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1. Introduction

During the past few years, optical data recording
devices are widely used by the developments of various
information devices. Recent trends in optical disk drives
are the development of small form factor ODDs for
mobile devices, the spread of various rewritable DVD
disk drives and the advent of BD/AOD drives, new high
density ODDs which can store a HDTV movie.

The demand of slim-type optical disk drives has been
dramatically increased for growing notebook market.
Recently, small form factor (SFF) ODDs have been
studied by several drive companies. The disk size would
be similar to that of a IBM microdrive in HDD. The
demand for size reduction in both the slim-type and SFF

ODDs will be one of the most critical issues to overcome.

Piezoelectric actuators are considered as alternative
to replace the conventional optical pick-up for small size
ODDs. PZT materials show the fast response, easy
miniaturization, good dynamic performance, however the
low resultant force and displacement for high input

voltages would prevent the application to ODD actuators,

In this paper, we propose a small size pick-up actuator
using a bimorph multi-layer PZT for the application of
slim and small form factor ODDs. A theoretical model,
including dynamics of multi-layer PZT is derived and it
is analytically solved to predict the natural frequency and
the resultant force and displacement of the PZT actuator.
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A flexure hinge mechanism is used as displacement
amplifier to extend the allowable stroke. The prototype
of proposed model was manufactured using commercial
bimorph PZTs. Experimental results agrees well with the
analytical predictions. Based on the theoretical analysis
and the preliminary experiments, we propose a final
model for a new PZT pick-up actuator with 2.5-mm
height, which can be applicable to small form factor
optical disk drives.

2. Modeling of the bimorph multi-layer
PZT actuator

Piezoelectric actuators usually take two kinds of PZT
configurations, either stacked or bimorph. The stacked
piezoelectric actuators with a simple structure generate a
large force output. However, they require high voltages
to operate and do not have a small displacement stroke.
Therefore, bimorph piezoelectric actuators are used in
the cases where large displacements and low applied
voltage are needed,

The bimorph type actuator can operate by low
voltages, but the resultant force generated at the edge of
the actuator beam is not enough. It also has a
shortcoming of low mnatural frequency. The PZT
actuators with several bimorph layers can enlarge both
the output force and the natural frequency, even though
driving voltages are increased. Design variables
associated with the PZT actuators should be properly
selected for optimal performance. Thus, in this section,
we consider the theoretical modeling and analysis for the
multi-layer bimorph bending PZT actuator.
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2.1 Static analysis of the bimorph PZT actuator

In general, a bimorph PZT actuator is bonded to the
top and bottom surfaces of the structures and it is driven
by voltages of the opposite polarity. Therefore, when one
is expanded, the other is contracted. As shown in Fig. 1,
the electrode and substrate layers exist between two

adjacent PZT layers. ¢,,,. and ¢, are the thickness

stru

of the piezoelectric and connection layers, respectively.
b is the layer width. Usually a bimorph PZT multi-layer
has a symmetry structure in the x direction. We suppose
that the total thickness of the PZT actuator is small
enough for slander beam analysis where only the strain
(£,,7) of x direction exists.

Y
width : b
1
-
n >Epzr )M 4y
- -
i
H 1
-
2 —*&pzy )M rar_2
—
-
IFZT + 1 ::spzr ) MFZI’_I
Lot — X
-—
-—

Fig. 1 Configuration of a multi-layer PZT bimorph
bending beam actuator

The constituent equation of a piezoelectric material is
expressed as

S=s,T+dE
D=dT +&.E

M

Here S is the compliance at E=0 and &, is the relative
dielectric at 7=0) Also, if the thickness of a PZT layer is
smaller than that of all the layers, the electric field
impressed inside the PZT layer can be also approximated
as

Vi 2

tPZT

Eppr =dy,

Here d; is the PZT coupling, ¥, is the applied

voltage, and ¢ is the layer thickness. In this analysis, we
take the following assumptions: (a) beam is modeled as

slander beam with pure bending, (b) xz plane is the plane
of symmetry, (c) xp plane is the neutral surface, (d) plane
sections remain the same plane Y =Va=0 > (e)

equilibrium requires that the resultant of the stress
distribution over the cross section of the beam should
equal the bending moment M .,

ZM fzo’ dA=M,

The PZT elements are bonded to or embedded in a
passive base structure. Here we consider one
dimensional beam structure attached to the PZT. In each
structure, we assume that the stacked beam is perfectly
bonded so that the linear motion is generated at the
interface. Then we can apply the conventional
assumptions on stress and strain distributions to this
analysis.

