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Vehicle restraint systems play an irreplaceable role to limit passenger injuries when an accident occurs,
in which, the 3D acceleration sensor (AS) is an essential component to detect the collision position and
force. However, there are some defects for commercial sensors such as passive sensing, low sensitivity
and high manufacturing cost. Here, we report a lightweight, high-sensitivity, low-cost and self-
powered 3D AS based on a liquid-metal triboelectric nanogenerator (LM-TENG). In view of the coded
strategy of the electrodes, the 3D AS retains the smallest size, lowest weight and highest integration
compared to the currently reported self-powered AS. The fabricated sensor possesses wide detection
range from O to 100 m/s? in the horizontal direction and O to 50 m/s? in the vertical direction at a
sensitivity of 800 mV/g. The open-circuit voltage shows a negligible decrease after continuously
operating for 100,000 times, showing excellent stability and durability. Furthermore, the 3D AS is
demonstrated as a part of the airbag system to spot the collision position and force of the car
simultaneously. This work will further promote the commercialization of TENG-based sensor and
exhibits a prospective application in the vehicle restraint system.

Introduction

In the traffic field, the safety of passengers is protected by the
vehicle crashworthiness, in which, the vehicle structure and
restraint system are both the key elements [1-3]. For vehicle
restraint systems, the 3D acceleration sensors are the indispens-
able component that can provide pivotal information to the elec-
tronic controller unit when the collision happened, such as
collision position and force [4]. However, there are some limita-
tions of commercial acceleration sensors which can be mainly
classified into three types including piezoresistive, capacity and
piezoelectric type. For example, the piezoresistive and capacity
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acceleration sensors always need the extra power supply, thus
increasing the power consumption and shorten the operation
period [5]. Although the piezoelectric type is self-powered, the
electric output of which is small and could be influenced by
the environmental noise as well as requiring high precision mea-
surement system [6,7]. Consequently, it is necessary to develop a
new type of acceleration sensor with high sensitivity and can
actively generate electric signals as a response to the acceleration.

Recently, the triboelectric nanogenerator (TENG) invented by
Wang’s group in 2012, based on a coupling effect of contact elec-
trification and electrostatic induction, has been proved as an effi-
cient approach to convert mechanical energy to electricity,
which has comprehensive applications in the ambient energy
harvesting (wind, ocean wave, human, etc.) and high sensitive
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self-powered sensing systems [8-14]. Mainly utilizing the tribo-
electrification between the conventional polymer film and the
other materials, the TENG based active sensors have shown
extremely high sensitivity to ambient mechanical stimulus [15-
18]. Moreover, featured as lightweight, cost-effective, shape
adjustable as well as high efficiency, the TENG is able to be
designed into various structures to meet the diverse demands
of sensing in daily life. Various self-powered active sensors based
on TENG have been developed such as traffic volume sensors
[19], auditory sensors [20], tactile sensors [21], gas sensors [22],
smart keyboards [23], angle sensors [24] and so on. In real life,
the acceleration sensor, especially 3D acceleration sensor, plays
a critical role in many fields, such as earthquake detect, vehicle
restraint system, human-machine interaction and so on [25].
Although the acceleration sensors based on TENG have been
reported since 2014, the small detection range, large size and
weight block their commercial applications, as shown in
Table S1. In previous works, liquid metal has been proven to be
an excellent material for TENG, with a high energy conversion
efficiency of 70.6%, indicating a potential approach for fabricat-
ing high-sensitivity and small-sized self-powered sensors [26-28].

