Analysisof an annular PZT actuator for a droplet g ector
D.-A. Wang®, C.-H. Cheng®, Y .-H. Hsieh?, Z.-X. Zhang®
8Institute of Precision Engineering, National Chung Hsing University, Taichung 402,
Taiwan, ROC
PMechanical & Automation Engineering, Da-Yeh University, Chang-Hua 515, Taiwan,

ROC
“Au Optronics, Hsinchu, Taiwan, ROC

March 22, 2007

Abstract

An analytical solution for deflection of an annular lead zirconate titanate (PZT) actuator
with application in droplet gection is developed. A linear strain distribution across the
thickness direction is assumed in the derivation of the analytical solution. The anaytica
results agree well with finite element analyses. Fabrication process of a droplet € ector
actuated by the PZT is described. The PZT is prepared by powder metallurgy and
patterned with poling electrodes. The gector is fabricated by nickel electroforming.

Experimental results of static deflection of the fabricated device confirm the effectiveness

of the analytical solution. Droplet gjection of the gjector is demonstrated.
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1. Introduction

Use of improved piezoelectric actuators in the development of micropumps,
droplet gectors, ultrasonic sensors for various applications continues to be a field of
interest. PZT ceramic actuators of annular or circular shapes have been proposed and
investigated by many researchers, for example, see[1-5]. In comparing with the structure
of an annular PZT and a circular PZT, the annular PZT offers higher electromechanical
coupling in the radia direction [6]. The high electromechanical coupling implies that an
annular structure is more efficient in converting mechanical energy to eectrica energy,
and vice versa, which is essential for a high performance PZT [7]. Therefore, annular
PZTs are suitable for low-cost and low-voltage applications.

Finite element method (FEM) has been used to study and analyze behaviors of
annular or circular PZTs[7-9]. Using FEM, detailed stress and strain distributions can be
obtained. However, typical FEM can not provide insight of how the behaviors vary with
geometry and material properties. To predict and optimize performance of the annular or
circular PZTs, many analytica models have been developed. Dobrucki and Pruchnicki
[10] gave a deflection solution for a circular PZT bimorph. A linear strain distribution
across the thickness direction is assumed in their work. Li and Chen [11] derived an
analytical equation for a circular PZT bonded on acircular plate. By assuming aresidual
stress in the plate, their analytical solution agrees with experimental results. Tzou and
Zhou [12] obtained a deflection solution for a circular plate sandwiched between two thin
circular PZTs with an initial non-linear large deformation in order to control the plate’s

deflection and natural frequency.



Based on available plate solutions and considering forces and moments at the
interface between the plate and the PZT, Fox et a. [13] presented analytical solutions for
deflections of a circular plate with an annular PZT. Percin et al. [14] applied Kirchhoff
plate theory and Mindlin plate theory [15] to derive deflection solutions for thin and thick
circular plates with annular PZTs, respectively. A two-port equivalent circuit network is
used for numerical calculation of their solutions.

In this paper, we develop a new anaytica solution for static deflection of an
annular PZT actuator for a droplet gector. The derivation is based on a procedure
described by Li and Chen [11] for their circular PZT actuator. Finite element analyses
based on an axisymmetric model for the actuator are carried out to verify the analytical
solutions. Fabrication of a droplet gector with a nickel electroforming process and a
powder metallurgy technique is described. An experimental setup and visualization
results of the droplet gector are reported. The experimental results are compared with

the anaytical solutions and the results of finite element analyses.

2. Actuator analysis

An annular PZT actuator, as shown in Fig. 1, is developed to drive droplet
gectors. The actuator is made by bonding an annular PZT element to one side of a
passive plate. When an electric field is applied across the thickness, the PZT element
strains transversely and radially. The radia strain causes the surface of the passive plate
to expand or contract, which causes the entire structure to bend. The active bending can
be employed to gect droplets. Fig. 2 schematically shows a concept of a droplet gector

based on the principle.



For convenience of analysis, we divide the PZT actuator into two parts: one isthe
three-layer structure including the annular PZT, the bonding material, and the passive
plate, the other is the rest of the passive plate part. The moment balance for each part is
shown in Fig. 3. A cylindrical coordinate system is also shown in the figure. The
anaysis below follows the basic procedure described by Li and Chen [11] for their
circular PZT actuator.

