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Abstract: A linear acceleration sensor, which is inspired by the human balance organ, is designed and prepared. It
uses a liquid mass-block and a symmetrical-electrodes metal-core polyvinylidene fluoride fiber (SMPF) as the sensor
element. The output signal of the sensor has an exponential relationship with the excitation amplitude of the impacting
vibration. It is capable of detecting the amplitude and the correct frequency for sinusoidal excitations using an
exponential correlation. The experiments indicate that both the output signal of the sensor and the resonance frequency
increase substantially with increasing diameter of the metal core. The first-order resonance frequencies of the sensors

with 40, 60, and 80 pm diameter metal wires are below 10 Hz, which is near the range of human body motion
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frequencies.
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0 Introduction

The utricular and saccular otolith organs are
key elements of the human vestibular system,
which is important in maintaining balance'". Tt is ca-
pable of sensing both head orientation and linear ac-
celeration'”’. Cilia are tiny hair-like structures of sen-
sory cells that extend from a base membrane. The
hair cells of the otolithic organ are covered with a
gelatine-like layer studded with tiny calcium stones
called otoconia. When the head performs a rectilin-
ear motion, the otolithic organ conducts a linear ac-
celeration movement. Since the density of the otoco-
nia is higher than the gelatinous membrane, the iner-
tia force is bigger; therefore, its displacement will
be smaller than for the gelatinous membrane'®. A
deformation of the sensory hair causes the sensory
cell nerves to produce neural signals, which are
transmitted to the vestibular center and brain

through the ascending nervous system. This process
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converts the mechanical signals of the otolithic or-
gan into neural signals'*’.

For some existing wearable electronic devices
and applications to produce a virtual reality (VR) ex-
perience, it is very important to detect the move-
ment of the human body. The main frequencies of
human body movements are below 10 Hz"'. Exist-
ing solid-state accelerometers, such as accelerome-
ters using cantilevers, capacity, piezo - resistivity,
piezoelectricity, and electron tunneling, have higher
natural resonance frequencies ( =1 kHz) that are
not suitable for low-frequency human-motion detec-
tion'”’. For this reason, some researchers suggest to
consider bionic linear acceleration, and imitate the
human capsule organ structure. This involves the
use of artificial hair-sensors and a liquid mass block
in the bladder organs of the lymph. Such liquid-state
accelerometers are made of simple structures and
utilize a low resonance - frequency of about 10 Hz,

which is near the movement {requency of the human
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body ™.

In such a bionic acceleration sensor, the design
of the bionic hair-sensing element is most important.
Many researchers have developed a variety of artifi-
cial hair sensing elements to detect the acceleration
of surrounding water-flow'®’. The basic structure is
a sensor element in combination with a cantilever
structure. The cantilever beam is immersed in water
or around the cover. When the water moves the can-
tilever beam, the cantilever beam deforms /bends.
The acceleration of the cantilever is measured by
measuring the deformation of the cantilever beam.
There are four types of artificial -hair sensors: (1)
In piezoresistive hair-sensors'” , a piezoresistive ele-
ment is located in the root plane of the vertical hair.
When the hair is bent, the resistance of the piezore-
sistive element changes. By measuring the change in
resistance, it becomes possible to calculate the bend-
ing deformation of the hair, and derive the accelera-

tion of the water'™®’

. (2) In capacitive hair-sensors,
the cantilever structure includes a micro-movable ca-
pacitor at the root of the hair. When the cantilever
beam bends, the distance between the two moving
capacitive plates changes. The deformation of the
cantilever beam is calculated by measuring this
change in capacitance ”. (3) In the piezoelectric hair
-sensor, a micro-piezoelectric ceramic film is used
which consists of sensing elements that are arranged
in accordance with the array around the hull'""". By
measuring the change of the surface charge in each
sensor element, the acceleration of water can be
measured at each point directly'™®. (4) In artificial
muscle hair-sensors, the ion-exchange polymer met-
al composite (IPMC) is made of fiber and im-
mersed in the water'”. The IPMC has a three-tier
structure. When the water accelerates the fiber,
electrical signals are generated that permit the calcu-
lation of the acceleration.

In this paper, we use a bimodal hair - sensor
SMPF (symmetrical-electrode metal-core PVDF fi-
ber) , which can perceive its own bending deforma-
tion as the sensing element and use a liquid mass to
detect linear acceleration-similar to the human bal-
ance sensor. The resonance frequency of this linear-

acceleration sensor is about 10 Hz, which is suitable

for the detection of both human and robotic body

movements.

