whole releasing process, which is a sponta-
neous procedure slower than the pressing. Thus, the current pulse is
even longer with a much-reduced amplitude shown in Fig. 2(c-2).
However, for the case with diode amplification, the charge can be ac-
cumulated by the diode and released instantaneously when the switch
is on. All the current flow is compressed into a very short duration,
about 1ms for this device, to boost up the amplitude while the quantity
of charges remains the same.

Supplementary video related to this article can be found at https://
doi.org/10.1016/j.nanoen.2019.06.040.

It is observed that the effect of the height of the spacer on the
current output of the D-TENGs tends to diminish by increasing the
height. The detailed explanation can be found in Supplementary S3. In
some case, a lower spacer can even achieve a higher output, which is
opposite to the reported TENGs. Normally, TENGs require a higher
spacer for higher and more stable output. Here we make a comparison
between two cases: 4 cm spacer with a confine, ~8 cm spacer without a
confine. The detailed data is shown in Fig. 2(d) by changing the number
of stack-layers. The short circuit currents for the device with and
without the diode amplification are recorded to calculate how many
times the current is amplified. It is noted that for the case without diode
amplification, a higher spacer can achieve a higher current (20 μA of
8 cm spacer is higher than 10 μA of 4 cm spacer with 11 layers). This is
reasonable for the other reported TENGs. But for the case with diode
amplification, the maximum currents for 11 layers are the same with
the different height of spacer, ~40 μA. Thus, the case of 4 cm spacer can
achieve a higher current amplification, which is 3.4 with 11 layers,
while the case of ~8 cm spacer only achieves the current amplification
of around 2.

With this current amplification, D-TENGs can also enhance the
output power with a much reduced matched impedance. The detailed
comparison is shown in Fig. 2(e). For the case without the diode, the
output power peaks at 2.83 μW with around 6MΩ matched impedance.
With the diode amplification, the output power can be boosted up to
500 μW with a 0.8 MΩ matched impedance.

In summary, with an extra diode, the D-TENGs can greatly boost up
the current and output power with a much reduced matched im-
pedance. Meanwhile, the current pulse is much reduced, which is a
frequency up-boost effect. Here the frequency refers to the reciprocal pf
the signal pulse width than the period of the operation cycle. This
frequency up-boost makes direct muscle stimulation more effective,
which will be demonstrated in the following section. Moreover, the D-
TENGs is more like a general configuration rather than an exact device,
which can be applied to TENGs with other structures and materials.
With a better material selection and surface treatment, the output can
be further improved.

2.2. Results of direct muscle stimulation using D-TENGs

Fig. 3 shows the results of direct muscle stimulation using D-TENGs.
The testing setup is shown in Figs. 3(a-1). A home-made polyimide
neural interface developed (Figs. 3(a-2)) was implanted in the TA

(Tibialis anterior) muscle to generate a forward kicking by electrical
stimulation. The force is measured by the force gauge which is con-
nected to the leg with a wire. The neural interface is connected to the D-
TENGs to apply electrical stimulations. There are 6 electrode pads on
the neural interface, allowing different electrode pair combinations for
the stimulation (Figs. 3(a-2)). Since the stimulation result is highly af-
fected by the current polarity and the relative position between the
electrode pair and the target motoneuron, the force generated by the D-
TENGs will be different by changing the electrode pair combinations.
Thus, to make a complete investigation of the stimulation by D-TENGs,
all possible combinations were studied and the results are shown with a
matrix in Fig. 3(b–c). In our previous study, it was proved to be an
effective method to characterize the efficiency difference between all
possible electrode combinations [32]. In this matrix, each square re-
presents a specific electrode pair combination. Since the polarity of the
current pulse is also a parameter to be considered, we will differentiate
the positive (connected to the Al layer) and negative (connected to the
PTFE layer) electrodes. For example, (1,5) means pad 1 and 5 are
connected to the positive and negative terminals of the D-TENGs, re-
spectively. It is noted that combinations such as (1,1) and (2,2) are
unavailable since one electrode pad cannot be connected to both the
positive and negative terminals. The experiment details can be found in
Supplementary S2.