Here, we report a small-sized, lightweight, high-sensitivity
and self-powered 3D AS based on liquid metal triboelectric nano-
generator (LM-TENG). The performance of the acceleration sen-
sor is systematically studied both theoretically and
experimentally. The acceleration sensor shows broad accelera-
tion response (0-50 m/s® in the vertical direction and 0-100 m/
s% in the horizontal direction) and high sensitivity (800 mV/g),
ascribing to the large surface area of nanowires modified polyte-
trafluoroethylene (n-PTFE) and high energy conversion effi-
ciency of liquid metal. The sensor possesses a cylindrical
structure (28.75 mm in diameter and 7.22 mm in height) and a
weight of 3.63 g. The open-circuit voltage shows a negligible
decrease over 100 000 cycles, evidently presenting excellent sta-
bility. The length of the coded electrodes is designed to adjust to
the volume of the liquid metal droplet, as a result, the accuracy of
direction identification is significantly enhanced. Compared to
recently reported works, the 3D acceleration sensor retains the
smallest size, lowest weight, highest detection range, highest
integration and excellent stability, as shown in Table S1. In addi-
tion, the 3D AS is demonstrated as a part of the vehicle safety
restraint system to detect the collision position and force of the
car to protect the safety of occupants. This study further expands
the commercial application of TENG as self-powered sensors in
transportation field.

Results and discussion

An exploded view schematic illustration highlights various
aspects of the layer-by-layer structure of the 3D AS based on
LM-TENG, as shown in Fig. 1a. A concave surface with a slop
angle of nearly 5 degrees is fabricated on one acrylic plate by
the laser cutter to be the substrate of the mercury droplet. The
cross-section view of the concave-shaped substrate is displayed
in Fig. Sla and b. On the other side of the acrylic plate, four
coded and one annular copper electrodes are deposited, with a
thickness of 200 nm, which were utilized to detect the direction
and acceleration in the horizontal direction. The coded strategy

and the digital photograph of the electrodes are illustrated in
Fig. 1g and h, where the width of the electrodes is 1 mm and
the distance between the neighboring electrodes is 0.5 mm. Sil-
ver electrodes are connected with the copper electrodes corre-
spondingly as the test electrodes, as illustrated in Fig. 1f. It is
worth to be noted that the silver electrodes and copper electrodes
are separated by an acrylic plate with several hole channels to
reduce the noise influenced by the test electrodes. A Kapton film
is attached to the silver electrodes to protect it from the influence
of water and dust from the ambient environment. An acrylic ring
is attached to the concave-shaped substrate to limit the move-
ment of the mercury droplet. On the top of the ring, a layer of
copper-coated PTFE film is laminated as one of the triboelectric
layers. The cross section view of the whole device is shown in
Fig. S1c. As shown in Fig. 1j, the nanowires structure is created
on the PTFE surface to enhance the surface charge density and
output of the sensor [29,30]. The detailed fabrication process is
schematically illustrated in Supporting Fig. S2. The fabricated
3D AS possesses a cylindrical structure (28.75 mm in diameter
and 7.22 mm in height) and a weight of 3.63 g, as displayed in
Fig. 1i and S3.

The basic principle of the 3D AS can be elucidated from two
aspects, movement in the vertical direction and in the horizontal
direction. As demonstrated in Fig. 1b, at the original state, when
the mercury droplet is brought to contact with the PTFE film,
ascribing to the difference of the electron affinity between the
two, the electrons transfer from the mercury surface to the PTFE
surface, as a result, the PTFE film is negatively charged and the
mercury is positively charged. The triboelectric charges cannot
be conducted or neutralized for a period of time. At this moment,
the positive tribo-charges are fully compensated with the oppo-
site ones, consequently, there is no electric output generated
on the electrode. Once the droplet moves down forward and sep-
arates with the PTFE film, the equilibration of the electric field is
broken, the potential difference will create a flow of electrons
from the copper electrode to the ground to equilibrate the poten-
tial until a new electric equilibrium is established (droplet moved
to the lowest point). Then, the droplet moves up forward, the
electrons flow from the ground to the copper electrode until
the initial state. The static and dynamic potential distribution
of mercury droplet and PTFE film upon contact and separation
is simulated by COMSOL, as illustrated in Fig. 1c and Supporting
Movie 1. When the droplet moves in the horizontal direction,
the electric equilibrium establishes at the third state, in other
words, the droplet moved directly to the top of the electrode.
Otherwise, there are electrons flowing from the electrode to the
ground or the opposite, as displayed in Fig. 1d. As clearly shown
in Fig. 1e and Supporting Movie 2, the static and dynamic poten-
tial distribution when the droplet moves from the inner elec-
trode (E1) to the outer electrode (E4) is calculated via COMSOL.

