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ABSTRACT

Transform rotary motion triggered by environmental mechanical energy (e.g., wind) to electrical energy is
widely used for energy harvesting. Triboelectric nanogenerators that are used to harvest rotational mechanical
energy are mostly based on in-plane sliding or free-standing mode. However, the relative friction between the
two contacting triboelectric layers may cause severe abrasion, which reduces the durability of the device and
increases the maintenance cost. In this study, we report a combination of a cam and a movable frame for a novel
triboelectric nanogenerator (CMF-TENG), which is expected to reduce the abrasion problem and improve the
output performance. The cam is designed to transform the rotational motion triggered by ambient mechanical
energy to linear movement of the movable frame, leading to a contact-separation of the triboelectric layers
within each sub-triboelectrification unit of CMF-TENG, thus electric output can be generated. The average
electric output from one subunit of the CMF-TENG achieved around 200V of open-circuit voltage, 2.9 pA of
short-circuit current, and 96 nC of transferred charge at the triggered rotational speed of 60 rpm. The power
output increase from 180 uW (1 subunit) to around 728 uyW when three subunits were connected in parallel. The
output voltage of the CMF-TENG remained almost consistent throughout the roughly 8 h continuously operation,
suggesting outstanding robustness and durability of the CMF-TENG. The CMF-TENG harvest energy from wind
can light up 113 blue LEDs connected in series at a wind speed of 13.9 m/s with the assistance of a rectifying
circuit; and can power a thermometer at the same wind speed condition with the assistance of a rectifying circuit
and a capacitor. The results imply that the CMF-TENG can not only be used to harvest energy from the ambient
environment, but also can achieve self-powered sensing. Technically, by using this novel design, additional sub-
triboelectrification units can be added to improve the electric output of the entire device and the rotational
mechanical energy can be harvested more effectively with less abrasion.

1. Introduction

recently and has been developed as one of the most promising alter-
natives for harvesting mechanical energy [5-9]. The fundamental

Owing to the rapid growth of world energy consumption, con-
sidering the diminishing amount of non-renewable energy sources (e.g.,
fossil fuels), renewable and sustainable energy technology has emerged
as an important field of research [1,2]. One of the most promising al-
ternatives is to take advantage of the mechanical energy from the
ambient environment. With its abundance, the omnipresent ambient
mechanical energy may be used to supply the needs of energy. There-
fore, several approaches, such as piezoelectric or electromagnetic, were
developed to achieve this goal [3,4].

In conjunction with contact-electrification and electrostatic induc-
tion, the innovative triboelectric nanogenerator (TENG) was proposed

physics of TENG was found related to Maxwell's displacement current
[10]. Compared to other approaches of energy harvesting, the TENG
has raised interest worldwide in the past several years because of its
lightweight, cost-effective, and abundant choice of material [11-13].
More importantly, it has been proved that TENGs can convert me-
chanical energy into electrical output more efficiently than widely used
electromagnetic generator at lower frequencies (e.g., < 5 Hz), implying
that TENG may be a great alternative for harvesting ambient mechan-
ical energy [14].

TENG for harvesting mechanical energy is mostly based on in-plane
sliding [15-18] or contact-separation mode [19-22]. Especially, the
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sliding mode is widely used in harvesting rotational energy and has the
advantage of generating high electric output [17]. However, in the
sliding mode-based TENGs, the relative displacement between two
contacting triboelectric layers may cause severe abrasion, which lowers
the output power and shortens the service life of the devices [23].
However, on the other hand, compared to the contact-separation mode,
the sliding mode with grids electrode typically can generate electric
output with higher frequency, which is desired for practical applica-
tions [24-27]. Therefore, to reduce the abrasion when harvesting ro-
tational energy, increase the durability of the TENG devices, and, in the
meantime, improve the frequency of the electric output remain chal-
lenging.

