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Abstract

Micro Electro Mechanical Systems (MEMS) vector sensor is a recent advance-
ment in the field of underwater acoustic sensors. The major incentive pro-
vided by this acoustic vector sensor is that it provides information about the
direction of the incoming acoustic source signal in addition to the measure-
ment of the pressure associated with the acoustic signal. We are reporting a
design of a MEMS acoustic vector sensor for underwater applications using
piezoresistive film of Reduced Graphine Oxide (RGO), realized on kapton
(polyimide) film as the starting material. The sensor is designed and fabri-
cated by deposition of RGO on a kapton, which is a flexible substrate by the
method of drop casting making the process simple, low-cost and scalable. The
application of the piezoresistive transduction principle and ingenious struc-
ture of the vector sensor based on bionic principle improves miniaturization
and the low-frequency sensitivity. The fabricated sensor shows a repeatable
response in both static and dynamic conditions, to the applied strain due to
the acoustic signal in a given direction. The experimental results show that
fabricated sensor based on MEMS technology and piezoresistive effect is fea-
sible and it possesses intrinsic two-dimensional directivity. The fabricated de-
vice has given good response for the low-frequency acoustic signals due to the
effect of piezoresistive transduction principle and the resonance frequency of
the device is found to be around 80 Hz with the displacement sensitivity
around 3 mV/mm and 2 mV/mm of X and Y axis directions respectively.
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1. Introduction

As sound wave is an effective means of disseminating and transmitting informa-
tion in nature for underwater operations, underwater acoustic acts as the main
means of target identification, navigation and communication [1]. Acoustic
wave is a sound wave in an elastic medium. The mechanical perturbation or
disturbance in water leads to the generation and propagation of wave from ori-
gin. The restoring force is exerted due to the compression and rarefaction of the
molecules of water and it resists the motion. The restoring force is realised as
pressure. Frequency and pressure are the two main fundamental parameters of
sound wave [2]. The generated noise in water and the variations in pressure of
sound signal are detected by hydrophone and it produces equivalent electrical
voltage which is proportional to the applied pressure. The traditional hydro-
phone can obtain only scalar information associated with the sound wave such
as pressure. But it cannot obtain vector information such as direction of the
sound field. As in recent years the noise radiated by submarine has reduced
drastically, the application of acoustic vector sensor effectively suffices the re-
quirement of submarine sound detection. This device can obtain the pressure of
the sound and direction of the sound field simultaneously [3]. The vector sensor
composed of array of scalar hydrophones results in disadvantage of having larger
volume, compromising in consistency. Majority of hydrophones work on the
principle of piezoelectric transduction principle. The benefit of using piezoelec-
tric material as sensing material is that it gives better signal-to-noise ratio due to
its piezoelectric property and its structural strength has the capacity to sustain
the surrounding water pressure but it will not be able to detect low-frequency
signals [4]. With the continuous development in the area of underwater acoustical
technology and warfare, the frequency of the noise radiated by underwater motion
platform belongs to lower frequency band. In order to detect these low-frequency
signals, single vector acoustic sensor based on bionic principle, piezoresistive
principle and MEMS technology was developed by North University of China
[5]. The vector acoustic sensor was developed based on the advancement in
MEMS technology, semiconductors and integrated circuits. The advantage of
this MEMS vector acoustic sensor is that, they are light weighted, compact and
possesses better sensitivity [6]. This MEMS-based vector sensor based on pie-
zoresistive transduction principle operates at low frequencies with comparatively
small dimensions and it possesses intrinsic two-dimensional directivity [7]. Ad-
vantage of piezoresistive transduction principle is that it can suffice the require-
ment of detecting and responding to acoustic signals of lower frequencies [8].

To work with sensors, Shang Chen et al [8] [9] used p-type silicon as sub-
strate and piezo-resistive material doped poly-silicon as sensing material to
achieve higher sensitivity, two directional directivity and for low frequency de-
tection. But conventional technology uses silicon as substrate which is not flexi-
ble and is made flexible by the process of mechanical-chemical polishing to re-

duce the thickness of silicon substrate to the level of submicron thickness. This
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process is challenging and involves high cost. In addition, the fabrication process
requires facilities of clean room and involves several days.

