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An acceleration sensor is an essential
component of the vibration measurement, while the
passivity and sensitivity are the pivotal features for its
application. Here, we report a self-powered and highly
sensitive acceleration sensor based on a triboelectric
nanogenerator composed of a liquid metal mercury droplet
(LMMD) and nanofiber-networked polyvinylidene fluoride
(nn-PVDF) film. Due to the ultrahigh surface-to-volume
ratio of nn-PVDF film and high surface tension, high mass
density, high elastic as well as mechanical robustness of
LMMD, the open-circuit voltage and short-circuit current
reach up to 15.5 V and 300 nA at the acceleration of 60 m/
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s?, respectively. The acceleration sensor has a wide detection range from 0 to 60 m/s> with a high sensitivity of 0.26 V-s/m”.
Also, the output voltage and current show a negligible decrease over 200,000 cycles, evidently presenting excellent stability.
Moreover, a high-speed camera was employed to dynamically capture the motion state of the acceleration sensor for insight
into the corresponding work mechanism. Finally, the acceleration sensor was demonstrated to measure the vibration of
mechanical equipment and human motion in real time, which has potential applications in equipment vibration monitoring

and troubleshooting.
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n acceleration sensor is a critical component in
vibration monitoring, which acts a pivotal part in
many fields such as global position system, biomedical
devices, intelligent electronic products, vehicle safety, earth-
quake monitoring, and mechanical equipment vibration
monitoring and troubleshooting."”” Usually, the acceleration
sensor can be generally classified into piezoelectric, capacitive,
and piezoresistive types,” among which the piezoelectric sensor
is self-powered, while the electric output is very small and could
be influenced by the environmental noise.” Moreover, the
capacitive and piezoresistive acceleration sensors are mainly
powered by the traditional power supply unit, which will limit
their potential applications.” Hence, it is highly desired to
fabricate an acceleration sensor with a large output signal and
the ability to be self-powered simultaneously.
Recently, the triboelectric nanogenerator (TENG) has been
proved to be a robust way to convert ambient mechanical
energy into electric energy due to a coupling effect of contact
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electrification and electrostatic induction.’™"! Ascribing to the

outstanding properties such as high performance, high
conversion efficiency, easy fabrication, low cost, and easy
scalability, TENG has been utilized to harvest the energy

produced by the wind,'>"’

ing,'”'® and so on. More importantly, TENG can also act as

self-powered sensors for actively detecting the static and
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water wave, human walk-

dynamic processes arising from mechanical stimulation using
the voltage and current output signals of the TENG, including
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vibration sensor,” traffic volume sensor,
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angle sensor, tactile sensor,” biosensor,

pressure sensor,
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motion sensor,
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velocity sensor,” and so on. However, only a
few papers explored the process of utilizing a TENG to detect
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acoustic sensor,
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Figure 1. Structural design of the self-powered acceleration sensor. (a) Schematic diagram of the self-powered acceleration sensor for
vibration monitoring. (b) Photograph of the nn-PVDF film composed of nanofibers. (c) SEM image of PVDF nanofibers. (d) Photograph of

the fully assembled acceleration sensor.
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Figure 2. Theoretical investigation on the working principle of the acceleration sensor. (a) Contact electrification stage where the charge
transferred at the interface of the nn-PVDF film and mercury droplet. (b) Numerical calculations on the potential differences between the nn-
PVDF film and mercury droplet at the contact electrification stage. (c) Electrostatic induction stage where the charge transferred between the
two copper electrodes. (d) Numerical calculations on the potential differences at electrostatic induction by COMSOL.

acceleration. Zhang et al. have reported a self-powered
acceleration sensor which can detect the acceleration ranging
from 10 m/s* to 20 m/s*”’ Pang et al. also have reported a 3D
acceleration sensor with a detection range from 13 m/s* to 40
m/s%!
acceleration sensors is that they cannot detect the acceleration
below 10 m/s” In addition, the size of the sensors is too large
for applications. In this regard, it is necessary to develop
techniques to fabricate acceleration sensors with both small size
and wide detection range.