To address this issue, we propose a cam and a movable frame-based
triboelectric nanogenerator (CMF-TENG) that can be used to harvest
energy from the rotational motion (e.g., triggered by ambient me-
chanical energy). The movable frame can move linearly driven by the
rotation of the cam. The linear movement of the movable frame can
then lead to the contact separation of the triboelectric layers within
each subunit periodically, thus generates electric output. With our
specific design of the cam (will be discussed later), the frequency of the
electric signals from each subunit can be raised. For example, when the
simulated rotating movement reaches 60 rpm (i.e., 1 Hz), the electric
output from each subunit can achieve a frequency of 3 Hz. The designed
CMF-TENG has 6 sub-triboelectrification units. Each subunit can deliver
an average electric output of around 200V of open-circuit voltage,
2.9 pA of short-circuit current, and 96 nC of transferred charge when
the triggered rotational speed was at 60 rpm.

With the assistance of a rectifying circuit, the CMF-TENG can light
up 113 blue light-emitting diodes (LEDs) (connected in series) when the
wind speed was at 13.9 m/s. With the assistance of a rectifying circuit
and a commercial capacitor, the CMF-TENG can also power a com-
mercial electronic thermometer when the wind speed was at the same
condition. By using our novel design, there is only contact-separation
between the triboelectric layers, without in-plane relative sliding be-
tween the triboelectric layers. Therefore, the abrasion between such
layers is expected to be minimal, resulting in high durability of our
device. The CMF-TENG can work continuously for at least 8 h without
decreasing in electric output. This structure technically allows adding
additional subunit to improve the electric output of the entire device. In
short, we propose a novel mechanical design of triboelectric nanogen-
erator with great durability and stability that can harvest energy from
the ambient environment and achieve self-powered sensing.
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2. Results and discussion
2.1. Structure and working principle of CMF-TENG

As can be seen from Fig. 1a and d, the CMF-TENG consisted of an
outside box, a cam, a movable frame, along with 6 sub-triboelec-
trification units. For each unit, a layer of copper served as both tribo-
electric layer and electrode; and a layer of polytetrafluoroethylene
(PTFE), which served as another triboelectric layer, was placed on top
of another copper layer, serving as the other electrode layer (Fig. 1b).
Fig. 1c shows an enlarged illustration of the supporting plate. The PTFE
and the electrode (i.e., copper) layer were attached to the supporting
plate. The hole in the middle of the plate is designed for the movement
of the column of the movable frame. Fig. 1f shows the picture of an
acrylic movable frame plus four plates that will be fixed on the platform
(described in Figure S1). The layer of copper served as both tribo-
electric layer and electrode were attached to the side of the movable
frame, and sponges were installed underneath each of the layer of
copper to increase contact between the friction layers. Electrical wires
were connected to each electrode layer for characterizing the electric
output. (Additional information on the design of the cam and the CMF-
TENG is described in the experimental section and supporting in-
formation.)

Fig. le displays the designed cam. The idea of introducing the cam
is to transform rotary motion triggered by environmental mechanical
movement (e.g., wind) into linear motions. With the aid of the movable
frame, the design can then lead to the contact and separation of two
different triboelectric layers (i.e., copper and PTFE) in each unit peri-
odically. Through those contact and separation events, the mechanical
energy can be converted into electric output (more energy harvesting
mechanisms will be discussed in the later section). In this structure, the
cam is used to drive the movable frame moving linearly. Therefore, the
design of cam is a key to achieve better performance. Using in this
design, when the number of noses of the cam is even, the distance
between the sides of the cam will mostly be the same, the frame (i.e.,
the follower) may not move linearly when the cam rotates in our de-
sign. Among the cam with odd numbers of noses, it can be expected that
the cam with one nose can only covert rotary motions into linear mo-
tions without increasing the frequency of the electric output. The cam
with five or more noses would limit the strokes (i.e., moving distance)
of the movable frame, which may result in the reduction of the electric
output, or may require additional space to move effectively. Therefore,
we chose the cam with three noses as the optimal design. (Additional
information on cam design is described in the experimental section and
supporting information.) It is worth noting that the entire CMF-TENG
could be further enclosed completely by proper packaging, implying
that it may be capable of harvesting environmental energy under harsh

Fig. 1. Structural design of the CMF-TENG.

. ABS (a) Schematic diagram showing the struc-
A li tural design of the CMF-TENG. (b) Enlarged
crylic illustration reveals the multilayered struc-

. PTFE ture. (c) An illustration of the support plate.

