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Abstract: This paper presents finite element method (FEM) simulation using P(VDF-TrFE) as piezoelectric
material for Internet of things application. The simulation was conducted using COMSOL Multiphyisc 5.1 to study
the resonance frequency, stress, displacement and load dependence for the P(VDF-TrFE) piezoelectric as a
batteryless sensor whenever there is mechanical vibration present on the piezoelectric material. The simulation
results obtained with maximum displacement and stress are 0.3 mm and 1.01x107 N/m2 at resonant frequency of
131 Hz. Electrical properties with maximum voltage of 24.2 mV power output of 3.2 nW was obtained at 18 6
kQ under the acceleration of 1 g at resonant frequency. The optimized design of P(VDF-TrFE) piezoelectric sensor
was applied in the step monitoring application via internet of things (10T) system.
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1. Introduction

Nowadays, Internet of things, (loT) paradigm is spreading rapidly across different applications such as for
consumer, smart home, enterprise, infrastructure, manufacturing and etc. 10T is a technology employing the self-
organized interconnectivity of physical objects, enabling the objects to connect and exchange data with minimum
human intervention. Thus, the technology requires the usage of low-cost and efficient sensors and actuator for
connectivity function. Furthermore, some applications even require the devices to be wearable and safe. For example,
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many studies on wearable device sensors for patients in rehabilitation and other medical purposes have been reported
[1-4].

Consumer industry in which safety and environmental consciousness are a top priority, the sensor devices need to
be safe and environmental friendly during and after disposal. For example, e-commerce retailer Amazon launched dash
button based on loT system to support their goods such as detergent, toilet papers, and carbonated drinks where the
consumers can place order by pressing the brand button wireless connected over the internet [5]. Chuang et al.,
demonstrated i-Logistic system at the cargo management to support the transportation process based on 10T by using
the piezoelectric PVDF force sensor [6-7]. Polymeric poly(vinylidene fluoride) trifluoroethylene P(VDF-TrFE) is a
piezoelectric polymer which potential replaces lead zirconate titanite (PZT) as sensor materials because the PVDF has a
high piezoelectric performance, superior mechanical flexibility, lower fabrication cost and nontoxicity as compared to
PZT [8-10].

There are several challenges of fabrication of a high performance flexible substrate-supported P(VDF-TrFE)-based
sensor, fabricated using low cost process. One of them are optimization of materials and fabrication process parameters.
Using the finite element approach, a parametric analysis can be conducted to predict and analyze piezoelectric
performance of the composite structure.

In this research paper, we aim to validate the piezoelectric PVDF sensors by using batteryless concept to be
applied in the 10T application for steps monitoring system. This study presents the finite element method simulation for
P(VDF-TrFE) piezoelectric sensor as a self-powering sensor and evaluation of the 10T application of step monitoring
for P(VDFD-TrFE) sensor.

2. Piezoelectric Theory (Direct Effect)

In 1880, the brothers of Pierre Curie and Jacques Curie are the first observed piezoelectricity effect from the quartz
crystal where it is having ability to generate a voltage when a piezoelectric material is subjected of mechanical stress.
The effect is called the direct piezoelectric effect. Indirect effect of piezoelectric when an external field applied on the
piezoelectric material, the material gets extended from its initial condition [11-12].

The electrical piezoelectric charge density can be calculated by using the constitutive equations:-

D=dT +&eé&rrE 1)
S=sT+d" E (2)

where E is the electric field, T is the stress, S is the strain, and D is the electric displacement field. The other
material parameters sE, d, and erT correspond to the material compliance, coupling properties, and relative permittivity
at constant stress. €0 is the permittivity of free space [13]

2.1 Material of Interest

Synthesized P(VDF-TrFE) film’s surface morphology was observed using field emission scanning electron
(FESEM) at accelerating voltage 3kV as shown in Fig 1. The microstructure of the P(VDF-TrFE) thick film shows an
optimize crystalline structure where it is suitable for piezoelectric materials usage in energy harvesting sensor
applications.
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s surface morphology of P(VDF-TrFE) film of piezoelectric sensor

Fig 1 - FESEM micrograph show
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3. Simulation using COMSOL 5.1

The finite element method (FEM) simulation of 2D model was conducted using COMSOL Multiphysics 5.1 to
analyse electrical and mechanical properties. In this COMSOL 2D model was simulated by using structural mechanics
and electrostatics interfaces. In order to obtain optimum piezoelectric sensor, the frequency domain interface was used
to obtain the resonance frequency at difference length of piezoelectric sensor.

In the final work, frequency parameter analyses were performed of frequency dependence and load-frequency
dependence for the piezoelectric sensor.

