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With the fast development of the Internet of Things, the requirements of system miniaturization and

integration have accelerated research on multifunctional sensors. Based on the triboelectric nanogenerator, a self-powered
multifunctional motion sensor (MFMS) is proposed in this work, which is capable of detecting the motion parameters,
including direction, speed, and acceleration of linear and rotary motions, simultaneously. The MFMS consists of a
triboelectric nanogenerator (TENG) module, a magnetic regulation module, and an acrylic shell. The TENG module is
formed by placing a free-standing magnetic disk (MD) on a polytetra uorethylene (PTFE) plate with six copper electrodes.
The movement of the MFMS causes the MD to slide on the PTFE plate and hence excites the electrodes to produce a
voltage output. The carefully designed six copper electrodes (an inner circle electrode, an outer circle electrode, and four
arc electrodes between them) can distinguish eight directions of movement with the acceleration and determine the
rotational speed and direction as well. Besides, the magnetic regulation module is applied here by xing a magnetic
cylinder (MC) in the shell, right under the center of the PTFE plate. Due to the magnetic attraction applied by the MC, the
MD will automatically return to the center to prepare for the next round of detection, which makes the proposed sensor
much more applicable in practice.
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otion sensors, which can measure the displacement,

speed, acceleration, direction, and other motion-

related parameters, have played an important and
irreplaceable role in aerospace, driverless vehicles, large
mechanical structure testing, smart phones, and many other
elds. The existing commercial motion sensors include
encoders," * synchros and resolvers* © accelerometers,’ °
gyroscopes,'®** and compasses.>*® Despite the superior
performance, the commercial ones usually have a single
function, which only work at speci ¢ conditions and sometimes
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may not ful Il the requirements of system miniaturization and
integration. In this context, multifunctional sensors have
attracted more and more interest from both academia and
industry.** ?° However, the current multifunctional sensors are
usually the combination of several single-functional sensors that
actually work independently.
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Figure 1. Structure and illustration of the working principle of a self-powered multifunctional motion sensor. (a) Schematic diagram of the
MFMS. (b) Photograph of the MFMS. (c) Mechanics analysis diagram of the magnetic regulation system with the MD above the MC. (d)
Schematic illustration of the working principle of the MFMS to produce electricity.

On the other hand, with the development of the Internet of
Things, the sensors are expected to continuously work for a
long time and without maintenance.’ So, the existing
commercial motion sensors that require external power to
sensing will not be able to meet the requirements. There are
some researchers using the piezoelectric e ect to build
accelerometers, which is a milestone for self-powered sensing.®°

Nevertheless, the output signal of the piezoelectric sensor is
relatively small and might be in uenced by the environmental
noise. Triboelectric nanogenerators (TENGS), invented by
Wang et al. in 2012, have proven to be a possible solution for
both energy harvesting and self-powered sensing.?” 2°
Speci cally, the TENGs have been successfully applied to
construct self-powered motion sensors.’” ** For example, a
spherical TENG with a single electrode was designed to work
as a self-powered acceleration sensor, which can detect the
existence of any excitation but cannot distinguish its direction.?”
Based on three independent TENGs, a self-powered 3D
acceleration sensor can be used to measure vector acceleration
in any direction.** Unfortunately, the volume of the sensor has
been inevitably signi cantly increased. To our best knowledge,

there is no research on a real multifunctional motion sensor
based on a TENG. Moreover, a magnet has been successfully
used to enhance the output performance of TENGs>* *°
which could give some guidance to the design of a real
multifunctional motion sensor.