2.1  Analysis of bimorph three-layer PZT actuator

The strain that produces stress in the PZT is the
superposition of the PZT strain (free strain, &, ) and
the bending strain (g, ). The PZT elements exert a
distributed moment on the beam. Here we find a relation
between the moment per unit length and the free strain.
The strain equation at the joint of the PZT and
connection layers is expressed as
sru_i ~ Epzr (3)
Here the subscript i indicates the i-th layer. The

moments about the neutral axis due to the resultant stress
must balance such as

& =&

act _i

' o,,badz=0 » 4

any + e
f o, bzdz+ I

o X (5)

Substitution of Egs. (3) and (5) into Eq. (4) gives

U:Iruj = Kaacl_i ? (6)
where K= =3 stru ace (Ztnru +tacl) ’ER - Eacl (7)
2( stru +E tacl )+3E t:/ru act stru

The Hooke's law gives the following the stress-strain
relations

= E = Eaci (gstm _i - EPZT) (8)

stru _i stru axtru_x 3 aact_n

And the following expression is given by {1]

~KE, ©
Eoru i = 1-KE, Epzr

The moment M that is generated by the PZT layer, is
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represented as
2
M=M, =§M,m, (10)

Here, M _ is the moment that interacts in beam. The

act
integration of stress over the sectional area of beam,
gives

.2 (11)

i

M, =20, buz=bt,,

Using Eq. (11), the moment may be induced as
following.

bt:lru stru iE.R_ d}l L B ( 1 2)
3 1-KE, .,

By Eq. (12), the maximum deflection at the edge of
beam can be obtained when voltage is applied to the
symmetric three (PZT-substrate-PZT) layers.

2.2 Analysis of bimorph multi-layer PZT actuator

If PZT is stacked to several layers, Eq. (12) is not
valid because the moment is generated at each PZT layer.
The total moment generated in the stacked beam

structure can be calculated by the fact that strain (&£p,7)

of each PZT layer is constant. First of all, we assume
o,=0,=1,=0- The nonzero stress component is

o =-EZ (13)
P

We apply the pure bending equation of the slander beam
to a multi-layer bimorph PZT bending actuator. The
equal strain condition at each PZT layer gives

Vi (14)

rzr

Epzr = Ay

By Eq. (14), we get the equation of a pure bending
moment as following.

Mrzr=‘E‘Iy2dA’ (15)
P

where p= £ _ _Z%_.Therefore, the moment is
£, Eppr

x

d,V,
Mz = Epgr ez J-ZdA =Epsr :l = JZdA (16)

4 PZT 4

Using Eq. (16), the moment by the #-th PZT layer is

l
{pzr + i pzr

4V b zdz 17y

pzr 21,,,,,4»21,,"

M

PZT_n = Eppr

Finally, the total moment in the stacked beam becomes

: d V stru Kl pzr
ZMPZT_I: = Eppr :l b 11 ) zdz » (18)
k=1

PzT 3 Lo + (k=) ppr

where

~ 1,‘,,+(k Wezr z
slru o 5’"‘) +2bz(gz s 1)’Pzr (19)
PZT = sz( E

Voru ¥Rl pzr
Ly
k=1 2

(k= pzr

Because of symmetry of the laminated beam, the
resultant moment is

M=2)"M,, , (20
k=1

We use the Euler beam equation to obtain the maximum
transverse deflection of beam, and then, The governing
equation of the static beam is

M(x)= EI w(x) (21)

For a cantilever beam, the force required to make the
beam produce a transverse displacement,§ is given by

[2]

3Epyrlppr +E

Fb L3 stru slru) 5 (22)

2.3  Dynamic analysis

To understand the dynamic properties of the multi-
layer bimorph PZT actuator, we do the dynamic analysis
about the PZT model. However, the PZT actuator has
aperiodic non-linear property in general. We approximate
the motion using a Euler beam model. After forced
response analysis of a cantilever Euler beam, we get the
following reponse

W)= S Ay, (e @3)
a=|

Here the modes y (r), the coefficients 4,and the

frequency-dependent amplitude are determined as
A T
" sinB,L-sinh g L
y,(x)=(sin B,L—sinh # L)(sin §,x-sinh §,x)
+{cos B,L—cosh B,L)cos B,x—cosh §,x)
M AV,

—2—""—[(/7,.( D 9,(x,))

Fn=- s
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3. Optimal Design of PZT Actuator and
Experiments

3.1 Comparison with the theory, ANSYS analysis
and experiment

When the PZT actuator is designed, some important
parameters to be verified are the maximum displacement,
the resultant force, and the mode frequency. In order to
verify the validity of the analytical results for these
parameters derived in above section, it is compared with
ANSYS simulation and experimental results. Fig. 2
shows the schematic of experimental setup. The
displacement is measured using the MTI-2000, The
Fotonic sensor with the sensitivity of 0.02 jon/mV . In

experiments, a commercial bimorph multi-layer PZT is
used. The properties of PZT are shown in Table 1.

