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Abstract---This paper presents the improving area-efficient MEMS (Micro-Electrical Mechanical 

System) piezoelectric cantilever array prototype for a fully cochlear implantable sensor. The proposed 

design consists of seventeen cantilevers in an array arrangement connected in parallel; the acoustic sound 

pressure level input considered to lies in between 60 and 94 dB SPL. Deflection of the beam is measured 

in the frequency range from 300 Hz to 3700 kHz and the prototype can be fixed in the ear-drum. The 

acoustic SPL level matches and resonates with the frequency of the cantilever beam which stimulates the 

auditory nerve via cochlea and sends the information to the brain. As a result, the proposed device shows 

the maximum electric potential voltage, displacement, and von Mises stress as obtained using simulation. 

This method makes viability to reduce environmental noise with a precision level of hearing and makes 

more comfort to the future generation for a deaf-mute person. The main aim of this proposed system is to 

provide an improving area-efficient MEMS (Micro-Electrical Mechanical System) piezoelectric 

cantilever array to obtain maximum electric potential voltage for a fully cochlear implantable sensor is 

focused in this work. 

 

Keywords---Micro-Electrical Mechanical System (MEMS), Piezoelectric cantilever, Fully cochlear 

implantable sensor. 

 

1. Introduction 

As stated by WHO in one of its surveys, over 5% of the world population, 466 million 

individuals have hearing losses, particularly 432 million grownups, and 34 million youngsters, 

and it is assessed 900 million individuals will have hearing misfortunes by the time of 2050 [1]. 

The ear plays a vital role in hearing and maintaining balance and hence it receives sound and 

converts it into electrical signals, causes nerve impulses to be sent to the brain. The human 

hearing frequency range varies from 20Hz to 200kHz, although human speech frequency extends 

from 250Hz to 4kHz loudness and pitch can be high or low depending on the speech. It is very 

crucial to understand the speech in between 4 to 8kHz, exceptionally during noise nuisance and 

confusing activity, the frequency range varies above 100dB sound pressure level it makes more 

discomfort [2,3]. Hearing loss can be classified into three types: sensorineural, conductive, and 

mixed hearing loss [4]. In the sensorineural loss, inner ear nerves and hair cells are harmed may 

be owing to aging, drug toxicity, sickness, or noise damage [5]. In Conductive loss, sounds that 

cannot pass through the outer and middle ear may be owing to fluid, ear infection, tumors, hole 

in the eardrum, stuck in-ear canal [6]. A mixed blend of sensorineural and conductive hearing 

loss might make hearing worse [7]. There are three parts of the ear to detect the sound: outer, 
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middle, and inner. The outer ear assembles sound from the auricle through the external acoustic 

meatus (Ear canal) and arrives at the tympanic membrane (Eardrum). The middle ear has a 

tympanic membrane, tympanic cavity, and ossicles (the three tiny bones: Malleus, incus, and 

stapes). The vibrations on tiny bones are transformed into the cochlea. The inner ear has an oval 

window, semicircular ducts and cochlea. The semicircular ducts are loaded up with fluid and 

attached to the cochlea and nerves. It sends instructions on balance and head posture to the brain 

[8]. 

 

The Majority of the hearing losses can be treated by Conventional hearing aids, Middle ear 

implants (MEIs) or, cochlear implants (CIs). The Conventional hearing aid gets the sound, 

intensifies (amplifies), and changes over into electrical signals through a Vibro-acoustic speaker 

and sends to the brain (this utilizes receiver, amplifier, battery, volume control, and program 

button) [9]. The different styles of conventional hearing aid devices like BTE, ITE, ITC can be 

placed behind, in the ear and canal. Three aids are examined by leading manufacturers and tested 

with a huge number of patients. The environmental noise due to circumstances, discomfort, 

radiation noise in different situations while wearing the device [10]. In Middle ear implants 

(MEIs) or Cochlear implants (CIs) sound gets into the microphone. The processor picks sound 

from the microphone and sends it to the stimulator which is placed under the skin. The sound 

signals are converted to electric impulses by the stimulator. The electrode array collects the 

signals from the stimulator through the cochlea and passes to the brain [11]. CIs have some 

limitations such as time constraints, surgical risk, high cost, injury to the nerve [12].The MEMS-

based implantable sensor is introduced and widely used to reduce size of the device, low cost, 

and power consumption. The main parameters to be focused on this sensor are frequency range, 