In the past decade, the extensive efforts of researchers resulted in finding effi-
cient nano scale materials with minimum cost which exhibits considerable struc-
tural changes for the applied strain. Recently graphene material has taken lead
role and makes it suitable for pressure sensing applications due to their chemi-
cal, electronic, mechanical and physical properties [10]. Graphene, being one of
the classes of carbon family consists of just a single layer of carbon atoms. This
monolayer arrangement gives extraordinary thinness to graphene membranes
and they react to exerted forces with great sensitivity. Graphene membrane has
higher carrier mobility and mechanical stability. Also, due to its extreme thin-
ness a minor variation in applied pressure is sufficient to deflect the membrane
and cause change in electronic properties [11]. There exists a linear relationship
with strain and resistivity of graphene. By virtue of all these properties, the gra-
phene as a material can be used in all applications of electronic and sensing
fields to yield better performance [12].

In this paper, an attempt is made to design and develop a biologically inspired
(fish cilia) two-dimensional acoustic vector sensor based on MEMS technology
and piezoresistive transduction principle, which is suitable for underwater ap-
plications. The proposed acoustic sensor uses highly flexible kapton as starting
material for substrate and a thin film of graphene with remarkable piezorestive
property as a sensing material, which is realised on flexible substrate by drop
casting method. The flexibility, uniform thickness of the membrane makes it
perfect for sensing structure and piezoresistive effect of graphene is used to con-
nect electrical and mechanical domains. The device exhibits two-dimensional di-
rectivity, thereby overcoming the limitations of the scalar hydrophone and it
also detects signals with low frequency. Therefore combining the advantages of
both MEMS technology and piezoresistive effect of RGO with unique electronic
properties has great significance, as it results in simple, low cost and scalable

process.

2. Sensor Design

The structure of acoustic vector sensor mainly has two parts: 1) Micro-structure
with 4 horizontal cantilever beams (175 um thickness) 2) The rigid plastic rod as
shown in Figure 1. The plastic rod should be attached to the center of the mi-
crostructure and the density of plastic rod should match the density of the con-
sidered elastic medium Ze. water. The thickness of the center block and the ho-
rizontal cantilever beam should be same and they should have axial symmetry.
When plastic rod is subjected to axial or radial stress, the central mass will
experience a horizontal displacement which leads to the angular rotation of the
same. Due to the deformation of the structure, the sensing beams will experience
an effect of amplified strain on them. The placed piezoresistors on the sensing

beams convert the induced stress into corresponding variations in the electrical

DOI: 10.4236/wjet.2019.72025

341 World Journal of Engineering and Technology


https://doi.org/10.4236/wjet.2019.72025

B.S. Paietal.

resistance for the applied pressure. These variations in the electrical resistance
can be converted into output voltage by forming Wheatstone bridge on sensing
beam as shown in Figure 2. The deformation of the beam is sensed by eight
piezoresistors (R1, R2, R3, R4 & R5, R6, R7, R8) which are placed on beam and
connected in wheatstone bridge configuration.

The resistance of the piezoresistors will vary for the transmitted acoustic sig-

nal and results in corresponding electrical output voltage.

3. Modelling Using Comsol Multiphysics

The sensor geometry is modelled using Solid mechanics physics and stationary
study of Comsol Multiphysics 5.0. The 3D geometry comprises three main com-

ponents including a microstructure, central block and a plastic rod as depicted in

Plastic Rod

Piezoresistor

Figure 1. 3D model of structure of acoustic vector sensor where plastic
rod is attached at the central mass and when subjected to mechanical
stimiulus, provides electrical output voltage using piezoresistors provided
on 4 horizontal beams in wheatstone bridge configuration.

