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Abstract: 
It is common to use additional actuators to keep vibrating electromechanical systems without rigid 
connection to the inertial frame, e.g. cameras or hard disc drives, in position. In this paper we 
investigate an arrangement where a modified piezoelectric bending plate is used for position 
stabilization. In precision and microsystems engineering such plate transducers are used for 
transduction of volume flows or pressures. Other applications can be found in medical devices. The 
transducer is placed inside a closed capsule providing two air cavities in its front and back. A 
concentrated mass element connected to the plate supports the stabilization. Based on already 
existing network approaches the piezoelectric plate transducer model has been developed into a new 
multi domain network model. The network model further involves electrical, mechanical and acoustical 
properties of the enclosed transducer. Interactions between the transducer and the surrounding 
capsule have also been modeled in an acoustical network. The influence of size and numbers of holes 
in the plate on the electromechanical and acoustical properties of the transducer was investigated and 
optimized by network simulations. 
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Introduction 
In microelectromechanical systems piezo-
electric unimorph transducers are often used for 
electroacoustic sensor and actuator 
applications, e.g. microphones or speaker. This 
work presents a modified piezoelectric plate 
transducer as shown in Fig. 1. 

 
Fig. 1. Cross sectional view of the rotational 
symmetric unimorph inside a capsule including 
important physical parameters 

The bendable carrier plate is fixed in a 
rotational symmetric capsule providing two 
cylindrical air cavities in the front and rear of the 
transducer. Such an arrangement is suited for 

vibration excitation or vibration damping of 
micromechanical objects attached to the 
capsule. Further the transducer employs a 
concentrated mass element. The mass 
increases the electromechanical performance 
of the transducer. 

For analyzing the dynamic behavior of the 
transducer it has to be given respect to 
interactions between the electrical, mechanical 
and acoustical system. An applied electrical 
voltage at the piezoelectric element causes a 
mechanical displacement as well as an acoustic 
difference pressure 

V2 V1
p p�  across the 

unimorph. The acoustic properties of the 
transducer can be adjusted by perforating the 
carrier plate between the piezoelectric disc and 
its edge. The perforation allows an air 
exchange through the plate and decreases the 
pressure in the capsule. The mechanical and 
electrical properties are influenced by the 
perforation as well. A good acoustic behavior of 
the transducer, e.g. a minimal difference 
pressure, comes to the expense of the 
electromechanical actuating properties. The 
following sections consider the influence of the 
perforation on the electromechanical and 
acoustical properties of the plate transducer. 
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Therefore the arrangement in Fig. 1 is analyzed 
using network and FE-methods. 

Network approach of the encapsulated plate 
transducer 
Currently there does not exist any network 
model of a circular plate transducer with respect 
to the electrical, mechanical and acoustical 
domain. Hence a multi domain network model 
was developed based on existing network 
approaches. 

The plate transducer as well as the surrounding 
capsule was transferred into a network model 
using the methods of the “Combined 
Simulation” described by Starke et al. [1, 2]. 
This method connects the advantages of 
network and FE-methods. Network methods 
enable a fast simulation of an electro-
mechanical system ensuring an efficient design 
process. Further electrical engineers are 
familiar with circuit simulations. The values of 
the network elements are determined using 
static FE-simulation experiments. This 
procedure allows a faster simulation of the 
system than a harmonic or transient FE-
analysis. The network model is valid up to the 
first resonance frequency which is sufficient. 

The development of a simulation model of the 
encapsulated plate transducer requires to 
define main system points and affecting 
physical parameters to be modeled. These 
physical parameters shown in Fig. 1 can be 
divided into electrical, mechanical and 
acoustical ones. Electrical parameters are the 
voltage elV  and current i  at the piezoelectric 
element. The plate transducer operates as an 
electromechanical actuator. Therefore the 
electrical current is faced in the direction as it 
would be for an electrical source. The capacity 
bC  of the piezoelectric element is modeled, 

too. Mechanical system points are the velocities 
mv  and ev  as well as the forces mF and eF  in 

the middle of the plate transducer and the 
capsule (see Fig. 1). These mechanical across 
and flow quantities are pointed in the same 
positive direction (� direction). In contrary the 
acoustic difference pressure 

pl V2 V1
p p p� �  

across the plate transducer and the acoustic 
volume flow q  are pointed in opposite 
directions. The volume flow is as positive 
directed as the mechanical quantities. The 
difference pressure is faced in the negative 
direction. Thus a positive volume flow causes a 
positive difference pressure 

pl
p . 