Materials selection plays a critical role in the structure design
and electric output of the sensor based on TENG. For the tribo-
electric layer, we fabricated the nanowires on the surface of PTFE
film and the optimized dimension was obtained, as shown in
Fig. S4. In this work, the material selection of the moving part
is very important, which has an influence on the sensitivity,
detection range, stability as well as the degree of integration of
the sensor. As shown in Fig. 2a, mercury, water droplet, and PTFE
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Structural design and working principle of the coded liquid metal 3D acceleration sensor. (a) Schematic representation of the 3D acceleration sensor. (b)
Working process of the 3D acceleration sensor to detect the vibration in vertical. (c) Numerical calculations on the potential distribution between the Hg
droplet and PTFE film with the Hg droplet moving up and down. (d) Working mechanism of the 3D acceleration sensor vibrating in the horizontal direction.
(e) Potential distribution between the Hg droplet and the substrate with the Hg droplet moving from the inner electrode (E1) to the outer electrode (E4). (f)
The connection method of the Copper electrode and the silver electrode. (g) Schematic illustration of the copper electrode distribution in (f) and the coded
strategy of the four electrodes (E1-E4) used to detect the movement direction in horizontal. Ea is the electrode to detect the acceleration in the horizontal
direction. (h) Digital photograph of the coded electrode. Scale bar, 1.5 cm. (i) Photograph of the 3D acceleration sensor. Scale bar, 2 cm. (j) SEM image of the

PTFE surface with nanowires modification. Scale bar, 2 um.

ball are chosen to be the moving part. Ascribing to the outstand-
ing properties of liquid metal, such as high electrical conductiv-
ity, high solid-liquid interfacial tension, high elasticity as well as
high energy conversion efficiency, the open-circuit voltage of
mercury droplet is much higher than that of the water droplet
and PTFE ball. The contact angles of the mercury and water dro-
plets on the surface of acrylic are clearly displayed in Fig. 2b, indi-
cating that the surface tension of mercury is much larger than
that of the water. Moreover, the water droplet can be easily bro-
ken into pieces and possibly form a thin water layer that reduces
triboelectric charge density. PTFE ball is not suitable in this case
either, owing to the vertical triboelectric layer is also PTFE. The
accuracy of acceleration detection in the horizontal direction is
mainly depended on the structure design of the electrodes. As
shown in the Fig. 2¢, d and S5, the open-circuit voltage of the
four electrodes are influenced by the distance between the mer-
cury droplet and the edge of the electrodes, where d is the dis-
tance between the center of the droplet and the edge of the
electrode. As clearly demonstrated in Fig. 2d, the open-circuit
voltage decreases with the increase of the distance d. The output
voltage when the droplet moves above the electrode is much

larger than that when the droplet moves at the side of the elec-
trodes, indicating that the accuracy of the direction identifica-
tion is very high based on the coded electrodes. The
relationship between the features of the voltage waveforms and
the motion position is demonstrated in Fig. S6. The normal
coded strategy is composed of four half-circled electrodes which
can distinguish sixteen directions, as shown in Fig. 2e. However,
the volume of the mercury droplet cannot be ignored in the
actual operation process. As clearly demonstrated in Fig. 2g and
h, when the droplet moves in the direction of 0111 and 1001,
because of the volume effect of the droplet, it contacts with
the electrode 1 and electrode 2 respectively, as a result, the iden-
tified results will shift to be 1111 and 1101. In the other situa-
tion, when the droplet moves along the direction of 1100, the
detected direction can be 1111 for the same reason, as demon-
strated in Fig. S7. Hence, the length of the coded electrodes must
be reduced to avoid the volume effect of the liquid metal droplet
to further enhance the accuracy of direction identification. As
shown in Fig. 2f, the length of the electrodes is reduced accord-
ing to the actual running path of the droplet. With the improved
coded electrodes, the accuracy of direction identification of the
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FIGURE 2

