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Abstract: Through a numerical analytical approach based on piezoelectric analysis and
meta-modeling, this study investigated the effect of the component design of an accelerometer
sensor on sensitivity and resonance frequency. The results of the study confirmed that the resonance
frequency obtained from the piezoelectric analysis was almost the same as the experimental value
of the resonance frequency obtained from the fabricated sensing module and proved the validity
of the piezoelectric analysis using a finite element method. Moreover, the results of examining the
influence of the component design on the resonance frequency and electrical potential suggested that
the diameter and height of the head (seismic mass) had the greatest influence. As the diameter and
height of the head increased, the sensitivity increased, but the resonance frequency decreased, which
indicates that it is necessary to select an appropriate mass to optimize the sensor performance. In
addition, the increase in tail height and epoxy thickness had a positive effect on both the resonance
frequency and electric potential, and the base diameter had a negative effect on both of them.

Keywords: accelerometer; compression-type; finite element method; piezoelectric analysis;
meta-model

1. Introduction

Piezoelectric acceleration sensors, which have been used for structural health monitoring in a
variety of applications, can be divided into flexural, compression, and shear types, etc. depending on
the arrangement of the piezoelectric structures [1,2]. This structure can be designed according to the
usage objective or usage band of the sensor. At the design stage, by applying analytical techniques, it
is possible to reduce the labor and time required to go through a lot of trial-and-error process. One
of the most important aspects of the sensor performance is sensitivity and resonance frequency. In
general, there is a trade-off between the resonance frequency and sensitivity [3–8], such that a higher
resonance frequency will provide a larger usable frequency range at the expense of reduced sensitivity.

The sensitivity and resonance frequency of the acceleration sensor are greatly affected by the
dimensions, weight, mechanical properties, structure, and coupling configuration of each component
of the sensor. It is thus important to determine and optimize the components of the sensor that
are most sensitive to the working performance. However, it is difficult to experimentally optimize
while changing all the factors affecting the sensitivity and resonance frequency. In this study, using
a numerical analytic approach based on piezoelectric analysis and meta-modeling, we sought to
determine the most influential factors for the sensitivity and resonance frequency of the acceleration
sensor, as well as to reduce time-consuming and expensive experimental studies. To the best of
our knowledge, numerical studies investigating sensor characteristics according to the component

Energies 2019, 12, 1381; doi:10.3390/en12071381 www.mdpi.com/journal/energies

http://www.mdpi.com/journal/energies
http://www.mdpi.com
https://orcid.org/0000-0003-2687-7049
http://www.mdpi.com/1996-1073/12/7/1381?type=check_update&version=1
http://dx.doi.org/10.3390/en12071381
http://www.mdpi.com/journal/energies


Energies 2019, 12, 1381 2 of 11

design that consider all the internal components in compression-type piezoelectric accelerometers
are rare. This study is meaningful in that changes in sensor performance with component design are
systematically investigated and the influencing parameters that should be considered important in the
design trade-off are proposed.

A three-dimensional finite-element model was used for the piezoelectric elements and components
of the compression-type accelerometer sensor. This enabled a complete description of the coupled
fields in the piezoelectric materials and the solid structure. The finite element method was used for
the analysis and design of the sensor, including the piezoelectric materials [9–12]. The accuracy of
the finite element modeling of piezoelectric accelerometers has been proven in many cases through
comparisons with experiments [13]. The impedance curve theoretically obtained by piezoelectric
analysis was compared with the experimentally measured curve obtained from the fabricated sensor
module with the same dimensions and material properties. Then, the Kriging meta-model, created
using the design of experiment (DOE) method, was applied to investigate how each parameter affects
the sensitivity and resonance frequency.

2. Materials and Methods

Figure 1a,b respectively show the three-dimensional model and cross-sectional design of the
compression-type accelerometer sensor and the names and dimensions of each component are listed
Table 1. The sensor module consists of two layers of piezo-elements connected electrically in parallel,
forming a sandwich structure between the head (seismic mass) and the tail/base plates, which were
tightened by a bolt. The gap between the tail and the base was electrically insulated using epoxy. The
material type and the mechanical properties, namely, the density, Young’s Modulus, and Poisson’s
ratio, for each component used in the analytical model are also listed in Table 1. The solver used for
the finite element analysis was ANSYS V18, a commercial finite element program. The total number of
elements was divided into 124,800 and the number of nodes was 134,977, as shown in Figure 1c.
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Table 1. Dimensions, material type, and mechanical properties (i.e. density, Young’s modulus, and
Poisson’s ratio) for each component.

