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Abstract: We propose an inductor-capacitor (LC) wireless passive flexible accelerometer, which eliminates the difficulty in
measuring the acceleration on the surface of a bending structure. The accelerometer is composed of a flexible polyimide (PI)
substrate and a planar spiral inductance coil (thickness 300 nm), made using micro-electro-mechanical system (MEMS) technology.
It can be bent or folded at will, and can be attached firmly to the surface of objects with a bending structure. The principle of
radio frequency wireless transmission is used to measure the acceleration signal by changing the distance between the
accelerometer and the antenna. Compared with other accelerometers with a lead wire, the accelerometer can prevent the lead
from falling off in the course of vibration, thereby prolonging its service life. Through establishment of an experimental platform,
when the distance between the antenna and accelerometer was 5 mm, the characterization of the surface of bending structures
demonstrated the sensing capabilities of the accelerometer at accelerations of 20100 m/s”. The results indicate that the acceleration
and peak-to-peak output voltage were nearly linear, with accelerometer sensitivity reaching 0.27 mV/(m-s™). Moreover, the
maximum error of the accelerometer was less than 0.037%.
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1 Introduction (Benmessaoud and Nasreddine, 2013; Lee JM et al.,
2016; Yamane et al., 2016; Han et al., 2018; Zhang

Recently, a variety of new accelerometers have  HC et al., 2019, 2020; Dwivedi and Khanna, 2020;
been rapidly developed and are been widely used in  Zhong et al., 2020). Accurate measurement of accel-
aviation control and navigation, civil medicine, smart  eration is essential for improving the efficiency of the
phones, automobile safety industries, and other fields  gystems. For example, in the bending bearing surface
of aero-engines, the measurement of acceleration is
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essary to measure the surface acceleration signal of
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categorized into piezoelectric, piezoresistive, and ca-
pacitive types. Yaghootkar et al. (2017) proposed an
accelerometer that uses piezoelectric effect to mea-
sure acceleration at 10 kHz, and Ghemari and Salah
(2018) simulated and designed a silicon-based piezo-
resistive accelerometer with high accuracy. Based on
three-dimensional printing, Zega et al. (2018) com-
bined additive manufacturing and wet metallization
technology to build a differential capacitive acceler-
ometer. Compared with other accelerometers, this
has better performance in terms of sensitivity and lin-
earity. Piezoelectric, piezoresistive, and capacitive
differential sensors are widely used in accelerometers
and have excellent performance. However, vibration
is measured through the wire, but the wire can easily
break during the vibration process. Therefore, these
methods are not suitable for some environments. Wire-
less passive measurement methods are more suitable for
the measurement of acceleration. Ma et al. (2017) pro-
posed a low-temperature co-fired ceramic (LTCC)
wireless passive gas sensor, and achieved a measured
NO, gas concentration of 0.0006%0. Ma et al. (2019)
fabricated an LTCC proximity sensor using the prin-
ciple of inductor-capacitor (LC) resonance. The sensor
had good sensitivity and a long detection distance. Lin
et al. (2021) developed a wireless passive temperature-
pressure sensor based on high-temperature co-fired
ceramics (HTCC), which can measure temperature
and pressure simultaneously with a single LC circuit.
Li et al. (2021) proposed a wireless passive vibration
sensor based on HTCC, which can realize vibration
measurement at 250 °C. Although they can achieve
non-contact measurement, existing sensors are made
mostly of ceramic materials, which are difficult to ad-
here to the surface of a bending structure in the vibra-
tion process, leading to problems such as incomplete
adhesion. Due to the flexibility of the base material,
a flexible sensor overcomes the disadvantage of the
rigidity of traditional electronic sensors and can be
attached to the surface of the object to be measured
(Lee D et al., 2018; Lee Y et al., 2018; Choi and Ahn,
2019; Wang S et al., 2019; Zhu et al., 2019; Zhao and
Zhou, 2020). Zhang M et al. (2020) fabricated a self-
powered flexible pressure sensor based on a conven-
tional nano patterned polymer film composed of nano-
coating and indium tin oxide electrodes. This type of
sensor could not only detect changes in pressure or

strain, but also acquire energy as a self-powered sen-
sor. Carbon nanotubes (CNTs) (Wang C et al., 2020)
and printed interdigital electrodes have been used to
fabricate pressure sensors capable of detecting physio-
logical signals in the human body. Presently, flexible
sensors are used mainly for stress, pressure, tempera-
ture, or humidity measurement, but rarely for acceler-
ation measurement.