EIN SPL, dimension, power consumption and electric potential voltage. The first MEMS 

implantable sensor was the piezoresistive MEMS sensor proposed by Park et al. with a wide 

frequency range, reduced dimension, low power consumption nevertheless the high level of 

surgical issues, supporting ends are needed. MEMS capacitive displacement sensor proposed by 

ko et al. and Sache et al. on the other hand, MEMS capacitive accelerometer sensor proposed by 

Zurcher et al. resulted in a large frequency range above SPL nevertheless large power 

consumption [13]. The authors Yip et al. and Berker et al. focusing on materials of MEMS 

Piezoelectric force transducer and accelerometer sensor to reduce the power consumption by 

different methods [14]. The main intents while designing a fully cochlear implantable sensor are 

self-powered, reduced in size(micro-level), less noise, precision on hearing frequencies, self-

analyzing, bandwidth, dynamic range. 

 

In the existing device, eight cantilever beams were designed with a thin film piezoelectric 

acoustic transducer with sound pressure level input as 110 dB for electric potential voltage 

output of 114 mV to 140 mv were simulated for cochlear implant applications [15]. This paper 

proposes the improved area-efficient MEMS piezoelectric cantilever array (PCA)for a fully 

cochlear implant to overcome the limitations and barriers from existing cochlear implants (CIs). 

The MEMS PCA is placed on the eardrum, and the design is made up of seventeen thin 

piezoelectric cantilever beams which are connected in parallel to make it efficient within the size 

of the device. Each beam responds to the particular human speech frequency within the available 

bandwidth, the sensor reference input is given at a sound pressure level of 1 Pa (94dB) to 

produce electric potential voltage output of 135 mV. Parameters such as electric potential 

voltage, von Mises stress, displacement are obtained for all seventeen MEMS piezoelectric 
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cantilever beams [16]. The results have been discussed and analyzed by using COMSOL 

Multiphysics. 

 

2. Design of PZT Cantilever Array 

Fig 1. shows a schematic of the complete design of the proposed system. The main challenges 

while designing the proposed system are to reduce the area and to design more cantilever beams 

connected parallel within the area of 4.3×2.4mm. Piezoelectric Cantilever Array(PCA) consists 

of seventeen cantilever beams that resonate at a particular frequency in cochlea within the 

hearing bandwidth of 250Hz to 4kHz, the acoustic sound pressure level of 60 to 94 dB. Sound 

enters into the eardrum where the cantilever array is fixed, starts to vibrate the beam which is 

designed to that particular frequency, and resonates the particular frequency band in the cochlea 

[17]. The electric potential voltage(mV/Pa) for the particular beam is generated and the 

information passes through the auditory nerve via cochlea to the brain as shown in fig.1. The size 

of the device is reduced (4.3×2.4mm) and more cantilever beams to obtain the maximum electric 

potential voltage, Von misses stress, and displacement are simulated. The maximum electric 

potential voltage (mV/Pa) is produced for the input sound pressure level (SPL) of 94 dB (one 

Pascal) [18]. 

 

 
 

Figure 1. Schematic structure of proposed system 
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(a) 

 

 

 

 
(b) 

Figure 2. (a) Schematic view of Piezoelectric Cantilever beam (b) Cross-sectional view of 

Cantilever 

 

Zinc Oxide(ZnO) is chosen as the uppermost layer and doped polysilicon is used as the substrate. 

The proposed MEMS piezoelectric cantilever beam is shown in Fig.2 consisting of a 

piezoelectric layer bonded with the Poly-silicon. The two materials are bonded perfectly along 

the X, Y, and Z axes [19]. One end of the cantilever beam is fixed at X=0 another end is kept 

free to deflect on the Z-axis. The width and thickness of the beam are kept constant (500 µm, 

5200 µm) for all cantilever designs which deflects on its two layers on the Y-axis and Z-axis. 

The thickness of polysilicon and ZnO is defined as 𝑡𝑠 and 𝑡𝑝 .The neutral axis 𝑡𝑛1 is based on the 

young’s modulus and thickness of Poly-silicon and ZnO layers respectively. Considering the 

pressure P is applied in a direction perpendicular to the cantilever beam as shown in Fig 2(a). 

Beams of different lengths are simulated for Eigen frequencies from 300 to 3700 Hz, the width 

and thickness of the beam are kept constant and the frequency versus length plot is shown in Fig 

3. 

 

 
Figure 3. Frequency Vs Length of Piezoelectric Cantilever beams. 
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In this model, Zinc Oxide(ZnO) is suitable when compared to other materials because its 

piezoelectric coefficients and coefficient of electromechanical transformation of ZnO are 

relatively high. This makes ZnO an excellent material to be used widely in MEMS piezoelectric 

applications. It is also used in mobile communication, optoelectronics, and thin-film resonators 

for bulk acoustic waves. 