Basic transducer network models 
Each of the following approaches simulates a 
fraction of the dynamic behavior of the 
transducer. 

Fig. 2 shows the electromechanical network 
model of a piezoelectric disc provided by Lenk 
et al. [3]. It incorporates the mechanical 
compliance �k and the effective vibrating mass 
� of the disc as well as its clamped electrical 
capacity ��. The connection between both 
domains is realized by the electromechanical 
transduction factor � according to the equations 
in the box. In network analyzer programs � can 
be described using dependent voltage and 
current sources. 

 
Fig. 2 Electrical-mechanical network model of a 
piezoelectric disc 

Lenk et al. [3] provide a circuit for modeling the 
acoustic-mechanical properties of circular 
bendable plates (Fig. 3), too. The network 
model was extended by the mass fractions mm  
and em  to take account for mechanical 
resonance effects. The element �k models the 
mechanical compliance of the unimorph. 
Mechanical and acoustical quantities are 
connected by the effective area �	

 of the 
bending plate. This area corresponds to that 
area in case the bending plate would be an 
ideal piston. 

 
Fig. 3 Mechanical-acoustical network model of a 
circular bending plate 

The network model in Fig. 3 consists of 
compliant and mass elements in its acoustic 
domain, too. These elements �� and �� take 
account for the ring mode vibration of the 
transducers shown in Fig. 4. Compared to the 
normal model vibration the ring mode vibration 
provides a volume flow q  for an applied 
difference pressure 

pl
p  across the plate even 

in case of a fixed center and edge. 
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Fig. 4 Schematic of the two vibration modes of the 
unimorph bending plate 

The network model shown in Fig. 5 has been 
provided by Starke et al. [2]. It simulates the 
electroacoustic behavior of a circular unimorph 
plate transducer. The model connects the 
electrical and acoustic domain and allows 
simulating the difference pressure 

pl
p  across 

the plate transducer for an applied voltage load 
elV  at the piezoelectric element. The network 

does not include the affecting mechanical 
parameters of unimorph. Hence mechanical 
quantities cannot be simulated by this network. 

 
Fig. 5 Electrical-acoustical network model of a 
unimorph bending plate 

Multi domain network model of the unimorph 
bending plate 
The superposition of the approaches in Fig. 2-5 
provides the three domain network of the 
unimorph bending plate shown in Fig. 6. 

The impedances bph  and acZ  have been 
added to the model to include material damping 
effects. The impedance values are calculated 
using the quality factors Q  of parallel and 

series resonance circuits. The equation has to 
be applied 

ack
bp bp ac

m ac ac

1
.

Mn
Q h Q

m Z N
� � � �and  (1) 

Typical values of the quality factor for clamped 
plates are 50...80Q �  [2]. The additional mass 
connected to the middle of the transducer is 
modeled as mass element addm . As already 
mentioned, the network approach in Fig. 6 is 
valid up to the first mechanical and acoustic 
resonance frequencies. Furthermore, the model 
does not take account for the velocity of sound 
inside the encapsulation. Hence the network 
model is valid for small dimensions of the 
unimorph relatively to the acoustic wavelength 
� . Under the assumption of a plate diameter 
plr , representing the largest dimension it has to 

be applied 

pl2
c

r
f

�� �
c
f

� �� . (2) 

In addition mechanical displacements and 
acoustic volume flows, respectively, have to be 
small compared to the dimensions of the plate 
transducer. 

Modeling of the acoustics 

The acoustic network shown in Fig. 7 has been 
proven suitable for modeling the perforation in 
the carrier plate of the transducer. It consists of 
acoustic compliances ac,V1/2N  for simulating air 
compression in the cavities 1V  and 2V  in front 
and rear of the plate. Acoustic mass elements 

ac,V1/2M  simulate the vibrating air volumes in 
front and rear of the plate, accordingly. 

 

 
Fig. 6 Three-port multi domain network model of the unimorph bending plate 

normal mode vibration 

ring mode vibration 
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Fig. 7 Network of the acoustic behavior of the 
perforation and the air cavities 

The air flow through the holes in the carrier 
plate is modeled as an acoustic mass element 

ac,hM , too. In addition the acoustic impedance 

ac,hZ  takes account for damping effects of the 
perforation. Fig. 7 shows a schematic allocation 
approach of the acoustic network elements to 
the acoustic behavior of the plate transducer 
and the capsule calculated by FE-methods. 

