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Abstract
This paper presents the diaphragm displacement analysis of multi-layered circular piezoelectric actuator (MCPA) using 
analytical, numerical and experimental methods. The piezoelectric zirconate titanate (PZT) actuator model examined in this 
study consists of a structure with 3 different diameters and 7 layers. The multi-layered and multi-covered actuator model 
was composed of three main layers in different radii and thickness with silicon, brass and the PZT and four additional layers 
with silver and bonding. When creating an analytical model, the effects of all layers were taken into account on the static 
deflection performance of the actuator. The classical laminated plate theory based on Kirchhoff thin plate theory was used 
in the analytic modelling studies of the actuator. The mathematical model, which is the solution of the static displacement 
equation of the non-homogenous for the MCPA of the micropump, depends on the applied voltage and pressure load together 
with the material and physical properties. The electric-solid coupling of the piezoelectric actuator and the silicon diaphragm 
layer under the effect of applied voltage load, and the silicon-fluid coupling under the uniform fluid pressure were simulated 
by numerical modelling with finite elements. In addition, the maximum displacements of the MCPA with silicon exposed to 
uniform flow pressure and electric voltage load were measured at different frequencies experimentally. It was observed that 
the results obtained from the analytical model, finite element analysis and experimental studies were sufficiently compatible 
with each other. Using the verified analytical model, the effects of layer thicknesses, layer diameters and adhesive layer on 
actuator static displacement performance are discussed.

Keywords Piezoelectric actuator · Micropump actuator · Silicon diaphragm · Circular plate · Classical laminated plate 
theory

List of Symbols
PZT  Piezoelectric zirconate titanate
MCPA  Multi-layered circular piezoelectric actuator
MEMS  Microelectromechanical systems
r, �, z  The polar coordinate components
R  The radius of the layer
Ri, Rm, Ro  Radius of centre actuator, middle and outer 

annular actuator, respectively
d31  The piezoelectric constant

�r, �� , �rz  Radial, angular and shear stress, respectively
ti  Thickness of ith layer
ts  Thickness of the silicon layer
tbr  Thickness of the brass layer
tpzt  Thickness of the PZT layer
u, w  Lateral and transverse displacements, 

respectively
�r, ��  Radial and tangential strains
Ez  Electric field strength of the PZT layer
V  Electric voltage
Ei  Young’s modulus of the layer
Epzt  Young’s modulus of the PZT layer
�  Poisson ratio of the layer
sE
xx

  Piezoelectric elastic compliance constant
Nr,N�  Radial and tangential forces, respectively
Mr,M�  Radial and tangential forces, respectively
D1,D2,D3  The bending stiffness matrix of the actuator
Qr  Shear force along the vertical direction
P  Uniform static pressure
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1 Introduction

Micropumps can be used to transfer small volumes of 
fluids in applications such as microelectronics cooling 
(Singhal and Garimella 2007; Dereshgi 2019), medical 
systems (Doll et  al. 2004; Yildiz and Dereshgi 2019; 
Dereshgi and Yildiz 2019; Ramesh et al. 2019), chemical 
(Kim et al. 2004), biological (Jang and Lee 2000) and oth-
ers (Zordan et al. 2009; Wang et al. 2009). Therefore, they 
have attracted the attention of industrial researchers and 
consumers (Munas et al. 2015). Micropumps according to 
the physical mechanism are divided into two types, namely 
mechanical and non-mechanical micropumps (Abhari et al. 
2012; Dereshgi et al. 2020a). In the structure of mechani-
cal micropump are moving mechanical parts, such as 
pumping diaphragms and check valves. By contrast, in 
the structure of non-mechanical micropumps are not any 
mechanical parts to move the fluid. In these micropumps, 
the flow rate is obtained by hydrodynamic, electroosmosis 
or electrowetting effects (Wang and Fu 2018). According 
to the literature survey, mechanical micropumps are more 
suitable for medical applications than non-mechanical 
micropumps. In non-mechanical micropumps, the fluid is 
affected by magnetic field, electric field, acoustic field or 
heat. The methods used to transfer fluid in non-mechanical 
micropumps may change the chemical properties of the 
drug. In mechanical micropumps, fluid pumping is per-
formed by physical actuators. The most common physi-
cal actuators include piezoelectric (Afrasiab et al. 2011; 
Kolahdouz et al. 2014; Dereshgi and Yildiz 2018a, b), 
electrostatic (Uhlig et al. 2018), electromagnetic (EM) 
(Rusli et al. 2018), electroactive polymer (EAP) (Cheong 
et al. 2018), thermo-pneumatic (Chee et al. 2016), ther-
mally expandable polymer (Tripathi et al. 2017) and shape 
memory alloy (Guerine et al. 2018). Based on literature 
studies, piezoelectric can perform well compared to other 
mentioned actuators. They produce a reasonably interme-
diate pressure against low energy consumption and operate 
quick compared to other actuators.

In the fabricating of micropumps, it is necessary to iso-
late between the actuator and the fluid (Dereshgi 2016). 
The diaphragm material must be selected relative to the 
application of the micropump. Moreover, in terms of cost 
and resistance against abrasion should be checked. Many 
of the micropumps designed for biomedical applications 
available in open literature have chosen the diaphragm 
material as silicon. Because, silicon is a good biocompat-
ible material (Nisar et al. 2008; Maillefer et al. 1999).