Materials selection and the structure design of the coded liquid metal 3D acceleration sensor. (a) Open-circuit voltage generated by a different types of ball
(Hg, PTFE and Water) moving across the copper electrode, in which both the diameter of the ball and the width of the electrode are 5 mm. (b) Contact angle
of the Hg and water on the surface of acrylic. (c) Schematic diagram of the test process when the Hg droplet moves from electrode E1 to E4 with different
distance between Hg droplet and the electrode, in which the diameter of Hg droplet is 3 mm and the width of the electrodes is 2 mm. (d) Open-circuit
voltage of the four electrodes with the Hg droplet moving from electrode E1 to E4 with d ranging from —1.5 mm to 6 mm. (e and f) Electrode pattern in
normal coded method (e) and improved coded method (f). (g and h) Open-circuit voltage of the sensor with the Hg droplet moving in the direction of 0111
(g) and 1001 (h) with normal coded method. (i and j) Open-circuit voltage of the sensor with the Hg moving in the direction of 0111 (i) and 1001 (j) with

improved coded strategy.

sensor is significantly improved, as shown in Fig. 2i, j, and S7.
The schematic illustration of the transformation of the length
of the electrodes and the coded strategy are clearly shown in
Fig. S8 and S9.

The direction identification of the sensor in the horizontal
direction is illustrated in Fig. 3. In the testing progress, the AS
is mounted on a linear motor, where the moving acceleration
and distance of the motor are fixed. When the motor moves for-
ward, the sensor also moves in the same direction, meanwhile,
due to the inertia, the droplet moves in the opposite direction.
There is a trough occurred on the tested voltage curve when
the droplet moves across the corresponding electrode (1), con-
versely, there is a crest or nothing occurred on the curve (0). As
clearly illustrated in Fig. 3a, the typical feature of the voltage
waveform on the electrodes from E1 to E4 can be classified into
two areas, the inertia movement area (state I) and the reciprocat-
ing movement area (state II), when the liquid metal droplet
moves in the direction of 1111. The force and movement analy-
sis of the mercury droplet in the different situations is respec-
tively demonstrated in Fig. 3b. When a force (F) applied to the

acceleration sensor in the horizontal direction, because of the
inertia force (F;), the mercury droplet moves in the opposite
direction until knocks to the acrylic ring (state I). At this
moment, the thrust (F, and F3) and gravity (G) drive the droplet
return to the center of the substrate automatically after several
times of reciprocating movement, owing to that the acrylic sub-
strate is designed in a concave shape (state II). The schematic dia-
grams for the definitions of the 16 directions identified by the
sensor with four coded electrodes are shown in Fig. S10. The
acceleration direction can be identified in a high accuracy
according to the voltage waveform of the electrodes from E1 to
E4, as shown in Fig. 3c-h, and the other direction identification
results are demonstrated in Fig. S11 and S12 respectively.

As a 3D AS, it is necessary to investigate the relationship
between the electric output and acceleration. A ring-shaped elec-
trode is utilized to detect the acceleration in the horizontal direc-
tion, where the time from O to the trough of the open-circuit
voltage curve is captured. As shown in Fig. 4a, the duration fol-
lows an exponential decay when the acceleration increase from
1 to 100 m/s?, moreover, the experimental data is fixed well with
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Acceleration measurement in the horizontal direction of the 3D acceleration sensor based on liquid metal. (@) Open-circuit voltage of the four electrodes
when a specific force applied to the sensor in the direction of 0011. (b) Force and movement analysis of the Hg droplet when an external stimulation applied
to the sensor. (c—h) Open-circuit voltage of the sensor with the moving direction of the Hg droplet ranging from 0000 to 1111. (c) 0000, (d) 0010, (e) 0110, (f)

