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ABSTRACT Acceleration sensors have a wide variety of applications for industrial engineering, biology
and navigation. However, passive sensing, narrow detection range, large size, and high manufacturing cost
curb their further development. Here, we present a miniaturized acceleration sensor (MAS) with rationally
patterned electrodes, based on the single electrode triboelectric mechanism, featuring small size, high
accuracy, large detection scale, and environmental friendliness. A stainless-steel ball, as the moving part of
the MAS, experiences physical movement that is converted into an electrical signal. Equipped with rationally
patterned electrodes, the MAS retains the smallest size and lowest weight compared with the currently re-
ported self-powered acceleration sensors. Benefiting from the voltage-relationship-based direction detection
mechanism, eight directions can be identified by one TENG module. Consequently, rotated 22.5° relatively,
two TENG modules enable the MAS to detect 16 directions. Moreover, accelerations ranging from 0.1 m/s?
to 50 m/s? can be identified according to the relationship of response time and accelerations in the horizontal
direction. The relationship is obtained through the measurements of the sum of output voltages (Vsoc) for
the four bottom electrodes with varying accelerations. In addition, no distinct decrease of Vsoc is observed
after continuously operating for 2000 circles, presenting excellent robustness. Hence, this cost-effective and
rationally patterned MAS reveals great potential for human machine interaction, VR/AR (virtual/augmented
reality), sports training, and smart city.

INDEX TERMS Acceleration sensor, triboelectric nanogenerator, miniaturization, smart device.

I. INTRODUCTION

Acceleration sensors play a critical role in various fields of in-
dustry and science, for example, automotive industry, health-
care monitoring, consumer electronics, and structural moni-
toring [1]-[4]. The commonly adopted mechanisms include
capacitive [5]-[6], piezoresistive [7]-[8], and piezoelectric
[9]-[10] mechanisms. However, some of these technologies
expose several limitations, for instance, both of capacitive
and piezoresistive acceleration sensors struggle to simplify
their structures because they have to carry batteries. As for
piezoelectric ones, the voltage signals are too small to be
detected, thus limiting the further enhancement of sensitivity.

Therefore, a facile, optimized, and battery-free technology is
highly desired.

Recently, based on the coupling of contact electrifica-
tion and electrostatic induction, triboelectric nanogenerators
(TENGS) that can convert various ambient mechanical mo-
tions into electricity, are emerging in both energy supply
[11]-[17] and self-powered sensing [18]-[25]. TENGs are
eminently suitable to be utilized to fabricate acceleration sen-
sors, featuring lightweight, flexibility, and low cost, as well
as having a wide selection of possible materials [26]—-[27].
However, although a variety of acceleration sensors based on
TENGs were reported, the small detection range, large size
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and weight hinder their commercial applications, as shown in
Table S1.

Triboelectric acceleration sensors are basically composed
of a static part and moving part [28]-[30]. In the process of
acceleration, the acceleration value is obtained by measuring
the inertia force applied on the mass directly or indirectly, ac-
cording to Newton’s second law. Zhang et al. selected a mer-
cury drop, a kind of liquid metal mercury, as the moving part
owing to its high elasticity [19]. Nevertheless, it is harmful
to the environment and has a smaller contact angle compared
with a solid ball, which may attenuate the sensitivity of an
acceleration sensor. Image deleted. Please check.

Consequently, a mass possessing low toxicity and larger
contact angles is a more appropriate choice. As for the static
part, the design of electrode patterns is the key point to
simplify the structure of an acceleration sensor. Pang et al.
developed a 3D acceleration sensor based on three TENGs
perpendicular with each other to determine accelerations [31],
but it is not able to take full advantage of the voltage re-
lationship of electrodes, resulting in the low integration of
the sensor. Therefore, designing a rational electrode pattern is
significant to facilitate the miniaturization of an acceleration
sensor. The acceleration sensor developed by Zhang et al. is
based on a coded strategy of electrodes [19]. Yet five circles of
electrodes are required to realize the identification of acceler-
ations, leading to the large diameter of the sensor. Moreover,
a triboelectric interface that is able to identify finger sliding
trajectory with only four electrodes was developed which can
simplify the electrode pattern effectively. Besides, it detects
the direction of objects based on the voltage relationships of
adjacent electrodes, enabling it to avoid the influences of the
variations of temperature and humidity [32]. In addition, the
sum of output voltages (Vsoc) for the four bottom electrodes
can be utilized to measure the accelerations applied to a sen-
sor. Consequently, equipped with the electrode pattern, the
sensor is capable of detecting the directions and magnitudes
of accelerations imposed on the sensor.