The theoretical modelling of the MCPA containing sili-
con is rather important in order to know the displacement 
quantity, namely to predict the voltage-flow rate relation-
ship. Such analytical models vary depending on the design 

geometry according to the method of solution, the material 
properties that make up the MCPA, the voltage load, the 
fluid pressure, the fluid velocity, the mechanical properties 
and the parameters such as temperature. The structure of 
a real the MCPA consists of a three-stage structure, the 
passive layer at the bottom, the brass layer at the centre 
and the PZT layer on the top. Since it is very difficult to 
calculate the effect of PZT-free passive layers on other 
layers, analytical models of the MCPA in the literature are 
mostly two-stage. It is important to examine the static and 
dynamic behaviours since they take critical roles, and thus 
they are required to work very precisely. The behaviour of 
the piezoelectric actuators is affected by the actuator lay-
ers, fluid, and by their mechanical and electrical charge. 
According to the CLPT, the stress distribution along the 
plate thickness is assumed to be linear. Using the CLPT 
hypothesis, Li and Chen (2003) developed an analytical 
equation for the displacement of a circular piezoelectric 
actuator plate. They confirmed the displacement values 
they obtained by comparing them with the experimental 
results. Mo et al. (2006) investigated the static displace-
ment behaviour of the unimorph circular diaphragm under 
electric charge analytically and experimentally. Other than 
electricity and fluid load, it is obvious that the applied 
mechanical load will also affect the behaviour of the actua-
tor. Dong et al. (2007) took into account the electric field 
strength and the mechanical load effect for the analytical 
solution of the static displacement of a circular piezoelec-
tric actuator. They stated that for maximum fluid trans-
port, there should be an optimum thickness ratio between 
the PZT and metal layers. Deshpande and Saggere (2007) 
developed an analytical model for the static displacement 
of a multi-layered and two-stage circular piezoelectric 
actuator subjected to constant fluid pressure and voltage 
load, using the classical laminate plate theorem (CLPT). 
They verified the analytical model outputs with finite ele-
ment method (FEM) and experimental study. Wang and 
Huo (2010) also developed the analytical static displace-
ment model for the circular piezoelectric unimorph actua-
tors, which were subjected to voltage load, using CLPT 
and verified by experimental studies. By the analytical 
model they established, they examined the changes in 
the structural parameters and material properties of the 
actuator.

Boundary conditions are also known to have a significant 
effect on the behaviour of piezoelectric actuators (Moham-
madi and Abdalbeigi 2013). Optimization of the electro-
mechanical coupling coefficient of very thin piezoelectric 
devices was performed by Cho et al. (2005). Analytical 
modelling of the nonlinear dynamic behaviour of valveless 
micropumps involving fluid interaction was described by 
Pan et al. (2001). They used the Galerkin and perturbation 
method for the analytical solution of the micropump under 
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constant pressure. Yu and Balachandran (2005) investigated 
the dynamic behaviour of a prestressed diaphragm. They 
presented a mechanical diaphragm plate model subjected 
to a state of plane stress. They examined the membrane-like 
behaviour of this diaphragm plate model and showed that the 
diaphragm exhibited different behaviour, such as a plate or 
membrane, depending on the stress value. Oniszczuk (1999) 
analytically solved the transverse vibration problem of the 
elastic layer rectangular compound membrane system using 
the Bernoulli Fourier method. For optimum fluid transfer of 
actuators, vibration frequency and modes should be deter-
mined. For this purpose, Olfatnia et al. (2010) investigated 
the vibrational modes and frequencies of circular piezo-
electric microdiaphragms. Vibration analysis of a circular 
micropump diaphragm was analysed analytically and experi-
mentally by Kaviani et al. (2014), Monemian Esfahani and 
Bahrami (2016), Monemian Esfahani et al. (2018) and He 
et al. (2017). Hu et al. (2017) theoretically, numerically and 
experimentally studied the vibration parameters of circular 
type piezo-actuators with mass.

The proposed model examined in this study is a multi-
layered circular plate structure consisting of 3 main layers 
and 4 intermediate layers of different diameter. The MCPA 
model was composed of three main layers in different radii 
with silicon, brass and PZT. The silicon diaphragm layer is 
located at the bottom. The brass layer is bounded to the sili-
con with the adhesive layer. Piezoelectric layer consists of 4 
intermediate layers: adhesive, silver, the PZT and silver lay-
ers. In most analytical models, the diameter of the PZT layer 
is smaller than other sub- and intermediate layers. In most 
of the studies, the effects of thicknesses of the bounding, 
diaphragm and silver layers of the micropumps on dynamic 
behaviour are neglected since they are very small in layers 
other than PZT. However, although some layers are very 
thin, they should have significant effects on the behaviour 
of the micropump performance. Therefore, in this study, 
the effect of all thin layers such as bounding, silver and the 
main layers such as PZT, brass and silicon were examined. 
In almost studies, since only brass and the PZT layers were 

examined, 2 stepped structures were studied. In this study, 
in addition to the brass and the PZT layers, a larger silicon 
layer was added and three stepped structure was studied. It is 
crucial to construct a displacement model of a multi-layered 
that implements the actual micropump behaviour. Although 
it caused an important calculation load, the flexural stiffness 
of all layers of the circular axisymmetric unimorph PZT 
layered micropump diaphragm was included in the calcula-
tion. The static displacement behaviour of the MCPA under 
electrical voltage and uniform fluid pressure was analytically 
modelled and analysed. The proposed MCPA model was 
solved numerically by the FEM, and the results were verified 
by measuring the amount of displacements in experimental 
studies.