AC power
Pl supply

MTI-2000
Fotonic sensor

ch3 | ch1, ch2

L{ dsp Siglab }————> |

Fig. 2 Experimental setup for bimorph multilayer PZT
actuator and displacement amplifier

Table 1 Properties of PZT material

Property Values Unit
Density 7.9x10° kg I m’
Dielectric constant 3000
Coupling factor 0.62
d31 charge constant —-240x107" mlV
Young’s modulus 50x10° Pa

The size of the PZT actuator is 16x6x0.48 mm. The
material is composed of PbO (66%), ZrO, (21%), and
TiO, (11%). Layer numbers is 20, and each layer
thickness is 20 zan, Electrode material is Ag-Pd, and the
thickness of the cover layer is 40 zm. Fig. 3 represents
the hysteretic curve of the PZT actuator for periodic
input between -10V ~ 10V. The maximum displacement
is measured as about 37 zom. Fig. 4 shows the impulse
response plot. The fundamental natural frequency of PZT
actuator shown in Fig. 5 is about 20 kHz bandwidth. The

PZT actuator is also analyzed by ANSYS, a commercial
FEM program. The following three properties; the
compliance, PZT coupling, and the relative permittivity
are used in the simulation. The simulation result is
shown in Fig. 6. The theoretical results by Euler or
Timoshenko beam theory, ANSYS results and
experimental results are summarized in Table 2.
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Fig. 3 Hysteresis of PZT actuator
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Fig. 4 Impulse spectrum graph of PZT actuator
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The experimental value is lower than theoretical and
ANSYS results. Since the theoretical predictions agree
well with experimental results, they can be used as a
design guideline for the PZT actuator. The multi-layer
type gives the better performance in every aspect,
compared with the three-layer (PZT-electrode-PZT) type.
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Fig. 6 Static analysis of PZT displacement by ANSYS
Table 2 Experimental/Analytical results

Experimental Theory T:r::
V=10~-10 | Experiment Equation | ANSYS (Euler/ (sayme
by company Timoshenko size)
Displ. 36.96 38.541 42.95 43.088 4.854
[Hmj| ~-3696 ~-38.541 ’ ~ 43,088 | ~-4.854
F E’I\'Ge 02178 | 02422 | 02475 0.0248
1% mode 913.91 861.06
[Hz] 750 750 ’ 882.93 831.92
nd 4
27mode| o0 o _ . 5727..; 5396.6
[Hz] 46646 43948
rd
Fmode | o, _ . 1604? 15112
[Hz] 13872 13070

3.2 Optimal design of multi-layer PZT

In this section, the main design parameters such as the
maximum stroke, output force, and natural frequency are
optimally designed using the analytical approach.

Figures 7-9 show the profiles of the displacement,

i
g

&
=)

*Maximum force
2 8

; V“?Yel‘ﬂul#b S
Fig. 7 Max1mum force with 1ncreasmg layer number
(total thickness is constant)

,dav
”¥

-766-

force, and natural frequency at the tip position when the
total thickness is constant. Here, the total thickness is the
summation of PZT, electrode, and cover layers, which
are 400, 40 and 40 zgm, respectively. This size is the

same as the multi-layer actuator used in previous
analysis. Maximum force and displacement increase
linearly with the layer number. Figures 10-11 represent
the variations of vertical displacement and the resultant
force as the layer number is increased. Contrary to the
previous case where the total thickness is constant, the
vertical displacement is generally decreased and the
force is increased with increasing layers, if each layer

(<]
o

onfum
Q

w
=]
i

i
=]

Maximum deflecti
[=3

o=

2 10

Layer number
Fig. 8 Maximum force with increasing layer number
(total thickness is constant)

-8
0

guencyliz)
g 3-8

o8
o
o

‘Natural fre
e
o

83 3 10

Layer numeber

Flg 9 Natural frequency with increasing layer number
(total thickness is constant)

8 1o
Layer number :
Flg 10 Maximum displacement with increasing layer

number



N
oy
e
1
1

Z.

F200 1

]

5150, :

w

5100

E

3 sol

= |
; SR 10

% : 2 La;er Nun?ber 8
Fig. 11 Maximum resultant force with increasing layer

number
has the same thickness. However, as shown in Fig. 10,
when the vertical displacement is increased from one to 3
layers, and there exists a maximum stroke at a specific
layer number. Our target is to design a slim PZT actuator
with a large displacement stroke. The existence of the
maximum displacement can be used for the optimal
selection of layer number with a proper resultant force.
We can determine the layer number and the thickness of
PZT using above profiles to meet the target performance.