Herein, a rationally patterned miniaturized acceleration
sensor (MAS), based on single electrode triboelectric mech-
anism, is developed, featuring small size, high accuracy, large
detection scale, and environmental friendliness. A stainless-
steel ball functions as the moving part of the MAS, expe-
riencing physical movement that is converted into an elec-
trical signal. The volume and weight of the sample for the
MAS are only 1.27 cm® and 0.87 g, respectively, with its
diameter of 16.91 mm and height of 6.31 mm (Fig. S2). It is
the smallest self-powered acceleration sensor compared with
previously reported ones (Table S1), on account of its simple
configuration. (Fig. S1(b)). The MAS differentiates directions
through the voltage relationships of adjacent electrodes, thus
presenting excellent precision. The MAS is able to detect 16
directions benefiting from two TENG modules rotated 22.5°
relatively, the strategy of which effectively miniaturizes the
acceleration sensor on the premise of not hampering the accu-
racy of direction detection. Vgoc of the four bottom electrodes
is used to investigate the relationship of accelerations and re-

sponse time. The MAS can response to accelerations ranging
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from 0.1 m/s? to 50 m/s? according to the relationship. There-
fore, the rationally patterned, low-cost and environmentally
friendly MAS reveals its great potential for human machine
interaction, VR/AR (virtual/augmented reality), sports train-
ing, smart home, and smart city.

Il. RESULTS AND DISCUSSIONS

The structure diagram and entity of the MAS are demonstrated
in Fig. 1(a) and Fig. S1(b), respectively. The bone of the MAS
mainly consists of a cylinder-shaped plate, a ring-shaped plate
and a hemisphere-shaped plate which are all made of acrylic.
The shape of the bottom plate surface is concave, the slope of
which is approximately 16.4°, the fabrication process, the cal-
culation, and the entity of which are illustrated in Fig. S3(a),
Fig. S3(b), and Fig. 1(c), respectively. Four copper electrodes
are deposited on the bottom plate (Fig. 1(c)) and the copper
electrodes attached on the top plate are of same shape with
the bottom ones (Fig. S1). Each of the eight copper electrodes
is onlmage deleted. Please check. eighth annulus with inner
diameter of 7 mm and outer diameter of 10 mm. The dia-
gram in Fig. 1(b) illustrates that the top copper electrodes are
rotated 22.5° relative to the bottom copper electrodes which
enable the sensor to detect 16 accelerations precisely. The
PTFE films are directly covered on the two acrylic substrates
with electrodes, serving as the negative triboelectric layer.
Due to its strong electronic attraction, PTFE is easy to gain
electrons from almost any other materials. The root cause is
that PTFE has high density fluorine group which endows it
with strong electronegativity. There will be friction between
the ball and two PTFE films when an external stimulation is
applied to the MAS. Besides, the stainless-steel ball forms the
positive triboelectric layer. Therefore, the MAS can be divided
into the top TENG module and the bottom TNEG module
which have a common positive triboelectric dielectric. Since
the operation mechanism of the bottom and top TENG mod-
ules are generally identical, both based on single-electrode
mode triboelectric nanogenerators, the bottom TENG module
is adopted to elucidate the operation mechanism as shown in
Fig. 1(d). The left electrode is BEI1, and the right electrode
is BE3. The moving track of the ball in Fig. 1(d) is just the
central connection of BEl and BE3. The whole process of
working mechanism can be separated into four states. Owing
to the different affinities to electrons, the PTFE layer be-
come negatively charged and the stainless ball become pos-
itively charged on their surfaces after contacting with each
other based on contact electrification. After a few circles, the
charges on their surfaces will be saturated and cannot be neu-
tralized. The electric potential between the copper electrodes
and the ground are equivalent (i). Next, as the ball moves
from the BE1 to the center of two electrodes, the electrostatic
balance is broken and thus electrons will be repelled from the
ground to BE3 in the external circuit by the electric potential
difference, based on the electrostatic induction. For BE1, the
flow of electrons is the reverse of BE2 (ii). The electrostatic
balance is established again (iii). When the ball moves from