2  Materials and Methods

2.1  Static Displacement Modelling of the MCPA 
with Silicon Layer

The structure of the MCPA model is shown in Fig. 1. The 
silicon, brass and the PZT layers are connected by thin layers 
of adhesive. Based on literature studies, biocompatibility is 
a very important key parameter that is necessarily consid-
ered for drug delivery micropumps. Silicon is a good bio-
compatible material. Therefore, the silicon diaphragm has 
been used in the presented design. The effect of any layer 
of the MCPA was not neglected. The PZT layer undergoes 
deformation due to the reverse piezoelectric effect of the 
voltage load applied to the upper surface of the PZT layer. 
Since the PZT layer has a brittle structure, this deforma-
tion is amplified and transferred to the bottom elastic silicon 
layer He et al. (2017). Due to the fixed boundary conditions 
along the edges of the actuator, this deformation turns into 
transverse bending displacement in the actuator. This trans-
verse displacement movement occurring in the silicon layer 
is transferred to the fluid in the lower chamber so that the 
fluid moves from the inlet to the outlet. The silicon layer 

Fig. 1  The structure of the MCPA, a the circular coordinate system, b physical layer structures
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located in the bottom layer of the MCPA was exposed the 
fixed boundary conditions throughout its circumference. The 
circular coordinate system was selected for analytical model-
ling of a MCPA with a circular geometry.

The CLPT based on Kirchhoff’s thin plate theory was 
used to obtain closed form displacement solutions and to 
analytically model the multi-layered circular actuator struc-
ture subjected to uniform fluid pressure and voltage load. It 
is assumed that constant uniform static pressure affects the 
actuator in the opposite direction. The pressure applied to 
the actuator indicated in all text is uniform static pressure 
load. Accordingly, for lateral and transverse deviations of a 
multi-layered axial symmetry laminated actuator the general 
solution was obtained by the classical laminated plate theory. 
This MCPA consists of a uniform thickness of silicon, brass 
and The PZT main layers. Radiuses of silicon, brass and the 
PZT main layers were defined as Ri,Rm and Ro , respec-
tively, as seen Fig. 2. The closed form of transverse displace-
ment of the bottom silicon layer forming the MCPA can be 
found by the general solution. According to the CLPT, all 
actuator layers are perfectly bounded to each other.

The material of each layer is isotropic and obeyed the 
Hook’s law. The thicknesses of the layers are uniform. The 
strain and displacements are very small and plane strain 
conditions are valid. The transverse shear forces on the top 
and bottom surfaces of each layer are close to zero. In addi-
tion, the in-plane piezoelectric (PZT-5A) constants were 
assumed to be transversely isotropic 

(
d31 = d32

)
 along the 

poling field. In Kirchhoff’s thin plate theory, �r, ��and �rz 
are radial, angular and shear stresses, respectively, for small 
displacements.

Kinematic relations of identical layers of equal radii were 
defined in circular polar coordinates. The mid-plane of the 
silicon layer at the bottom of the piezoelectric actuator was 
selected as the reference plane. The z-axis was selected as 
the vertical axis. Each MCPA layer is sequentially located 
as i = 1, 2,… , n from the lowest silicon layer. The bottom 
surface of the silicon layer is the z0 plane, and the upper 
surface of each layer is the zi plane. Thus, the thickness of 
each layer is ti = z1 − zi−1.

According to Kirchhoff’s thin plate theory for polar coor-
dinates, the radial 

(
�r
)
 and circumferential strain 

(
��
)
 rela-

tions of all points on the mid-plane of the reference silicon 
plane are as follows.

Here, the radial 
(
ur
)
 and lateral 

(
u�
)
 displacements of the 

reference plane are given as;

where w is the transverse displacement of the reference plane 
in the vertical z direction; and � is the transverse slope. The 
PZT layer of the MCPA is polarized along the vertical z-axis 
through its thickness. It is assumed that the electric field 
applied to the PZT layer of the actuator is homogeneous 
throughout the layer thickness.

According to the thin plate theory, in the case of axisym-
metric displacement, small in-plane shear components can 
be negligible. Assuming a linear strain distribution along 
with the MCPA layers, the strain constitutive equations in 
terms of transverse and lateral displacements for any layer 
will be similar to Eq. (5).

where Ez is the electric field strength along the vertical z-axis 
and changes to Ez = V∕tpzt depending on the applied voltage 
load, V  is electric voltage, tpzt is thickness of the PZT layer, 
and d31 is piezoelectric constant. Hence, continuity equations 
for radial and circumferential stress will be as in Eq. (6).

(1)�r =
�ur

�r

(2)�� =
ur

r

(3)ur = −z
�w

�r

(4)u� = −
z

r

�w

�r

(5)
{

Sr
S�

}
=

{
�ur

�r
− Ezd31

ur

r
− Ezd31

}
− z

{
�2w

�r2
1

r

�w

�r

}

Fig. 2  Cross-sectional sche-
matic view of the MCPA
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where E is Young’s modulus of the respective layer and � is 
the Poisson’s ratio of the respective layer. Young’s modulus 
for the PZT layer is expressed by Epzt that is changes to 
Epzt = 1∕sE

11
 , where sE

11
 is the elastic compliance constant for 

the PZT layer. The radial and circumferential force resultants 
Nr and N� are:

The bending moments per unit length Mrand M� are 
radial, and circumferential directions are:

Here, the bending stiffness matrix of the circular plate 
D1,D2 ��� D3 is as follows.

