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diagram of the test apparatus with the PZT ceramic 
plate and the loading fixture. The PZT ceramic plate 
was placed on the sample stand to create a bending 
load. The loading fixtures allowed us to do three or 
four point-like bending tests. The loading fixtures and 
sample stand were made of aluminum alloy to give 
them high stiffness compared with the PZT ceramic. 
The PZT ceramic plate was cyclically loaded in air by 
using a screw-driven universal testing machine with 
50 kN capacity (Shimazu, AG-Xplus). In this case, cyclic 
loading was done by a square-wave loading mode with 
R-ratio (σmin/σmax) = 0.05 and frequency f = 0.25 Hz. 
To investigate how the loading condition affects 
electric-power generation, the PZT ceramic was loaded 
by round rods of varying diameters (ϕ0, ϕ5, ϕ10, ϕ15, 
and ϕ20 mm). Note that loading with the ϕ0 mm 
fixture corresponds to a point contact. The deflection 
and strain of the PZT ceramic plate during cyclic 
loading was directly measured using a dial gauge (Figs. 
1(b) and 1(c)) and a commercial strain gauge, which 
were fixed to the brass plate. The strain gauge was 
fixed at three different points: 0, 5, and 10 mm from 
the center of the PZT ceramic.  

During the cyclic loading, the electric power generated 
from the PZT ceramic was monitored by using a digital 
multimeter (8846A, Fluke). In this approach, the mean 
maximum voltage was employed as a parameter to 
quantitatively evaluate the electric-power generation 
characteristics. For this evaluation, cyclic loading was 
applied at 10–50 N for 30 s. Figure 2 shows the 
experimentally obtained voltage versus time upon 
cyclical loading to the PZT ceramic. The results show 
that the positive electric voltage rises sharply to a 
maximum level (+) as the bending load is applied to 
the PZT ceramic. In this time range, the electric-power 
generation causes electrons to flow in the PZT ceramic. 
As indicated by the dashed arrow (�5), the electric  
 

 
 

Fig. 2  Voltage generated by PZT ceramic and mechanical 
loading of PZT ceramic as a function of time. 

voltage drops to 0 V despite a constant, nonzero 
bending load; at 0 V, the electrons that flow out of the 
material as the load increases have now flowed back 
into the material [8]. Decreasing the applied load 
generates a negative electric voltage (�í�������V�R���W�K�H���F�X�U�U�H�Q�W��
in the PZT ceramic reverses. 

2. 2  Finite-element (FE) analysis 

To analyze numerically strain characteristics and 
electric-power generation of the PZT ceramic, a FE 
analysis was carried out using commercial software. 
Figure 3 shows a schematic diagram of the test fixture 
and test samples, which consist of a round PZT ceramic 
and brass plates, which were designed to fit the 
geometry of the test apparatus with the PZT ceramic 
plate (Fig. 1). The two-dimensional FE simulations with 
eight-node quad elements were conducted using ANSYS 
15.0. For the ceramic plate, a mesh size of less than 
0.01 mm was used. The material properties employed 
in this analysis are as follows: an elastic constant E = 
82 GPa and a Poisson ratio ν = 0.30 for the PZT 
ceramic, and E = 103 GPa and ν = 0.35 for the brass 
plate. In this case, the loading fixture and sample stand 
were taken to be rigid structures. 

In addition, with commercial software (MARC 
2008), the electric voltage of the PZT ceramic under a 
bending load was estimated. The electric displacement 
D (i.e., electric energy) can be calculated by 

 TD Td eε= +  (1) 
where T is the mechanically applied stress, d is the 
piezoelectric constant, εT is the permittivity, and e is 
the electric field. Since the electric field is very small 
during the mechanical loading, the term εTe may be 
omitted, which gives:  

 D Td=  (2a) 
 

 
 

Fig. 3  FE model with material parameters for simulating 
strain characteristic and electric field in PZT ceramic. 
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The electric charge q in the PZT ceramic is  
 q AD=  (3) 

where A is the surface area of the PZT ceramic. By 
combining Eqs. (2) and (3), the electric charge q takes 
the form: 
 q ATd Fd≈ ≈  (4a) 
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where F is the applied force. The electric charge is also  
assessed by the voltage V and braking capacitance Cd [9]: 
 V q= /   dC  (5) 