 
Fig. 8 FE-simulated pressure distribution inside the 
air cavities and allocation of the acoustic network 
elements 

It is not possible to allocate the network 
elements clearly to the pressure distribution. 
For this reason the acoustic network assumes a 
constant acoustic pressure in the air cavities as 
well as no air compression inside the holes of 
the bending plate. 

Determination of network parameters using 
FE-simulation experiments 

According to the methods of the “Combined 
Simulation” the elements of the network model 
were determined using FE-methods. For this 
purpose an FE-model of the transducer has 
been implemented in ANSYS® (Release 13.0). 
Afterwards, network elements of the three 
domain network model in Fig. 6 were 
determined using static FE-experiments 
( 0 Hz)f �  and modal analyses respectively. All 
of the network elements can be calculated 
separately by choosing the right load and 
boundary conditions. 

An example is following given by the 
determination of �K. In a static analysis the 
admittances of the parallel mass elements are 
large ( m/e1 / j m� � � ), the impedance of the 
series mass ac 0j M� �  is small, respectively. 
Accordingly all mass elements are negligible. 
Further the acoustical and electrical domain are 
short-circuit (��� =  0 Pa, �	� =  0 V). Because of 
damping effects were not regard in ANSYS®, 
the element �K has been isolated from the other 
circuit elements. For a force load of �� =  1 N 
into the middle of the plate transducer the 
compliance can be calculated using the 
displacement reaction �� at this point by 

m
K

m

n
F
	

� . (3) 

Table 1 shows a summary of all FE-simulation 
experiments. The table opposes necessary load 
and boundary conditions to the equations for 
calculating the network elements of the plate 
transducer. 

 
Table 1 Load and boundary conditions of the FE-simulation experiments for determining the network elements 

equation input parameter output parameter boundary conditions 
static experiments (�	  =  0 m/s, � =  0 Hz) 

�ac = �/��� �pl � �� =  0 m/s, �	� =  0 V 
�eff = �/�pl �pl � �� =  0 m/s, �	� =  0 V 

� =  −�ac ∙ �el/� �el � �� =  0 m/s, ��� =  0 Pa 

� = −�el/� �el � �� =  0 m/s, ��� =  0 Pa 

�b = �/�el �el � �� =  0 m/s, ��� =  0 Pa 

�k = �m/� �m � ��� =  0 Pa, �	� =  0 V 

modal analyses 

�� = ��2!�",��#$ ⋅ �&'
()

  �",�� �	  =  0 m/s 

�* = ��2!�",�	#$ ⋅ �&'
()

  �",�	 �	  = �� =  0 m/s 

�ac = ��2!�",�#$ ⋅ �ac'
()

  �",� �� =  0 m/s 

 

M
ac

,h
 Mac,V1 

M
ac

,h
 

Nac,V1 

Nac,V2 

Mac,V1 

DOI 10.5162/sensor2013/B2.3

AMA Conferences 2013 - SENSOR 2013, OPTO 2013, IRS  2013 2192



 

There are analytical approaches given in the 
literature which may be suitable for the 
determination of the elements of the acoustic 
network in Fig. 7. E.g. Lerch et al. [7] provide an 
approach for the calculation of the mass 
elements ac,V1/2M . There the vibrating air mass 
on one side of the a piston in an infinity large 
wall is calculated by 

0
ac,V,piston pl

piston

8
2

3
M r

A



�

� � �  (4) 

for low frequencies, where pistonA  is the area of 
the piston. Lenk et al. [3] describe the acoustic 
compliance of an air cavity by the equation 

ac,V
0

V
N

p�
�

�
, (5) 

where �  is the adiabatic coefficient and 0p  is 
the acoustic normal pressure of the air. Further 
Lenk et al. deliver analytically relations for ac,hZ  
and ac,hM  for the acoustic behavior of air in a 
channel. The vibrating air masses in front and 
rear of the several holes take part, too. The 
amount of this air masses are regarded in the 
orifice correction which describes the virtually 
extension of an air channel. An analytical 
description of the orifice correction is given by 
Skudrzyk [5]. Mechel [4] proposes an approach 
for the calculation of the vibrating air masses of 
perforated plates. 