Equations of equilibrium in terms of the MCPA force, 
depending on the uniform constant pressure P , are as 
follows.

Here, Qr is the vertical shear force in Eq. (14).

The new equations are obtained by replacing Eqs. (7) and 
(8) in Eqs. (12) and (14), respectively. 

(6)
{

�r
��

}
=

E

1 − �2

[
1 �

� 1

]{
Sr
S�

}

(7)
{

Nr

N�

}
= D1

{
�ur

�r
− Ezd31

ur

r
− Ezd31

}
− D2

{
�2w

�r2
1

r

�w

�r

}

(8)
{

Mr

M�

}
= D2

{
�ur

�r
− Ezd31

ur

r
− Ezd31

}
− D3

{
�2w

�r2
1

r

�w

�r

}

(9)D1 =

n∑
i=1

zi

∫
zi−1

Ei

1 − �2
i

[
1 �i

�i 1

]
dz

(10)D2 =

n∑
i=1

zi

∫
zi−1

Eiz

1 − �2
i

[
1 �i

�i 1

]
dz

(11)D3 =

n∑
i=1

zi

∫
zi−1

Eiz
2

1 − �2
i

[
1 �i

�i 1

]
dz

(12)
dNr

dr
+

Nr − N�

r
= 0

(13)
dQr

dr
+

Qr

r
+ P = 0

(14)Qr =
dMr

dr
+

Mr −M�

r

(15)

D11

{
�2ur

�r2
+

1

r

�ur

�r
−

ur

r2

}
− D21

{
�3w

�r3
+

1

r

�2w

�r2
−

1

r2
�w

�r

}
= 0

Here, D11,D21 and D31 are as follows.

By evaluating Eqs. (15) and (16) together, Eqs. (20) and 
(21) are given as follows.

Here, K1,K2and K3 are physical stiffness parameters and 
they are given in Eqs. (22), (23) and (24), respectively.

Equation (20) shows the transverse movement of all 
points of the MCPA. This equation is non-homogeneous 
fourth-order linear ordinary differential equation. Equa-
tion (21) is a non-homogeneous second-order linear ordi-
nary differential equation that shows the lateral movement 
of all points of the MCPA. The transverse and lateral gen-
eral solution of the MCPA can be found as in Eqs. (25) 
and (26).

(16)

D21

{
�2ur

�r2
+

1

r

�ur

�r
−

ur

r2

}
− D31

{
�3w

�r3
+

1

r

�2w

�r2
−

1

r2
�w

�r

}
= Qr

(17)D11 =

n∑
i=1

Ei

(
zi − zi−1

)

1 − �2
i

(18)D21 =

n∑
i=1

Ei

(
z2
i
− z2

i−1

)

2
(
1 − �2

i

)

(19)D31 =

n∑
i=1

Ei

(
z3
i
− z3

i−1

)

3
(
1 − �2

i

)

(20)�4w

�r4
+

2

r

�3w

�r3
−

1

r2
�2w

�r2
+

1

r3
�w

�r
= K1P

(21)
�2ur

�r2
+

1

r

�ur

�r
−

ur

r2
=

4

r
K3C3 +

K2Pr

2

(22)K1 =
D11

D11D31 − D2
21

(23)K2 =
D21

D11D31 − D2
21

(24)K3 =
D21

D11

(25)w(r) = C1r
2 + C2 ln r + C3r

2 ln r + C4 +
K1P

64
r4

(26)u(r) = C3K3(2 ln r − 1)r + C5r + C6

1

r
+

K2P

16
r3
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where the integration constants Cn can be obtained by apply-
ing the corresponding boundary conditions. Note that the 
solutions obtained are not a function of voltage. However, 
the constants Cn contain physical parameters such as material 
properties, as well as the voltage function applied to the PZT 
layer. Therefore, after applying the boundary conditions, the 
voltage parameter will also appear in the equations. The all 
edges of silicon diaphragm are fully fixed at all directions 
(see Fig. 2). To obtain the transverse displacement of a par-
tially covered and seven-layer actuator, the structure was 
divided into three steps: exterior annulus,Rm ≤ r ≤ Ro , the 
middle annulus, Ri ≤ r ≤ Rm and interior core, 0 ≤ r ≤ Ri 
(see Fig. 3).