In this work, we demonstrate a self-powered acceleration
sensor based on liquid metal triboelectric nanogenerator, which
was composed of an inner liquid metal droplet (mercury) and
an outer acrylic shell. A nanofiber-networked polyvinylidene
fluoride (nn-PVDF) film was prepared by a simple electro-
spinning method as one of the triboelectric layers. Ascribing to
ultrahigh surface-to-volume ratio, the nanofiber structure can
efficiently generate charges on its surface, which is beneficial for
triboelectric power generation.”” > For a systematical study, a

One of the most common flaws in the above-mentioned
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high-speed camera was employed to clearly capture the motion
states and interaction between the mercury droplet and the
triboelectric layers. With a device size of 30 X 30 X 6 mm, the
sensor can be used to measure acceleration attributed to the
linearly proportional relationship between the acceleration and
the electric output, where the detection range and sensitivity
are 0—60 m/s* and 0.26 V-s/m? At the acceleration of 60 m/s?,
the open-circuit voltage and short-circuit current, respectively,
reach up to 15.5 V and 300 nA. The output voltage and current
show a negligible decrease over 200,000 cycles, evidently
presenting excellent stability. More importantly, the self-
powered acceleration sensor can be used to measure the
vibration of mechanical equipment and human motion in real
time. This work presents solid progress toward the practical
applications of triboelectric nanogenerators in vibration

measurement and equipment troubleshooting techniques.
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Figure 3. Electrical output performance of the acceleration sensor based on TENG. (a, b) Dependence of the short-circuit current (a) and
open-circuit voltage (b) of TENG with different volume ratios of the mercury droplet and acrylic pit on accelerations ranging from 0 to 60 m/
s%. (¢, d) Short-circuit current (c) and open-circuit voltage (d) of the sensor with a volume ratio of 0.25:1 at variable accelerations. (e, f)
Short-circuit current (e) and open-circuit voltage (f) of the sensor with a volume ratio of 0.25:1 at the acceleration of 20 m/s”. (g) Enlarged
view of the short-circuit current in one vibration period. (h) Motion state of mercury droplet in one vibration period captured by a high-speed
camera at the acceleration of 20 m/s> (i) Sketch diagram of the mercury droplet motion state in one vibration period.

RESULTS AND DISCUSSION

Figure la schematically shows the basic configuration of the
self-powered acceleration sensor based on liquid metal TENG,
which consists of an inner mercury droplet and an outer acrylic
shell. For a typical fabrication of device, a hemisphere-shaped
pit with a 10 mm diameter was sculptured on the surface of an
acrylic plate by a laser cutter. A thin copper film was deposited
on the acrylic surface as the electrode. Compared to other
conductive solutions such as water, the liquid metal exhibits
more extraordinary properties, for example, higher electric
conductivity, higher mass density, higher solid—liquid inter-
facial tension, higher elasticity, and better mechanical robust-
ness. The nonstick mercury droplet was placed into the pit as a
floating electrode.”>** On the top of the pit, a layer of Cu-
coated nn-PVDF was laminated as one of the triboelectric
layers. The fabrication process is schematically illustrated in
Supporting Figure S1. PVDF was purposely chosen according
to the triboelectric series, as shown in Supporting Table SI,
which can easily gain electrons from the mercury droplet. More
importantly, in order to enhance the effective contact area and
improve the output performance of the TENG, the electro-
spinning process was employed to make a nanofiber-networked
PVDF film, as illustrated in Figure 1b. The schematic diagram
of electrospinning process is illustrated in Supporting Figure
S2. The PVDF nanofibers have a uniform size distribution and
an average diameter of 290 nm, as shown in Figure 1c and

Supporting Figure S3. Figure 1d is a digital photograph of the

acceleration sensor with a small size of 30 X 30 X 6 mm and the
low weight of 8g.