BE3 to the center of two electrodes, the flow of electrons of
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FIGURE 1. Structural design and working principle of the MAS. (a) Schematic illustration of the MAS. (b) The relative position of eight copper electrodes
deposited on the top and bottom plates. (c) Digital photograph of the copper electrodes deposited on the lower acrylic plate. Scale bar, 5 mm. (d)
Working mechanism of the MAS. (e) Potential distribution between the stainless-steel ball, the PTFE film with the ball moving from BE1 to BE3.
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FIGURE 2. Material selection and the structure design of the MAS. (a) VOC generated by different types of ball (Stainless steel, PTFE, and Nylon) moving
across the copper electrode BE1. Insets show the moving directions of the ball. (b) VOC of the electrode width ranging from 1.5 mm, 2.5 mm to 3.5 mm.
Insets show the moving directions of the ball. (c-f) VOC of TE1 and TE2. Insets show the moving directions of the ball and the solid circle represents the
upper acrylic substrate whereas the dotted circle represents the lower acrylic substrate.

BE1 and BE3 are quite the opposite of state ii (iv), until a new
balance is achieved (i). As a result, alternating voltages signals
can be obtained. The static and dynamic potential distribution
of the process mentioned above is simulated by COMSOL, as
illustrated in Fig. 1(e) and Supporting Movie.

The material selection of the moving part for the MAS is
vital to its performance such as accuracy, response velocity,
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and robustness. Consequently, the materials possessing low
toxicity and larger contact angles are investigated in this work
in order to select a more suitable material. The effect of ma-
terial selection on the output voltage of the bottom and top
TENG modules are demonstrated in Fig. 2(a) and Fig. S4(a).
The magnitude of voltage peak values decreases with the
order of stainless steel, nylon, and PTFE for both BEI and
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FIGURE 3. Direction detection of the MAS in the horizontal plane. (a) Voc of BE1-BE4 when a specific force applied to the sensor in the direction as
shown in the inset. (b) Force and movement analysis of the stainless-steel ball when an external stimulation is applied to the MAS. (c-h) Voc of six
directions. Insets show the moving directions of the ball and the solid circle represents the upper acrylic substrate whereas the dotted circle represents

the lower acrylic substrate.

TE1. The ball made of PTFE has an identical triboelectric
polarity with the PTFE film pasted on copper electrodes,
which makes it unsuitable to be chosen as the positive tri-
boelectric dielectric of the MAS. As for stainless steel and
nylon, stainless steel is more likely to lose electrons based
on the triboelectric sequence [34]. In addition, the density of
a stainless-steel ball is larger than nylon ball, enabling it to
move along the direction of an external force applied to the
sensor accurately. Thereby a stainless-steel ball is determined
as the moving part of the MAS. Moreover, the ball size can
influence V¢ of the MAS, which is illustrated in Fig. S4(b-c).
A larger Vpc can Image deleted. Please check. be obtained
from a larger diameter for both TE1 and BEL. The V¢ of
3 mm ball is large enough to satisfy the sensing requirements
of the MAS. Consequently, the 3 mm ball is selected, which is
advantageous to minimize the size of the MAS. Measurements
of transferred charge are conducted as shown in Fig. S4(d).
The transferred charge increases with the increase of diameter
because a larger contact area between the ball and PTFE can
enhance the quantity of transferred charges. The frequency
response of MAS ’s output performance is shown in Fig. S6.
Both the voltage and transferred charge of BE1 present an

VOLUME 2, 2021

increase with the enhancement of frequency in the horizontal
direction.

With respect to the design of electrode patterns, it is crucial
that heightening the precision of the MAS and reducing its
electrode size as much as possible on the premise of not
hampering the function of the MAS. The basic strategy of
detecting directions in the horizontal plane is based on Vpc
relationships of adjacent electrodes. Measurements of variable
electrodes with ring width ranging from 1.5 mm, 2.5 mm,
3.5 mm are conducted as shown in Fig. 2(b). It is observed
that larger Vpc can be obtained from the larger ring width,
indicating that the ball moves across the larger electrode area,
the larger V¢ can be generated. The results demonstrate the
feasibility of the direction detecting strategy from the perspec-
tive of theory. Besides, the V¢ of 1.5 mm is large enough to
detect the direction thus the ring width of 1.5 mm is selected.