In this work, a self-powered multifunctional motion sensor
(MFMS) with magnet regulation based on a TENG is
presented, which is capable of detecting the motion parameters,
including direction, speed, and acceleration, of linear and rotary
motions. The MFMS consists of a TENG module, a magnetic
regulation module, and an acrylic shell. The TENG module is
formed by placing a free-standing magnetic disk (MD) on a
polytetra uorethylene (PTFE) plate with six copper electrodes
(an inner circle electrode, an outer circle electrode, and four arc
electrodes between them). The movement of the MFMS will
cause the MD to slide on the PTFE plate and hence excites the
electrodes to produce a voltage output. Voltage waveforms
acquired from the four arc electrodes are used to measure the
directions of both linear and rotational motions, as well as the
rotational speed. From the voltage waveforms of the inner and
outer circle electrodes, a time feature can be extracted to
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Figure 2. Simulation results of the magnetic regulation system and six electrodes of the MFMS using Maxwell 14.0 and COMSOL
Multiphysics 5.3, respectively. (a, b) Magnetic distributions of the MD at the original and balanced place and the unbalanced place,
respectively. (c) Electrostatic potential distribution of the MD at the center place. (d f) Electrostatic potential distributions of the MD above
the inner circle electrode, an arc electrode, and the middle place between two arc electrodes, respectively.

determine the acceleration of the linear motion along any two-
dimensional direction. The MD together with a xed magnetic
cylinder (MC) implanted in the shell forms the magnetic
regulation system. With the magnetic attraction from the MC,
the MD can always come back to the center after each
movement, which will guarantee the detection accuracy of the
next movement. Theoretical analysis and experimental tests
have been done to demonstrate the feasibility and e ectiveness
of the MFMS.

RESULTS AND DISCUSSION

The structure diagram of the self-powered multifunctional
motion sensor and its entity are demonstrated in Figure lab
and Figure S1. The diameter and height of the MFMS are 40
mm and 19 mm, respectively. The volume of the MFMS is
about 23.88 ¢cm® The shell is made of acrylic, which is
accurately cut by a laser cutter. In the MFMS, the TENG is
composed of an MD and a friction layer constituted by a PTFE

plate adhered by six copper electrodes. The dimensions of the
friction layer are shown in Figure S2a. The electrodes include
an inner circle electrode, an outer circle electrode, and arc
electrodes between them. It should be noted here that the
resolution of the MFMS can be improved by increasing the
number of arc electrodes. Considering the trade-o among the
robustness, miniaturization, and the complexity of the data
processing part, the number of arc electrodes is speci ed as
four. The four arc electrodes are denoted as North-E, East-E,
South-E, and West-E, respectively. The diameter of the PTFE
plate equals the external diameter of the outer circle electrode,
which is 32 mm. Besides, the MD s also part of a magnetic
regulation system, the sizes of which are described in Figure
S2b. The diameters of the MD and MC are 12.5 mm and 2.54
mm, respectively. The height of both magnets (NdFeB, N38) is
3 mm. The magnetic attraction between the MD and MC (F,,)
has a direct in uence on the output performance of the MFMS.
Under the determined dimensions and material of the MD and
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Figure 3. Working principle of linear motion direction measurement. (a) Schematic diagrams of the MD moving along the east direction. (b)
Simulation results of four arc electrodes’ electrostatic potential with the MD moving from west to east. (c) Voltage waveforms of four arc
electrodes with the MD moving along the east direction. (d) Schematic diagrams of the MD moving along the northeast direction. (e)
Simulation results of four arc electrodes’ electrostatic potential with the MD moving from northwest to northeast. (f) Voltage waveforms of

four arc electrodes with the MD moving along the northeast direction.

