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An Elastic Triboelectric Nanogenerator for Harvesting
Random Mechanical Energy with Multiple Working Modes
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Guobin Zhang, Chongwen Zou, and Zhong Lin Wang*

Because of the shortage of fossil energy and the rapid development of
Internet of things nowadays, renewable and clean energy is becoming
valuable and necessary. One renewable energy source, triboelectric nano-
generators (TENGs), has been proved to effectively harvest energy from vibra-
tion, walking, and even sphygmus. TENGs based on contact-separation mode
are foremost and fundamental, and the input stimuli for TENGs are strictly ical
limited by constant amplitude and uniaxial direction of motion, which limits
many practical applications. Therefore, it is extremely meaningful to develop

a kind of TENG to collect random energy, which ubiquitously exists in the
ambient environment. Here, an elastic rubber is placed inside the structure of
an elastic TENG (E-TENG). With this novel structure, the output signals of the
TENG are almost independent of the amplitude of the external stimuli due to
the elasticity of rubber. Moreover, the E-TENG shows good performance on
angle detection without the limitation of the direction of stimuli. It is believed
that the E-TENG will contribute to developing next-generation flexible TENGs

and self-powered sensors in the future.

Global warming and climate change, which mainly attribute
to the heavy consumption of fossil fuels, have become
two of the most serious problems that the world faces for
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the past decades.!! Considering the
diminishing of fossil fuels, the explora-
tion and exploitation of renewable and
clean energy need to be urgently imple-
mented. It has been proven that TENG
may be a good alternative due to its effec-
tiveness in harvesting ambient mechan-
energy.’> In addition, TENGs
themselves can also be used as self-
powered sensors, due to the converted
electric signals usually vary with external
stimuli. These self-powered sensors
based on TENGs have been successfully
applied to sense and monitor motion,
vibration, environmental and biological
monitoring.[5-

Traditionally, the operation of TENGs
can be divided into four modes: ver-
tical contact-separation mode, lateral
sliding mode, single-electrode mode,
and freestanding mode.l')  Among
those modes, contact-separation is
the most common and foremost one, based on the rela-
tive motions between two dissimilar materials. The TENGs
based on contact-separation mode are usually fabricated by
gluing two different polarity dielectrics on rigid substrates,
respectively.''~1*] The polymer materials, e.g., nylon, poly-
tetrafluoroethylene (PTFE) are usually selected as the dielec-
trics,[1>71% due to their advanced performance in triboelectric
series.?% The rigid acrylic board is easy to be cut and has
chemical inertness, insulating properties, which is usu-
ally used as a substrate in the fabrication of TENGs.[®2122]
To generate electric output, the two dissimilar materials are
first forced to contact with each other, and then separated
to a certain distance. During this contact-separation event,
the distance between the two dissimilar dielectrics is critical.
If the approaching distance is not enough to make the two
dielectrics contact, the electric signals of the TENG are low,
because most of the charges are not transferred by contact
electrification.?324 Also, if the approaching distance is larger
than the original separated distance of the two dielectrics,
the high force due to contact may destroy the TENGs, which
mean the motion amplitude and the direction of the applied
stimuli are strictly limited. In contrast, irregular and random
mechanical stimuli are commonly existing in the ambient
environment, which may not be suitable for harvesting from
traditional contact-separation TENG.