 
Table 1. Piezoelectric coefficients for Zinc Oxide. 

 

Parameters Value 

Piezoelectric coefficients (Strain) 
d31=5.10-12 C/N 

d33=12,4.10-12 C/N 

Piezoelectric coefficients 

(Voltage) 

g31=0,36 Vm/N 

g33=1,57 Vm/N 

Coefficient of electromechanical 

transformation 
k=0,33 

Elasticity modulus Y=30-200 GPa 

Relative dielectric permittivity εr=10-11 

 

3. Modeling and Fabrication 

3.1 Displacement modelling 

Pressure is applied as boundary load in the z-axis direction, the displacement of the Z-axis 

component of the beam induces electric potential voltage thereby stress or strain is produced. 

The inverse of the radius of curvature(r) can be expressed as shown in the below equation 1. 

 
1

  𝑟   
=

𝑑2ℎ(𝑥)

𝑑𝑥2  = 
𝑀(𝑥)

𝑊𝐷1
= −

𝐹

𝑊𝐷1
 𝐿 − 𝑥         (1) 

The 𝑥 values  varies from 0< 𝑥<L, where ℎ(𝑥)=Axial Displacement ,𝑀(𝑥)=Bending moment of 

the cantilever, 𝐷1=Bending Modulus per unit width can be expressed as equation 2. 

 

   𝐷1 =
𝐸𝑠

2𝑡𝑠
4+𝐸𝑝

2𝑡𝑝
4+2𝐸𝑠𝐸𝑝 𝑡𝑠𝑡𝑝 +(2𝑡𝑠

2+2𝑡𝑝
2+3𝑡𝑠𝑡𝑝 )

12(𝐸𝑠𝑡𝑠+𝐸𝑝 𝑡𝑝 )
   (2) 

 

where, 𝐸𝑠 and 𝐸𝑝  are the Young’s Modulus of polysilicon  and piezoelectric layers. The 

parameters𝑡𝑠and 𝑡𝑝  are the thickness of the polysilicon substrate and piezoelectric layer [20]. 

Equation 3 shows the boundary condition which is followed to solve the axial and tip 

displacement of the cantilever beam, initially the axial displacement to be derived is kept at zero 

on its fixed end. It can be written as  

 

ℎ 𝑥=0 = 0 𝑎𝑛𝑑   
𝑑ℎ

𝑑𝑥
 
𝑥=0

= 0     (3) 

By applying boundary condition, the equation (1) is solved and axial displacement is obtained 
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𝑑ℎ

𝑑𝑥
= −  

𝐹

2𝑊𝐷1
[𝐿 − 𝑥]2𝑑     (4) 

                                                  
𝑑ℎ

𝑑𝑥
= −

𝐹

2𝑊𝐷1
 𝐿2 𝑥 − 2𝐿

𝑥2

2
+

𝑥3

3
  + 𝐾1   (5) 

                                             ℎ = −
𝐹

2𝑊𝐷1
 𝐿2 𝑥2

2
− 𝐿

𝑥3

3
+

𝑥4

12
 + 𝐾2      (6)   

                      ℎ𝑡𝑖𝑝 = −
𝐹

𝑊𝐷1
 
𝐿4

8
    (7)  

In equation 8, W & L are width and length of the polysilicon substrate and Force F in terms of 

pressure P is applied in Pascal (Pa). Stiffness constant(k) of the beam is defined as the force 

required for unit tip displacement can be derived from equation (8). 

 

                                 𝑘=
𝑭𝒂

𝒉𝒕𝒊𝒑
=

𝟖𝑾𝑫𝟏

𝑳𝟑   (8) 

3.2 Frequency Response 

The resonant frequency 300Hz to 3700Hz is calculated manually by equation 10,11 and 

compared with the simulated frequency studies using COMSOL Multiphysics. 

 

                               𝑆𝑑1 =
2

3

𝑊𝑡𝑠𝑒𝑞 𝑒31

𝑊𝑛
2   (9) 

                    𝐾 =
8𝑊𝐷1

𝐿3  and  𝑊𝑛 =  
𝐾

𝑀 
           (10) 

             𝐹 =
1

2𝜋
 

𝐾

𝑀
         (11) 

 

 

3.3 Stress and Displacement Analysis 

The length of the beam(L) varies from 1528µm to 5300µm, the width(W) and the 

thickness(𝒕𝒔&𝒕𝒑)are kept constant at 200µm, 5µm for the desired frequencies and simulated by 

COMSOL Multiphysics. The thickness of the ZnO is selected to induce maximum stress s that 

maximum electric potential is obtained. The Piezoelectric material ZnO is coated on the 

polysilicon substrate on the neutral axis. 