(d) Photograph of the as-fabricated CMF-
TENG (scale bar, 1cm). (e) Photograph of
the designed cam (scale bar, 1cm). (f)
Photograph of an acrylic material-based
movable frame plus four plates that will be
fixed on the platform (scale bar, 1 cm).
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Fig. 2. Schematics of the operating prin-
ciple of the cam and movable frame-based
triboelectric nanogenerator (CMF-TENG).
(a) A full cycle of the electricity generation
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processes using two units of the CMF-TENG.
(b) Potential distribution results using
COMSOL is employed to elucidate the
working principle of the CMF-TENG. The
relationships between the velocity (v) (c)
and the displacement (S) (d) of the follower
with the angle (¢) of rotation of the cam. (e)
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Two cycles of the open-circuit voltage (Voc)
signal from one sub-triboelectrification unit

(#4) located on the right side of the CMF-
TENG.

environmental conditions. The detailed fabrication procedures of CMF-
TENG are described in the experimental section and supporting in-
formation.

As the rotary motion triggered by environmental mechanical
movement appears, the cam rotates, as shown in Fig. 2a. Firstly, we
focus on the sub-triboelectrification unit on the right side of the cam. At
the initial state, in Fig. 2a i, the two triboelectric layers (i.e., copper and
PTFE) are forced to be in contact with each other. Owing to contact-
electrification, positively triboelectric charges appear on the copper
layer and negative charges are on the PTFE layer, according to tribo-
electric series [28]. As the cam rotates, e.g., counterclockwise, it forces
the movable frame to move from right to left, which results in the two
triboelectric layers in the right sub-triboelectrification unit separating
(Fig. 2a ii). As the separation distance increases, the electrons move
from the copper layer underneath the PTFE to the other copper layer
(on the left side of the same subunit) through external electrical wires
to balance the build-up electric field, resulting in electric output. The
simulation results using COMSOL also show that the potential differ-
ence between two triboelectric layers increases as the separating dis-
tance raises, showing in Fig. 2b.

While the separation distance (of the two triboelectric layers) of the
right subunit reaches its maximum, the two triboelectric layers on the
left subunit are in contact with each other (Fig. 2a iii). As the cam keeps
rotating, the two triboelectric layers in the right subunit become closer,
which results in the electrons flow from the copper on the left to the
copper on the right (i.e., underneath the PTFE layer), until the two
triboelectric layers are in contact with each other (Fig. 2a i) to complete
a full cycle. These can then repeatedly convert the mechanical move-
ment to electric output. The rotating of the cam also leads to the linear
motion between triboelectrification layers within other subunits, for
example, the triboelectric layers within unit 1, 3 and 5 are contacted
and separated simultaneously as they located on the left side of the
cam; while the layers in unit 2, 4 and 6 are operating simultaneously as
they appear on the right side of the cam. A slow-motion animation of
the operation was added as supporting movie S1 to help understand the
motion processes of the CMF-TENG. The electric output can then be
generated by the mechanisms mentioned above.

Supplementary data related to this article can be found at https://
doi.org/10.1016/j.nanoen.2019.03.019.

The pressure angle is the angle between the direction of force (F)
from the cam and the direction of velocity (v) of the follower without
considering the friction. The smaller the pressure angle of the follower
can lead to the greater the force along the velocity direction. When the
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pressure angle is too large, the force transmission performance will be
deteriorated [29]. In this structure, since the cam contacts with the
inner surface of the movable frame, which can be considered as a flat-
face follower (as shown in Figure S2), the pressure angle is zero.

¢ is the angle of the cam at each moment. We use ¢ to ¢4 to further
illustrate the motion between the cam and the movable frame. As
shown in Figure S2, when the angle of the cam is at ¢, the cam contacts
the movable frame and the actuating travel of the follower (i.e., mo-
vable frame) starts. Define the position of the moving frame at this
angle as 0, as shown in Fig. 2d. When the angle of the cam is at ¢, it is
the end of the actuating travel of the movable frame. The displacement
of the movable frame during this actuating travel period is S;. Ac-
cording to the general expression of the law of polynomial motion [30],
the relationship between the displacement (S) and velocity (v) with the
angle (@) of the cam is:

Sy
S=— < >
) (2 (¢o @ ¢1) b

p=212 (4 <o)