MC, the F,,, can be optimized by adjusting the distance between
the two magnets (d,,), as shown in Figure S3a. The vertical
component of the magnetic pull of the MC (F,,) is inversely
proportional to d,. A larger F,, will increase the demand of the
excitation. At the same time, a smaller F,, will increase the
height of the MFMS. Hence, d,, is speci ed as 10.5 mm under
the consideration of the trade-o . The mechanics analysis
diagram of the magnetic regulation system is illustrated in
Figure 1c. When there is no excitation, the MD will always stay
in the center of the PTFE plate due to the F,. Under this
condition, the gravity (G), F,,, and the supporting force (F) are
all along the vertical direction (G + F,, = F,). The excitations
from any orientation except along the vertical direction will
apply a horizontal force (F,,) to break the balance, which forces
the MD to slide on the PTFE plate. As F,, always points to the
MC, with the movement of the MD, the horizontal component
of Fy (Fy) will drive the MD back to the center. In those
processes, according to the triboelectric e ect, the open-circuit
voltages can be detected on those electrodes, which are
schematically displayed in Figure 1d. When the MD slides on
the PTFE plate, owing to the di erent triboelectric polarity of
the PTFE and Ni coating around the magnet, the electrons will
transfer from the Ni coating to the PTFE plate, rendering them
with positive and negative charges in the saturated state,
respectively. The charges on their surfaces cannot be conducted
away or neutralized in the measurement process. Hence, the Ni

coating can be regarded as an equipotential surface. Then based
on electrostatic induction, the open-circuit voltages of six
electrodes will be changed with the movement of the MD.
To obtain a more quantitative understanding of the magnetic
regulation system, a nite-element model simulation is
performed using Maxwell 14.0. In Figure 2a, the magnetic
eld and magnetic induction line distributions of the magnetic
regulation system are center symmetric. No matter where the
MD is, the magnetic eld will always be mainly concentrated at
the area between the MD and MC, which is demonstrated in
Figure 2b. That is to say, once the MD is o -center, the
magnetic attraction from the MC will apply a centripetal force
(Fmy) to pull it back. The relationship between F, and the
distance from the center of the MD (d) is plotted in Figure
S3b. With the increasing of d, F,,, could reach an extreme value.
This requires that the diameter of the shell cannot be too large.
A suitable diameter ensures Fp, can always pull the MD back to
the center. Consequently, when designing the shell, except the
demands of the PTFE plate, F, should be taken into account
as well. Figure 2c f describe the electrostatic voltage
distributions with the MD moving to di erent places by
simulating in COMSOL Multiphysics 5.3. Those demonstrated
the pattern of electrostatic potential distribution when the
moving MD is regarded as an equipotential body. Thus,
through analysis of the open-circuit voltage of electrodes, the
mode and parameters of the MD’s motion can be detected.

DOI: 10.1021/acsnano.8b01589
ACS Nano XXXX, XXX, XXX XXX


http://dx.doi.org/10.1021/acsnano.8b01589

ACS Nano

Figure 4. Working principle of rotational parameters and linear acceleration measurement and the applications of the MFMS. (a, b)
Simulation results of electrostatic potential and voltage waveforms of four arc electrodes with MD rotation along the clockwise direction. (c,
d) Simulation results of electrostatic potential and voltage waveforms of inner and outer circle electrodes with the MD with linear motion
along any direction. (e) Relationship between the time and acceleration. (f) Application of the MFMS.

Under an external linear excitation, the MD will perform a
linear motion accordingly. The schematic diagram of move-
ment along the east direction is shown in Figure 3a. Figure 3b
describes the simulation results of four arc electrodes’
electrostatic potential with the MD moving from west to east.
In this situation, the potential of the West-E and East-E will
have the peak value successively, while the potential values of
the North-E and South-E are relatively small and stay the same.
That is to say, when the MD is moving toward any arc
electrode, the potential of the target electrode should
demonstrate a large and peak value, and the two adjacent
electrodes have the same electrostatic potential of small
magnitude. This has been demonstrated by the experimental
results shown in Figure 3c. When the MD is moving along the
east direction, the open-circuit voltage of the East-E is much
larger than that of the other arc electrodes. So, four linear
motion directions can be easily distinguished by nding the

largest open-circuit voltage of the arc electrodes. Besides, the
output performance of the MFMS with the MD moving along
the central line between two adjacent arc electrodes, like
moving along the northeast direction shown in Figure 3d, has
been studied. The simulation results in Figure 3e indicate that
the North-E and East-E have the same electrostatic potential;
so do the South-E and West-E, while the two group electrodes
have the opposite output performance. These have been further
proved by the experimental results in Figure 3f. When the MD
is moving along the northeast direction, the North-E and the
East-E have almost the same open-circuit voltages, which are
much larger than those of the South-E and West-E. In this way,
eight linear motion directions can be easily measured with the
proposed MFMS.