(27)
wext(r) = C1r

2 + C2 ln r + C3r
2 ln r + C4 +

Kext
1
P

64
r4 Rm ≤ r ≤ Ro

(28)
wmid(r) = C7r

2 + C8 ln r + C9r
2 ln r + C10 +

Kmid
1

P

64
r4 Ri ≤ r ≤ Rm

(29)
wint(r) =

Kint
1
P

64
r4 + C13r

2 + C14 ln r + C15r
2 ln r + C16 0 ≤ r ≤ Ri

(30)
uext(r) = C3K

ext
3
r(2 ln r − 1) + C5r + C6 +

Kext
2
P

16
r3 Rm ≤ r ≤ Ro

(31)
umid(r) = C9K

mid
3

r(2 ln r − 1) + C11r + C12 +
Kmid
2

P

16
r3 Ri ≤ r ≤ Rm

Here, wext,wmid and wint are transverse displacements 
solutions of external area, middle area and centre (inter-
nal) area, respectively. uext, umid and uint are lateral dis-
placements solutions of external area, middle area and 
centre (internal) area, respectively. Provided that according 
to Hooke’s law the displacement of the centre point of the 
actuator structure (r = 0) , accepted to operate in the elastic 
region, is limited; it is required C14,C15 and C18 to be zero (
C14 = 0,C15 = 0 and C18 = 0

)
 in Eqs. (29) and (32). The 

all edges of the silicon layer located in the bottom layer of 
the actuator are fully fixed at all directions in the analytical 
analysis. Transverse and lateral displacements and slopes at 
the edge points r = Ro under fixed boundary conditions are 
zero. The expressions for fixed boundary conditions along the 
outer edges of the silicon plate at r = Ro can be written as 
Eqs. (33)–(35).

The equilibrium and continuity expressions at r = Rm 
between the outer and the middle annulus;

(32)
uint(r) =

Kint
2
Pr3

16
+ C15K

int
3
r(2 ln r − 1) + C17r + C18

1

r
0 ≤ r ≤ Ri

(33)wext

(
Ro

)
= 0

(34)�wext

(
Ro

)
∕�r = 0

(35)uext
(
Ro

)
= 0

Fig. 3  Convention for coor-
dinate frame and the positive 
directions of the forces and 
moments
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The equilibrium and continuity expressions at r = Ri 
between the middle and the inner annulus;

The analytical solutions of the seven-layer and partially 
covered piezoelectric actuator in closed form can help to 
determine the static displacement behaviour under constant 
voltage and uniform fluid pressure. The physical parame-
ters used to obtain the static displacement behaviour of the 
MCPA are given in Table 1.

All the coefficients C1,C2,…Cn can easily be solved from 
derivation of Eqs. (33)–(47) as below. In the later stages 
of the study, only transverse displacements are considered, 
rather than lateral displacements.

(36)wext

(
Rm

)
= wmid

(
Rm

)

(37)�wext

(
Rm

)
∕�r = �wmid

(
Rm

)
∕�r

(38)uext
(
Rm

)
= umid

(
Rm

)

(39)Next
r

(
Rm

)
= Nmid

r

(
Rm

)

(40)Mext
r

(
Rm

)
= Mmid

r

(
Rm

)

(41)Qext
r

(
Rm

)
= Qmid

r

(
Rm

)

(42)wmid

(
Ri

)
= wint

(
Ri

)

(43)�wmid

(
Ri

)
∕�r = �wint

(
Ri

)
∕�r

(44)umid

(
Ri

)
= uint

(
Ri

)

(45)Nmid
r

(
Ri

)
= N int

r

(
Ri

)

(46)Mmid
r

(
Ri

)
= Mint

r

(
Ri

)

(47)Qmid
r

(
Ri

)
= Qint

r

(
Ri

)

2.2  Finite Element Analysis

For the finite element analysis of the actuator, physical prop-
erties of the MCPA are given in Table 2. In this study, the 
mesh convergence method was used to obtain satisfactory 
displacement amplitude of the diaphragm where the val-
ues saturated. According to the results, the displacement 
reached maximum at the centre and zero at the fixed edges. 
Clearly, diaphragm in supply mode showed more displace-
ment than pump mode. In contrast, the diaphragm displace-
ment in pump mode was examined, because the diaphragm 
applied maximum force to the fluid in this period. In the 
pump mode, the diaphragm should overcome the water 
resistance in the chamber. However, in the supply mode, 
the diaphragm moves freely in the air. Therefore, deflec-
tions in both modes should not be equal. The analysis was 
done when the excitation input was at 5 V and 5 Hz to the 
piezoelectric actuator. The analysis consists of four steps in 
the COMSOL Multiphysics 4.3 program. The four differ-
ent types of meshes were selected. The number of meshes 
used in first step was less than the second step, and this 
was repeated until the fourth step. There were 3.25% error 
rates between the first meshing step (normal) and the second 
meshing step (fine). For this micropump, the values were 
the very close at the second and subsequent steps. In the 
mesh convergence method, if the number of mesh elements 

(48)

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩
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C2
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C4

C5

C6

C7

C8

C9

C10

C11

C12

C13

C16

C17

⎫
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=

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

−4.43574 × 10−4P − 4.8525 × 10−4V

3.1059 × 10−8P + 1.5164 × 10−7V

0

1.7852 × 10−7P + 7.40315 × 10−7V

8.639 × 10−10P − 1.7777 × 10−8V

−1.3498 × 10−13P + 2.7777 × 10−12V

−3.598 × 10−5P + 2.2488 × 10−4V

8.7473 × 10−10P + 8.2047 × 10−8V

0

1.1218 × 10−8P + 3.602 × 10−7V

−3.6473 × 10−9P − 2.28516 × 10−8V

3.35504 × 10−14P + 3.02638 × 10−12V

−1.5918 × 10−5P + 1.8658 × 10−3V

6.11427 × 10−9P − 1.15531 × 10−7V

−2.1075 × 10−9P + 9.82038 × 10−8V

⎫
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Table 1  Physical properties 
of the MCPA (Yang 2006; 
Callister and Rethwisch 2015)