Design
Variables Component Dimension

(mm) Material Type Density
(kg m−3)

Young’s
Modulus (GPa)

Poisson’s
Ratio (-)

x1
Head outer diameter

(O.D.) 19 Tungsten 17,900 385 0.2

x2 Head height 4.3

x3
Piezoelement outer

diameter (O.D.) 12.6
Pb(Zr,Ti)O3

(PZT) 7600 - 0.3

x4
Piezoelement inner

diameter (I.D.) 7.5

x5 Piezoelement thickness 2.65

x6
Tail outer diameter

(O.D.) 14.2 SS316L
stainless steel

7767 193 0.29

x7 Tail height 10.3

x8
Base outer diameter

(O.D.) 25.4 SS316L
stainless steel

7767 193 0.29

x9 Base height 10.5

x10 Epoxy thickness 0.8 Epoxy 950–2000 2.5–20 0.3–0.4

The resonance frequency of the sensor module in Figure 1c was determined from the impedance
curve as the result of the piezoelectric analysis combined with the finite element model in the free
condition. For the experimental validation of the resonance frequency of the compression-type
accelerometer, each component of the sensor module was fabricated with the same materials and
dimensions that were used in the analytical model. When formulating a multilayer compression-mode
sensor module, the resonance frequency was greatly affected by the tightening force (torque). It is
generally known that a higher torque level causes a shift in resonance frequency to higher frequencies.
On the other hand, if the torque value is too high, cracks or breakage may occur in the piezo-elements,
thus it is important to provide an appropriate torque so that sufficient tightening can be achieved.
In this study, as a result of examining the change of the resonance frequency with the torque value
it was found that the resonance frequency was stabilized at a torque value of about 2.0 Nm, and
accordingly the sensor module was assembled with a uniform torque value of 2.0 Nm using a digital
torque wrench.

The impedance spectra of the fabricated sensor module were experimentally measured using
a Solartron 1260 Impedance Analyzer (Solartron Analytical, Hampshire, UK) and compared with
those of the analytical model. Moreover, to investigate how each parameter affects the sensitivity and
resonance frequency, meta-modeling was performed by Incomplete Small Composite Design (ISCD-2),
which was provided by a program called Easy Design.

3. Results

First, to confirm the structural resonance mode and to identify the effective frequency range for
the piezoelectric analysis, a modal analysis was performed under free conditions for the whole model
and the results are shown in Figure 2.
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Figure 2. Modal analysis results under a free condition for the sensor module in Figure 1: (a) the
primary resonance mode; (b) the second resonance mode; (c) the third resonance mode; (d) the fourth
resonance mode.

The results of the modal analysis gave a primary resonance frequency of 11.8 kHz, as shown in
Figure 2a, and showed the circumferential translation of the head. The secondary resonance frequency,
as shown in Figure 2b, was 28.8 kHz, which indicates bending of the head. The third resonance
frequency, as shown in Figure 2c, was 38.4 kHz, which indicates the circumferential translation of the
lower edge of the tail. The fourth order resonance frequency, as shown in Figure 2d, was 57.2 kHz,
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which indicates a translation in the circumferential direction of the lower edge of the tail. Based on the
above results, the resonance frequency of the sensor module in Figure 1 can be verified by performing
a piezoelectric analysis describing a situation where an electric voltage is applied to the piezoelectric
elements. As shown in Figure 3 (blue line), the impedance curve related to the resonance characteristics
was obtained and the resonance and anti-resonance frequencies were determined to be 28.7 kHz and
30.6 kHz, respectively. The resonance frequency of the piezoelectric analysis was almost the same as
the secondary resonance frequency (28.8 kHz) of the modal analysis, indicating that the resonance
mode correlated with the bending of the head due to the radial mode of the piezo-element.
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Figure 3. The impedance curves obtained from the piezoelectric analysis (blue line) and experimentally
measured on the fabricated sensor module (red line).

To prove how reliable the analytical results of the design model were, the sensor module was
fabricated with the same materials and dimensions used in the analytical model. The experimentally
measured impedance spectra of the fabricated sensor module are shown in Figure 3 (red line). The
resonance and anti-resonance frequencies were experimentally determined to be 28.3 kHz and 30.5 kHz,
respectively, which very nearly coincided with the theoretical values of the piezoelectric analysis
(Table 2). These results confirm the validity of the piezoelectric analysis using a finite element model.

Table 2. Analytical and experimental values of the resonance frequency, resonance impedance,
anti-resonance frequency, and anti-resonance impedance for the sensor module.