In this paper, we propose an LC resonant wire-
less passive flexible accelerometer which can be
used on the surface of a bending structure. First, a
flexible inductance coil with a simple structure was
fabricated on a flexible polyimide (PI) substrate via
micro-electro-mechanical system (MEMS) technolo-
gy. Thereafter, a wireless passive measurement meth-
od was used to avoid disconnection of the accelerom-
eter lead during vibration. A flexible substrate was
used to measure the bending structural surface, which
is difficult to accomplish with an ordinary wired ac-
celerometer. Finally, an acceleration test was con-
ducted on the vibration platform. The accelerometer
functioned normally at accelerations of 20—100 m/s’,
and its repeatability error was low.

2 Wireless non-contact measurement method

The wireless passive accelerometer consists of a
flexible PI substrate and a planar spiral inductor. As

shown in Fig. la, D, and D, represent the inner and

outer diameters of the coils, respectively. Dy, is the
width of the inductance coil, and Dj is the distance of
adjacent coils. The advantages of this structure are its
simple machining process, involvement of low cast-
ing, and high efficiency. The parasitic capacitance of
the accelerometer consists of the parasitic capaci-
tance C, on the adjacent inductance coil and capaci-
tance Cg,on the PI substrate material. The equivalent
structure is shown in Fig. 1b, and the equivalent cir-
cuit model is simplified as shown in Fig. 1c, where
L, and R, represent the inductance and resistance be-
tween the coils, respectively, and R, represents the
resistance generated by the substrate. The simpli-
fied circuit of the accelerometer, ignoring the influ-
ence of substrate loss, is shown in Fig. 1d. The flexi-
ble accelerometer can be regarded as an LC resonant
circuit in series with a capacitance and an inductance
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coil. The inductance, resistance, and parasitic ca-
pacitance of the coil are expressed as L, R, and C,
respectively.
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Fig. 1 Model (a), structure (b), equivalent circuit (c),
and simplified circuit (d) of the flexible wireless passive
accelerometer

The principle of a flexible accelerometer based
on non-contact measurement is shown in Fig. 2. R,
L, and C, represent the resistance, inductance, and
capacitance of the antenna, respectively. The coupling
distance between the accelerometer and the antenna
changes due to the acceleration of the accelerometer,
which results in a change of the equivalent impedance.
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The reflection coefficient of the antenna end is then
represented by the voltage signal from the detector cir-
cuit. The distance between the accelerometer and
the antenna can be expressed as
1 2
d=f(a)=5at +x, (1)
where ¢ is the vibration time, a is the acceleration,
and x is the initial distance between the accelerome-
ter and the antenna. As the acceleration changes, the
coupling coefficient between the wireless passive ac-
celerometer and the antenna can be expressed as (Ji
etal., 2019)
k=f(d)=2/[1+2"(d Jrr, )T (2
where 7, and r, denote the radii of the inductors of
the accelerometer and the coupled antenna, respec-
tively. The mutual inductance is determined by the in-
ductances of the antenna and the accelerometer, and

the coupling coefficient between the antenna and the
accelerometer is

Wireless passive
flexible sensor

Complex structural unit

Data
processing

CSecccccccccccccccccns®

Fig. 2 Wireless non-contact measurement method
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M=f(k)=k JLL.. 3)

According to Kirchhoff’s voltage theory, the equiva-
lent impedance at the antenna end is (Ji et al., 2019)

. 1
Z=f(M)=R,+joL, oC

r

(M) | 1 4)
R, +jol, joC,
where o represents the angular frequency. According
to the impedance characteristics, the reflection coeffi-
cient at the antenna end can be expressed as (Zhang
Gl etal., 2019)

YA 100
Z+Zo|z‘,=5on_1_z+50- (5)

r=f(2)=
The reflected signal is converted into a voltage
output by the detector circuit:

100
Z+50

b

(6)

U:f(r) = Genv.C3l.F: Genvc3l(1

where G, represents the amplification gain and C,,
is the coupling coefficient between the input port and
the coupling port of the coupler. It can be seen from
the above equations that the capacitance and induc-
tance of the accelerometer and the antenna are all
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constants, and that the coupling coefficient changes
with acceleration. The voltage amplitude can be ex-
pressed as a function of the independent variable of
acceleration. Thus, wireless measurement of acceler-
ation can be achieved by detecting changes in volt-
age amplitude.