We performed four tests to compare the stimulation efficiency of the
device without and with the diode amplification, shown in Fig. 3(b) and
(c), respectively. For the case of no diode amplification, there is no
electrode pair to generate any force in test 1 and 2. It means that in
these two tests, the implanted neural interface is too far away from the
motoneurons. In test 3 and 4, only some specific pairs can generate very
low force. The highest force recorded is 0.12 N as shown in Figs. 2(d-1).
It can be seen that all the successful stimulations are related with some
specific electrode pads, which is pad 1 in test 3 and pad 2 in test 4. This
means that these two pads are very close to the target motoneuron.
Since the current without diode amplification is very low, a successful
stimulation can only happen when the electrodes are very close to the
motoneuron. However, for the cases with the diode amplification, al-
most all the combinations can be used for stimulation with a much
higher force generation. The highest forced recorded is 0.24 N shown in
Figs. 3(d-2). The video showing the lag kicking by the D-TENGs sti-
mulation can be found in Supplementary video.

3. Discussion

There are three interesting points to be observed. Firstly, it seems
that the current pulses generated by the TENGs are more effective for
muscle stimulation than commercialized stimulators. For most of the
cases, the triboelectric device can achieve the same stimulation results
with either a lower current or a lower charge quantity. Here we sum-
marized all the stimulations results by current pulses generated by the
D-TENGs and a commercial stimulator (A-M SYSTEMS model 4100) in
Fig. 3(e). The data points for the triangle, square and sinewave current
pulses are from Fig. 4 and Fig. 5 in the following sections. As seen, for
the square the triangle current pulses, the working range is normally
higher than 500 μA while the D-TENGs can achieve the same force at a
much lower current range. In this case, the current is 10 μA and 40 μA
for D-TENGs with and without the diode amplification, respectively, as
characterized in Fig. 2(c). The same phenomenon happens in our pre-
vious study of sciatic nerve stimulation by TENGs [23,24]. In sciatic
nerve stimulation, it was also observed that a strong stimulation can be

Fig. 2. Characterization of D-TENGs: (a) The working principle of the D-TENGs for current amplification; (b) A typical current profile of the D-TENGs; (c-1) The
comparison of the pressing current peaks with and without the diode amplification; (c-2) The comparison of the releasing current peaks with and without the diode
amplification; (d-1) amplification of the short circuit current (Isc) with a spacer confine (Pressing current for without diode and releasing current for with diode); (d-
2) amplification of the Isc without a spacer confine (Pressing current for without diode and releasing current for with diode); (e) the output voltage and power with
different load resistance with and without the diode amplification.
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Fig. 3. (a) Test setup and experiment configuration of the direct muscle stimulation by D-TENGs; (b) the image of the neural interface with electrode pad array,
which is numbered from 1 to 6, corresponding to the coordination of the matrix used in (b–c); (b–c) Four tests of the direct muscle stimulation by the D-TENGs with
and without the diode amplification. Each block in the matric refers to the generated force with a specific electrode pair combination. For example, (1,5) means the
pad 1 and 5 are connected to the positive and negative terminals of the D-TENGs, respectively. The combination of highest force generation is labeled with green and
purple blocks for results with and without diode amplification, respectively; (d) The typical force generated by the D-TENGs with (d1) and without (d2) the diode
amplification; (e) The summary of all the testing results by using D-TENGs and commercial stimulators with different current waveforms and amplitudes.
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Fig. 4. Stimulation results showing the resonance frequency of the motoneuron in the TA muscle. (a) Testing configuration: two electrode pair combinations (a-1) are
selected to apply the triangle pulse and sinewave pulse in (a-2) by changing the current amplitudes and pulse widths; (b) The force curve with different pulses width
and current amplitudes of triangle current pulses, showing a maximum force at the pulse width of ~1000 μs, it is noted that the time axis is non-linear; (c) The force
curve with different pulses width and current amplitudes of sinewave current pulses, showing a maximum force at the pulse width of ~1000 μs
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Fig. 5. The shift of the BEP (Best electrode pair) in stimulations with square current pulses. (a) Testing configuration: the electrode pairs along two lines, line A and
line B, are selected to apply the 300 μs square current pulse in (a-2) by changing the current amplitude; (b) The results of test 1; (c) The results of test 2.
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achieved with a very low current generated by the TENGs. One possible
reason is that the exponential current waveform involved in the TENGs
output is more effective than other shapes of waveforms for nerve sti-
mulations. Some early studies have shown confirmatory results to
support this possibility [26]. Our own investigation also shows sup-
portive evidence [23]. However, making a totally fair comparison of the
stimulation efficiency is quite difficult since we cannot assign equal
charge, current and power for different waveforms simultaneously.
Thus, it may be too early to claim that TENGs is the most effective
device for nerve and muscle stimulations. But current results show that
TENGs is very promising for nerve stimulations.