The basic working principle of the acceleration sensor is
schematically plotted in Figure 2. Here, the working principle
can be elucidated from two aspects: the contact electrification
and the electrostatic induction process. As shown in Figure 2a,
at original stage I-1, the mercury droplet stays at the bottom of
the acrylic pit, and there is no electric charge on the surface of
the nn-PVDF film. Once the acceleration sensor starts to move
up (stage 1-2), the mercury droplet will intimately contact with
the nn-PVDF film (stage 1-3), ascribing to the different
triboelectric polarity of the PVDF and mercury, and charge
transfer at the interface will make the nn-PVDF negatively
charged and mercury droplet positively charged. The tribo-
charges will sustain on the nn-PVDF film surface and cannot be
conducted away or neutralized for an extended period of time
due to the nature of the dielectric.*>™>* At this moment,
triboelectric charges with opposite polarities are fully balanced
out delicately, meaning no electric charge transfer between the
electrodes. When the mercury separates from the nn-PVDF
film surface along with the sensor moving down (stage I-4), the
equilibration of electric field is changed, and then an electric
potential difference is created between the copper electrodes.
The electrons will flow from the top electrode to the bottom
electrode until the accumulated charges reach an equilibrium
state (stage I-5). COMSOL was employed to simulate the
potential distribution between the mercury and nn-PVDF film
upon contact and separation, as illustrated in Figure 2b and

DOI: 10.1021/acsnano.7b03818
ACS Nano 2017, 11, 7440-7446


http://pubs.acs.org/doi/suppl/10.1021/acsnano.7b03818/suppl_file/nn7b03818_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.7b03818/suppl_file/nn7b03818_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.7b03818/suppl_file/nn7b03818_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.7b03818/suppl_file/nn7b03818_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.7b03818/suppl_file/nn7b03818_si_001.pdf
http://dx.doi.org/10.1021/acsnano.7b03818

ACS Nano

¥ Automotive Engine ~
————
=\ )
~ “Sensor

Open-cireuit Voltage (V)

(b)

Running

Open-circuit Voltage (V)

Open-circuit Voltage (V)
A

B D i —————
i g w Height=10cm | |
i Z 35 1
1 3 1
! ) i
H S 28 i
i Z 20 !
H .!_Z 15 '
: §_ 10 J i H
1 1 1
1 ) 0s | H
: 11 0 =S
: 10 20 3 40 S0 60 0 80 % 100 :
: Distance (em) :
1 12 1
1 . — !
Running E S Distance = 30em !
P i
i El H
H Firm Table 2, !
[ P -
: H :
1 z 4 :
! £
H ‘:’ 2 i
1 = g :
i Distance S o] i
1
1 o 1
1 - = 10 20 30 40 S0 60 7 S0 % 100
i Sensor Height (cm) E
S —— 4
1
:
® Walking @ Running |
1
Frequency o W2, !
foss Hz ANV
N i
1
Acceleration  HNINN |
901 m/s? i
1 2 3 4 :
Time (s) :
__________________________________________________________________________ \
. i
i
4 @ Walking @ Running |
1
\ Frequency 5 il oL , E
21 Hz ' '
= i
-, 1
4 Acceleration  Hllm
« 168 m/s? i
1 2 3 H i
Time (s) :

__________________________________________________________________________ a

Figure 4. Demonstration of the acceleration sensor for vibration monitoring. (a, b) Acceleration sensor was fixed onto the automotive engine
(a) and air compressor (b) to monitor their working state. (c) Acceleration sensor was utilized to measure the vibration of a firm table caused
by the impact between a little ball and the table. (d) Schematic diagram of the self-powered human gait analysis system. (e) Gait analysis of

human walking. (f) Gait analysis of human running.

Supporting Movie 1. When it comes to the electrostatic
induction process, its working mechanism is clearly displayed in
Figure 2c. When the acceleration sensor moves up again (stages
112 and 3), the distance between the mercury droplet and nn-
PVDF film decreases, and the potential difference starts to drop
resulting in the generation of electrons flow from the bottom
electrode to the top electrode. The flow of induced electrons
can last until a new electrical equilibrium is established (stage
II-4). Once the mercury droplet moves down (stage II-S and
6), non-equilibrium of the potential will drive the electrons to
flow from the top electrode to the bottom electrode again until
to the equilibrium stage II-1. The potential distribution of nn-
PVDF film and electrodes at electrostatic induction stage is
calculated via COMSOL, as clearly illustrated in Figure 2d and
Supporting Movie 2.

