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Abstract – Piezoelectricity is the capability of a piezoelectric material to change mechanical energy 
into electrical energy. The determination of electrical and mechanical properties plays a significant role 
in characterizing the piezoelectric material. The energy losses characteristics of piezoelectric material 
can be described by mechanical quality factor. In this paper, the output voltage and mechanical quality 
factor of Lead Zirconate Titanate (PZT-4A) piezoelectric material is determined under various 
resistance and loading conditions by using the test setup. The commercial FEM software ABAQUS is 
used to analyze the performance of piezoelectric material under static loading conditions. It is observed 
that these properties affect the performance of a material particularly in the designing of smart 
structures. The experimental results are partially compared to the simulation values. 
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1. Introduction 
 
Energy harvesting is the process in which energy is 

acquired from the external sources and transformed into 
usable electrical energy or energy is captured or stored 
for future use. Among the three general mechanisms of 
energy harvesting through vibrations (electrostatics, 
electromagnetic and piezoelectric) piezoelectric materials 
have a superior performance and can be fabricated into 
different scales: macro, micro and nano [1]. Direct 
piezoelectricity (the generation of electrical voltage by 
applying mechanical stress) and inverse piezoelectricity are 
the two types of piezoelectric effects. Jacques Curie and 
Pierre Curie discovered piezoelectricity in 1880 [2]. The 
energy harvesting through piezoelectricity uses direct 
piezoelectric effect. Piezoelectric materials can be utilized 
to obtain voltages of very small value and hence can drive 
low voltage devices. The finite element analysis (FEA) is 
an efficient method to simulate and analyse the structural 
and electrical characteristic of piezoelectric material [3]. 
In the previous decades, a lot of research has been done 
in the field of energy harvesting. The enhancement in 
this research has revolutionized in wireless technology and 
electronic devices like Micro-Electro-Mechanical Systems 
(MEMS) [4]. 

The aim of this research work is to investigate the effect 
of varying resistance on the output voltage of Lead 
Zirconate Titanate (PZT-4A) at different frequencies using 

the proposed experimental setup. Effect of loads on the 
mechanical quality factor is also analyzed. Furthermore 
the experimental results are compared with numerical 
simulation using standard FEA software; ABAQUS. 

 
 

2. Historical Background 
 
Piezoelectric effect based energy harvesting devices 

that transforms mechanical energy into electrical energy 
are a very prestigious energy source for remote sensing 
and embedded devices. Piezoelectric materials are the 
fundamental elements in electro-mechanical equipment 
and play a significant role in smart structure [5]. In 1947 
a process was developed in which mechanical energy is 
converted into electrical energy with the help of 
piezoelectric vibrator [6]. First experimental study to 
harvest energy by using piezoelectric material was 
carried out in 1984 [7]. In 1992 Schmidt also conducted 
an experimental investigation to study the behavior of 
polyvinylidene difluoride (PVDF) specimen at various 
high and low frequency amplitude [8]. The first work to 
harvest energy from the human body by using piezoelectric 
material was published in 1995. The aim was to derive 
the low power electronics devices by using piezoelectric 
energy harvesting system [9]. An experimental and 
mathematical frequency domain analysis for two degree 
of freedom wing-based piezoelectric energy harvester 
was conducted to study the effect of electrical load 
resistance at various frequencies and amplitudes [10]. In 
2014 an experimental investigation was carried out to 
harvest energy by using piezoelectric generator over wide 
range of frequency and optimal load resistance [11]. 
Mechanical quality factor helps in designing of a sensor 
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and actuator and it is one of the most important parameter 
to determine the energy loss characteristic of piezoelectric 
material [12, 13].The range of the mechanical quality 
factor (Qm) varies from 3700 at 158 kHz frequency to 930 
at 1.18 MHz frequency [14]. A study reported a new class 
of piezoelectric materials having high mechanical quality 
factor which vibrate at 1.7MHz and have a lot of 
applications as sensor and actuator [15]. Up till now the 
development of piezoelectric transducers was mainly 
based on trial and error which is not only time consuming 
as well as much expensive. This kind of development is 
not aligned with modern industrial engineering practices, 
which is to assist development by computer simulation 
software for the theoretical prediction of properties 
expected to results from a given transducer design. 
Recently finite element analysis (FEA) has become vital 
tool for researchers for the analysis of mechanical 
components as well as piezoelectric sensors and actuators 
[16-18]. As we know, the properties of piezoelectric 
materials are very important to the design of MEMS 
sensors and actuators. The FEA software is used to 
simulate the structure of piezoelectric devices successfully 
and accurately [19]. 