Furthermore, the accuracy of the direction detection is
demonstrated in Fig. 2(c—f) and insets show the moving di-
rections of the ball. The solid circle represents the top acrylic
substrate and the dotted circle represents the bottom acrylic
substrate. It is observed that the V¢ of TE1 achieves its max-
imum at 0°, whereas the Vpc of TE2 achieves its minimum.
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FIGURE 4. Acceleration measurements of the MAS in the horizontal direction. (a) Relationship of the response time (from the first trough to the first
peak) and magnitudes of acceleration. (b) Vsoc of the four bottom electrodes waveform under 0.1 m/s2. (c) Vsoc of the four bottom electrodes under

0.1 m/s2, 1 m/s?, 2 m/s%, 5 m/s? and 10 m/s2. (d) Vsoc of the four bottom electrodes after continuous operation for 2000 circles under 2 m/s?. (e) Voc of
BE1 and BE2 at 2 m/s? when the humidity and temperature are 80% and 25°C, respectively. The inset shows the moving directions of the ball. (f) Voc of
BE1 and BE2 at 2m/s? when the humidity and temperature are 25% and 50°C, respectively. The inset shows the moving directions of the ball.

The Vopc of TE1 and TE2 become the same approximately
at 45° (Fig. 2(f)). Moreover, the Vpc of TE1 decreases and
the Voc of TE2 increases with directions ranging from 0°,
10°, 30° to 45° (Fig. 2(c—f)), demonstrating the good accuracy
of direction detecting. Similarly, the same changing tendency
can be observed in Fig. S4(e-h). The explanations of Fig. 2(c—
f) are as follows. The ball moves across the smaller electrode
area of TEl when directions vary from 0°, 10°, 30° to 45°,
whereas it moves across the larger electrode area of TE2.
Hence, the varying tendency in Fig. 2(c—f) can be clarified.

However, the voltage ratios of adjacent electrodes at 10°
and 30° are not as stable as those at 0° and 45°. And the
waveforms at 0° and 45° are more distinguishable in compari-
son with those at 10° and 30°. As a result, the MAS can accu-
rately detect 0° and 45° compared with 10° and 30°. Since the
electrodes pattern is centrosymmetric, one TENG module can
detect eight directions. Therefore, if the top TENG module
is rotated 22.5° corresponding to the bottom TENG module,
16 directions can be precisely identified by the whole sensor.
The schematic diagram of 16 directions detected by the two
staggered TENG modules is demonstrated in Fig. 1(b). We
believe that the accuracy of the MAS can be enhanced in the
future work through further investigation of the relationship
between the accuracy and electrode patterns.

The moving process of the ball is illustrated in Fig. 3(b)
and corresponding Vpc waveform can be separated into two
stages as shown in Fig. 3(b) and Fig. S5(a) When an external
force (F) is applied to the MAS, due to the inherent inertia of
the ball, the ball slides toward the opposite direction of the ex-
ternal force relative to the substrate until it knocks the acrylic
82

ring (stage I). After that, the ball moves along the direction
of F under G (gravity) and F1 (thrust). If the magnitude of F
is small, the ball will swing at the bottom under G and F2
until it is finally still at the center of the bottom substrate.
In the other case, the ball will knock the acrylic ring again
and will not stop under G and F3 until it slows down (stage
II). The first peak of the waveform in Fig. 3(a) is chosen to
identify the direction since its corresponding moving direction
of the ball is the same as F. Measurements of the V¢ at six
directions are illustrated in Fig. 3(c—h). The other directions
are demonstrated in Fig. S5. Therefore, each TENG module
can detect eight directions. It can be observed that the V¢
of electrodes at the bottom substrate are larger than that of
electrodes at the top substrate in general. For instance, the
Voc of El at 337.5° is larger than that of E5 at 0°. The
reason is that the contact area between the ball and the bottom
electrode is larger than that of the top electrode. Moreover,
the ball exerts more pressure on the bottom electrodes than
on the top electrode. As a result, a larger Vpc is obtained
from the bottom electrode, whereas a smaller V¢ is achieved
from the top electrode when the acceleration is the same.
However, the result does not affect the direction detection
of the top TENG module since that the direction mechanism
is based on the voltage relationship of adjacent electrodes,
which is demonstrated in Fig. 3(c—e) and Fig. S5 (d-g, j).
In the assembling of the MAS, the top TENG module is ro-
tated 22.5° anticlockwise corresponding to the bottom TENG
module, which enables the MAS to detect 16 directions based
on this ingenious structure. Besides, this structure is advanta-
geous to minimize the size of the MAS, which facilitates the
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application of the MAS on VR/AR, sports training, smart
home and smart city. It is concluded that the MAS is able to
detect 16 directions precisely.