1 Design and Fabrication of Sen-

sor

The sensor described in this paper imitates the
human otolithic organ using a SMPF instead of the
sensory hair. It also uses a liquid, which replaces
the mass block of the otoconia, to sense linear accel-
eration. The specific structure of the sensor is
shown in Fig. 1(a). A closed circular section pipe is
filled with liquid. The inner diameter of the long
pipe is 1.5 mm, the expansion part 2.5 mm, and the
spherical part 4 mm. The SMPF cantilever beam is
attached to the inner wall of the expansion part of
the pipe, which is suspended in the liquid to serve
as the sensing element. In order to improve the sen-
sitivity of the sensor, we wrapped a layer of silicone
rubber around the SMPF to imitate the structure of
the otolith.

The structure of the SMPF is shown in Fig. 1
()™ One stainless-steel wire, with a diameter be-
tween 40—100 pm in the center of the fiber, is
wrapped with a 10 pym PVDF layer with two sym-
metrical surface-electrodes. A 40 p m thick and
2 mm long silicone layer covers the surface of the
SMPF. During the polarization process of the
SMPF, the central stainless-steel wire functions as
the first electrode and the two connected surface
electrodes as second electrode. After polarization,
the PVDF sector covered with electrodes has be-
come polarized and piezoelectric. The direction of
polarization is diametric. The PVDF portion of the
surface is not covered by the electrode, and is nei-
ther polarized nor piezoelectric'*’. When the SMPF
of the cantilever beam structure causes a deforma-
tion in the sensor, electric charges appear on the sur-
face electrodes due to the piezoelectric effect. Be-
cause the two surface electrodes are completely sym-
metrical, the electric charge on the electrodes is the
same but with opposite polarities. The two surface
electrodes are connected to the two signal-inputs of
a sensing circuit. The degree of bending (deforma-

tion) of the SMPF can then be calculated consider-
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ing the charge at the electrode*’. The pressure of
the liquid of the cantilever beam can be obtained
considering the structure of the cantilever beam,

and the linear vibration of the sensor is obtained.

(a) Cross-section of the sensor

Surface
electrodes
PVDF

Silicon rubber

Metal core
(b) Structure of a SMPF

Fig.1 Structure of the sensor

2 Modelling of Sensor

As can be seen in Fig.1(a), when the pipe of
the sensor undergoes a linear impact or vibration,
the displacement «(t) can be written as

u(t)=Uy(l—e ™) (1)
where U, is the initial amplitude of the vibration,
and t is the time constant. The smaller t is, the
more distinct the characteristics of impact and vibra-
tion are. By then, the SMPF cantilever beam
moves synchronously with the pipe. However, due
to differences in inertia, the movements of the liquid
and the pipe cannot be synchronous, and a relative
movement between the liquid and the SMPF cantile-

ver beam emerges. The flow velocity of the liquid

can be obtained as v= (7). As a result, the
SMPF cantilever can generate bending deformation
because of the equispaced liquid load. Since the an-
gle of deflection of the cantilever is small, the defor-
mation of the SMPF can be assumed pure bending-

deformation. Based on Eq.(1), the equispaced load

F received by the SMPF is
1 .
F= Eplfvz(RL )Cq (2)

where o, is the density of the liquid, v the flow ve-
locity, R the diameter of the cantilever, L the
length of the cantilever, and C, the local coefficient
of drag and determined by the local Reynolds num-
ber. Under the action of the equispaced load F, the
bending moment produced by the SMPF is'"

1

M:EF(L*z)Z (3)

Using the piezoelectric equations, one can ob-
tain the electric charge on the electrode of the
SMPF',

5% MR.sind

N
ijo jgdglisim R.dddz (4)
2

where d; is the piezoelectric constant, I the mo-
ment of inertia, and E the elastic modulus. Accord-
ing to Eq.(4), when the pipe undergoes impact vi-
bration excitation, assuming that time is constant,
the output Q and the impact amplitude U, are expo-
nentially related. After calibration, the amplitude of
the impact vibration can be calculated from the de-
tection signal of the sensor. When the pipe receives
sinusoidal excitation, the displacement «(¢) is
u(t)=Ugysin(wt) (5)

where w is the frequency of the vibration. Inserting
Eq.(5) into Egs. (2)—(4), we obtain the electric
charges at the output, which are exponentially relat-
ed with the amplitude U, The angle of deflection of
the SMPF cantilever beam can be represented as''"

0=1\/C!+ Clsin(wi+ ¢) (6)
where C, and C, are constant coefficients as defined
in Ref.[9]. These increase linearly with the ampli-
tude of the vibration U,. The phase ¢ is determined
by C, and C,.