In this case, Cd is associated with the dielectric 
constant ε and the geometry of the PZT ceramic:  

 dC Aε= / l   (6a) 
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where l is the length of the PZT ceramic. Substituting 
Eqs. (6) and (4) into Eq. (5) leads to 

  V dTl= / ε  (7a) 
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3  Results and discussion 

3. 1  Characteristics of electric-power generation 

To understand the electric generation characteristics of 
the PZT ceramic, the electric voltage was examined 
experimentally in advance. Figure 4 shows the mean 
maximum voltage as a function of the maximum cyclic 
loading value. The voltage clearly increases with 
increasing applied loading, although the rate of increase 
depends on the size of the loading fixture: a larger 
contact area corresponds to a smaller voltage. The 
voltage for the ϕ20 mm fixture is as low as 45 V at 
50 N, which is about 60% of that for the ϕ0 and ϕ5 mm 
fixtures. Note that the data for the voltage generated by 
the ϕ0 mm fixture are superposed on those for the ϕ5 mm 
fixture. To understand clearly how contact area affects 
electric-power generation, the data are summarized in 
Fig. 5, which shows the voltage generated for each 
loading fixture. Note that the percentages indicated in 
Fig. 5 give the voltage with respect to that obtained 
with the 0% fixture. A higher voltage is generated for 
the smaller contact areas (i.e., ϕ0 and ϕ5 mm fixtures), 
which is attributed to the high stress (or high strain) 
generated in the PZT ceramic in these cases. This trend 
also occurs at different loading values. However, this 
result is questionable because, for a given load, the 
bending stress (or strain) for the ϕ5 mm fixture is less 
than that for the ϕ0 mm fixture. This result may be 
attributed to various mechanisms, such as the strain 
characteristics and localized failure in the PZT ceramic. 
Figure 6 shows photographs of the surface of the PZT 
ceramic after cyclic loading at 50 N for 30 s using the 
ϕ0 and ϕ5 mm fixtures. The point contact (ϕ0 mm) 
makes a severe dent in the PZT ceramic, whereas no 

 

 
 

Fig. 4  Mean maximum voltage as a function of load 
applied by various loading fixtures. 
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Fig. 5  Mean maximum voltage as a function of loading fixture diameter for various loading values. 

 

 
 

Fig. 6  Photographs of surface of PZT ceramic after 
cyclic loading with ϕ0 and ϕ5 mm fixtures, showing 
localized failure caused by mechanical contact with 
loading fixture. 

 

clear damage appears on the surface of the PZT ceramic 
after loading with the ϕ5 mm fixture. The dent in the 
PZT ceramic is the result of localized failure (e.g., 
domain switching and micro cracks), which results in 
poor piezoelectric properties. 

To clearly understand the characteristics of electric- 
power generation, the strain in the PZT ceramic plate 
on both macro and micro scales was investigated 
experimentally. Figure 7(a) shows the deflection of the 
PZT ceramic plate as a function of applied load for the 
different fixtures. The overall deflection increases 
sublinearly with increasing the loading value. Based on 
the experimental result shown in Fig. 7(a), deflection 
value as a function of loading-fixture diameter is 
indicated in Fig. 7(b), which was obtained under the 
cyclic loading with the maximum load of 50 N. High 
deflection occurs for loading fixtures with smaller  

 
 

Fig. 7  Deflection of PZT ceramic plate as a function of 
(a) applied load and (b) loading fixture diameter for 50 N 
applied load.  

 
contact areas, and deflection decreases with increasing 
size of the loading fixture. Although the voltage 
generated is similar for loading with ϕ0 and ϕ5 mm 
fixtures, the ϕ5 mm fixture leads to less deflection than 
the ϕ0 mm fixture, e.g., 96% as indicated in Fig. 7(b). 

Using the strain gauges, the strain characteristics of 
the PZT ceramic were examined. Figure 8 shows the 
strain obtained at 0, 5, and 10 mm from the center of 
the PZT ceramic. At 0 mm, a high strain is obtained 
when loaded by the point contact (ϕ0 mm), and the 
strain decreases with increasing size of the loading 
fixture (Fig. 8(a)). In contrast, a different trend occurs 
at 5 and 10 mm from the center of the PZT ceramic. At 
5 mm, the strain is slightly higher when loaded with 
the ϕ10 mm fixture (Fig. 8(b)) than with the other 
fixtures. This may be due to the edge of the ϕ10 mm  
 

 