Kapton

R1,R2,R3,R4,R5,R6,R7,R8:Piesoresistos

Figure 2. 2D top view of the acoustic vector sensor, where the piezoresistors R1, R2, R3,
R4 of X direction and R5, R6, R7, R8 of Y direction are linked by full wheatstone bridge.
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(Figure 1). The material used to form microstructure and central block is Kap-
ton with density of 1300 Kg/m’, Relative permittivity of 2.9, Young’s modulus of
3.1 Gpa and Poisson’s ratio 0.34 and Nylon for plastic rod with Poisson’s ratio
0.4. The Parametric analysis is carried out and as per the study the length, width,
thickness of 4 beams are 10 mm, 2 mm and 0.175 mm respectively. The square
central block is 6 mm with rod dimensions being 25 mm length and 2 mm in
diameter.

One of the ends of all four cantilever beams of 4 beam microstructure is at-
tached to the central block and the other end is made fixed by attaching it to the
support frame. Simulation is carried out in order to study the behaviour of the
structure for the applied boundary load. Here, the boundary load is taken as
pressure and when it is applied on the plastic rod, central block will undergo
angular displacement. The structure will experience deformation as shown in
Figure 3, which results in the generation of amplified strain. Maximum stress is
observed at the support frame and the beam central mass interface as shown in
Figure 4. The piezoresistors should be placed on the beam where there exists
maximum stress as shown in Figure 5. Dynamic characteristics of the designed
structure are studied to determine vibration characteristics. To find the different
instants or periods at which the structure will resonate naturally, the dynamic
analysis uses the stiffness and mass of the device. Figure 6(a) shows the natural
frequencies of the device from the first mode to sixth mode. The first and the
second mode frequencies are 70.474 Hz and 70.519 Hz respectively, both of

them being the structure operating frequencies as shown in Figure 6(b).

4. Fabrication Process of Structure

The device fabrication mainly consists of realisation of microstructure with four
horizontal beams and attaching rigid plastic rod to the structure as shown in
Figure 7. The microstructure is realised on a square Kapton (polyimide) flexible
substrate of thickness 175 pm and 50 mm diameter, by processing it through la-
ser cutting procedure as shown in Figure 7(a). For strain sensing, the piezore-
sistive film of RGO is realised on 4 beams of the flexible microstructure by the
method of drop casting and further it is annealed in oven at 120 degree Celsius
for 1 hour (Figure 7(b)). This result in coating of RGO on the four beams of
diaphragm whose resistivity can be measured. To establish electrical connections
with the device the leads are taken out by forming contact using silver paste as
shown in Figure 7(c). Device is then coated with a polymer viz., perylene, to
protect it from external moisture. Also, it reduces the risk of breakage of the
coating of RGO during vibration. After the realisation of the micro-structure a
plastic rod is attached at the central mass of using Araldite adhesive and is as

shown in Figure7(d).

5. Calibration

The characterization of an acoustic vector sensor mainly refers to the sensitivity
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and directivity. For this analysis, two wheatstone bridges were formed along ax-
ial (X axis) and radial direction (Y axis) of the structure on the beams as shown
in Figure 8.

X and Y axes Wheatstone bridges are formed by Piezoresistors R1, R2, R3, R4

and R5, R6, R7, R8 respectively. The device was calibrated by using both static
and dynamic calibration methods.

0 Surface: Total displacement (mm)__

Figure 3. Displacement along the plastic rod and deformation of the
stucture for applied pressure of 120 Pa.

