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The Simulation of Diaphragm Deflection Actuated by Shear Mode Piezoelectric
Actuator in Microdroplet Ejector

C. H. Cheng1, S. C. Chen2

Abstract: A shear mode piezoelectric actuator is ap-
plied to deflect the diaphragm of pressure chamber in
the droplet ejector or inkjet printhead. The deflection of
the bulge-diaphragm and resulting swept volume is an-
alyzed by analytical and numerical method. With free-
body treatment of the model, the analytical exact solu-
tions for the two free bodies of bulge-diaphragm and
piezoelectric beam were obtained. Also, the numerical
solution by ANSYS is obtained to verify the analytical
result. Besides, the whole-model solution coupling the
bulge-diaphragm and piezoelectric beam together was
obtained by ANSYS to compare with the result of free-
body analysis. In order to estimate the maximum actu-
ating force and deflection of the shear mode piezoelec-
tric actuator, the piezoelectric characteristic curve is ob-
tained in the free-body analysis, which presents the de-
creasing tendency of the central deflection with the in-
crease of anti-deflection (or reaction) force under cer-
tain actuating voltage. Also, the diaphragm character-
istic curve is obtained showing the central deflection in
proportion to the action force. By combining both kinds
of curves, the actuated central deflection of the bulge-
diaphragm can be obtained under certain actuating volt-
age. Finally, both linear relations including diaphragm
central deflection in proportion to actuating voltage and
volume displacement in proportion to diaphragm central
deflection are obtained.

keyword: piezoelectric actuator, shear mode, droplet
ejector, simulation, inkjet printing.

1 Introduction

In the past decade, the most valuable application of mi-
crodroplet ejection technology is the inkjet printing on
paper. Recently, many emerging applications make mi-
crodroplet ejection technology more and more important,
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including direct writing of organic polymer solution for
lighting device of flat panel displays [Yang et al. (2000),
Hebner et al. (1998), Edwards et al. (2001)], photore-
sist on substrate [Percin et al. (2003)], solder bumps for
flip chip electrical packaging[Haynes et al. (1999)] or
solar cell metallization[Teng et al. (1998)], and biomed-
ical and chemical sample handling[Luginbuhl (1999)].
There are mostly two kinds of actuation principle for
droplet ejection technology, which are thermal bubble ac-
tuation [Keefe et al. (1994)] and piezoelectric actuation
[Sakai et al. (1993), Zhang (2004)]. The piezoelectric
actuation technique is favored if the ejecting fluid has
the need to avoid thermal load (e.g. organic polymer
solution). The droplet ejection by piezoelectric actua-
tion was invented by Sweet [Sweet (1971)]. Based on
the piezoelectric ceramics deformation mode, the piezo-
electric actuated inkjet technology is divided into four
main types including bend mode, push mode, squeeze
mode and shear mode. Except for the shear mode, the
polarization of piezoelectric actuator is parallel to ex-
ternal electrical field. However, in shear mode design,
the piezoelectric actuator is poled along the direction
perpendicular to applied electrical field. Fig.1 shows
the schematic drawings of the four types of piezoelec-
tric actuating modes for comparisons in inkjet technol-
ogy. All actuating modes are designed in order for the
same function of causing the volume change of pressure
chamber or flow channel and ejecting droplet from ori-
fice. For bend mode shown as Fig.1(a), the diaphragm
attached with piezoelectric plate is deflected inwardly
into the pressure chamber due to the extension difference
between two layers. For push mode shown as Fig.1(b),
the piezoelectric rod push the diaphragm by its extension
effect. For squeeze mode shown as Fig.1(c), the radi-
ally poled piezoelectric tube provided with electrodes on
its inner and outer surface is treated as pressure cham-
ber and its squeeze effect makes droplet ejection possi-
ble. The fourth deformation type by shear mode actuator
is known for Xaar-type inkjet head designed from Xaar
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Figure 1 : Schematic of four piezoelectric ceramics de-
formation mode used in ejector technology