To characterize the performance of the acceleration sensor,
the output performances of the sensor with different volume
ratio of mercury droplet and acrylic pit vibrating at different
accelerations were measured. The acceleration sensor was
mounted on the linear motor, and the moving distance of the
linear motor is fixed. With the oscillation of the linear motor,
the sensor is moving up-and-down, and the acceleration can be
precisely controlled by a linear motor. The open-circuit
voltages and short-circuit current of the acceleration sensor
with volume ratio of 0.128:1 at variable acceleration ranging

from 0 to 100 m/s* were measured, as shown in Figure S4. The
open-circuit voltage increases in the initial stage and then
decreases at the larger acceleration. It is attributed to the
motion state of mercury droplet, which is transformed from the
up-and-down motion to rotational motion in the pit when the
acceleration exceeded 60 m/s?. It is indicated that the detection
range of the acceleration sensor is 0—60 m/s%. As shown in
Figure 3a,b, both the short-circuit current and open-circuit
voltage of the acceleration sensor are proportional to the
external vibration acceleration in a wide range from 0 to 60 m/
s%. Moreover, the output current and voltage first offer an
upgrade with increasing the diameter of mercury droplet,
however, abruptly descending after the maximized volume ratio
of 0.25:1. For the acceleration sensor with a volume ratio of
0.054:1, the detection range is 15—60 m/s% ascribing to that
the mercury droplet not contact the surface of the nn-PVDF
film when the acceleration is below 15 m/s. The short-circuit
current and open-circuit voltage curves of the sensor with
volume ratio of 0.25:1 at variable accelerations are shown in
Figure 3c,d and reach up to 300 nA and 15.5 V under the
acceleration of 60 m/s? respectively. It is distinctly
demonstrated that the acceleration sensor not only possesses
the ability to detect the vibration acceleration but also can
measure the frequency. The acquired signals of the sensor with
a volume ratio of 0.25:1 at variable accelerations of 1, §, 10, 15,
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25, 30, 40, 50, and 60 m/s* are illustrated in Supporting Figures
SS and S6, when their vibration times are fixed at S s. It can be
clearly seen that all of the output electric signals are uniform
and stable. To clearly provide the valuable insight into the
working mechanism of the sensor, a high-speed camera with a
frame rate of 4000 Hz was employed to dynamically capture the
contact-separation process between the mercury droplet and
triboelectric layers, as shown in Supporting Movie 3. An
interesting phenomenon was found that the mercury droplet
contacts and separates with the nn-PVDF film twice during one
period of linear motor moving, which can be verified by the
electric output of the acceleration sensor. At an acceleration of
20 m/s?, the frequency of open-circuit voltage and short-circuit
current is 27.6 Hz, as shown in Figure 3ef, doubling the
vibration frequency (13.8 Hz) of the linear motor, which was
calculated from the movie captured by high-speed camera. The
detailed discussion of the vibration process is clearly
demonstrated in Figure 3g—i. At stage I, when the linear
motor moves from bottom to top, the mercury droplet will
approach and gradually contact the surface of nn-PVDEF film,
resulting in an induced negative current. Whereafter, the
acceleration sensor will move down along with the linear
motor. In the process, the mercury droplet will first fall from
the top and contact with the bottom electrode (stage II) and
then immediately bounce up (stage III) and contact with the
nn-PVDF film again, and finally, it will drop to the bottom of
the sensor (stage IV) at the same time as the linear motor
moves to the lowest point. As a result, the continuous positive,
negative, and positive current is produced in the circuit. In
addition, the stability test of the acceleration sensor was carried
out at the acceleration of 20 m/s% As shown in Figure S7, after
200,000 vibration cycles, the open-circuit voltage and short-
circuit current exhibit only negligible drops, indicating high
durability of the acceleration sensor, ascribing to that the
liquid—solid contact of mercury droplet and nn-PVDF film
reduces the abrasion of nanostructures.