Resonance
Frequency f r

(kHz)

Resonance
Impedance |Zr|

(Ω)

Anti-Resonance
Frequency f a

(kHz)

Anti-Resonance
Impedance |Za|

(Ω)

Piezoelectric
analysis 28.7 440.8 30.6 105,950

Experimental 28.3 577.2 30.5 82,719

It was necessary to investigate the factors that were most influential on sensor performance in
order to achieve the desired sensitivity and resonance frequency of the accelerometer sensor. It is
inefficient, time-consuming, and costly to find solutions through trial and error experimental studies
to obtain the best solution for the design optimization. Thus, to optimize the design more effectively
while reducing time and cost, we applied the design method using a meta-model. The meta-model
technique has been developed in various engineering fields as a method to replace the actual analytical
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model, which requires much time and cost, by approximating the relationship between the response of
the analytical model and the variable [14,15]. Since the sensor in this study includes many geometrical
design variables and nonlinear characteristics, the Kriging model [16], which is a global approximation
model, was adopted as a meta-model. The experimental design for the variables was applied according
to the ISCD-2 provided by a program called Easy Design and the response was selected as the resonance
frequency and electric potential of the piezo-element under 1 V of poling voltage and 1 g of gravitational
acceleration at 159.2 Hz.

Table 3 summarizes the computation results of the resonance frequency and electric potential at
13 test points for ten variables. The meta-model (Kriging model), which is expressed by the sum of the
global model and the localized deviation model, was obtained using the DOE [17,18] and the analytical
results for each test point are shown in Table 3. In order to verify the reliability of the obtained Kriging
model, we compared the difference between the ANSYS simulation result and the mathematical model
(i.e., the Kriging meta-model) result using arbitrary values for ten variables. By confirming that the
simulation and meta-model results were very similar to each other in the resonance frequency of 98.3%
and with the electric potential of 92.4%, the reliability of the obtained Kriging model was proven. We
examined the sensitivity of the ten selected variables x1 to x10 in affecting the resonance frequency
and electrical potential using the obtained Kriging model. The resulting data values for the resonance
frequency and electric potential with the change of design variables are listed in Table 4 and plotted
with the same scale on the y-axis in Figures 4 and 5 to more easily identify the sensitivity parameters.

Figure 4 shows the changes of the resonance frequency of the sensor module according to the
values of each parameter. The variables x1 (head O.D.) and x2 (head height) had the greatest effect
on the resonance frequency. As the values of x1 and x2 increased, the resonance frequency decreased.
The variables x5 and x9 were also considered to be factors to some extent, as the values of x5 and
x9 increased, the resonance frequency decreased. The other factors were found to be relatively
insignificant compared to the variables x1, x2, x5, and x9. It is known that the resonance frequency
f r is proportional to Dp/(ms tp)0.5. Here, ms, Dp, and tp represent the weight of the seismic mass,
and the piezo-element diameter and thickness, respectively. Since ms increases in proportion to the
square of x1 and in proportion to x2, the resonance frequency significantly decreased with increasing
x1 and x2. Theoretically, Dp is a factor that greatly affects the resonance frequency. However, as the
value of Dp increased, the size of the head or tail increased accordingly. Thus, the overall size and
weight of the sensor increased, so there was a limit to the value that could change the Dp. Relatively,
tp is a sensitive factor that changes the resonance frequency because it can have a large variation in
dimensions without significantly changing the overall size of the sensor. As a result of evaluating the
influence on the resonance frequency considering the change in width per variable, the variables x1, x2,
x5, and x9 were found to be more sensitive than the other variables.

Table 3. Resonance frequency and electric potential for 13 selected test points.

Test
Run

x1
(mm)

x2
(mm)

x3
(mm)

x4
(mm)

x5
(mm)

x6
(mm)

x7
(mm)

x8
(mm)

x9
(mm)

x10
(mm)

Resonance
Frequency

(kHz)

Electric
Potential

(V)

1 23 2.3 13.2 6.5 3.65 13.2 11.3 24.4 11.5 0.6 24.7 0.161
2 15 6.3 13.2 8.5 1.65 13.2 11.3 24.4 11.5 1 28.7 0.082
3 23 6.3 12 8.5 3.65 15.2 9.3 24.4 11.5 0.6 20.7 0.584
4 15 2.3 13.2 8.5 3.65 15.2 11.3 26.4 9.5 0.6 35.7 0.092
5 15 6.3 12 6.5 1.65 15.2 11.3 26.4 11.5 0.6 34.3 0.077
6 15 2.3 12 8.5 3.65 13.2 9.3 26.4 11.5 1 32.1 0.115
7 23 2.3 12 8.5 1.65 15.2 11.3 24.4 9.5 1 23.9 0.11
8 23 2.3 13.2 6.5 1.65 15.2 9.3 26.4 11.5 1 27.3 0.075
9 23 6.3 13.2 8.5 1.65 13.2 9.3 26.4 9.5 0.6 25.8 0.173
10 15 6.3 13.2 6.5 3.65 15.2 9.3 24.4 9.5 1 24.2 0.168
11 23 6.3 12 6.5 3.65 13.2 11.3 26.4 9.5 1 18.4 0.424
12 15 2.3 12 6.5 1.65 13.2 9.3 24.4 9.5 0.6 35.5 0.033
13 19 4.3 12.6 7.5 2.65 14.2 10.3 25.4 10.5 0.8 28.7 0.147
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Table 4. Resonance frequency and electric potential calculated with the change of design variables x1