The second point is that the enhanced force generation by the diode
amplification may not only come from the increased current amplitude
but is also affected by the frequency up-boost effect. As shown in
Fig. 2(c), the D-TENGs can achieve a very narrow current pulse, which
accidently matches the resonance frequency of the target motoneuron.
It was reported that the neuron can have a higher response to the
current with a matched frequency [37–40]. To validate this point, we
used the triangle current pulse, which resembles the current pulse of D-
TENGs (shown in Fig. 2(c-2)) to measure the resonance frequency in the
muscle stimulations. Two random electrode pairs are selected, as shown
in Figs. 4(a-1), to apply the triangle current pulses and sinewave current
pulses with different pulse widths and current amplitudes, as shown in
Figs. 4(a-2). The reason for using the sinewave is that the sinewave is
single frequency signal which is more suitable for validating the re-
sonance frequency hypothesis. For the situation of the triangle wave-
form, both the testing results in Figs. 4(b-1) and (b-2) show the same
trend: the force reaches the maximum at the pulse width of ~1000 μs,
which is very close to the current pulse of D-TENGs as measured in
Figs. 3(c-2). For the situation of the sinewave current, the testing results
show a more complex trend. For test 1 in Figs. 4(c-1), the resonance
effect is distinct when the current is low but gradually disappears by
increasing the current amplitude. For another test in Figs. 4(c-2), only a
small resonance peak is observed at medium current. For the case of
both low and high current, the resonance peak is not well observed.
Considering the unclear detailed mechanism of electrical nerve stimu-
lation, we cannot fully explain the complex force curve observed in the
sinewave test currently. However, the resonance effect at around 1000
μs pulse width is repeated observed in different tests with different
current waveforms, it is strong evidence to support that the resonance
frequency of the motoneuron in TA muscle is very close to 500 Hz
(1000 μs for monophasic waveform). The up-boosted current frequency
is also a part of the reason that accounts for the enhanced force gen-
eration. It also indicates that the D-TENGs is particular and much more
suitable than other reported TENGs for direct muscle stimulation.

The third point is the best electrode pair (BEP) shift problem. It was
observed that the BEP, which is the electrode pair to achieve the
maximum force, can shift in the same test by increasing the current
amplitude. The BEPs in each test are labeled by green and purple blocks
in Fig. 3(b) and (c) for cases without and with the diode amplification,
respectively. As seen, in test 3, the BEP is (1,4) without diode ampli-
fication (Fig. 3(b-3)). However, in the same test with diode amplifica-
tion (Fig. 3(c-3)), there are 6 blocks with almost the same maximum
force. Among them, (1,6), (2,6) and (2,4) have no force while (6,2) and
(6,1) only generate a very low force without the diode. This phenom-
enon is more distinct in test 4 (Figs. 3(b-4) & (c-4)): the BEP shifts from
(6,2) to (5,2).

To validate this phenomenon, we perform another test with com-
mercial stimulator by applying square current pulses. The testing con-
figuration is shown in Fig. 5(a). We randomly selected the electrode
pairs along two lines, line A and line B, to apply the 300 μs square
current pulse with different amplitudes. The test was repeated twice on
two rats and the results are shown in Fig. 5(b–c). For line A, the positive
electrode is fixed on pad 3 and the negative electrode changes from 1 to
6. For line B, the negative electrode is fixed on pad 4 and the positive
electrode changes from 1 to 6. The BEPs before and after the shifting are

labeled as green and purple circles, respectively, by increasing the
current. As seen, with the same current increment, the force increment
varies with different electrode pairs. Thus the BEP shift is a common
phenomenon.