For clearly exhibiting the internal structure of the MFMS and
observing the motion state of the MD, the shell is made of
transparent acrylic and the MD is speci ed above the MC. But
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the mechanics analysis shown in Figure 1c is not a unique
situation of the MFMS. Consequently, the MD also can be
placed under the MC; that is, the end near the MD also can be
used as the bottom of the MFMS. The mechanics analysis of
this situation is shown in Figure S4. When there are no
excitations, the MD also will always stay on the center of the
PTFE plate due to F,. Through adjusting F,, the MD can be
suspended near the PTFE plate (F., = G) with an air gap. Then,
the TENG works in a freestanding style. In this situation, the
suspended MD can be much more easily driven by the
excitations along any directions. As the air gap disappears, even
the excitations from the vertical direction also can break the
balance, which forces the MD either toward or away from the
PTFE plate. That is to say, through analyzing the output signals
of the TENG, the vertical motion direction also can be
detected.

When the MFMS is horizontally attached with some
rotational parts, it cannot realize rotational speed detection.
When it is placed on the rotational center, the MD will always
stay in the center. When it is eccentrically placed, under the role
of centrifugal force, the MD will always stay in the outer region
of the PTFE plate. In actual applications, except for the
horizontal placement, the MFMS can realize rotational speed
detection through introduction of the role of gravity. Compared
with commercial angle sensors, is is not necessary to assemble
the MFMS with a shaft, which decreases the need for
installation and is much more convenient. In the following,
the MFMS has been driven by hand to verify the ability of
rotational speed detection. When the MD rotates on the PTFE
plate, taking clockwise rotation as an example, the simulation
results of electrostatic potential and the open-circuit voltage
waveforms are shown in Figure 4a,b, respectively. In a period,
North-E, East-E, South-E, and West-E reach their maximum
output performance in turn, and when the MD rotates
anticlockwise, the four arc electrodes reach their maximum
output performance in the reverse order, as shown in Figure
S5a. From those gures it can be obtained that the arc
electrodes output a period waveform with the MD rotates a
circle. Thus, the rotational speed can be tested through
analyzing the frequency of the arc electrodes’ output wave-
forms. The linear relationship between the rotational speed and
the frequency has been plotted in Figure S5b. Based on the
time sequence and the frequency of the arc electrodes, a
rotation application has been built up to measure the rotational
parameters. The whole testing process of the clockwise and
anticlockwise rotations has been recorded in Video S1.

In the following, the role of the MFMS for detecting linear
acceleration has been analyzed and experimentally tested.
When the MD has linear motion along any direction and passes
through the inner and outer circle electrodes in turn, the
simulation results of the electrostatic potential of two circle
electrodes reach each peak in the corresponding turn, as shown
in Figure 4c. According to the voltage waveforms of the inner
and outer circle electrodes, the relationship between the
features of the voltage waveforms and the motion position is
shown in Figure 4d. When the MD is at the center, the open-
circuit voltages of the two electrodes equal 0 V. When the MD
is moving above the inner circle electrode, its open-circuit
voltage will reach a trough value. Then, with the MD moving
away from the inner circle electrode and toward the outer circle
electrode, the open-circuit voltage of the inner circle electrode
will increase signi cantly and manifest a peak value. According
to the peak and trough values of the inner circle electrode’s