1000, (g) 1110, (h) 1111.

the fitted curve. The response time of the sensor at various accel-
erations is demonstrated in Table S2. The open-circuit voltage of
the sensor at variable accelerations of 5, 10, 20, 50 and 100 m/s?
is illustrated in Fig. 4b. The acceleration of the sensor is also
detected when the sensor moves in several directions with a fixed
acceleration, as demonstrated in Fig. 4c, indicating that the sen-
sor possesses high accuracy in the detection of acceleration in the
horizontal direction. When the 3D AS is subjected to a certain
external acceleration in the Z-axis, the electricity will be gener-
ated ascribing to the contact and separation between the mer-
cury droplet and the PTFE film as a single- electrode TENG. As
shown in Fig. 4d, the open-circuit voltage of the acceleration sen-
sor is proportional to the external vibration acceleration in a
wide range from O to 50 m/s%. At the acceleration of 50 m/s?,
the open-circuit voltage can reach up to 4 V with a sensitivity
of 800 mV/g. The acquired open-circuit voltage of the sensor at
variable accelerations of 10, 20, 30, 40 and 50 m/s? is demon-
strated in Fig. 4e and the mean value and standard deviation of

voltage are demonstrated in Table S3. To have a deeper compre-
hension of the progress, the COMSOL is utilized to calculate the
potential distribution for different contact area between the dro-
plet and PTFE film, as shown in Fig. S13 and supporting movie 3.
It is clearly indicated that the potential difference increases with
the increase of the contact area. As we know, the contact area
between the droplet and the film is mainly determined by the
acceleration of the droplet, hence, there will be a linear relation-
ship between the open-circuit voltage and the acceleration of the
droplet. As shown in Fig. 4f, the 3D acceleration sensor can mea-
sure vector acceleration in three-dimensional space by calculat-
ing the two acceleration data, in which, the red points
represent the actual vector accelerations and the blue point rep-
resent the measured accelerations. The maximum error of the
measured acceleration is 1.5 m/s?, which is within the standard
deviation range. Furthermore, the stability and durability test
of the acceleration sensor is carried out at the acceleration of
10 m/s? in the horizontal direction and 20 m/s* in the vertical
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Acceleration measurement in full space of the 3D acceleration sensor and its application in the vehicle safety restraint system. (a) Dependence of the time
from 0 to the trough of the open-circuit voltage on the loaded acceleration in the horizontal direction. (b) Open-circuit voltage of the sensor at variable
accelerations ranging from 5 to 100 m/s>. (c) Detected acceleration with the sensor moving in different direction with a fixed acceleration of 20 m/s2. (d)
Dependence of the open-circuit voltage of the sensor on the loaded acceleration in the vertical direction. (e) Open-circuit voltage of the sensor at variable
accelerations ranging from 10 to 50 m/s2. (f) Acceleration measurement in the 3 dimensional direction. (g) Schematic representation of the working process
of the vehicle safety restraint system. (h and i) Collision position of the vehicle detected by the 3D acceleration sensor (rear position). (j and k) Collision
position and force detected by the sensor, which can provide information to the vehicle safety restraint system (front position).

direction. As shown in Fig. S14, after 1800 continuous operation
in the horizontal direction and 100,000 vibration cycles in the
vertical direction, the open-circuit voltage exhibits only negligi-
ble drops, indicating high durability of the acceleration sensor,
owing to that the liquid-solid contact of mercury droplet and
acrylic or PTFE film reduces the abrasion of the nanostructures.
To prove the capability of the 3D AS based on LM-TENG as a part
of the vehicle restrain systems, a collision experiment is simu-
lated, as schematically illustrated in Fig. 4g. When a collision
accident happens to a vehicle, the impact acceleration is mea-

sured by the sensor and determined whether and when to deploy
the airbag. As shown in Fig. 4h, i and supporting movie 4, the
acceleration sensor embedded in the car can identify the colli-
sion position of the vehicle efficiently. Then, as clearly shown
in Fig. 4j, k and supporting movie 5, the collision position is con-
trolled to the front and the impact acceleration alters from a low
value to a high value, the acceleration sensor can efficiently mea-
sure the impact acceleration and identify the collision position in
order to determine whether the airbag should be deployed to
protect the safety of the occupants. This prototype of a LM-
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TENG-based 3D AS shows the potential for creating a sensitive
and effective commercial sensor for vehicle safety restraint
systems.