When the dimensions of the SMPF are
known, the sensed electric charge Q can be ob-
tained using Eq.(6). When the pipe receives sinusoi-
dal excitation, the output signal of the sensor is sinu-
soidal as well, and its frequency is the same as for
the excitation. The amplitude follows an exponen-
tial relationship with the square of the amplitude of
the vibration. Thus, the excitation frequency can be

obtained from the sensor frequency, and the vibra-
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tion amplitude can be obtained from the amplitude

of the electric charge.

3 Results and Discussion

In order to verify the ability of the sensor to de-
tect linear acceleration, we built the following set-
up: The sensor was attached to the excitation head
of a vibration exciter. The sensed electric charges of
the SMPF pass through a charge amplifier and a da-
ta acquisition card of a computer.

Fig.2(a) shows the sensed signals and the dis-
placement when the sensor detects the shock excita-
tion of the vibration exciter. During the response
process, an abrupt up-ward displacement occurs at
the pipe. At this moment, the SMPF and the pipe
of the sensor move upward simultaneously. Due to
inertia, the liquid in the pipe attempts to stay at its
original place to produce a relative downward mo-
tion to the SMPF, which produces a downward eq-
uispaced load for the SMPF cantilever beam. The
cantilever beam also carries a downward acting equi-
spaced load due to its inertia. Under the combined
action of two downward acting equispaced loads,
the cantilever beam bends downward. Because of
the deformation due to bending and the piezoelectric
effect, the wrapped SMPF in the cantilever beam
produces negative charges. As the pipe continues to
rise, the speed of the internal liquid decreases gradu-
ally and eventually reaches zero relatively to the mo-
tion speed of the pipe wall. This is the result of the
tension between the bottom of the pipe and the adhe-
sive force of the pipe wall. During this process, the
equispaced load acting on the cantilever beam,
which is caused by the internal liquid, also decreas-
es gradually to reach zero. This leads to the maxi-
mum bending deformation of the cantilever beam
and the maximum SMPF output charge. Subse-
quently, because of its own f{lexibility, the cantile-
ver beam returns gradually to reach its equilibrium
position. The SMPF output - charges also increase
from the maximum negative value to zero.

When the pipe reaches its highest point under
the action of the vibration exciter, it moves down-

ward rapidly. This produces the same motion as the

cantilever beam. Due to inertia, the liquid will at-
tempt to keep the upward motion and develop a rela-
tive motion in the opposite direction. This creates an
upward equispaced load force for the cantilever
beam, and due to inertia, the cantilever beam itself
produces an equispaced load force upward. Under
the action of the two upward pointing equispaced
load forces, the cantilever beam produces an up-
ward bending deformation and the SMPF outputs
charges with positive polarity. Because of the pipe
tension and adhesive force, the equispaced load act-
ing on the cantilever beam by the liquid inside the
pipe, gradually decreases and reaches zero. The can-
tilever beam also reaches the maximum upward -
bending deformation. By then, the positive electric-
charge output of the SMPF reaches a maximum,
which is slightly delayed with respect to the maxi-
mum displacement of the pipe. Then, the pipe re-
turns to the equilibrium position and the SMPF gen-
erated response charge gradually returns to zero.
During the whole recovery process, the behavior of
the SMPF generated output charge is almost the
same as that of the pipe displacement. However,
there is a lag in time.

The SMPF responses for the same time con-
stant and impact excitation with different amplitudes
are shown in Fig.2(b). For impact excitation with
different amplitudes, the curves of the SMPF out-
put electric charges are almost the same, but the
maximum charge increases. The impact vibration di-
agram shown in Fig.2(c¢) is obtained by taking the
displacement amplitude of the pipe in each impact
process as the abscissa and the SMPF response
charge amplitude as the ordinate. Fig.2 (¢) shows
that there is an exponential relationship between the
maximum response amplitude of the SMPF and the
maximum displacement amplitude of the pipe. This
is consistent with the relationship between charge Q
and amplitude U, in Eq.(4) , which suggests that
the impact vibration amplitude of the pipe can be
sensed using the maximum output charge of the
SMPF in impact vibration. Furthermore, with an in-
creasing metal-wire diameter, the area of the PVDF
layer in the SMPF also increases, as well as the

SMPF output charge signal and the sensitivity of
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Fig.2 Shock vibration sensing experiment

the sensor will gradually increase.