𝒕𝒔 =  
𝑬𝒑

𝑬𝒔
𝒕𝒑  (12) 

 

3.4 Material Properties 

ZnO is selected as piezoelectric material and its standard elasticity matrix(𝐶𝐸), the relative 

permittivity matrix(𝜀𝑟𝑠) are used in COMSOL Multiphysics.  
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𝐶𝐸 =

 
 
 
 
 
 
209 121.1 105 0 0 0

0 209 105 0 0 0
0 0 211 0 0 0
0 0 0 42.3 0 0
0 0 0 0 42.3 0
0 0 0 0 0 44.2 

 
 
 
 
 

 𝐺𝑃𝑎  

 

𝑒𝐸𝑆 =

 
 
 
 
 
 

0 0 −0.567
0 0 −0.567
0 0 1.032
0 0 0
0 −0.480 0

−0.480 0 0  
 
 
 
 
 

 𝐶 𝑚2   

 

𝜀𝑟𝑠 =  
8.546 0 0

0 8.546 0
0 0 10.204

  𝐹 𝑚   

 

 

Table 2. Physical Properties of the materials 

 

Materials 
Young’s 

Modulus (GPa) 

Poison’s 

Ratio 

Density 

(kg/m^3) 

Poly-Si 160 0.22 2320 

ZnO 161 0.35 5680 

 

With the equation 10and 11, we have obtained and verified the Eigen frequency with the manual 

modeling. The calculated frequency, voltage vs simulated frequency, voltage is verified by using 

the equation 10 and 11. 

 

3. Sound Pressure and Sound Pressure Level 

Sound pressure is the pressure measured within the wave relative to the ambient air pressure. 

Quiet sounds produce sound waves with small sound pressures whereas loud sounds produce 

sound waves with large sound pressures. Sound pressure level is measured in decibels (dB) and 

can be calculated using the following equation, where p is the sound pressure of the sound wave 

and po is the reference sound pressure [21]. 

 

𝐿𝑃 = 20 𝑙𝑜𝑔10  
𝑝

𝑝0
 𝑑𝐵                         (13) 

 

4. Results and discussion 

The complete design for a unimorph MEMS piezoelectric cantilever array for fully cochlear 

implantable device with polysilicon-ZnO is simulated in COMSOL Multiphysics and the results 

are shown in figure 5 and figure 6. The proposed system consists of seventeen cantilevers in an 

array arrangement connected in parallel to produce the maximum electric potential voltage of 
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135mV at 300 Hz for a sound pressure level of 94dB. Pressure is applied as boundary load and 

the particular beam gets displacement on the z component. Figure 5 shows the displacement of 

1.46 × 10−3𝜇𝑚  to the corresponding beam at 1200 Hz. The device was simulated for 60 dB, 70 

dB, 80 dB and 94 dB sound pressure level individually and the parameters such as von Mises  

stress(𝑁/𝑚2), eigen frequency(Hz), displacement (µm), the electric potential voltage(mV/Pa) 

are obtained and shown in figure 6 and figure 7 . 

 

 
Figure 5. Tip displacement of the cantilever beam for 1200 Hz. 
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300 Hz 

  

  

600 Hz 

  

  

800 Hz 
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1000 Hz 

  

  

1200 Hz 

  

  

1400 Hz 
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1600 Hz 

  

  

1800 Hz 
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2000 Hz 

  

  

2200 Hz 

  

  

2400 Hz 
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2600 Hz 

  

  

2800 Hz 
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3000 Hz 

  

  

3300 Hz 

  

  

3500 Hz 
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Figure 6. Eigen Frequency and Displacement profiles, Electric potential and von Mises stress plots 

for complete design module 

 

 

  

  
3700 Hz 
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(a) (b) 

  
(c) (d) 
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                                                                                 (g) 
 

Figure 7. a) - Calculated frequency versus simulated frequency for complete design 

b), c), d) - Displacement, induced electric potential voltage, Von Mises stress versus 

frequency plots simulated by COMSOL Multiphysics 

e), f), g) - Displacement, Electric potential voltage, von Mises stress versus 

frequency for different inputs ranging from 60 to 94 dB SPL 

 

Fig 7 a shows a linear curve which means the simulated frequency matches with the frequency 

calculated using equation 11. From Figure 7 b it is noted that displacement decreases 

exponentially with increase in frequency for an input of 94 dB SPL. Similarly, electric potential 

voltage and Von Mises Stress decreases with increase in frequency in the range of 300 to 3700 

Hz and the corresponding curves are plotted in Figures 7 c and 7 d. Figures 7 e, f and g illustrates 

the displacement, Electric potential voltage, Von Mises stress versus frequency plots obtained for 

different input levels ranging from 60 to 94 dB. It can be observed that the parameters under 

study increase with the input sound pressure level. 