Conclusion

In summary, a self-powered active 3D acceleration sensor based
on liquid metal triboelectric nanogenerator was demonstrated
with features of small size, lightweight, low-cost, high integra-
tion, high sensitivity, large detection range and excellent stabil-
ity. The accuracy of the acceleration sensor has been
significantly improved by eliminating the volume effect of liquid
metal. Due to the nanowires structure of PTFE film and inherent
characteristic of the liquid metal, the acceleration sensor exhibits
high sensitivity and excellent stability. The relationship between
the electric output properties and the applied acceleration is the-
oretically and experimentally investigated. Furthermore, the 3D
acceleration sensor is utilized to be a part of the vehicle safety
restraint system to measure the collision position and force. This
work not only demonstrates a self-powered 3D acceleration sen-
sor but also expands TENG’s commercialization and application
in self-powered sensing systems.

Experimental section

Fabrication of the nanowire structures on the surface of the
PTFE thin film

A 30 um thick PTFE thin film was cleaned with ethyl alcohol and
ultra-pure water, consecutively, and then dried by compressed
air. A thin Au film (10 nm) was deposited on the PTFE surface
with a deposition rate of 0.2 nm s ' by using a Denton Explorer
E-beam Evaporator. The nanowires structure on the PTFE surface
was created by ICP reactive ion etching. The flow rates of the Ar,
O,, and CF,4 gases are 15, 10, and 30 sccm, respectively. One
power source of 400 W was used to generate a high density of
plasma, while another 100 W was used to accelerate the plasma
ions.

Fabrication of the acceleration sensor

A 1.5 mm thick acrylic sheet was cut into a disk (D;) with a diam-
eter of 29 mm, then a pit with a slope angle of nearly 5 degrees
was engraved by the laser cutter (Universal Laser System,
PLS6.75). On the other side of the disk, the patterned copper
electrodes (200 nm in thickness, 1 mm in the width) were depos-
ited by using a Denton Explorer E-beam Evaporator. Next, a
1.5 mm thick acrylic disk (Dz) (29 mm in diameter) with several
hole channels (0.8 mm in diameter) cut by the laser cutter was
attached on the electrode side of the D;. Silver conductive epoxy
(component A and B was mixed by 1:1) was used to form the test
electrodes. Then, a Kapton film (30 pm in thickness) was stuck
on the back of D,. A ring-shaped acrylic with an outer diameter
of 29 mm, inner diameter of 27 mm and a height of 1.7 mm
was fabricated by the laser cutter. Then, it was attached on the
D; to limit the movement of the mercury ball. A 200 nm thick
copper film was deposited on the PTFE film by a Denton Explorer
E-beam Evaporator. Finally, a mercury droplet was added into the
pit of the acrylic shell, and a tailored PTFE film was attached onto
the acrylic substrate. For the packaging of the device, the acrylic
plates were firmly connected with each other by the Loctite 414

and the PTFE film and the acrylic substrate were tightly bonded
by the VHB tape (3 M Company). After that, the epoxy resin was
coated on the outer surface of the device to further enhance the
tightness and safety of the acceleration sensor.

Measurement of the LM-TENG

The TENG was mounted on a linear motor (LinMot HO1-
23 x 86/160) and the moving distance and acceleration can be
controlled by the linear motor. The open-circuit voltage was
measured by using a Keithley 6514 system electrometer and a
data acquisition device (National Instruments, BNC-2120).
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