Surface: von Mis

Figure 4. The stress distribution on 4 horizontal cantilever beams of
structure due to structure deformation for applied pressure of 120 Pa.
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Figure 5. Stress distibution along single horizontal cantilever beam along X direction
to get the optimium location for the placement of piezoresistor on the beam.
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Figure 6. The first step of dynamic analysis is the modal analysis to find the mode
shapes and the natural frequencies of the structure. (a) Six natural frequencies of
the structure and (b) The corresponding first two modes shapes of structure.
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(0) (d)

Figure 7. Schematic process steps to fabricate acoustic vector sensor. (a) 4-Beam
Microstructure: Flexible Kapton sheet of 175 um thickness is taken as starting material of
substrate and 4 horizontal cantilever beams of length 10 mm and square central mass of 6
mm are formed by processing substrate through laser cutting procedure; (b) Deposition
of RGO: Mask is prepared by using stainless steel material of thickness 15 um and length
10 mm and it is fixed on each beam and RGO is deposited by drop casting method; (c)
Formation of electrical contact: To have electrical connection on each beam three leads
are taken out by using silver paste; (d) Fixing Plastic Rod: Plastic rod is fixed at the central
mass to receive mechanical stimulus.

R1

i Ground (V) ;

Figure 8. For sensitivity and directivity analysis, two wheatstone bridge were formed on

beams along X-axis and Y-axis directions using eight piezoresistors.

5.1. Static Calibration

To study and analyse the performance, the device was fixed on vice and a plastic
rod was used in configuration of cantilever as mentioned in Figure 9. Digital
height gauge was used to apply force to the free end of the rod to displace it in a
particular direction by certain magnitude. The complete experimental setup
used is as shown in Figure 9. Strain sensor electrical leads are connected to digi-
tal multimeter. Strain was exerted on sensor by the application of the force on
free end of the plastic rod. For the given displacement by the digital height gauge
to the free end of the plastic rod there will be corresponding resistance variation
of the gauge and the same was noted using digital multimeter.

When a radial force was applied on the plastic rod in the Y direction, the
beams which are situated along the Y direction will undergo deformation due to
the compressive and tensile stresses acting along the beam, which results in cor-

responding resistance variation of the beam. The wheatstone bridge formed
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along the Y axis will give the equivalent electrical output voltage, which indicates
the direction of the exerted force as radial direction ie. as +Y direction. The op-
posite will happen for the force which is in the negative radial direction. Simi-
larly when the plastic rod was applied force in the X direction, the beams which
are situated along the X direction will undergo deformation due to the compres-
sive and tensile stresses acting along the beam, which results in corresponding
resistance variation of the beam. The Wheatstone bridge formed along the X axis
will give the equivalent electrical output voltage which indicates the direction of
exerted force as axial direction Ze. as +X direction. The opposite will happen for
the force which is in the negative axial direction. Figure 10 shows the variation
of resistances R5, R6, R7 and R8 with respect to various displacements caused
due to the applied force in negative Y direction.

Output Voltage of Y axis Wheatstone bridge with the applied excitation vol-
tage of 3 V for various displacements of plastic rod in positive & negative Y di-
rection is shown in Table 1.

The sensitivity shown by the corresponding Y axis Wheatstone bridge was
found to be around 2 mV/mm. Here the offset output voltage was found to be
356.60 mV. When the plastic rod was subjected to displacement (mm) by apply-
ing force in negative Y direction, the electrical output voltage of the corre-
sponding bridge was found to be decreasing as mentioned in Table 1 and oppo-
site was observed for force when it was applied to the rod in positive Y direction.

The similar effect was observed when the plastic rod was subjected to dis-
placement by applying force in positive X and negative X direction and the sen-
sitivity of X Axis Bridge was found to be around 3 mV/mm as shown in Table 2.

During the operation, electrical output voltage of Wheatstone bridge was
found to be in milivolts and the same was strengthened using instrumentation
amplifier LT 1167 which was designed to give a gain of 110 as shown in Figure
11 after minimizing the offset voltage.

Table 3 shows the amplified output voltage of Y axis Wheatstone bridge for
the applied force in negative Y direction after minimizing the offset output volt-
age. The offset voltage which was 356.60 mV is minimized to 18.80 mV by bal-
ancing Wheatstone bridge.