The prediction of electrical and mechanical properties 
plays a vital role in characterising the piezoelectric material 
and they are influenced by operating and testing conditions 
[20]. In this study, our aim is to investigate the mechanical 
characteristic and electrical response of a rectangular 
shaped Lead Zirconate Titanate (PZT-4A) piezoelectric 
material simultaneously. The work has been divided in four 
major phases. Phase-1 determines the output voltage at 
various resistance and frequency conditions. Phase-2 
determines the output voltage of a piezoelectric material at 
various resistance and loading conditions. The energy loss 
characteristic and the effect of loading on the mechanical 
quality factor are analysed in phase-3. In phase-4 finite 
element simulation was carried out using numerical 
package ABAQUSTM/Standard to determine the effect of 
loading on the output voltage of Lead Zirconate Titanate 
(PZT-4A) piezoelectric material. 

 
 

3. Experimental Setup 
 
The experimentation was performed to determine the 

effect of various parameters on peak DC voltage and 
mechanical quality factor of a piezoelectric material. A 
rectangular shaped Lead Zirconate Titanate (PZT-4A) 
piezoelectric material was used and the parent properties 
of the specimen as provided by the supplier are given in 
Table 1. The size of specimen was 10x20x5mm. The 
experimental setup consisted of a load cell (model 
HYTEK) placed on mild-steel iron sheet and a screw 
mechanism connected with 12V DC motor for regulating 
the load. A DC motor can apply a maximum of 600kN/m2 
load under wide frequency range of 1-10 kHz. The copper 

electrodes which acted as anode and cathode were located 
at upper and lower end of a specimen. Piezoelectric 
material normally gives peak to peak AC voltage under 
vibration. For practical applications DC voltage is needed 
to drive any system. So in our case, an energy harvesting 
circuit consisted of bridge diodes (D5SBA) and a resistor 
connected with copper electrodes as shown in Fig. 1 was 
included in test setup to measure the peak DC voltage 
across a 4.2μF capacitor. The capacitance was noted via 
capacitance meter (DM-6013L). Specific resistance 
required according to the condition of circuit was provided 
by the decade resistor box (RM6-10073) having two 
crocodile probes connected in series with a test specimen. 
An impedance analyzer (E4990A) having frequency range 
of 12Hz to120MHz was used for measuring impedance. 
To electrically shock the specimen with sinusoidal waves 
of different frequencies, the function generator (HM-8150) 
was used. The test setup was placed on an isolated bench 
to avoid any intervention of noise from surrounding 
environment. The output response was investigated on 
digital oscilloscope (GPS-1072B) under varying resistance 
at multiple frequencies and loading conditions. The 
measurement locations are shown in Fig. 2 

Resonating frequency (fa) and anti-resonating frequency 
(fb) was determined by a circuit method as shown in Fig. 3. 
The capacitance ( C ) was determined via capacitance meter 
and the mechanical quality factor ( Qm ) was calculated by 
using Eqs. (1) and (3) 

 

 XcQ
Rm =  (1) 

 
As impedance cX  is given by 

Table 1. Properties of specimen provided by the supplier 

Description Value 
Density (ρ) 7800 kg/m3 

Young modulus (E) 5.5×1010 N/m2 
Mechanical Quality factor (Qm) 75 

Piezoelectric voltage coefficient (g33) 24×10-3 Volt metres/Newton 
Piezoelectric strain coefficient (d33, d31) 374×10-12, -171×10-12 m/volt 