 

Table 3 shows the comparison of existing MEMS piezoelectric acoustic sensors with the 

proposed sensor.  

 

 

 

  
(e) (f) 
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Table 3: Comparison of previous and current research findings. 

 

The Thin film PZT acoustic sensor proposed by İliket al. was fabricated with eight cantilevers. 

An SPL of 100dB is applied over the frequency range of 300-4800 Hz and the output voltage of 

22.98mV was generated using a test setup of shaker-table [22].Udvardiet al.’s Spiral-Shaped 

Piezoelectric MEMS Cantilever Array was fabricated by bulk micromachining technique on a Si-

on-Insulator (SOI) wafer and aluminum nitride (AlN) with sixteen cantilevers. A low frequency 

range of 300-700 Hz with an SPL of 110dB is applied, and a 9.6 mV output voltage was 

produced. To obtain this, an experiment was conducted on a 3D printed sample which was 

mounted on a shaker table [23]. Another Thin film piezoelectric acoustic transducer proposed by 

İliket al. has eight cantilevers. It produced 114mV for a frequency range of 250–5000 Hz and an 

input SPL of 110 dB. The characteristics of the sensor were obtained using Lase Doppler 

Vibrometer and the output voltage was measured using an Oscilloscope [24]. Yüksel et al. 

experimented with a Multi-channel thin film piezoelectric acoustic transducer which was 

fabricated with PLD-PZT piezoelectric layers, containing eight cantilever beams. An output 

voltage of 139.36 mV at 316.4 Hz under 110dB was obtained by Finite Element Method 

modeling for cantilever resonance frequencies and shaker-table experiments [25]. When 

compared to previous researches on MEMS piezoelectric acoustic transducers the device 

proposed in this work stands high as it accommodates seventeen cantilever beams within 4.3 x 

2.6 mm, thus making it area efficient. It is capable of producing 138.6 mV at 94 dB SPL over the 

frequency range of 300-3700 Hz.   

 

5. Conclusion 

In this work, the proposed MEMS piezoelectric cantilever array (PCA) for a fully cochlear 

implantable sensor for stimulating the auditory nerve via cochlea was designed. The maximum 

electric potential voltage of 138.6 mV for a frequency of 300 Hz is generated at 94 dB SPL 

which makes it feasible and efficient by using unimorph cantilever beams. The drawbacks of 

conventional CI’s are discomfort, damage of components, and battery replacement. The 

proposed method excludes these drawbacks by the use of a MEMS piezoelectric cantilever array 

as it generates potential voltage directly from the deflection of the device, which is placed in the 

Study 
Cochlear Implant 

Applications 

Number of 

cantilever 

Beams 

Frequency 

range 
Excitation 

Maximum 

output 

voltage 

Area 

I Thin Film PZT 

Acoustic Sensor 

Eight 

cantilevers 
300-4800 Hz 0.6g 

24.79 mV 

@900 Hz 
5 mm  × 5mm 

II Spiral-Shaped 

Piezoelectric MEMS 

Cantilever Array  

Sixteen 

cantilevers 
300–700 Hz 1g 3–10 mV 2 mm × 2 mm 

III Thin film piezoelectric 

acoustic transducer  

Eight 

cantilevers 
250–5000 Hz 110 dB 114 mV 5 mm × 5 mm 

IV Multi-channel thin 

film piezoelectric 

acoustic transducer  

Eight 

cantilever 

beam 

316-5767 Hz 110dB 
139.36 mV  

@316 Hz 
5 mm ×5 mm 

V This work 

 

Seventeen 

cantilever 

beams 

300-3700 Hz 60-94dB 
138.6 mV 

@300 Hz 
4.3 mm × 2.4 mm 
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eardrum. The main advantages of this device are reduced size, power consumption, cost, and 

maximum electric potential voltage. This system is viable for next-generation MEMS 

piezoelectric cantilever array implantable sensor for all applications as its performance is found 

to be better when compared to the existing MEMS piezoelectric acoustic sensors as shown in 

Table 3. In the future, the design can be improved and optimized to get maximum electric 

potential voltage, bandwidth, and quality factor. 
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