3.1 Design of P(VDF-TrFE) and domain setting

The fabricated P(VDF-TrFE) piezoelectric sensor were sandwiched of three layers on the PET (Melinex) substrate.
The P(VDF-TrFE) is a piezoelectric active layer in between of top and bottom of polymer electrodes with the
dimension as reported in the previous paper [14-15]. Fig 2 (a) shown the schematic diagram of P(VDF-TrFE)
piezoelectric sensor structure whereas the piezoelectric sensor was designed using COMSOL as shown in Fig 2 (b).
Table 1 shown the material properties and parameters were used in the FEM simulation.

Table 1 - Material properties for FEM simulation [16-19]

Material Values
parameter
PET (substrate)
Young’s 4
Modulus
(GPa)
Poisson 0.3
ratio
Density 1250
(kg/m®)
Thickness 75
(Hm)
P(VDF-TrFE)
Elastic Ce=
stiffness [3.613 16135 1.4210 0 0 0]
constant 0 |
(GPa) 114210 1.3106 1.6303 0 0
0 0 |
|

l'o o o o o0s00 O
IL o 0 0 0 0 06901

Coupling
matrix,
C/m? To 0 0 0 00159 0]
€= 00127 0 O
[|0.321 - 0.0040 - 0.0212 0 o ol
Poisson 0.33
ratio
Density 1790
(kg/m?®)
Thickness 50
(Hm)
Electrode (Ag)
Young’s 76
Modulus
(GPa)
Poisson 0.37
ratio
Density 3650
(kg/m?)
Thickness 10
(Hm)
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Fig 2 - (a) P(VDF-TrFE) piezoelectric sensor design structure; (b) Schematic view of the model using COMSOL

Multiphyics

3.2 Meshing

Fig 3 - 2D meshed geometry

The 2D model was meshed using quadrilateral geometry with 1050 fine elements and minimum meshing size of
0.012, as shown in Fig 3.

4. Results and Discussion

The optimum resonance mode was shown in Fig 4 where the blue shaded area indicates of the minimum
displacement of the piezoelectric device whereas the red shaded area shows maximum displacement is generated of the
piezoelectric when the fixed end of the device has been set up.

In the mechanical properties, the maximum displacement was 0.3mm and the maximum von Mises stress
generated about 1.01x107 N/m? at the resonance frequency of 131 Hz which its shown in the Fig 4. Then, frequency
domain analysis was able to generate voltage output about 20.2mV at 131Hz as shown in Fig 5.
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Fig 4 - Mechanical properties: Resonant frequency for displacement and von Mises stress contour
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Fig 5 - Electrical properties: Voltage output at resonance frequency

Load dependence: Voltage & power
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Fig 6 - Electrical properties : voltage and power output with respect to load resistance

In Fig 6 shown the peak in power generated from the sensor with electrical load resistance of 18kQ at an

acceleration of 1 g oscillating at 131Hz is about 3.2 nW.

4.1. 10T Application

DS0- 20124, MV52163858: Tue Jul 03 13:33:09 2018

Fig 7- Output voltage generated from single step
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Nowadays, 10T applications are widely used with battery-less piezoelectric sensor materials such as zirconate
titanate (PZT), poly (vinylidene fluoride) trifluoroethylene P(VDF-TrFE) and zink oxide ZnO [20]. Therefore, an loT
based step monitoring system was developed to illustrate the functionality of the proposed sensor. An 8-bit MEGA328P
MCU with a wifi module used to read the signal from the attached sensor and upload it in to the cloud whenever
someone step on the device. The single step of output voltage peak-to-peak about 3.38V was captured using digital
oscilloscope act as sensor signals as shown in Fig 7. Since the sensor produces an AC form of signals, therefore its
attached to the ADC channel of the mentioned MCU. An algorithm developed to continually check the ADC channel
for an incoming signal and digitize it. The step detection is based on a preset threshold inside the algorithm. The system
sensitivity will be varied in according to the threshold value. After that it will upload the step counting number to the
system database. Once the database got an update from the system, it will automatically notify the end user of a human
present with an alarm. Moreover, it will display a history graph of all the step activities as shown in the Fig 8 for
system prototype setup.

Internet

P(VDF-TtFE)
sensor output
JESHEN
\\ et WIFI
) ¥ u?t
(‘ 'L MEGA
; J_ <ADCF—— "5
Capture, analysis and upload View the data
the data to the cloud from the cloud

Fig 8 - P(VDF-TrFE) Piezoelectric sensor in 10T application

5. Conclusion

The finite element simulation of P (VDF-TrFE) piezoelectric sensor is successfully performed and applied in loT
application as shown in the step monitoring system application. The proposed sensor is able to be operated at low
frequency (Hz range) 1 g. The simulation results show maximum displacement and stress was obtained 0.3 mm and
1.01x107 N/m? at resonant frequency of 131 Hz. Based from the sensor, maximum voltage of 24.2 mV power output of
3.2 nW was obtained at 18 6 kQ under the acceleration of 1 g at resonant frequency of 131 Hz.
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