¢ (2)
where dp/dt = w is the angular velocity of the cam. When the angle of
the cam rotated from ¢, to ¢, the movable frame does not move be-
cause the cam and the movable frame do not touch. When the angle of
the cam rotated from ¢, to ¢3, the other cam nose drives the movable
frame to move in the opposite direction (left). Since the angle of each
cam nose is same, we could infer that

$= ¢ ¢, 3)

The equation of actuating travel of the reverse push (i.e., the mo-
vable cam move to origin) can then be written as:
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When the angle of the cam rotated from ¢3 to ¢4, the movable frame
does not move, and the relative position of the cam and the movable
frame is the same as ¢, (more calculation process will be discussed in
the support information).

Fig. 2c¢ and d show the relationship between the velocity (v) and the
displacement (S) of the follower with the angle (¢) of rotation of the
cam. Fig. 2e shows two cycles of the open-circuit voltage (Vo) signals
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from the sub-triboelectrification unit 4 within the CMF-TENG at
30 rpm. It can be seen from the comparison between Fig. 2d and e that
the experimentally measured voltage signals have a good correspon-
dence with the theoretical inference. We use the electric signals from
the subunit #4, which is located on the right side of the cam, as an
example. The cam starts from ¢ to drive the movable frame to the
right, and the open-circuit voltage gradually decreases. Since the dis-
placement of the movable frame is slightly greater than the separation
distance of the two triboelectric layers (by design), it can result in better
contact (or increasing the contact area) between two such layers. As a
result, at B point in Fig. 2e, two triboelectric layers are already in full
contact. As the cam keeps rotating, at point C, the cam nose P; is now
completely separated from the follower (i.e., movable frame). In the
meantime, the movable frame moves to the left by a small distance due
to the elastic force from the sponge layer. This may be one of the
possible explanations of the shoulder between C and D in Fig. 2e. As the
cam keeps rotating counterclockwise, the movable frame then is driven
to the left by the cam nose P, (at angle ¢,, see Figure S2). At the D
point, in Fig. 2e, the open-circuit voltage from subunit #4 reaches its
maximum (i.e., the separation distance between the two triboelec-
trification layers reaches maximum). Since the movable frame does not
move when the angle is from ¢3 to ¢4 (or ¢o), the electric signal does
not change during this period. As the cam keeps rotating, the movable
frame then continuously moves to the next cycle.

2.2. Performance of CMF-TENG

To characterize the electrical performance of the CMF-TENG, we
firstly use an electric motor to provide rotating movements. The ro-
tating movement can then be transformed into linear motion, owing to
the designed cam, thus resulting in the abovementioned motion of the
CMF-TENG. Fig. 3a—c shows the electric output, including open-circuit
voltage (Voc), short-circuit current (Isc), and transferred charges (Qsc),
of each sub-triboelectrification unit using the electric motor operating
at 60 rpm. As can be seen from the figures, as the triggered rotating
movement performs at 60 rpm (i.e. 1 Hz), the frequency of the electric
output is measured at 3 Hz (e.g., six electric output peaks in 2s). The
results suggest that the designed cam can increase the frequency of the
electric output. It is worth noting that all the PTFE layers were pre-
treated by electron injection before installing into the subunits, fol-
lowing the procedure describe previously with a slight modification
[31]. The experimental setup of the electron injection is displayed in
Figure S3d and the detailed treating procedures are described in the
experimental section. As can be seen from Figure S3a, the voltage
output (Voc) of the CMF-TENG increased by 40% after the electron
injection treatment. The output enhancement can also be observed in
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Isc and Qsc, Figure S3b-c. Therefore, all the experimental results pre-
sent in the following sections are using the pre-treated PTFE for output
enhancement.