Since the three-layer structure is thin compared to its radius of curvature, a linear
strain distribution across the thickness direction can be assumed [11]. The z coordinate
—h, of the neutral surfaceisfound to be[10,11]
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where E, v and h are the eastic modulus, Poisson’s ratio and thickness, respectively.

The subscript p, b and pzt represent the passive plate, bonding layer and PZT,
respectively. The radia strain ¢ located a distance z from the neutral surface can be

expressed as

£ =12K 2
where « isthe curvature of the neutral surface. The PZT material can be assumed to be
elastically isotropic when the working frequency of the droplet gector is much lower
than the resonant frequency of the PZT [11].

Assuming that the radial and circumferential strains are equal in the structure and

using Eq. (2), theradial stress o, of the bonding material under plane stress condition is
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where ¢, is the radia strain of the bonding layer. Similarly, the radial stress o, of the
interface between the bonding layer and passive plate, and the radia stress o, of the

passive plate can be written as
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Combining Egs. (3), (4) and (5), we have

_ Eb(l_vp) O;
Ep(l—vb) hp —-h,

(6)

b

The constitutive equation of the PZT is given as

E
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where V is the applied voltage and d., is the piezoelectric strain constant. Substituting

Eq. (4) into Eq. (7), we have
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Balancing the moments in the three-layer structure, an expression for o, is
obtained as
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where h'=h —h , n= v , A= E,1-v,) and ¢ :m . The bending
moments per unit length M, and M, are given as
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Assuming the passive plate is simply supported at its outer edge, i.e. M, =0, the

deflection w; of the passive platefor a<r <c is
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where D, = —FPP—-_ ¢ is the radius of the plate, and a is the outer radius of the
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annular PZT. The deflection w, of the three-layer structurefor b<r <a is
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for the three-layer structure, respectively. Based on Christensen’s work [16], E, and v,
are derived as
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3. Finite element analyses

In order to obtain accurate static deflection solutions for the gector and to
examine the validity of the analytical solutions of Eq. (17), finite element analyses are
carried out. Due to symmetry, an axisymmetric model of the gector is considered. Fig.
4(a) shows a schematic of an axisymmetric slice of the gector. The gector has the

thicknesses h, (=300um), h, (=5um), h, (=80um) and the radiuses ¢ (=8mm),

a (=6mm), b (=4mm) according to the fabricated devices. A cylindrica coordinate
system is also shown in the figure. Asshown in Fig. 4(a), the displacementsin the r and
2 directions at the bottom of the outer edge surface of the passive plate are constrained to
represent the assumed simply supported boundary conditions. The displacement in the r

direction of the symmetry axis, the z axis, is constrained. The actuating voltage V is
applied at the top surface of the PZT. Fig. 4(b) shows a mesh for a finite element model.
Fig. 4(c) shows a close-up view of the mesh near the inner edge of the PZT. The finite
element model has 1,840 8-node quadratic elements.

In this investigation, the PZT, bonding layer and passive plate are assumed to be
linear elastic isotropic materiadls. The material properties of the PZT, bonding layer and
passive plate are listed in Table 1. The commercial finite element program ABAQUS [17]
is employed to perform the computations. 8-node quadratic element CAX8R is used to
model the bonding layer and passive plate. Piezoelectric element CAX8RE is used to
model the PZT.

The analytical solution of Eq. (17) is compared to the results of FEM. As shown
in Fig. 5, the analytical solutions of the deflection at the center of the passive plate agree

well with the FEM results. For the DC actuating voltage ranging from 20 V to 100 V, the



largest discrepancy between the analytical solutions and FEM resultsisonly 1.6 %. This
error might be due to the assumption of equa radia and circumferential strains in the
structure. Based on three-dimensional finite element analyses of the PZT actuator, this
assumption is not valid near the inner and outer edges of the PZT and the edge of the

passive plate.

4. Fabrication, experiments and discussons

In order to verify the effectiveness of the analytical solution of Eg. (17), a

prototype of a droplet gector actuated by an annular PZT actuator is fabricated. In the

experiments, we emphasize on the static analysis of the PZT actuator. The experiments

presented in this investigation are mainly for verification of the developed analytical

solution of the static deflection of the PZT actuator. The analytical solution is not used in

the design of the fabricated actuator.