However, all of these analytically approaches 
consist of boundary conditions which do not 
match the setup of the encapsulated plate 
transducer to be analyzed. Hence the 
acoustical network elements have to be 
determined by FE-simulation experiments, too. 

The determination of the acoustic elements in 
Fig. 7 needs to distinguish between a plate with 
and without perforation. The network of a plate 
with perforation is defined by the mass 
elements ac,hM  and ac,VM  in a frequency 
range 

0,ac
ac,h ac,V

1

2
f f

M N�
�

�
0,acf0 � . (6) 

Using harmonic simulation experiments the 
mass ac,hM  can be calculated by the ratio of 
the air pressure at the end of the air cavities 

v
p  

to the volume flow. It yields 

v
ac,h

1 p
M

j q�
� � . (7) 

Using equation (6) the acoustic compliance 
ac,VN  can be determined by a modal analysis. 

Based on equation (7) the mass of the air in the 
cavities ac,VM  can be determined using the 
pressure at the plate itself by 

pl
ac,V ac,h

1 p
M M

j q�
� � � . (8) 

The acoustic pressure at the bending plate 
pl
p  

is not constant across the whole surface. To get 
correct results an equivalent mean pressure 

pl,eq
p  is used. The pressure is weighted 

according to the displacement of the plate. It is 
calculated by 

ii pl,i i
pl,eq

ii i

p A
p

A

	

	

� �
�

�




. (9) 

For a plate without perforation the network in 
Fig. 7 consists only of the elements ac,VN  and

ac,VM . In this case the acoustical compliance 
can be determined by the equation 

ac,V
v

1 q
N

j p�
� � . (10) 

A modal experiment and the equation 

ac,V 2
ac,V

1
M

N�
�  (11) 

give the according acoustic masses in the front 
and rear of the plate. 

Simulations with different perforations showed a 
dominant influence of �ac,h on the behavior of 
the acoustic network in Fig. 7, especially the 
pressure �+. In most cases it is sufficient to 
simulate the acoustic interactions between the 
air cavities and the plate transducer using this 
mass element exclusively. It would be an 
advantage to have an analytically description 
for this element, based on the number of holes 
and the hole size. This would spare the 
previous described complex FE-analyses. 

Fig. 15 shows the normalized mass 
�ac,h/�ac,h100% for different perforation fractions  

2

h
a

pl

r
y N

r

� �
� � � �� �

� �
 (12) 

and hole radiuses hr . �ac,h100% describes the 
fictive mass for a plate which consists only of 
holes. The value of �ac,h100% is defined by the 
geometry of the plate. 
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Fig. 9 Normalized acoustic Mass of the perforation 
for different perforation configurations 

An approach for the calculation of �ac,h100% is 
given by 

for

100%
ac,h,100% 0 2

pl

100% pl

2
,

0,43

l
M

r

l r



�

� �

� �

 (12) 

This approach is equal to the calculation of the 
acoustic mass in a channel (Lenk et al. [3]). The 
behavior of the acoustic mass �ac,h according 
to Fig. 15 can be described approximately by 
the developed equation 

0,383

h
ac,h ac,h,100%

pl

r
M M N

r

�
� �

� � �� �� �
� �

. (13) 

Equation (13) shows that the perforation 
fraction has to be multiplied by factor 6 to halve 
the acoustic mass �ac,h and consequently the 
pressure �+ (eq. 7). 

To ensure an acoustical transparency of the 
plate transducer in the capsule where the air 
cavity length is cav pll r� , the hole size has to 

be h pl / 20r r�  and the number of holes N  as 
high as possible. 

The network approaches in Fig. 6 and Fig. 7 
have been proven valid by Krause and Steinert 
[9], [10] up to the first acoustical and 
mechanical resonance frequency. The network 
models allow the dynamic system simulation 
within seconds in a network analyzer program, 
e.g. LTSpice. A full dynamic analysis of the 
plate transducer using FE-methods needs a 
computing time of a couple of hours using an 
advanced todays PC. 

Summary 
In this paper an approach for modeling a 
modified piezoelectric plate transducer has 
been presented. The developed model 
incorporates for the electrical, mechanical and 
acoustical behavior of the transducer. The 
elements of the network have been determined 
using FE-simulation experiments. The network 
approach allows a forecast of the dynamic 
behavior of the transducer up to the first 
resonance frequency, which is sufficient in the 
considered application. Future work concerns 
the suitability of the transducer for actuating or 
vibration reduction applications in micro-
electromechanical systems. 
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