Here, an elastic rubber film between two electrodes to
develop an advanced elastic TENG (E-TENG) was introduced
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to overcome the above challenges. Due to the elasticity of
rubber, the stimuli with various amplitude and directions can
be adopted in principle, because according to the working
mechanism of contact-separation mode,?3! once the electrodes
are contacted and separated with respect to the elastic rubber,
the electric signals should be generated. In order to exhibit
advanced performance, three modes, i.e., single contacting,
dual contacting and rotation modes, are indicated in our experi-
ments. The stimuli with various amplitudes are applied to
our E-TENG to produce stable electric signals based on single
contact or dual contact mode. The generated electrical energy
by E-TENG can efficiently light up LEDs or charge a commer-
cial energy storage device for further applications. A rotation
operation mode of this E-TENG can utilize the stimuli with dif-
ferent directions. For example, the output signals raise with the
increase of rotation angle, owing to the increasing contacting
areas between the rubber and electrodes, suggesting that
the E-TENG can also be used as an angle sensor. This novel
design of the E-TENG with elastic dielectric can potentially be
generalized to flexible TENGs that can further improve the
performance of energy harvesting and self-powered sensors.
Figure 1a shows the schematic of the E-TENG. A rubber
film was installed at the middle of the two copper (Cu) elec-
trodes, which were fabricated by winding copper films around
the quasi-ellipse columns. Other details of the fabrication pro-
cesses are presented in the Experimental Section. The E-TENG
is operated by using the contact-separation mode with the
contact-separation events between the rubber and two elec-
trodes (described as dual contacting mode) shown in Figure 1b.
Owing to the elasticity of rubber, the uniaxial motion of the
Cu electrodes exceeds the original distance between the elec-
trodes and rubber, which means the TENG can work effectively
without the limitation of the amplitude of the irregular stimuli.
The working principle of the TENG at short-circuit condition
is summarized as follows (Figure 1b). After the first contact—
separation event happened between one copper electrode and
the rubber triggered by external mechanical force, the copper
film became positively charged and rubber turned into nega-
tively charged according to triboelectric series.?l Because the
rubber film contacted the two Cu electrodes, both sides of the
rubber film would become negatively charged. As shown in
Figure 1b, i) due to the electrostatic screen effect, the positive
charge assembles on the electrode which is contacted with the
the electrostatic screening effect on the electrode that was previ-
ously in contact with rubber. Then, the electrons would transfer
from the electrode to the other electrode gradually with a uni-
axial motion to balance the electric field; iv) when the other
electrode contacts the rubber film, half of the cycle is finished,
and the other half of the cycle is same as above processes.
Figure 1c shows the open-circuit voltage (V,.) when external
stimuli with different amplitudes (d) are applied. Because the
original distance between the two electrodes is 14 mm, once
the amplitude of the stimulus is beyond 14 mm, the elastic
rubber would deform (Figure S1, Supporting Information).
When each electrode just contacts the rubber film without
causing any deformation (i.e., d = 14 mm) by a small force, the
Vi, is around 70 V. The V,. would increase slightly to around
85 V when greater force was applied to the rubber film causing
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deformation (d = 34 mm), attributing to the extra contacting
area from the lateral part of the electrodes and the tighter con-
tact between electrodes and rubber film. However, when d is
more than 34 mm, the V,. remain constant, for instance, the V,.
still is around 85 V at d = 39 mm. Similar to the V. results, the
short-circuit transferred charge (Qy) slightly increases to a satu-
rated value (=29 nC) when d is larger than 34 mm (Figure 1d).
These results indicate that our TENG can keep an almost
stable performance when different external stimuli are applied.
The V,. (Figure 1e) and short-circuit current (I, Figure 1f) were
measured at same amplitude (4 = 34 mm), but with varying fre-
quencies. The peak to peak amplitude of V,. (AV,., AV, =V,
because we set the minimum potential to be 0 V) is around
85 V when the E-TENG operates at 1-4 Hz (red dashed in
Figure 1g). The bigger peak to peak amplitude of I, (Aly) can
be produced at a higher frequency (olive dashed in Figure 1g).
For example, the AL reaches 1.8 UA at 4 Hz. The electric output
is also affected by the external resistances. With the increase of
the external resistances (R.), the voltage across the resistor also
increases, and the maximum output peak to peak voltage (Vjear)
achieves to its peak of 118 V (59 V X 2, because only one-side
peak to peak voltage during switch-on should be considered to
calculate power) at 4.74 x 10® Q (Figure 1h). It should be noted
that this value is larger than the AV, (=85 V in Figure 1g). Fur-
ther investigation needs to be conducted to understand the
abnormal phenomenon (Figure S2, Supporting Information).
The maximum output power density (Ppe) based on Ohm's
law can be calculated as

2

P = peak 1
kT YR, (1)

and the instantaneous power density (P) reaches its maximum
at a load resistance of =100 MQ, corresponding to a peak power
density of =84 mW m™2 (Figure 1h).

In another situation, when only one of the copper electrodes
contacted the rubber (described as single contacting mode), the
similar results show that the V.. = =46 V, Q,. = =20 nC, and
Ppearc = =10 mW m™ at a resistance of ~100 MQ (Figure S3,
Supporting Information). Compared with the corresponding
signals of the dual contacting mode, the signals of single con-
tacting mode are lower, because only one face of the rubber is
contacted with one of the copper electrodes.