Silicon Bonding Glue Brass Bonding Glue Silver PZT-5A

Radius (mm) 12.5 7 7 5 5 5
Thickness (µm) 100 10 140 10 10 100
Young’s modulus (GPa) 162 5.17 110 5.17 40 63
Poisson ratio 0.22 0.3 0.27 0.3 0.35 0.3
d31 × 10−12 (C/N or m/V) – – – – – − 171
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is high, this increases the accuracy of the results. However, 
the analysis time will be highly increased. Therefore, it is 
used the second step (fine) mesh for the diaphragm displace-
ment analysis. The finite element grid adopted to model the 
MCPA is shown in Fig. 4. The displacement results were 
given in Sect. 3. As in the analytical analysis, also in the 
FEM, all the edges of the silicon layer are fixed along in all 
directions to create fixed boundary conditions. The proper-
ties of the mesh were given in Table 3.

2.3  Experimental Analysis of Diaphragm 
Displacement

The diaphragm displacement was experimentally meas-
ured with a photonic sensor (MTI-2100, MTI Instruments, 
Albany, NY, USA). It is a fibre-optic non-contract sen-
sor that uses reflection electronic technologies to accu-
rately measure of diaphragm displacement. It is worth 

mentioning that the diaphragm displacement depends on 
the geometry and material properties of the MCPA. In this 
study, the diaphragm displacement was measured with 
a sensitivity of 0.01 µin. The experimental diaphragm 
displacement measurement set-up was shown in Fig. 5. 
However, the results of the experimental measurements of 
the diaphragm displacement are shown in Sect. 3.

Table 2  Physical properties of 
PZT-5A (Yong et al. 2010)

Property Value

Elastic compliance matrix

S
E =

⎡⎢⎢⎢⎢⎢⎣

15.0 −5.74 −7.22 0 0 0

−5.74 15.0 −7.22 0 0 0

−7.22 −7.22 18.8 0 0 0

0 0 0 47.5 0 0

0 0 0 0 47.5 0

0 0 0 0 0 44.3

⎤⎥⎥⎥⎥⎥⎦

× 10−12
�

m2

N

�

Piezoelectric coupling
d =

⎡⎢⎢⎣

0 0 0 0 585 0

0 0 0 585 0 0

−171 −171 374 0 0 0

⎤⎥⎥⎦
× 10−12

�
m

V

�

Relative permittivity
�

�0
=

⎡⎢⎢⎣

1730 0 0

0 1730 0

0 0 1730

⎤⎥⎥⎦
, �0 = 8.854 × 10−12

�
F

m

�

Fig. 4  FEM model of the MCPA

Table 3  Specifications of FEM

Domain element statistics Number of elements Minimum ele-
ment quality

Average ele-
ment quality

Element area ratio Maximum 
growth rate

Average 
growth rate

Our work Normal 9976 0.08694 0.8535 0.01245 3.521 1.34
Fine 16,832 0.1255 0.8758 0.02373 3.547 1.256
Finer 44,268 0.1262 0.9006 0.00727 3.481 1.264
Ext. fine 113,730 0.1262 0.9196 0.00349 3.487 1.233

Fig. 5  Experimental measurement set-up of diaphragm displacement
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3  Results and Discussions

By FEM (Fig. 6a) and experimental studies (Fig. 6b), the 
accuracy of the analytical solutions (Fig. 6c, d) expressing 
the static displacement of the multi-layered micropump 
actuator was studied. In the analytical studies, the vari-
ation of displacement of the midpoint and all points on 
the midline under the influence of different voltage (from 
0 to 45 V) and uniform static pressure loads (from 0 to 
400 Pa) was investigated. Because, the diaphragm was 
exposed to these voltage and pressure values under real 
operating conditions. In all calculations, it was assumed 
the voltage load and flow rate to be laminar in the micro-
pump chamber and the uniform fluid pressure to remain 
constant. Since actuator inertia force and other dynamic 
effects were not taken into account in analytical model-
ling the frequency of the voltage in the static analysis was 
taken as 0 Hz. However, in the FEM and experimental 
studies, frequencies were between 0 and 20 Hz by 5 Hz 
steps. Static (DC) voltage load cannot be applied to piezo-
elements because the piezoelectric vertical vibration or 
displacement mode depends on the applied AC voltage 
which creates dynamic behaviour. Figure 6a shows the 

simulation results of diaphragm displacements at the 
moment of water discharge from the chamber. It shows 
that the increase in voltage increased displacement. Addi-
tionally, increasing the frequency reduced displacement in 
the range of 0-20 Hz. The displacement results have 99% 
liner behaviour. The maximum displacement was obtained 
4.4334 μm in 45 V and 0 Hz.

Figure 6b shows the experimental results of diaphragm 
displacements at the discharge operation. It shows that the 
displacement trends were similar with FEM results at all 
voltage and frequencies. The displacement results have 98% 
liner behaviour. The maximum displacement was achieved 
5.23 μm in 45 V and 5 Hz. Since diaphragm displacement 
was at micro-metre levels, measurement results were highly 
affected by environmental factors. The small differences 
might be because of the measurement errors, fluid movement 
noises in the micropump and mechanical vibrations from the 
experimental set-up that cannot be controlled.