4.1 Fabrication

The passive plate with a nozzle at its center is fabricated by nickel electroforming
process on a stainless steel substrate. Fig. 6 shows the fabrication steps. First, a4 pum-
thick photoresist mould (AZ9260) is coated and patterned over the substrate. Next, a 60

um -thick nickel layer is electrodeposited using a low-stress nickel sulfamate bath with

the chemical compositions listed in Table 2. The bath is kept at a temperature of 60°C

and a pH vaue around 4.0. The current density is 2.7A/dm*. A nozzle is formed by

over-deposition of nickel around the columnar photoresist mould. Then, the nickel



microstructure is removed from the substrate. Fig. 7 shows a photo and a SEM of an

electroformed nozzle. The diameter of the nozzleis 38 um.

The annular PZT is prepared by poling the PZT powder compact that has been
sintered and polished. Detail about the fabrication process is described by Cheng et al.
[18]. Subsequently, The PZT is glued to the passive plate by an epoxy adhesive (3M,
DP-460) cured a a temperature of 60°C. Finaly, the assembly is glued to a liquid

chamber made of acrylic, as shown in Fig. 8.

4.2 Experiments

The deflection of the passive plate of the droplet gector operating in air is
measured by a Polytec MSV 300 laser Doppler vibrometer. DC voltages are applied to
the PZT actuator. The experimental results, as shown in Fig. 5, are dlightly lower than
the analytical solution of Eq. (17). Li and Chen [11] pointed out that bonding process
often introduce residual stress in the passive plate. FEM computations with a 0.8 MPa
residual stress are carried out. Asshownin Fig. 5, the results of the FEM with a 0.8 MPa
residual stress agree well with the experimental results.

The residua stress in the passive plate can be attributed to the bonding process

and/or the electroforming process. Hadian and Gabe [19] reported that the residual

stresses in the electrodeposits of nickel under the electroplating parameters of the current

density (=2.8A/dm?) and the pH (=3.75-4) in the Watts bath are 0.6+ 0.6 MPa.

These parameters are close to the current density, 2.7 A/dm? , and the pH, around 4, used

in our experiments. This may justify the use of the 0.8 MPa residua stress in the

simulation. However, the nickel microstructures removed from the substrates after the
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electroforming process are nearly flat. Thisindicates that their residual stresses are small

and may be neglected. The epoxy adhesive for gluing the PZT to the passive plate is

cured at a temperature of 603. Due to the difference in the thermal expansion

coefficients of the materias, the curing process may be the main source of the 0.8 MPa

residua stress found from the simulation.

From the mechanics viewpoint, the tensile residual stress inside the plate may

bend the assembly upward. Note that the passive plate is placed under the PZT. Since

the DC voltages are applied to deflect the plate downward in the experiments and

simulation, the experimental results should be lower than the simulation results without

consideration of residua stress. Higher curing temperatures may introduce higher

residua stresses, and the performance of the PZT can be further deteriorated.

To demonstrate the ejector’s operation and to characterize the droplet ejection
sequence, a visualization system, shown in Fig. 9, is developed. A LED is placed under
the droplet gector to side-illuminate the droplet stream. The gector is arranged to eject
droplets verticaly under influence of gravity. Two signals, synchronized with adjustable
time delay, are sent to the gector and the LED, respectively. Droplets are gected from
the gjector by a voltage pulse train at 7.3 kHz and V, of 80 V. The droplet images are
frozen by flashlight from the LED at specified time delays and acquired by a CCD
camera. Fig. 10 shows a droplet gection sequence of the gector. Upto 60 ps after
gection, the primary droplet is shown to be dragging a long tail, which subsequently
breaksinto several smaller droplets by the action of capillary instability [20]. The droplet

behaviour is connected to the action of the PZT. As described by Persin et a. [3], the

passive plate is set into vibration when the voltage pulse train is applied to the PZT. The

11



fluid behind the orifice is acceerated as the passive plate moves. When the inertial force

is larger than the surface tension force that hold it to the orifice, adrop is e ected from the

orifice.