Dielectric constant (Ɛ33
T) 1.504×10-8 F/m 

Elastic compliance constant (S11
E) 16.4 ×10-12 m2/N 

Initial depolarization field (Ec) 5×105 V/m 
Polarization field (Ep) 2×106 V/m 

Curie Temperature 350 ˚C 
 

 
Fig. 1. Energy harvesting circuit 
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Fig. 2. Experimental setup of the proposed system 

 

 
Fig. 3. Resonance and anti-resonance frequency in the 

impedance curve of piezoelectric material [21]. 
 

 
1 

2πfCcX =  (2) 

 
So (1) becomes 
 

 
1Q

2π fRCm =
D

  (3) 

 
where   b af f fD = -   

A recently proposed electrical power method for 
calculating mechanical quality factor showed that the 
maximum mechanical quality factor occurs between 
resonance and anti-resonance frequencies while the 
previous methods (impedance and burst) were limited to 
provide the mechanical quality factor only at resonance and 
anti-resonance frequencies [22-24]. 

 
 

4. Results and Discussion 
 
In this section simulation and experimental observations, 

results obtained are discussed and interpreted.  
 

4.1 Phase-1: Effect of Resistance on Peak DC voltage 
at various frequency conditions 

 
In this phase the effect of resistance on peak DC voltage 

was determined at various frequency conditions. The 
function generator connected with decade resistor box 

has been used for providing a series of sinusoidal signals 
of different frequencies under variable resistor loading 
conditions. With respect to resistance change, the linear 
behavior of specimen was revealed as shown in Fig. 4. It 
was observed that the output voltage decays with the 
increase in values of resistance. With the variation of 
frequency, the resistance changes and so the voltage 
decreases when the frequency increases. It is determined 
from results that with the change in frequency and 
resistance, the output voltage changes greatly. When the 
frequency is maximum voltage drop is also maximum. 

The maximum drop in voltage was observed at 500 kΩ 
resistances across a 200Hz frequency. It was observed that 
output voltage of the harvester increases with the increase 
in impedance of the resistor while resonance frequency 
decreases. The resonance frequency of the harvester used 
was 180Hz which is also equal to its natural frequency. So 
when the harvester vibrated near its resonance frequency, 
its output voltage increased otherwise decreased with the 
increase in load resistance. But as the frequency of the 
harvester exceeded the resonance frequency, the output 
voltage dropped due to depolarization effect.  

The analysis of results obtained from the experiment 
describe that the current results are somewhat better than 
previous published data by R. A Pasha et al. [21]. 

 
4.2 Phase-2: Effect of Resistance on Peak DC voltage 

at various loading conditions 
 
Fig. 5 shows the relationship of peak DC voltage and 

resistance at various loading conditions. The experiment 
was performed at 20,40,60,80 and 100kN/m2 under 
variable resistance ranging from 1kΩ to 15kΩ across a 5Hz 
frequency. It was observed that on increasing resistance 
and loading, the peak DC voltage increases. It should be 
noted that dynamic series of applied load is directly 
responsible for output voltage. The output voltage 
increases with the increase of external resistance attached 
across the harvester. The increase in the resistance is also 
increase in the power extracted from the harvester because 
power is a square function of voltage. The total power 
consumed by the harvester is inversely proportional to the 
value of external resistor. Since the effect of voltage on 

 
Fig. 4. Decrease in peak DC voltage with increase in 

resistance and frequency 
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power is greater than effect of external resistance, so the 
net effect on increasing the value of external resistance 
on extracted voltage or power is positive and the output 
voltage increases. The same kind of behavior was 
observed during vibration energy harvesting with a 
clamped piezoelectric circular diaphragm [5] 