company [Brumahl et al. (2002)]. The poled piezoelec-
tric plate is micromachined to form flow channel with the
channel walls possessing polarization along wall stand-
ing direction. External electrical field applied along wall
thickness direction is perpendicular to poled direction
and causes shear deformation of channel wall and the re-
sulting volume change of channel, showing in Fig.1(d).
In this study, we propose a novel design of shear mode
piezoelectric actuating module different from Xaar-type
actuator for droplet ejector or inkjet printer. The mod-
ule consists of a shear mode PZT actuator and vibration
plate with the feature of bulge-diaphragm shown in Fig.2.
The bulge-diaphragm means the structure including a di-
aphragm and two different-sized bulges piled up on the
diaphragm. The shear mode PZT actuator is glued on
and suspended between the top bulge and the surface of
vibration plate, and through the bulges the diaphragm is
deflected. Thus, the resulting sudden decrease of cham-
ber volume cause droplet to be expelled from the orifice.
Because the volume displacement of chamber plays a key
role of droplet ejection, the study aims at the analytical
and numerical solution for the deflection of the bulge-
diaphragm and the resulting volume displacement.

2 Design and analysis

The purpose of the present paper is to propose a novel de-
sign of the shear mode piezoelectric actuating module for
droplet ejector or inkjet printer. The bulge-diaphragm is
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Figure 2 : Schematic of microdroplet ejector actuated by
novel shear mode actuating module

deflected through the rigid bulges by piezoelectric actua-
tor. Its deformation including out-of-plane displacement
and swept volume is calculated by both analytical and nu-
merical method. Taking piezoelectric actuator and bulge-
diaphragm as a free body and introducing action/reaction
force at interface, each deflection as a function of action
or reaction force was obtained in analytical form or AN-
SYS numerical results. Since the reaction force restrains
the deflection of the actuator, a curve named piezoelec-
tric characteristic curve shows a decreasing tendency of
the central deflection with the increase of reaction force.
By the curve, the maximum output force and deflection
of actuator can be estimated. And, the other relation of
the bulge-diaphragm represented by diaphragm charac-
teristic curve show the increasing tendency of the cen-
tral deflection with the increase of action force. A detail
description about design and analysis is presented in fol-
lowing sections. Two kind of model treatment was used
to solve the problem including free-body and whole-
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Figure 3 : Free-body diagram in analytical or numerical analysis (dimension in mm)

Table 1 : Mechanical properties for numerical and analytical solution

PZT5H

Elastic stiffness (GPa) Piezoelectric parameters (emn,c/m2) (dmn,10-12m/V) 

Ec11
Ec12

Ec13
Ec33

Ec44
)( 3131 de )( 3333 de )( 1515 de

126 79.5 84.1 117 23 -6.5(-274) 23.3(593) 17.7(741) 

Ni

Elastic Modulus, E (GPa) Density,  (Kg/m3) Poison ratio, 

210 8800 0.31 

model treatment. Both analytical and numerical method
are used in free-body solution while the whole-model so-
lution just obtained by numerical method.

As shown in Fig.2 and Fig.3, the shear mode piezo-
electric actuator with beam shape processed by PZT5H
piezoceramics has the dimensions of 8×0.26×0.3mm.
And in top view it possesses two 0.26×1.35mm poled
zones separated by a middle non-poled zone with dimen-
sion of 0.26×0.3mm. Both poled zones are symmetri-
cally and oppositely poled in lateral or length direction
parallel to the plane of the plate. So, five zones were de-
fined including the middle and the two outer non-poled
zones and the two poled zones with symmetrically op-
posite poled directions. The vibration plate with the fea-
ture of two different sized bulges piled on the diaphragm
is manufactured by electroforming nickel process. The
thickness of bigger bottom bulge, say 60µm, is larger
than the 30µm thickness of the smaller top bulge. This
design is considered to be capable of improving the vol-

ume displacement. The piezoelectric actuator is glued
on and suspended between the top bulge and the surface
of vibration plate. The applied electric field perpendic-
ular to poled direction leads to shear effect, so that top
bulge is pushed to deflect the diaphragm causing volume
change of the pressure chamber.

To analyze the actuating force of the piezoelectric shear
effect, as the analysis domain shown in Fig.3, we
took two free bodies, piezoelectric beam and bulge-
diaphragm, by separating actuating module at the bond-
ing interface and introducing equal action and reaction
force to respective separated interface. Both numeri-
cal, by ANSYS, and analytical solutions for deflection of
each free body were analyzed at equilibrium static state.
And, all mechanical properties of both PZT5H piezo-
ceramics and nickel for analytical or numerical solution
were listed in Table1.