3 Fabrication of the accelerometer

The main processes of fabricating the wireless
passive flexible accelerometer include cleaning, glu-
ing, pre-drying, lithography, development, magne-
tron sputtering, and cleaning via sonication. Given
that the PI is a flexible material, to avoid bending in
the fabrication process, a high-temperature resistant
adhesive tape was used to attach the PI to the silicon
wafer. The accelerometer was then fabricated on the
surface of the PI film. As shown in Fig. 3, the specific
fabrication process was as follows:

1. Cleaning: The PI film was cleaned in acetone
and ethanol solution for 5 min, rinsed repeatedly
with deionized water, and blow dried with a nitrogen
gun to ensure that the surface of the substrate was
clean and dry.

2. Gluing: The clean substrate was placed in a
vacuum oven for 20 min to achieve an even coat of the
hexamethyldisilazide (HMDS) adhesive layer to in-
crease the adhesion between the photoresist and the PI;
this was done to prevent the subsequent development

(d) Lithography ’f,@&
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Fig. 3 Fabrication of the accelerometer
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of photoresist during the development of liquid pene-
tration and the emergence of the gel-off bleaching
phenomenon. The positive photoresist AZ6130 was
evenly applied on the PI substrate by rotating the ge-
latinizer, with an average glue speed of 500 r/min for
10 s, and 3000 r/min for 60 s, to obtain a photoresist
with a thickness of 2.5 pm.

3. Pre-drying: To evaporate the photoresist in
the organic solvents, pre-drying needed to be carried
out after rotating the photoresist. The temperature
was set to 100 °C, and the pre-drying time was 90 s.

4. Lithography: The PI film coated with photore-
sist was placed upward, and the mask plate with li-
thography pattern placed downward into the lithogra-
phy machine to ensure that the mask plate and the sil-
icon wafer were fixed. The pattern on the mask print-
ed by the upper capacitor plate was transferred to the
PI film at a ratio of 1:1 using the lithography ma-
chine of EVG610.

5. Development: The PI film was immersed in
an AZ238 series developer for 15-30 s to fully display
the substrate surface.

6. Magnetron sputtering: The sputtering power
of 400 W was applied for 15 min. When the thickness
of the Ag layer reached 300 nm, the sputtering stopped.

7. Upon completion of the sputtering process,
the substrate was placed in acetone and ethanol for
10 min, cleaned with deionized water, and dried with
nitrogen. Finally, the PI film was removed from the
silicon wafer to obtain a flexible accelerometer.

The fabricated accelerometer is shown in Fig. 4a.
Fig. 4b shows the Ag coils after sputtering, as observed
under a microscope. Fig. 4c shows the Ag inductor and
PI substrate, as observed under a confocal microscope.
The inner and outer diameters of the accelerometer

Fig. 4 Flexible accelerometer (a), magnified structure of the
accelerometer under the microscope (b), distance between
inductors of the accelerometer under the microscope (c),
and the accelerometer bending to different degrees (d)

were 32 mm and 44 mm, respectively. The distance
between inductors of the accelerometer was 1 mm.
The bending degree of the accelerometer is shown in
Fig. 4d, which records the flexible accelerometer be-
fore bending to a degree of 50%. When the bending
degree was changed, the resistance of the accelerom-
eter changed little, and the performance of the flexi-
ble accelerometer was still good. Therefore, it was
proven that the accelerometer could adhere tightly to
the surface of the bending structure, and the accelera-
tion could be measured.

Figs. 5a and 5b show the appearance of the ac-
celerometer under a confocal microscope. It was evi-
dent that the Ag inductor was attached to the PI sub-
strate. Fig. 5d shows that the thickness of the fabrica-
tion planar spiral inductor was 300 nm. This thickness
is very small, and the increased peak distance in this
figure was caused by the presence of a photoresist
that had not been peeled off completely.
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Fig. 5 Inductance coil under the confocal microscopy
(a), inductor and substrate topography under the confocal
microscopy (b), the test antenna (c), and the measured
thickness of the fabricated planar spiral inductor (d)

In general, when the size of the test antenna is
the same as the outer diameter of the accelerometer
inductance coil, the signal intensity is maximized.
Therefore, the test antenna shown in Fig. 5c was de-
signed, and made with copper wire. The two ends of
the pins were connected to the RF SMA connector
by welding wires. The antenna was of the same size
as the outer diameter of the inductance accelerometer.