Analytical solutions were obtained considering static load 
to the MCPA (Fig. 6c). Uniform fluid pressure and input 
frequency was assumed to be zero. Displacement behaviour 
was found to be 100% linear (R2 = 1). External noises were 
neglected. Similarly, displacement values were increased 
as a function of voltage. Hereby, the displacement of the 

Fig. 6  The midpoint displace-
ment of the silicon diaphragm at 
5–45 V for 0 Pa uniform static 
pressure, a FEM, b experiment, 
c analytical and d comparison 
of the displacement results for 
0 Hz

(a) (b)

(d)(c)



 Iranian Journal of Science and Technology, Transactions of Mechanical Engineering

1 3

midpoint of the silicon diaphragm was obtained by ana-
lytical, FEM and experimental methods as seen in Fig. 6d. 
DC input voltage at 0 Hz frequency and uniform pressure 
load of 0 Pa were used to compare the analytical, FEM and 
experimental displacements of the MCPA. Because the 5 Hz 
actuator frequency was relatively small, it was closer to the 
static displacement result. It shows that the analytical, FEA 
and experimental results are very close each other and have 
acceptable similar trends. Due to the environmental condi-
tions and the presence of environmental disturbances, slight 
differences have occurred in the experimental results related 
to FEM and analytical results.

While there was no uniform pressure, the displacement of 
the midline of the silicon layer at different voltages (0–45 V) 
is given in Fig. 7a. When the input voltage was zero, the 
displacement of the midline of the silicon layer under pres-
sure loads of 0–400 Pa is given in Fig. 7b. As expected, the 
silicon layer remains completely horizontal in a completely 
unloaded state (0 Pa and 0 V). The displacement increases 
with increase in the voltage and pressure. The maximum 
displacement occurred at 45 V, and it was 5.3146 µm at 
the midpoint of silicon diaphragm. The displacement of the 
midline of the silicon layer at 5–45 V and the diaphragm 
exposed to 200 Pa constant fluid pressure load are given in 
Fig. 7c. While the displacement up to 10 V electrical load 
is in positive direction, the displacement of the midline of 

the silicon for electric loads higher than 10 V increases in a 
negative direction. Note that the displacement of the exte-
rior annulus portion of the diaphragm was less than that of 
the middle annulus and interior core portion. The displace-
ment of the midline of the silicon layer under fluid pres-
sure of 0–400 Pa and 20 V constant voltage load is given in 
Fig. 7d. The interior displacement decreases as fluid pres-
sure increases, and the middle core and exterior annulus 
displacement increase positively.

The displacement of the midpoint of the silicon layer for 
different voltage and pressure loads is presented in Fig. 8. 
As shown in both figures, the displacement of the midpoint 
changes linearly in all load conditions with increasing volt-
age or pressure. At a certain point, when the voltage and 
pressure loads are equal or very close to each other, the sili-
con layer remains fully horizontal and the midpoint displace-
ment is zero. The minimum flow is obtained when the PZT 
voltage load and fluid pressure loads acting on the silicon 
layer are equal or close to each other. As the pressure load 
increases under constant voltage loads, firstly, the centre-
point displacement decreases up to reference plane. As the 
pressure continues to increase when the midpoint is in the 
horizontal position, the midpoint displacement starts to 
increase upwards in the positive direction. The PZT actuator 
cannot overcome the fluid pressure, so no pumping operation 
is performed (see Fig. 8a). As the voltage increases under 

Fig. 7  The displacements of the 
midline of the silicon layer at a 
0–45 V for 0 Pa, b 0–400 Pa for 
0 V, c 0–45 V for 200 Pa and d 
0–400 Pa for 20 V

(a) (b)

(c) (d)
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constant pressure loads, firstly, the centre-point displacement 
decreases up to reference plane, and therefore, the suction 
mode is reduced. As the voltage continues to increase while 
the midpoint is in the horizontal position, the displacement 
of the midpoint starts to increase. As the ratio of the volt-
age load of the PZT actuator to the fluid pressure increases, 
the pumping operation begins to improve (see Fig. 8b). In 
our previous study, net flow rate results were given and dis-
cussed in Dereshgi et al. (2020b). These results show that the 
most suitable values of the pressure and voltage loads should 
be selected for obtained maximum flow rate.

It has been determined that silicon layer thickness has a 
significant effect on actuator performance (Fig. 9). As the 
silicone layer thickness increases with respect to the PZT 
layer thickness, the actuator flow rate decreases nonlinearly 
(Fig. 9a). For the ratio ts∕tpzt ≥ 1 , the actuator flow rate 
approaches zero. Similarly, in cases where the silicone layer 
thickness is smaller than the brass layer thickness, the actua-
tor flow rate also decreases nonlinearly (Fig. 9b). However, 
as the elastic layer thickness increases, the stiffness of the 
elastic layer increases as well. As the silicone layer thickness 

increases, the material stiffness increases, so the MCPA stiff-
ness decreases also. The fact that the silicon thickness is as 
thin as possible compared to the PZT and brass layer thick-
ness contributes positively to the actuator performance and 
flow rate increase (Fig. 9a, b). However, as the elastic layer 
thickness decreases, its strength and stability will decrease 
as well. Therefore, it should be noted that the silicon layer 
thickness according to PZT or brass layer thickness should 
not be too small. In this sense, the addition of silicon layer in 
piezoelectric actuators increases the actuator performance.