5.2. Dynamic Calibration

The dynamic characterization of the device is measured by vibration platform.
The device is fixed on the vice and the plastic rod was vibrated by using the vi-
bration given by vibration platform in vertical direction. The change in output
voltage of the device with the frequency was observed. Figure 12 shows the en-
tire experimental set up of dynamic calibration. With the help of vibration plat-
form, the sensor was subjected to various frequencies ranging from 10 Hz to 500
Hz for g = 0.5 and g = 0.2. The output response of the sensor at 50 Hz and 100
Hz for g = 0.5 are as shown in Figure 13. The vibration platform experimental
set up gave a response in the frequency range of 10 Hz to 500 Hz and the reso-

nance frequency was found to be around 80 Hz.
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Structure Digital Multimeter Digital Height Gauge

Vice
Figure 9. Static Calibration setup with digital height gauge to measure

elcetrical output voltage corresponding to the displacement given to the
plastic rod in particular direction using digital height gauge.
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Figure 10. Variation of resistances of Y axis bridge piezoresistors due to compressive and
tensile stress along the beam corresponding to given displacment to the plastic rod.

Output to Oscilloscope

Figure 11. Read-out Circuitry of the Sensor to reuce the offset voltage and to amplify the

output voltage by using IC LT1167.
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Vibrometer

Plastic Rod of sensor

Amplifier Circuit

Figure 12. Dynamic calibration setup to measure electrical output voltage corresponding
to the vibration given to the plastic rod using vibration platform.
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Figure 13. Dynamic response of a structure for (a) Vibration given to the plastic rod at
frequency of 50 Hz; (b) Vibration given to the plastic rod at frequency of 100 Hz.
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Table 1. Electrical output voltage of Y axis heatstone bridge.

Electrical Output Differential Output Electrical Output Differential Output
Voltage (mV) for Voltage AV (mV) Voltage (mV) for Voltage AV (mV)

Displacement
P displacement in for displacement in displacement in for displacement in
(mm) . . " "
negative Y negative Y positive Y positive Y
direction direction direction direction
0 356.60 0 356.60 0
0.5 355.50 1.1 357.75 1.15
1 354.53 2.07 358.57 1.97
1.5 353.57 3.03 359.52 2.92
2 352.52 4.08 360.62 4.02

Table 2. Electrical output voltage of x axis wheatstone bridge.

Electrical Output Differential Output Electrical Output Differential Output
Voltage (mV) for Voltage AV (mV) Voltage (mV) for Voltage AV (mV)

Displacement
P displacement in for displacement in displacement in for displacement in
(mm) . . " s
negative X negative X positive X positive X
direction direction direction direction
0 404.32 0 404.32 0
0.5 405.79 1.47 402.84 1.48
1 407.33 1.54 401.39 1.45
1.5 408.91 1.58 399.89 1.5
2 410.41 1.5 398.37 1.52

Table 3. Output voltage of Wheatstone bridge after offset voltage Minimization and
amplification for displacement in negative Y direction.

Electrical Output Voltage (mv)  Amplified Output Voltage (V)

Disp(l:::lr)nent for displacement in for displacement in
negative Y direction negative Y direction

0 18.80 2.01

0.5 17.51 1.90

1 16.6 1.73

1.5 15.59 1.69

2 14.62 1.59

6. Conclusion

We have proposed design, simulation, fabrication and preliminary characteriza-
tion of the two-dimensional Reduced Graphene Oxide based acoustic vector
sensor which is suitable for underwater applications. It is observed that the
property of graphene is suitable for detection of the sound, when realized on
uniform layer of Kapton sensing membrane and also results in simple, low-cost
and scalable process. Because of the application of piezoresistive transduction
principle, this sensor was found to be best suitable for detection of low-frequency

acoustic signals. In addition to the advantages of simple structure, small volume,
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simple process, and low cost of this acoustic vector sensor, it also has good
low-frequency characteristics. The resonance frequency of the device is found to
be around 80 Hz and also it exhibits displacement sensitivity around 3 mV/mm
and 2 mV/mm for X axis and Y axis direction respectively. It can be used to es-
timate the horizontal azimuth of the targets of underwater and can fulfill the re-

quirements for low-frequency sound detection of submarine.
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