 
4.3 Phase-3: Prediction of Mechanical Quality Factor 

(Qm) under variable Loading conditions 
 
In this phase experimentation was performed to find 

out the mechanical quality factor (Qm) of a specimen at a 
constant resistance of 10kΩ under variable loading 
conditions ranging from 10kN/m2 to 150kN/m2. Increase 
in mechanical quality factor has been observed with the 
increase in load at constant resistance as shown in Fig. 6. 
With the increase in applied load, the material vibration 
increases and domain element becomes polarized. In that 
case the magnitude of the electromechanical resonant strain 
has been increased. It means that by increasing the load, 
energy losses decrease (i.e. efficiency increases) and 
mechanical quality factor increases. The power handling 
capacity of the harvester is also limited at times with high 
value of mechanical quality factor by dynamic tensile or 
compressive strength of 600kPa which reduces the efficiency 
due to depolarization and mechanical losses of the harvester. 

 
4.4 Phase-4: Piezoelectric Static Analysis 

 
A 3-D solid finite element model was developed in 

ABAQUS software to accurately predict the static response 

of a material subjected to a constant load. A rectangular 
shaped hexahedral coupled field element C3D8E having 
dimensions of 10x20x5mm was used to simulate the PZT-
4A. The anisotropic material properties used in simulation 
of PZT-4A are given in Table 2. Meshed model consisted 
of 78000 hexahedral element and 8874 nodes as shown 
in Fig. 7. ABAQUS uses Newton’s integration scheme 
for designing the model geometry of the material. A 
constant load was applied on the top surface of the material 
along their polarization directions. The design models of 
piezoelectric materials simulate free expansion of the 
actuators with fixed boundary condition at one end to avoid 
the rigid body motion. For mechanical boundary conditions 
all surface are free and for electrical boundary conditions 
bottom surface of the material was grounded and zero 
charge/symmetry condition was considered on the top 
surface. An initial understanding of performance charac-
teristic of PZT-4A was established through experimentation.  

Fig. 8 indicates the output voltage of PZT-4A with the 
experimented and simulated results. It is examined that the 
output voltage increases when loading increases. The 
experimental values are in good agreement with the 
numerical simulation results with less than 5% error. Fig. 9 
indicates the FEM model of voltage change transmission 
under constant loading condition. 

 
Fig. 5. Increase in peak DC voltage with the increase in 

resistance and load at 5Hz frequency 
 

 
Fig. 6. Increase in mechanical quality factor with the 

increase in load 

Table 2. Properties of PZT-4A [19] 
Mechanical Properties PZT-4A 

Elastic coefficient (GPa) 
C11 
C23 
C12 
C33 
C44 
C66 

 
121 
75.2 
75.4 
111 
21.1 
22.6 

Piezoelectric coupling  
coefficient (10-12 m/V) 

d15 

d31 
d33 

 
 

584 
-171 
374 

Piezoelectric coefficient (C/m²) 
e13 
e33 
e52 

 
-5.4 
15.8 
12.3 

Dielectric constant (10-9 F/m) 
ε11 
ε22 

ε33 

 
15.04 
15.04 
15.04 

 

 
Fig.7. PZT-4A meshed model 
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5. Conclusions 
 
On the basis of the results obtained from the current 

research work it was found that 
1. With the increase in resistance from 1kΩ to 500kΩ the 

output voltage of Lead Zirconate Titanate (PZT-4A) 
piezoelectric material decreases at different frequency 
conditions. The maximum voltage drop was observed at 
500kΩ resistance across a 200Hz frequency. 

2. The negative linear relationship was observed 
between resistance and peak DC voltage at different 
frequency conditions.  

3. The output voltage increases with the increase in 
resistance and load which shows that forceful range of 
applied load is directly responsible for output voltage. 

4. The mechanical quality factor increase when loading 
increases which shows that efficiency of a piezo-
electric material increases.  

5. It is observed that piezoelectric material performs well 
when loading increases. The results from the simulation 
indicate that FEM model is correct and good for 
future studies under various loading conditions. 
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