through x10 using the obtained Kriging meta-model.

Design
Variables

Dimension
(mm)

Resonance
Frequency

(kHz)

Electric
Potential

(V)

Design
Variables

Dimension
(mm)

Resonance
Frequency

(kHz)

Electric
Potential

(V)

x1
Head outer

diameter

15 33.8 0.17

x2
Head height

2 30.3 0.11
17 30.7 0.23 4 28.7 0.28
19 28.1 0.28 5 27.5 0.35
21 25.6 0.33 6 26.1 0.42
23 23.2 0.38 7 24.2 0.48

8 22.5 0.54

x3
Piezo-element
outer diameter

12.0 27.1 0.289

x4
Piezo-element
inner diameter

6.5 27.0 0.292
12.2 27.4 0.286 7.0 27.6 0.285
12.4 27.8 0.283 7.5 28.1 0.280
12.6 28.1 0.280 8.0 28.5 0.278
12.8 28.4 0.277 8.5 28.7 0.278
13.0 28.7 0.275
13.2 29.0 0.273

x5
Piezo-element

thickness

1.5 30.5 0.220

x6
Tail outer
diameter

13.0 26.9 0.282
2.0 28.9 0.246 13.5 27.4 0.281
2.5 28.2 0.272 14.0 27.9 0.280
3.0 27.9 0.299 14.5 28.4 0.280
3.5 27.6 0.326 15.0 28.8 0.280

15.5 29.2 0.281

x7
Tail height

9.0 27.2 0.253

x8
Base diameter

24.0 28.7 0.303
9.5 27.6 0.264 24.5 28.5 0.295
10.0 27.9 0.274 25.0 28.3 0.286
10.5 28.2 0.284 25.5 28.1 0.279
11.0 28.5 0.294 26.0 27.9 0.271
11.5 28.8 0.304 26.5 27.7 0.264

x9
Base height

9.5 29.6 0.237
x10

Epoxy
thickness

0.6 26.3 0.238
10.0 28.8 0.259 0.7 27.4 0.258
10.5 28.1 0.280 0.8 28.1 0.280
11.0 27.5 0.300 0.9 28.5 0.305
11.5 26.9 0.318 1.0 28.6 0.331

Figure 5 shows the changes in the electric potential of the sensor module, which is closely related
to the voltage sensitivity, with the change of each parameter of x1 through x10. The electric potential is
proportional to the piezoelectric voltage constant, which is defined as the electric field generated in a
material per unit of mechanical stress applied to it. As shown in Figure 5, the electric potential was
most sensitive to x1 and x2, and the value increased with increasing x1 and x2 values. From the above
results of examining the resonance frequency and the electric potential change according to the change
of ten variables, it was found that the diameter and height of the head were the most influential factors.
As the diameter and height of the head increased, the resonance frequency decreased but the electric
potential increased. Considering that resonance frequency and sensitivity have a trade-off relationship,
it is important to find the optimal dimensions of the head. It should also be emphasized that the
increase in tail height and epoxy thickness had a positive effect on both the resonance frequency and
electric potential, and the base diameter had a negative effect on both of them. Based on the above
results, we will continue to study the optimal sensor design to obtain the desired performance by
taking into account not only the independent influence of each variable constituting the sensor module
but also the correlation between the variables.
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4. Conclusions

The degree of impact of each component on the resonance frequency and electrical potential was
examined based on meta-modeling using the DOE for a problem of ten variables and two responses.
We found that among the various components constituting the sensor module, the diameter and height
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of the head (seismic mass) had the most significant effects on the resonance frequency and electric
potential. As the diameter and height of the head increased, the electric potential increased, but the
resonance frequency decreased. Moreover, the increase in tail height and epoxy thickness positively
affected both the resonance frequency and electric potential, and the base diameter had a negative
effect on both of them. This result will be very useful for designing the sensor structure and selecting a
suitable material to achieve the desired working performance of the acceleration sensor.
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