When two subunits were connected in parallel, the V¢ increased
from around 200V (one unit) to around 277 V. Similar enhancement
can be found when three subunits were connected in parallel (Fig. 3d
and S4a). Fig. 3e—f and Figure S4b-c show a similar increase in the Isc
and Qsc. Interestingly, when two subunits were connected in series, the
Voo, Isc, and Qsc only increased slightly (or were almost the same as the
output of one subunit), compared to the parallel connections. Similar
results can be observed as three subunits were connected in series
(Figure S5). One possible explanation is that as the different subunits
are connected in series, the charge induced by the PTFE on one copper
(on one unit) may partially cancel out the charge induced on another
connected copper layer on the other subunit, thus, leading to lower
overall electric output (compared to the parallel connections). The re-
sults suggest that connecting each subunit in parallel could result in
higher electric output in our case. As the previous study also suggested
that the power management of the TENG still has plenty of room for
improvement, more works could be done in the future in this direction
[10,32].

The output performance of the CMF-TENG at different triggered
rotational speed was also investigated. Various rotational speeds can be
transformed into different operation frequencies of CMF-TENG. For
example, higher rotational speed leads to higher operating frequencies,
and vice versa. Fig. 4 a and ¢ demonstrate that the V¢ and Qgsc were
almost independent to operation frequencies. However, the Isc in-
creased as frequency raised. The potential explanation is that as the
transferred charges (Qsc) remain almost constant at different operating
frequencies, whereas the contact time between the two triboelectric
layers in each subunit changed at different operating frequencies, thus,
the Isc changes. For instance, the flow rate of charges can become
higher at higher operating frequency, which can possibly lead to a
higher current output. The results are also consistent with previous
studies [33].

For better understand the output performance when external loads
are applied, the voltage and current output at different resistive loads
(R) were also measured. As can be seen from Fig. 4d, as the resistance
was low, which is similar to a short-circuit scenario, the voltage output
of the CMF-TENG was low, but the current output was high. However,
as the resistance increased, the voltage output increased but the current
decreased. The voltage reached the maximum at highest applied re-
sistance (2,000 MQ), which is similar to an open-circuit situation,
whereas the current became minimum. The power output (P) of the
CMF-TENG can then be calculated as P=I°R and the maximum power
output of the CMF-TENG can be achieved at a matched impedance of

Fig. 3. Electric output performance of the
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Fig. 4. Electric output performance of the
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around 70 MQ, Fig. 4e. As can be seen from Fig. 4e, the power output
increase from 180 uyW (1 subunit) to around 728 pyW, when three sub-
units were connected in parallel. Fig. 4f demonstrates that the CMF-
TENG can charge a commercial 10 uF capacitor to 20V in minutes,
depending on the rotating speed. The CMF-TENG was first connected to
a rectifying circuit (inset of Fig. 4f) and then be used to charge the
capacitor. As can be seen from Fig. 4f, a higher rotational speed can
lead to a faster charging time.

2.3. Demonstration

CMF-TENG was connected to a fan blade for the demonstration of
wind energy harvesting, see Fig. 5a. A controlled wind source was
flowed by the fan blade for these demonstrations. As can be seen from
Fig. 5b and supporting Video S2, the CMF-TENG can light up 113 blue
LEDs (connected in series) with the assistance of a rectifying circuit
(wind speed: 13.9m/s). In another practical application, the CMF-
TENG was connected to a rectifying circuit first and then to a com-
mercial capacitor (330 pF) to power a commercial electronic thermo-
meter when the wind speed was at 13.9m/s (see Fig. 5c and the sup-
porting Video S3). The results imply that the CMF-TENG can not only
be used to harvest energy from the ambient environment, but also can
achieve self-powered sensing. The durability of the CMF-TENG was also

(b)

113 LEDs in serises

0
0 20 40 60 80 100120 140 160

Time(s)

evaluated by continuously operating it for about 8h at 60 rpm. Fig. 5d
displays that the electric output remains almost constant after con-
tinuous operation for about 8h (i.e., about 86,400 contact-separation
events between the triboelectric layers), suggesting the excellent ro-
bustness of the CMF-TENG.

Supplementary data related to this article can be found at https://
doi.org/10.1016/j.nanoen.2019.03.019.