To prove the capability of the liquid metal TENG as an
acceleration sensor for vibration measurement and analysis,
four sets of practical applications were demonstrated. First, as
illustrated in Figure 4a and Supporting Movie 4, the
acceleration sensor was mounted onto an automotive engine
and efliciently detected the operating state. The open-circuit
voltage rapidly increased to 2.5 V as the car started, then
dropped to nearly 0.25 V and kept until the car stopped.
Similarly, the acceleration sensor also can be fixed on the
mechanical equipment such as air compressor to monitor the
operating state, as clearly demonstrated in Figure 4b. The third
practical application shows that the acceleration sensor,
mounted on a firm table, can detect the vibration of the table
caused by the impact between a little ball and the table. The
diameter of the little ball is 10 mm, and the weight is 10.5 g.
With a falling height of 10 cm, the electric output amplitude is
exponentially related to the distance between the acceleration
sensor and the falling point of the ball. Moreover, when the
distance between the sensor and falling point was controlled at
30 cm, the open-circuit voltage of the sensor is proportional to
the falling height of the little ball, as shown in Figure 4c. At last,
the acceleration sensor was embedded in the shoes for human
gait analyzing in real time, as illustrated in Figure 4 d. When a
human first begins to exercise, the frequency and acceleration of
falling steps could be detected by the self-powered human gait
analysis system. The open-circuit voltages of the acceleration
sensor in the walking state and running state are enumerated in
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Figure 4e,f. According to the frequency and value of the output
voltage, the types of human motion and acceleration of falling
steps could be calculated, as shown in Supporting Movie 5. It is
indicated that the self-powered acceleration sensor will greatly
promote the development of vibration measurement and
analysis.

CONCLUSION

In summary, we have demonstrated a self-powered acceleration
sensor based on liquid metal TENG with an inner mercury
droplet and an outer acrylic shell for vibration measurement
and analysis in real time. An electrospinning method was
utilized to fabricate the nanofiber-networked PVDF film, which
was beneficial to enhance the output of TENG. The
relationship between the electric output properties and the
vibration acceleration was systematically investigated. The
output voltage and current exhibit a good linear relationship
with the external acceleration. The acceleration sensor shows
good performance with the detection range from 0 to 60 m/s*
and sensitivity of 0.26 V-s/m”. The liquid metal mercury drop
could significantly enhance the stability and durability of the
acceleration sensor. The output voltage and current show
negligible drops after nearly 200,000 cycles. Furthermore, a
high-speed camera with a frame rate of 4000 Hz was employed
to dynamically monitor the working process of the acceleration
sensor. The acceleration sensor was very sensitive to small
ambient vibrations, such as machine vibration and table
vibration. This work not only demonstrates a self-powered
acceleration sensor with high sensitivity and wide detection
range but also expands TENG’s application in self-powered
sensing systems.

EXPERIMENTAL SECTION

Electrospinning. PVDF solution with 20 wt % in acton/N,N-
dimethylacetamide (1/1 w/w) was prepared. The resulting clear and
homogeneous solution was charged into a syringe that was subjected
to a DC voltage up to —18 kV by DC power supply (HDP20—2.0,
Tianjin Huida Electronic Components, China). The syringe was
placed in a microsyringe pump (TYDO01-02, Lead Fluid, China), and
the spinning solution was delivered to the blunt needle tip (20 G) at a
flow rate of 0.03 mL min~" at a fixed collection distance of 20 cm
between the tip of the syringe and plate collector. The spinning was
done under a relative humidity of 30%. The film was dried in a drying
oven at 40 °C for 48 h and then heat treated at 150 °C for 2h.

Fabrication of the Acceleration Sensor. A 6 mm-thick acrylic
sheet was processed by laser cutting and sculpting (TR-6040) to form
the outer shell. Thin copper film was deposited on the surface of the
tailored nn-PVDF film and acrylic shell by direct current magnetron
sputtering method. Finally, a mercury droplet was added into the pit of
the acrylic shell, and the nn-PVDF film was attached onto the acrylic
substrate.

Electrical Measurement. The open-circuit voltage was measured
by using a Keithley 6514 system electrometer, and the short-circuit
current was measured by using an SRS570 low noise current amplifier
(Stanford Research System).
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