For the free body of piezoelectric beam, the piezoelec-
tric characteristic curve which shows the central deflec-
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Figure 4 : Whole-model diagram of numerical analysis (dimension in mm)

tion decreasing with anti-deflection force (i.e. reaction
force in free body) under certain actuating voltage was
obtained to estimate how much the maximum actuating
force and deflection were. For the free body of bulge-
diaphragm, the curve named diaphragm characteristic
curve for the central deflection in proportion to action
force was obtained for two cases of diaphragm thickness.
Putting both kinds of curves (i.e. piezoelectric character-
istic curve and diaphragm characteristic curve) together
and with the condition of equal central deflections, the
actuated central deflection was obtained under certain ac-
tuating voltage. Furthermore, it was observed that the
volume displacement is in proportion to central deflec-
tion and the relation was obtained in both analytical and
numerical analysis.

Besides free-body analysis, the whole model analy-
sis of actuating module, as the Fig.4 shown, coupling
piezoelectric actuator and bulge-diaphragm together, was
treated numerically by ANSYS. Again, the linear rela-
tion of the diaphragm central deflection versus volume
displacement corresponding to various actuating voltages
was obtained.

3 Model and solution

3.1 Analytical model

As shown in Fig.3, the region inside the dash line is
the analysis domain. The piezoelectric beam and bulge-
diaphragm are separated and treated as free body for
the analysis convenience. The shear mode piezoelectric

beam with two clamped edges boundary condition is sub-
jected to interfacial reaction force on the bonded region.
So its net deflection is the superposition of that induced
by piezoelectric shear effect and reaction force in the
static equilibrium state, and the approximate expression
is formulated. Also, the bulge-diaphragm is modeled as a
plate with two opposite clamped edges and two opposite
simply supported edges. Neglecting the fluid pressure in
the chamber, the bulge-diaphragm has only action force
acting on the bonded surface of bulge, and its analytical
deflection formula is obtained so the analytical volume
displacement can be calculated. Fig.5 shows the analyti-
cal result of diaphragm deflection by MATLAB code for
which the formula is obtained and stated below.

3.2 Analytical solution of the diaphragm

From the governing equation for the deflection of
isotropic plate, shown as Eq.(1), and boundary condi-
tion, shown as Eq.(2), by L′evy’s method [Timoshenko
et al. (1959)] we obtain the approximate analytical for-
mula for the deflection of the diaphragm with uniformly
distributed load, q=F/uv over the bulge region, shown as
Eq.(3). The seven constants in the formula are expressed
by Eq.(3a) to Eq.(3g), in which the values of notations
αm and γm are calculated by Eq.(3h) and Eq.(3i).

3.3 Piezoelectric beam solution

As mentioned previously in analytical model, the free
body of shear mode piezoelectric beam is modeled with
two clamped edges and reaction force acting on the
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bonded region. So, its net deflection, Wp, is obtained by
superposing reaction force induced anti-deflection, W f ,
and the electrically induced deflection, We. And, each
approximate analytical solution are derived and showed
in Eq.(4) to Eq.(6).
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3.4 Numerical model

In addition to analytical solution of free body, its corre-
sponding numerical solution utilizing commercial finite
element code, namely ANSYS, is obtained. The numeri-
cal analysis domain and boundary conditions is the same
as that described in analytical model. The electrical-
structure coupling element, say Solid5, is used to model
the piezoelectric effect. All kinds of data extracted from
analytical results are also obtained from the numerical
results. Fig.3(b) shows the representative of finite ele-
ment mesh and result for free-body numerical analysis.
Besides the free-body analysis, the whole-model includ-
ing piezoelectric beam actuator and bulge-diaphragm is
created and coupled together numerically. And, the actu-
ating deflection from the whole-model numerical results
can be compared with that from the free-body analysis
results. Fig.4(b) shows the representative of finite ele-
ment mesh and result for whole-model numerical analy-
sis.
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Figure 5 : Analytical result of diaphragm deflection