The dependence of response time (defined as the time from
the first trough to the first peak of output waveforms) on ac-
celerations ranging from 0.1 m/s? to 50 m/s? are illustrated in
Fig. 4(a). Vsoc of the four bottom electrodes is utilized to in-
vestigate this relationship, the results of which is applicative to
all directions in the horizontal plane because the relationship
is irrelevant to the magnitude of Vgpoc. As a result, another
electrode used to detect accelerations is no longer required
based on this strategy. Apparently, the response time is in
negative exponential relationship with acceleration. Besides,
the experimental data is fixed well with the fitting curve.
Furtherly, the sensor has great sensitivity in low accelerations
region as shown in Fig. 4(b). Even though the acceleration is
as low as 0.1 m/s?, the magnitude of Vgoc can achieve 0.12
V, which is significant in identification of mild vibration. The
range of acceleration detection can be changed by adjusting
the arc at the bottom of the sensor. Decreasing the slope
can reduce the resistance of the moving ball, which may be
advantageous to detection of the low acceleration, such as
a mild vibration. On the contrary, increasing the slope will
attenuate the detection ability of the MAS at low acceleration
and broaden the detection range at high acceleration. Con-
sequently, there is no linear relationship between the slope
and acceleration detection range, which may be addressed
in the future work. Measurements of Vsoc under different
accelerations are conducted, the details of which is illustrated
in Fig. 4(c). Obviously, with the increasing accelerations,
the peak values are enhancing whereas the response time is
decreasing. Moreover, Vsoc of the sensor is stable, which
maintains the same amplitude after 2000 circles as shown in
Fig. 4(d). The MAS presents good thermal and moist stability.
Although the V¢ decreases at 50°C and 80%, the MAS can
still detect 337.5° at 50°C and 80% air humidity, respectively,
based on the V¢ relationship between BE1 and BE2, which is
demonstrated in Fig. 4(e-f). The relationship between adjacent
electrodes is distinguishable. Thus the MAS can still realize
its function at 50°C and 80% air humidity, respectively.

11l. CONCLUSION

In summary, a rationally patterned MAS is achieved with
features of small size, high accuracy, large detection scale
and environmental friendliness based on single electrode tri-
boelectric mechanism. The volume and weight of the sample
in Fig. S2 are only 1.27 cm® and 0.87 g, respectively, which
facilitates its application in smart devices. Through material
optimization, a stainless-steel ball is determined as the moving
part of the MAS. After systematic and detailed measurements,
the MAS is demonstrated to identify 16 directions with the
aid of two TENG modules staggered by 22.5°. Moreover, the
MAS is able to detect acceleration ranging from 0.1 m/s* to
50 m/s?, presenting high sensitivity. In addition, Vsoc shows
a negligible decrease after continuously operating for 2000
circles, presenting excellent robustness. Thus, in the future,
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the rationally patterned MAS can make a difference to the
development of VR/AR (virtual/augmented reality), sports
training, smart home and smart city.

IV. MATERIALS AND METHODS

A. FABRICATION OF THE MAS

The fabrication process of the MAS can be divided into the
preparation of the acrylic bone, the electrode layers, the con-
ductive channels and the triboelectric layers. A hollow hemi-
sphere with diameter of 30 mm and thickness of 1 mm was
cut by a precision machine tool to form the bottom acrylic
substrate with height of 2 mm, outer diameter of 17.2 mm and
inner diameter of 15.2 mm. Then, four lead wire holes with
diameter of 0.8 mm were fabricated by laser cutting technique,
after which a Kapton film was pasted on the bottom acrylic
substrate to act as a mask. The mask was patterned by a laser
cutter, on which copper paste was brushed uniformly. Four
one eighth ring shaped electrodes were obtained with outer
diameter of 10 mm and inner diameter of 7 mm. A PTFE
film was pasted on the electrodes after removing the mask.
As for the middle section of the MAS, a ring-shaped acrylic
plate with outer diameter of 17.2 mm and inner diameter
of 15.2 mm was obtained by cutting an acrylic plate with
thickness of 2 mm. A stainless-steel ball with diameter of
3 mm was selected as the moving part of the MAS. With
respect to the top section, an acrylic sheet with thickness of
Imm was cut into a disk with diameter of 17.2 mm and its
following fabrication process was the same as the bottom
section. For the assembling process, the acrylic plates were
firmly connected with each other by the Loctite 414.

B. MEASUREMENTS OF THE MAS

The MAS was mounted on a linear motor (LinMot BF01-37)
and the moving distance and acceleration can be controlled by
the linear motor. The Vpc¢ and Vsoc were directly tested by a
LabVIEW testing system, consisting of a data acquisition card
(NI USB-6356), a LabVIEW testing program, and a PC.
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