The effect of silicone layer thickness on the actuator cen-
tre-point displacement under 50 Pa constant uniform pres-
sure and various voltage loads are given in Fig. 10. As the 
silicone layer thickness increases with respect to PZT and 
brass layer thickness up to ts∕tpzt ≤ 0.5 , the displacement 
of the actuator centre point decreases nonlinearly. After 
the ts∕tpzt ≥ 0.5 , MCPA midpoint displacements begin to 
decrease. After the ts∕tpzt ≥ 0.8 and ts∕tbr ≥ 0.8 values of 
thickness ratios, there is no significant change in the amount 
of actuator displacement (Fig. 10a, b) It is understood that 
the most suitable layer thickness ratios should be around 0.8.

Fig. 8  Midpoint displacements 
of the silicon diaphragm as a 
function of a pressure and b 
voltage

(a) (b)

Fig. 9  The actuator flow rates 
at 50 Pa pressure and different 
voltages according to a the ratio 
of the PZT layer thickness to the 
silicone layer thickness, b the 
ratio of the brass layer thickness 
to the silicone layer thickness

(a) (b)
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The displacement behaviour of the actuator exposed to 
50 Pa constant uniform pressure and constant 10 V con-
stant voltage load are presented in Fig. 11 for various diam-
eter ratios. As the brass layer diameter approaches the sili-
con layer diameter (from Rm∕Ro = 0.56 to Rm∕Ro ≅ 0.8 ), 
the amount of displacement increases. However, if this 
ratio is about 0.8, it starts to decrease again (Fig. 11a). 
This indicates that the ratio of brass layer diameter to sili-
con layer diameter should be chosen around Rm∕Ro ≅ 0.8 
for best actuator performance and flow rate. As the PZT 
layer diameter approaches the brass layer diameter (from 
Ri∕Rm = 0.71.43 to Ri∕Rm = 1 ), the amount of displacement 
increases (Fig. 11b). Because, as the PZT layer diameter 
increases, the electric field intensity increases, the PZT 
material can produce more bending moment. However, the 
displacement increases as we approach the actuator centre, 
while it decreases as the actuator approaches the edge points 
fixed.

The effect of bonding layers connecting the layers to 
actuator performance is examined in Fig. 12. It is under-
stood that the effect of bonding layer is very important for 
the actuator exposed to 50 Pa constant uniform pressure and 

10 V constant voltage load. Depending on the applied pres-
sure and voltage load, bonding with a thickness of 10% of 
the silicon layer thickness reduces the actuator displacement 
performance by about 5%. In calculations, it is important to 
take into account the effects of the bonding layer. For precise 
micropump designs, applying the actuator’s bonding layer 
as thin as possible will have a positive effect on MCPA flow 
rate and performance.

4  Conclusion

In this study, the effect of electromechanical factors for the 
static displacement performance of a MCPA diaphragm 
used for pumping fluid in micropumps was investigated. 
The proposed actuator model consists of structures with 
3 different diameters and 7 layers. The MCPA was in the 
form of three main layers containing silicon, brass and the 
PZT layer, 2 laminated layers with 2 epoxy, 4 additional 
layers containing 2 silver, and 2 partially covered circu-
lar plates. Analytical displacement function, which is a 
function of uniform pressure and voltage, was obtained by 

Fig. 10  Displacements of the 
actuator midpoint at 50 Pa and 
different voltages according to a 
the ratio of the PZT layer thick-
ness to the silicone layer thick-
ness, b the ratio of the brass 
layer thickness to the silicone 
layer thickness

(a) (b)

Fig. 11  Displacement of the 
actuator midline for 50 Pa and 
10 V according to a the ratio of 
brass layer diameter to the sili-
con layer diameter, b the ratio 
of the PZT layer diameter to the 
brass layer diameter

(a) (b)
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using CLPT to examine the static displacement behaviour 
of silicon-containing MCPA. Fourth-order partial differen-
tial equations derived from moment equilibrium equations 
of the actuator model were solved together with lateral 
and transverse displacement expressions. Transverse and 
lateral displacement functions were obtained depending 
on voltage, pressure and physical and mechanic proper-
ties. Analytical displacement model was confirmed by 
experimental tests and finite element analysis results. The 
effects of the physical properties of the pressure, voltage 
and actuator layers on the static displacement performance 
and flow rate were discussed through the obtained analyti-
cal model. It was observed that the actuator displacement 
increases linearly as the voltage load increases, and the 
actuator displacement decreases linearly as the pressure 
increases. As the thickness of the silicone layer increases 
according to PZT and brass layer thicknesses, the amount 
of fluid pumped decreases. For best actuator performance, 
the ratio of silicon layer thickness to PZT and brass layer 
thickness should be 0.8 and brass layer diameter to sili-
con layer diameter should be approximately 0.8. Also, the 
PZT layer diameter increases the static displacement per-
formance of the MCPA. It has been determined that the 
bounding layer reduces the amount of static displacement 
by approximately 5%.

It has been determined how this MCPA is affected 
by electromechanical parameters by extensive analyses. 
Obtained analytical displacement model can be used for 
optimization and improvement of micropump performance 
and in the designing diaphragm type in MCPA of micro-
pumps. All in all, the results showed that MCPA would be 
a good candidate for biomedical application micropumps.
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