voltage waveform, a time parameter recorded as T related to
the acceleration can be determined. Since the distance between
two circle electrodes is xed, using an experimental system
shown in Figure S6, an exponent relation between T and
acceleration has been demonstrated and plotted in Figure 4e.
At the same time, the open-circuit voltage of the outer circle
electrode reaches a trough value, the amplitude of which has
been used to con rm the motion distance of the MD. In order
to obtain the accurate linear acceleration, the MD must pass
through the inner and outer circle electrodes successively, and
the distance between the two circle electrodes determines the
minimum value of the linear acceleration (MVLA). Through
decreasing the distance, a much smaller MVLA can be obtained
by the MFMS. In addition, the MVLA also can be reduced by
decreasing the magnetic attractive force. Using magnets with
much smaller dimensions to construct the magnetic regulation
system is a good choice. At the same time, the distance between
the MD and MC also can be increased. According to the
software algorithm owchart described in Figure S7, a
LabVIEW-based linear motion application of MFMS has been
designed and tested, as shown in Figure 4f and Video S2. In this
process, a hand has been used to provide the excitation to the
MFMS. Along the same direction, the acceleration under the
di erent state of hand motion has been measured by the
MFMS, and the distinguishing ability of eight linear directions
has been successively tested and veri ed in this video.

In the future, except for using magnets with small sizes, the
3D printing and MEMS fabrication technique can also be
introduced to manufacture a miniaturized MFMS. After the
minimization design and embedding the MFMS in the balance
car, the output results of the MFMS can used to control the
balance car. Taking the North-E toward the forward direction
of the balance car as an example, the result of the north
direction can be used to increase the speed, the result of the
south direction can be used to decrease the speed, break, and
back o , and the results of other directions can be used to turn.
Furthermore, the detected acceleration can also be used to
control the speed of those processes.

In summary, a self-powered multifunctional motion sensor
enabled by the magnetic-regulated TENG has been designed
and fabricated to measure the direction and acceleration of
rotation and linear motion simultaneously. The magnetic
regulation system through applying a magnetic attraction to the
moving part of the MFMS helps it be prepared for the
measurement at any time. The sensing capability of multifunc-
tional motion parameters has been analyzed and tested, which
also has been veri ed in two LabVIEW-based motion
applications of the MFMS. Based on the two circle electrodes,
the MFMS can work as a self-powered 2D acceleration sensor.
Under the role of the arc electrodes, the MFMS also can be
used as a self-powered rotational parameter sensor and
direction sensor. When the MFMS is triggered by linear
motion along di erent directions, the arc electrodes have
di erent voltage outputs, which relates with the corresponding
area between the moving part and arc electrodes. This shows
that the direction can be measured by the ratio of open-circuit
voltages between the arc electrodes. But the corresponding area
would not always change signi cantly, especially when the
motion direction is near the center axis of the arc electrode.
Thus, in order to ensure the accuracy and reliability of the
measurement, the MFMS has been used only to detect eight
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linear motion directions, which can be improved by optimizing
the shape of the arc electrodes.

EXPERIMENTAL SECTION

Fabrication of the Friction Layer. The friction layer consisted of
a PTFE plate and six electrodes. A PTFE thin Im with 3M very high
bond adhesive (McMaster-Carr, thickness: 0.002 and 0.0015 in.,
respectively) was cleaned and cut into a circle with a diameter of 32
mm to make the PTFE plate. A highly conductive copper electrical
tape with nonconductive adhesive (McMaster-Carr, thickness: 0.0014
and 0.0015 in., respectively) was cleaned and cut into di erent
dimensions shown in Figure S2a to make the electrodes. To ensure the
electrodes can be accurately xed on the right places of the PTFE
plate, an acrylic mask with a thickness of 0.063 in. was made by a laser
cutter (PLS6.75, Universal Laser Systems). After connecting the
output wires, six acrylic space- lling blocks with the same shapes of
electrodes made by the laser cutter were adhered behind the
electrodes.

Fabrication of the Shell. The acrylic lid was made by the laser
cutter with a 0.063 in. acrylic plate. The acrylic pedestal was adhered
by three parts, which were made by the laser cutter with acrylic plates
of three di erent thicknesses of 0.125, 0.25, and 0.35 in.
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