The above results mainly prove the TENG’s high perfor-
mance subjected to the uniaxial motions with different ampli-
tudes. In addition, since the rubber film has an outstanding
elasticity, the external stimuli with different directions are
expected to be available for our E-TENG. For example, the sche-
matic of when rotation stimuli are applied to the E-TENG is
shown in Figure 2a. The working processes are similar to the
direct contact-separation mode in Figure 2b. The applied rota-
tion changes the contact area of rubber and electrodes, which
will drive electrons to transfer along the circuit to balance the
electric field in the short-circuit condition. The difference is
that the voltage is produced between copper electrodes and
ground rather than originating from the two electrodes in dual
contacting mode (Figure 1b). Since the contacting area is asso-
ciated with the rotational angle, Figure 2c,d shows V. and Q.
as functions of rotational angle (w) of stimuli, respectively. The
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Figure 1. The elastic triboelectric nanogenerator (E-TENG) operates at the dual contacting mode. a) The schematic of the E-TENG. A flexible and elastic
rubber is placed at the middle of two copper electrodes as one of the triboelectric layers. b) The working processes of the E-TENG based on dual con-
tacting mode. The electric signals can be generated by the contact—separation events between the rubber and two electrodes. When the external stimuli
with different amplitudes (d) are applied on the E-TENG, the open-circuit voltage (V,) c) and the short-circuit transferred charge (Q) d) are measured.
The black dashed lines are the derived amplitude of V, in (c) and Q. in (d), respectively. When the external stimuli with same amplitude (d = 34 mm)
but different frequencies (f) are applied, the V,. €) and the short-circuit current () f) are measured, respectively. g) The red curve is the peak to peak
amplitude of V, (AV,) derived from (e); and the green curve is the peak to peak amplitude of Iy (Aly.) derived from (f), both as functions of frequency.
h) An external load is connected to the E-TENG, the red curve is the voltage with different resistances. The blue curve is the calculated peak power as
a function of resistance. The applied stimulus is d = 34 mm, f=1 Hz. All error bars represent standard deviation from independent measurements.

heart-shaped curve in Figure 2c shows the electric output (V,) Qs ==12.5 nC at £180° (Figure 2d). When the rotational angle
at different rotational angles, from -180° to 180°. The trend  changed periodically from 0° to 80°, the V,. (Figure 2e) and Iy
observed is that with increasing rotational angle, the open-  (Figure 2f) were measured at different frequencies. The results
circuit potential difference increases. For example, V, is around  suggest the AV, is constant around 15 V even the frequency is
40 V at £180°. The Q. also shows the same trend as V,, e.g.,  up to 4 Hz (red line in Figure 2g), in contrast, the Al increases
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Figure 2. When the rotation mode is applied to E-TENG. a) The schematic of the E-TENG working on rotation mode. b) The working processes of the
E-TENG based on rotation mode. The electric signals can be generated between the two electrodes and ground. When the external stimuli with dif-
ferent angles (w) are applied on the E-TENG, the V,. c) and the Q. d) are measured, respectively. When the external stimuli with the same amplitude
(w = 80°) and different frequencies (f) are applied, the V,. €) and the I f) are measured, respectively. g) The red curve is the AV, derived from (e) and
the green curve is the Al derived from (f) as a function of frequency, respectively. h) An external load is connected to the E-TENG, the red curve is
the voltage on the load with different resistances. The blue curve is the calculated peak power as a function of resistance. (w = 80°, f=1 Hz). All error

bars represent standard deviation from independent measurements.

with frequency (olive line in Figure 2g). The instantaneous
power density (P) reaches its maximum of around 2.13 mW m2
(Figure 2h) at a load resistance of =110 MQ.

Finite element analysis (FEA) is a powerful tool for electro-
static analysis. Here, the open-circuit potential of the contact—
separation mode and rotation mode of the E-TENG were
calculated with FEA method by COMSOL Multiphysics soft-
ware (Figure 3), where the colors correspond to the magnitude
of potential.?”! For the contact-separation mode, in Figure 3a,
the electric field of the copper electrode contacting the rubber
is screened, resulting in lower potential compared to the other

copper electrode. The arrows in the figure show the electric
field lines. Their directions from high potential to low poten-
tial match the potential distribution. When the rubber is rightly
located at the middle of the two electrodes, both electrodes
have high potential (Figure 3b). For this situation, the struc-
ture is symmetric, so the two electrodes have the same poten-
tial, which could be proved by the mirror symmetry of electric
field lines. At this moment, there is no output voltage between
these two electrodes when they are connected by an external
wire. On the other hand, for the rotation mode, the structure
is always symmetric at any angle (Figure 3c,d), which means
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Figure 3. The potential distribution of the E-TENG under open-circuit condition based on dual contacting mode: a) one of the electrodes contacting
with the rubber and b) the rubber is located at the middle of the two electrodes. The potential distribution of the E-TENG under open-circuit condition
based on rotation mode: c) the two electrodes start to contact with rubber and d) the arc surfaces of the two electrodes are contacting with rubber.