4.3 Effects of PZT types

In this investigation, only one type of the PZT materials, PZT-5A, is employed for

the verification of the analytical solution and the experiments. It is worthwhile to have a

comparison of the static performance of different types of PZT. Three PZT materias are

considered, namely PZT-5A, PZT-5H, and PZT-4. The materia properties of PZT-5H

and PZT-4 arelisted in Table 3. Fig. 11 shows the analytical solutions of the deflection

at the center of the passive plate actuated by the PZTs. As the DC actuating voltage

increases, the deflections increase monotonically. For the DC actuating voltages ranging

from O V to 100 V, the deflections of the plate actuated by the PZT (PZT-4) are much

smaller than those actuated by the other two types of the PZTs. Among the three PZTs,

the deflection of the plate actuated by the PZT (PZT-5H) isthe largest. Thisis dueto its

largest value of the piezoelectric strain constant e,, among the PZTs. Compared to the

PZT-5A, the PZT-5H has higher sensitivity and permittivity. However, its markedly

lower Curie point limits the working temperature range and leads to lower temperature

stability [21]. The high resistivity at elevated temperatures, high sensitivity and high

time stability of PZT-5A make it a better candidate for instrument applications.
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5. Conclusions

An anaytica solution for analysis of static deflection of an annular PZT actuator

isderived. The analytical solution is verified by finite element analyses and experimental
results. This solution can be used to predict the static performance of the PZT actuator
with different dimensions and material properties. A droplet gector actuated by the PZT

has been fabricated and tested to verify the developed analytical solution of the static

deflection of the PZT actuator. The droplet gector can be used as a cost-effective

miniaturized module for ink jet printers.
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Table 1. Properties of the PZT (PZT-5A), bonding layer (epoxy, 3M DP-460) and

passive plate (nickel)

Tensor (inorder of r, z, 0, rz, r0, z0)

Property
[0 -54
PZT Piezod ectricity e (C m™®) 0 158
0 -54
123 0
0 0
| 0 0
8.107
Permittivity £ (Fm™) 10°x| 0o
0
[18.63
Stiffness C (N m?)
10 x
Epoxy Young’smodulus E;, (GPa) 27
Poisson’sratio v, 0.4
Nickel Young’s modulus E, (GPa) 519
Poisson’sratio v, 03

0
0
0
0
0
12.3]
0 0
7346 0
0 8107
1472 1411 O 0 07
1855 1472 O 0 0
1863 0 0 0
211 0 0
symmetric 226 0
211

Table 2. Chemica compositions of the low-stress nickel electroplating solution

Chemica

Amount (g/L)

Nickel sulfamate, Ni(NH,SO,), -4H,0
Nickel chloride, NiCl, -6H,0
Boric acid, H;BO,

Wetting agent

500

5

35
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Table 3. Properties of the PZT-5H and PZT-4.

Tensor (inorder of r, z, 0, rz, r0, z0)

Property

PZT-5H Piezoel ectricity e (C m?)
Permittivity £ (Fm™)
Stiffness C (N m?)

PZT-4 Piezoel ectricity e (C m?)

Permittivity & (Fm™)

Stiffness C (N m?)

0o -6.55
0 23.3
0 -655
17.0 0
0 0
L O 0
15.052
10°x| 0O
0
[12.72
10" x
ro -52
0 151
0 -52
127 0
0 0
L O 0
6.463
10°x| 0
0
[15.81
10" x

07
0

0

0

0

17.0]

0 0
13.015 0

0 15.052
8.47 8.02
11.74 8.47

12.72

symmetric

0

0

0

0

0
12.7]

0 0
5622 0
0 6.463
8.83 9.95
12.50 8.83
15.81

symmetric

w O oo o o

18




List of figures

Fig.1 Schematic of aPZT actuator bonded to a passive plate.

Fig.2 Schematic of adroplet gector.

Fig.3 An gector loaded by moments.

Fig. 4. (@) Schematic of an axisymmetric dlice of the gector. (b) Finite e ement modd.
(c) Close-up view of the mesh near the inner edge of the PZT.

Fig. 5. Deflection at the center of the passive plate.

Fig. 6. Fabrication steps of anozzle with nickel electroforming process.
Fig. 7. Anelectroformed nozzle (a) Photo (b) SEM.

Fig. 8. A prototype of adroplet gector.

Fig. 9. Visudization system (a) Component diagram (b) Photo.

Fig. 10. Droplet gection sequence.

Fig. 11. Deflection at the center of the passive plate.

19



PZT

Bonding layer

Passive plate

Fig. 1. Schematic of aPZT actuator bonded to a passive plate.
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(c) Seperate from stainless steel substrate
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Fig. 6. Fabrication steps of a nozzle with nickel electroforming process.
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Fig. 7. An€electroformed nozzle (a) Photo (b) SEM.
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Passive plate
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Fig. 8. A prototype of a droplet gector.
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Fig. 9. Visudization system (a) Component diagram (b) Photo.
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Fig. 10. Droplet gection sequence.
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Fig. 11. Deflection at the center of the passive plate.
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