4 Results and discussions

Fig.6 shows both diaphragm characteristic curves and
piezoelectric characteristic curves. The piezoelectric
characteristic curves show the central deflection of the
actuator decreasing with anti-deflection force (i.e. reac-
tion force in free body) coming from the superposition of
piezoelectric shear effect and reaction force. The deflec-
tion induced by piezoelectric shear effect mainly depends
on shear piezoelectric coefficient, d15, and the actuating
voltage. And, the electrically induced deflection will be
restrained by reaction force, so the deflection decreases
with the increase of reaction force. In the figure, both
analytical and numerical results are shown for compari-
son and they just appear a little difference in agreement.
Thus, from these piezoelectric characteristic curves, we
can obtain the maximum central deflection and estimate
actuating force of shear mode piezoelectric actuator un-
der certain actuating voltage. When the reaction force in-
creases to some extent, it is also observed that the piezo-
electric beam has buckling phenomenon, also shown in
Fig.6.

For diaphragm characteristic curves showing action
force dependent central deflection, there are two cases
of curves corresponding to two thicknesses of 5µm and
10µm respectively. Both show a great agreement be-
tween numerical and analytical results. Combining di-
aphragm characteristic curves with piezoelectric char-
acteristic curves, the intersection indicates the solution
of actuated central deflection of the bulge-diaphragm
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Figure 6 : Relation of central deflection versus ac-
tion/reaction force in free-body analysis

and action/reaction force at the bonded interface in the
equilibrium state under the certain couple of diaphragm
thickness and actuating voltage. It is observed that the
actuated central deflection of the bulge-diaphragm de-
creases with the increase of diaphragm thickness. Also,
it is also observed that the actuated central deflection
of the bulge-diaphragm approach to the central deflec-
tion of piezoelectric beam induced purely by piezoelec-
tric shear effect as the diaphragm get thinner. In other
words, as the diaphragm gets thinner, say 5µm, the ac-
tion/reaction force become smaller and the central de-
flection of piezoelectric actuator caused by piezoelectric
shear effect dominates mostly the central deflection of
the bulge-diaphragm.

Fig.7 shows the relation of actuated central deflection in
proportion to actuating voltage for the bulge-diaphragm,
where the data for fitting the solid curves are extracted
from the intersections of piezoelectric characteristic
curves and diaphragm characteristic curves shown in
fig.6 by free-body numerical and analytical analysis;
while the data for fitting dash lines are extracted from
whole-model numerical analysis. It is observed that
the numerical and analytical result in free-body analy-
sis coincide very well except for a little discrepancy of
the 10µm case. Moreover, some difference exists for
the comparison between free-body analysis and whole-
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Figure 7 : Relation of actuated central deflection versus
actuating voltage for diaphragm

model numerical analysis. It can be explained that the
rigidity of model in free-body analysis is reduced com-
paring with that in whole-model analysis. Fig.8 shows
the relation of volume displacement in proportion to ac-
tuated central deflection of the bulge-diaphragm. The
solid curves are obtained from free-body numerical or
analytical analysis while the dash curves come from
whole- model numerical analysis. And, the curve-fitting
function is also shown in the figure. Together with the fit-
ting function shown in Fig.7, the volume displacement in
proportion to actuating voltage can be calculated. Taking
diaphragm thickness of 5µm for example, one have the
relation of Vd = 0.00068 Vt by whole-model numerical
analysis so that the volume displacement is expected to
be 5.44×10−14m3 under actuating voltage of 80volt. For
the droplet with 40 µm in diameter, this volume displace-
ment of pressure chamber is supposed to be enough to
eject it from the orifice.

5 Conclusion

1. A novel design of shear mode piezoelectric actuat-
ing module used for microdroplet ejector or inkjet
printhead is proposed. Through numerical and ana-
lytical analysis, it is believed that the design could
eject microdroplet of 40 µm in diameter.
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2. The piezoelectric characteristic curve for shear
mode piezoelectric actuator, showing the central de-
flection decreasing with anti-deflection force under
certain actuating voltage, was obtained to estimate
how much the maximum actuating force and deflec-
tion were.

3. Both linear relations including diaphragm central
deflection in proportion to actuating voltage and
volume displacement in proportion to diaphragm
central deflection are obtained.

4. Through the analysis, the diaphragm deflection and
resulting swept volume change was predicted un-
der certain actuating voltage. And, the effect of di-
aphragm thickness on chamber volume change was
studied in this work.

5. All results obtained by analytical analysis are com-
pared with those obtained by ANSYS numerical
analysis, appearing well agreement.
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