3. Conclusions

We proposed a novel triboelectric nanogenerator that achieves en-
ergy harvesting through a combination of a cam and a movable frame.
The movement of the movable frame was driven by the rotary motion of
the cam triggered by environmental mechanical or simulated rotational
movement. There are 6 sub-triboelectrification units in the CMF-TENG.
When the movable frame moves linearly (left and right), the contact-
separation of the triboelectric layers within each subunit can be
achieved, thus resulting in electric output. The design structure can
technically allow more subunits to be added to achieve higher electric
output. The maximum power output of the CMF-TENG can be reached
at a matched impedance of around 70 MQ, and the power output in-
creased from 180 pW (1 subunit) to around 728 pW when three sub-
units were connected in parallel. The CMF-TENG also can light up 113

Fig. 5. Wind energy harvesting by the cam and movable
frame-based triboelectric nanogenerator (CMF-TENG). (a)
Photograph of the as fabricated CMF-TENG for harvesting
wind energy (scale bar, 2 cm). (b) The CMF-TENG lights up
113 blue LEDs (connected in series) at a wind speed of
13.9m/s. (c) The CMF-TENG powers the thermometer at a
wind speed of 13.9m/s. (d) Stability and durability test of
the CMF-TENG for about 8 h.
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LEDs at the wind speeds of 13.9 m/s, with the assistance of a rectifying
circuit. The CMF-TENG can also power a commercial thermometer at
the same wind speed with the assistance of a commercial capacitor and
a rectifying circuit. This demonstrates the capability of using CMF-
TENG to power electronic devices in our daily life. The experimental
results also show that the voltage output remained almost consistent
throughout the roughly 8h testing time, which suggests the robustness
of CMF-TENG in practical applications.

4. Experimental section
4.1. Fabrication of the CMF-TENG

The designed CMF-TENG consisted of an outside box, a cam, plates,
and a movable frame. Firstly, the box, 186 (length) x 80 (height) x 43
(thick), and the cam with a camshaft were made of acrylonitrile buta-
diene styrene (ABS) by a milling machine. One bearing was installed on
the box. The cam was then installed on the box through camshaft that
fits the bearing and the camshaft was connected to the electric motor or
fan blade. The movable frame was then placed surrounding the cam in
the box. Taking advantage of this design, the movable frame can move
linearly through the rotation of the cam. Acrylic plates with the di-
mension of 69 (length) x 35 (wide) x 3 (thick) mm and a 10 mm in
diameter circle in the middle were prepared by a laser cutting machine.
There are 6 sub-triboelectric units in the designed CMF-TENG. As
shown in Figure S1, one side of the acrylic plate was pasted on the
platforms by a 3 M glue to serve as a support for the frame. Prior to that,
one copper layer, which serves as an electrode layer, was attached to
each of the acrylic plates, followed by attaching a layer of PTFE on top
of each copper layer. These PTFE layers served as one of two tribo-
electric layers for the subunits #2, 3, 4 and 5. For subunits #1 and 6, a
PTFE layer (with a copper layer underneath) was placed on the left and
right inner wall of the box, Figure Sla. In addition to the PTFE layers,
six layers of copper, which served as the other triboelectric layer in
each subunit, with a sponge layer underneath, were attached on two
sides of the frame (for 2 subunits, #3 and #4), and two sides of the two
blocks (for 4 subunits, #1, 2, 5, and 6) that were connected to the
column, Figure Slc. Therefore, for each subunit, there are 2 tribo-
electric layers, PTFE (with a layer of copper underneath as an electrode)
and copper (with a layer of sponge underneath to improve the contact).
Additional descriptions can be found in the supporting information.

4.2. Electron injection on PTFE film

The electron injection on the PTFE film was achieved by a high
voltage power source (ET2673A, Nanjing Entai Electronic Instruments
Plant), as shown in Figure S3d. Firstly, the pin electrodes were con-
nected in series and then to the cathode of the power source. Then,
PTFE was placed under the pin electrodes with a vertical distance of
3 cm. The power source was then operated at 7 kV for 5 min for electron
injection.

4.3. Electrical measurement

A two-phase Hybrid Step-servo Motor (J-5718HBS401, Yisheng,
China) was connected to the camshaft of the cam through a coupling for
conducting the experiments at different rotational speeds. Wind speed
alarm instrument (NJLS-TJFS, Longshun, China) was used to measure
the reported wind speeds. The output wires from the CMF-TENG was
connected to an electrometer (6514, Keithley, USA), which connected
to a data acquisition system (PCI-6259, National Instruments, USA) and
a computer. A programmed Labview code was used to collect the
electric output signal.
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