the output voltage cannot be generated between the electrodes.
However, the output voltage between the electrodes and ground
could be utilized. In Figure 3c, the potential of the ground as
the background is indicated by orange color. When the two
electrodes start to contact the rubber, the negative charges on
rubber could not screen the electric field of positive charges
on electrodes, which leads to the high potential on electrodes.
Rotating the electrodes can make the two electrodes contact the
rubber more efficiently, which promotes the screening effect
of the electric field (Figure 3d). The color of the electrodes is
almost merging into the orange background, which suggests
the output voltage (between the ground and the electrodes) is
reduced. Interestingly, although the substrate of the electrodes
is the insulating materials (i.e., acrylic), there was no electric
field line inside, suggesting the whole electrodes including the
substrates are isopotential. The explanation should be that the
electrodes are conductor which would screen all outside electric
field according to Gauss’ law.[?]

Since the E-TENG can collect various energy in different
modes, the TENG is connected to a rectifying circuit that con-
verts AC signals of the TENG to DC, so the E-TENG can drive
different devices, such as supercapacitor (SC), light-emitting
diodes (LEDs), oscilloscope (OSC, DC is not necessary for it) or
other electronic devices (Figure 4a). In Figure 4D, the E-TENG
can charge a commercial supercapacitor (22 puF) directly to
50 V in around 100 s by dual contacting mode; and 25 V by
single contacting mode. Then the charged supercapacitor can
drive an electronic clock, inset of Figure 4b. Because the dual
contacting mode has better output, it can light up 50 LEDs, as
shown in Figure 4c. The brightness of LEDs at both sides is low

Adv. Mater. Technol. 2019, 1900075
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due to the viewing angle. When the single contacting mode was
used, only 28 LEDs can be lit up. The rotational mode cannot
produce larger power comparing with contacting modes,
but we found it could be used as an angle sensor, as shown
in Figure 2c. In Figure 4d, compared with the applied angles
(21.6°, 28.9°, 36.1°, and 43.3°) denoted by yellow triangles, the
measured angles (denoted by black dots, numbered from 1 to 4)
well match the actual values.

In conclusion, E-TENG, which can work in various mode,
dual/single contacting modes and rotation mode, was devel-
oped. Because of the elasticity of the TENG, different external
stimuli with various amplitudes, directions could be used to
generate electric power. Especially the dual touching mode
can light 50 LEDs, and charge supercapacitor to 50 V within
100 s. The performance of single touching mode is almost
50% less compared with the dual touching mode, because the
single face of the rubber is touched with the copper electrode.
When the rotational mode is applied, the E-TENG can serve as
an angle sensor. We trust our elastic TENG is potential to be
developed as a novel self-powered source for collecting random
stimuli and self-powered senor.

Experimental Section

Fabrication of the E-TENG: A 95 mm x 60 mm x 0.2 mm rubber was
used as the elastic dielectric. The rubber purchased from McMaster-
Carr, and the detailed product information is indicated in Table S1
(Supporting Information). The rubber was installed on a frame as shown
in Figure Ta. Two copper films as electrodes were pasted on two acrylic
columns, respectively. Figure S4 (Supporting Information) shows the

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4. a) Circuit diagram of the self-charging power system integrated by the E-TENG and supercapacitor (SC), light-emitting diode (LED), and oscil-
loscope (OSC). b) The generated electric energy by the E-TENG based on single/dual contacting modes can charge a supercapacitor, and the stored
energy can be used to drive an electronic clock as shown in the inset. c) The generated electric energy by the E-TENG based on single/dual contacting
modes can light up 28/50 LEDs. d) The E-TENG being operated by rotation mode can detect the rotational angle as a sensor of angular rotations. The
error bars represent standard deviation from independent measurements.
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