The phenomenon can be explained by involving the stimulation of
multiple motoneuron branches in the test [41,42]. There are multiple
neuron branches can be stimulated in the muscle. Consider there are
two electrode pairs, pair A and B, to stimulate two neural branches,
branch 1 and 2. Pair A is very close to branch 1 and quite far from
branch 2. Pair B is between branch 1 and 2. Then pair A is very dedi-
cated to the stimulation of branch 1. The stimulation strength of branch
1 can be very high even the current is low. However, pair B can sti-
mulate both branch 1 and 2 but requires a relatively higher current.
Then, as a result, the force of pair A will be higher than pair B at low
current. But by increasing the current, pair B can gradually stimulate
both branches and generate a higher force than pair A. The shift of BEP
happens. This is just a simple case while the actual situation can be
much more complicated. But we still can obtain some guidelines for the
muscle stimulations by a stimulator with limited power output, which is
the case for D-TENG. When the energy is limited, finding the BEP for
best efficiency is very critical. Since the BEP shift is an inevitable issue,
a force mapping like the matric used in Fig. 3 is a necessary effort to
locate the BEP. Meanwhile, it also suggests that a neural interface with
an electrode pad array is a good design for the optimization of muscle
stimulation efficiency.

In conclusion, a Triboelectric nanogenerators (TENGs) device with a
new configuration, called Diode amplified Triboelectric nanogenera-
tors, is proven to be a feasible method for self-powered direct neural/
muscle stimulations. It overcomes the higher threshold current obstacle
for direct muscle stimulation, making TENGs as effective stimulators for
neuroprosthesis. It greatly enhances the efficiency of direct muscle
stimulation in three aspects: 1. the current can be much amplified by D-
TENGs; 2. the exponential current pulse of D-TENGs device is the op-
timal waveform with the highest efficiency for muscle stimulation; 3.
the D-TENGs can boost up the frequency of the current pulse to match
with the resonance frequency of motoneurons in muscle, which is
around 500 Hz. Meanwhile, the best electrode shift phenomenon ob-
served in the experiments is explained and a general guideline for
neural interface design is proposed.

4. Methods

4.1. Fabrication of the stack-layer D-TENGs

A long PET film with 9 cm width is folded to form the zig-zag
structure. The dimension of each folded layer is 9 cm by 9 cm. Then the
Al tapes with 8 cm by 8 cm dimension are attached to each folded layer
to form the electrodes of D-TENGs. PTFE layers are attached on the Al
tapes on odd layers to form the Al-PTFE contact surface pair. All the Al
layers without PTFE coating are considered as positive terminals and
are connected with wires. All the Al layers with PTFE coating are
considered as negative terminals and are connected with wires. Thus,
all triboelectric pairs are connected in parallel. An additional PTFE
layer is wrapped around the device to form the confine. Two electrodes
are attached as shown in Fig. S1 to form the mechanical switch to
control the diode.

4.2. Tibialis anterior (TA) muscle test electrode configuration, experiment
procedure and testing setup

Sprague-Dawley rats (around 450 g) were used in acute experi-
ments. Rats were housed and cared for in compliance with the guide-
lines of the National Advisory Committee for Laboratory Animal
Research (NACLAR) and were humanely euthanized after the experi-
ment. During the experiment, isoflurane was used to induce and
maintain general anesthesia (Aerrane®, Baxter Healthcare Corp., USA).
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The Tibialis Anterior (TA) muscle was exposed for electrode im-
plantation. Our home-made double-side polyimide electrode was su-
tured into the muscle belly, transversal to muscle fibers in TA muscle.
Current stimulation was delivered from either A-M SYSTEMS model
4100 isolated high-power stimulator or the D-TENGs. Force was mea-
sured with a dual-range force sensor (Hand dynamometer, Vernier, USA
with NI-DAQ USB-6008, National Instruments, USA) tied to the ankle of
the animal.
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