When the vibration exciter produces sinusoidal
excitations for the sensor, the SMPF also outputs
sinusoidal signals with a frequency identical to the
one of the vibration exciter (Fig.3(a) ). This veri-
fies that the sensor can detect the excitation frequen-
cy of the vibration exciter. However, there is a cer-
tain phase difference between the vibration mode of
the sensor and that of the vibration exciter, which
relates to the excitation frequency. The relationship
between this phase difference and the excitation fre-
quency is shown in Fig.3(b). The phase difference
decreases gradually with increasing excitation fre-
quency. For a 5 Hz excitation, the amplitude of the
SMPF output sinusoidal signal also increases with
increasing amplitude of the pipe vibration displace-
ment (Fig.3(c¢) ). We set the amplitude of the pipe
vibration as the abscissa, and the amplitude of the
SMPF response charge as the ordinate. The specific
relationship between the vibration amplitude and the
response signal amplitude is shown in Fig.3(d). It
indicates that there is a square relation between the

SMPF signal amplitude and the received excitation.

The relation between the SMPF sensing signals and
the excitations received by the pipe also confirms
the theoretical prediction expressed in Eq.(6). This
prediction includes that when the pipe receives sinu-
soidal excitations, the SMPF also outputs sinusoi-
dal signals of the same frequency as the excitations.
Furthermore, the higher the frequency is, the small-
er the phase difference is. The amplitude of the
SMPF output sinusoidal signals follows a square re-
lationship with the excitation amplitude.

The frequency response of the sensor is shown
in Fig.3(e). In this figure, the vibration exciter pro-
duces sinusoidal excitations for the pipe and changes
the excitation frequency, while maintaining constant
amplitude. Although the SMPF is still outputting si-
nusoidal signals, its amplitude changes with the
changes of frequency. As indicated in the figure,
with increasing metal-wire diameter, the resonance
frequency of the sensor increases to 1.8, 3.8, 6.6,
and 10.4 Hz. In the phase of resonance frequency,
the amplitude of the output signal also increases
gradually. The first-order resonance frequencies for

the 40, 60 and 80 pm metal wire sensors are all be-
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Fig.3 Sinusoidal vibration sensing experiment

low 10 Hz, i.e., within the frequency range of the
human body. Depending on the specific application,
it is desirable to select metal wires with different di-
ameters to obtain different first-order resonance fre-
quencies.

Based on the calibration specification for shock
accelerometers (JJF 1153—2006) , The impact sen-

sitivity of a linear -acceleration sensor is calculated

using

(7)

where S, is the impact sensitivity, U, the charge

peak, and q, the acceleration peak.

In the sensor test of the fiber with a metal-core
diameter of 40 pm, the impact sensitivity was calcu-
lated using Eq.(7), and the experimental results are
shown in Fig.3(d). The figure reveals that the out-
put signal of the sensor and the acceleration signal
are related linearly.

To measure the linear acceleration of the sub-
strate, the sensor is mounted on the substrate.
When the substrate is subjected to acceleration, the
output signals of the sensor are used in Eq.(7), and

the acceleration of the matrix can be calculated.
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4 Conclusions

An acceleration sensor similar to the one used
in the vestibular system of the human body was de-
signed using an SMPF, which imitates human sen-
sory hair cells, and a liquid, which imitates the oto-
conia and the colloid mass block. The sensor detects
both linear shock and vibration. Thanks to the pro-
posed governing equations, the sensor can detect
the amplitude of impacting vibration. The sensor is
also capable of detecting the frequency and ampli-
tude of sinusoidal excitations. Experimental results
show that the resonance frequency of the sensor is
below 10 Hz, which is close to the range of human
body motion. The biomimetic linear acceleration
sensor described in this paper can not only be used
to detect the motion of a human head, but also be
used to detect movements of other body parts to en-
able life-like simulations, or as a key component of
a balancing system in robots. The sensor can also be
used in portable electronic devices, especially virtual
-reality devices to detect the linear acceleration of

human body parts.
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