4 Measurement and discussion

According to the analysis of the wireless trans-
mission principle of the passive accelerometer in
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Section 2, when the passive flexible accelerometer re-
ciprocates with the vibration period, its relative posi-
tion to the reading antenna also changes periodically.
Therefore, the effective impedance amplitude of the
reading antenna changes periodically. So, in this
study, based on envelope detection we designed a
characteristic signal detector circuit (Fig. 6a) to test
the acceleration parameters. This circuit was real-
ized by an ADL5511 chip. The signal to be tested
was input to the circuit board (Fig. 6b). Through the
envelope detection inside the ADL5511 chip and a
1.46 V/V amplifier, it output a voltage signal propor-
tional to the excitation. The circuit provided a wide-
band input impedance of 50 Q, and the power supply
pin had 100 pF and 0.1 pF parallel capacitors to filter
out the high- and low-frequency clutter signals super-
imposed on the power signal respectively, to stabilize
the power supply voltage signal. Fig. 6¢ depicts a
waveform diagram of the characteristic signal detec-
tion output based on the ADL5511.

(a) (b)

Envelope source signal

"~

Envelope detection

Demodulated signal !
AVAVAVAVAVAVAVAVAVE
VAVAVAVAVAVAVAVAVAY, |

Fig. 6 Detector circuit (a), input waveform (b), and output
waveform after circuit (c)

The vibration of the accelerometer was tested
using a vibration platform (Fig. 7a) composed of a vi-
bration table, flexible accelerometer, antenna, signal
generator, oscilloscope (general source DS6064), cou-
pler (ZEDC-10-2B), and detector circuit. The plat-
form is illustrated in Fig. 7b. A standard vibration
sensor was mounted on the surface of the exciter to
detect whether the applied excitation was sinusoidal.
When the accelerometer did not vibrate, the distance
between the antenna and accelerometer was 5 mm. The
input end of the coupler was connected to the antenna,
and the output end to the signal generator. The CPL
port was connected to the RF input end of the detec-
tor circuit, and the oscilloscope was connected to the
output end of the detector circuit. During the test, the

distance between the antenna and the accelerometer
changed when the vibration table was excited by an-
other signal generator. Simultaneously, due to electro-
magnetic mutual inductance coupling, the accelerom-
eter generated an induced magnetic field and reflected
signals to the antenna. The antenna input the sensed
sinusoidal vibration signal into the detector circuit in
the form of an envelope. Then, the detector circuit
converted the envelope signal, which contained the
information of voltage amplitude, into sinusoidal
voltage feed into the oscilloscope. Consequently, the
acceleration test of the accelerometer was successfully
performed.

(b)

Antenna

Distance: 5 mm

"Fiexible sensor
Calibration

accelerometer
x Support bar
Spring

Tripod

Signal eerator

Dtecti circuit %,
i ~ Vibration exciter
ol N Coupler |

Fig. 7 Experimental platform and measurement system
(a) and the working principle of the test platform (b)

Fig. 8 shows the waveform output by the oscil-
loscope at 20-100 m/s’. When the acceleration in-
creased, the maximum output voltage amplitude of
the oscilloscope also increased. The maximum voltage
amplitude at 20 m/s* was 0.018 75 V, increasing to
0.029 95 V when the acceleration reached 100 m/s’.

To express the relationship between the acceler-
ation and the output voltage, the peak voltage points
ranging from 20 to 100 m/s’ were recorded at 20 Hz
with an interval of 10 m/s’. The corresponding func-
tion of the acceleration and the amplitude was plotted
(Fig. 9). The acceleration varied almost linearly with
the peak-to-peak value of the output voltage, and the
sensitivity of the acceleration was 0.267 mV/(m's~).
The peak-to-peak values of the oscilloscope output
increased with the increase in acceleration, which
was consistent with the trend of the amplitude.

To verify the repeatability of the accelerometer,
we tested the proposed flexible accelerometer many
times, and the changes in the acceleration and peak-
to-peak voltage of the oscilloscope output were re-
corded. Fig. 10a shows the relationship between
the accelerations added in five experiments and the
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5 Conclusions

In summary, we have proposed a type of LC
wireless passive flexible accelerometer that can be
used on the surface of a bending structure. The flexi-
ble accelerometer was fabricated using MEMS tech-
nology, the substrate was made of flexible PI materi-
al, and the thickness of the inductance coil was only
300 nm. Acceleration of 20—100 m/s’ at 20 Hz can be
measured by the accelerometer. The peak-to-peak
output voltage was linear with the change of acceler-
ation. In the acceleration range tested, the average
sensitivity was 0.27 mV/(m-s7), and the repeatability
error was less than 0.037%. The wireless passive
flexible accelerometer has broad application pros-
pects (such as in human body health monitoring or
measuring surfaces of engine bearings) in bending
surfaces of structures.
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