4. Analysis of a flexure hinge
mechanism for PZT displacement
amplifier

4.1  Basic design of the flexure hinge mechanism

The flexure hinges are widely used for systems
requiring  one-piece  (monolithic)  manufacturing.
Applications include accelerometers, gyroscopes, micro-
positioning  translation  stages, motion guides,
piezoelectric actuator/motors, high accuracy alignment
devices for optical fibers, missile-control devices,
displacement amplifiers, scanning tunneling microscopes,
high-precision cameras, robotic micro-displacement
mechanisms, antennas and valves.

Functionally, an ideal flexure hinge permits the
relative rotation of the rigid adjoining members, while
prohibiting any other types of motion. A typical flexure
hinge consists of one or two cutouts that are machined in
a blank material [3]. Fig. 12 shows the geometry of a
typical right circular hinge.

The flexure hinges are modeled and analyzed as Euler-
bernoulli beams, which are subjected to bending
produced by forces and moments. The relationship
between displacement and loading at the free end 1 has
the following form if normal forces at the free end 1 are

Z€10.
6. le, 0 M, (24)
9, o ey M,

(©)
Fig. 12 Design of a right circular hinge

And the rotation angles are formulated by using
Castigliano’s second theorem. :

LI (25)
oM,

T oM

N

where the elastic strain energy comprises bending,

2 2
U, 1 IM—dx , U, 1 j.idx (26)
t 24 El Y246y

The compliance factors of equation (24) are expressed as

=1 -1, (27)
“CEEer 2T Gl

where ; L 1 0 ol g (28)
Y12 jt(x)3 e '[t(x)’

In the case of right circular flexure hinges, the following
things are satisfied,

L, #(x)=2R+t-[x(2R - )P (29)
2. ¢c=a=R
3.p=l_

2c

Equation (29) is combined with Equations (27) and (28)
to formulate the compliance equations for the circular
flexure hinge, namely

_ 12 1 r3+4ﬂ+2ﬂz A+ B) a ]2+ﬁ
c”_-——z 7L + tan
Eb’ 2+ B 20+p) Jpa+p \ B
1 I 34484287 3+B) . f2+ﬂ 30)
L7 Ry 7L tan™ J—=
Ebi* 2+ B 20+B)  JB2+p) B
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4.2  Experiments of stroke amplifier mode]

In this paper, a hinge model is designed to use a
torsion elastic deformation.(Fig. 13) The displacement
amplifier displacement by this mechanism is determined
by the ratio between the PZT displacement L, and the

amplified stroke [, . Here, a right circular hinge

structure is adapted, because it shows a better
performance than other types of hinges from a standpoint
of precision.

The ratio of the displacement amplifier is analytically
predicted to have 1/4.92. Fig. 13 shows the experimental
setup to measure the flexure hinge mechanism of the
stoke amplifier. As shown in Fig. 14, 15, the stroke ratio
is measured about 1/4.5 experimentally, and it is
observed that frequencies of vibration modes are slightly
diminished. To decrease the discrepancy between the
analytical and experimental result about the stroke ratio,
we should consider two design factors. The first factor is
that the flexural rigidity of a connection beam should be

Fig. 13 flexure hinge mechanism of PZT displacement
amplifier
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Fig. 14 Amplified motion of flexure hinge by experiment
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very high. And the second one to be considered is that
output force at the edgy of PZT actuator should be large
enough to deform the flexure hinge elastically in the
torsional motion.

5. Application to a pick-up actuator

Because the PZT material has a high resolution and
fast response, it can be applied to an optical pick-up
actuator if it is combined with a flexure hinge to extend
its maximum stoke. Based on the theoretical analysis and
experimental verification carried out in the paper, we
plan to propose and manufacture a slim-type PZT
actuator. Fig. 3 shows one of the proposed models,
where the moving range is + 400 um at 15V and the first
natural frequency is 750 Hz. The PZT width of the
suggested model is decreased to 2.5 mm (Table 3). Thus,
in this case, the total thickness of a new PZT pick-up
actuator is about 3 mm. The model will be
experimentally verified in the future. The new slim
actuator model would be an alternative of current optical
pick-up actuators, because of a large stroke and fast
response.

Fig. 16 Final design of a micro ODD actuator
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Table 3 Comparisons of displacement, force, natural mode

for two width types: 6 mm and 2.5mm

2.5mm 6mm

(10 layer) (10 layer)
Displacement{ £ m] 43,088 43.088
Force [mN] 123.75 247.5
Natural frequency [Hz] 624.36 882.98

6. Conclusions

In this paper, we propose a small size pick-up actuator
using a bimorph multi-layer PZT for the application of
slim and small form factor ODDs. A theoretical model of
a cantilever stacked beam including dynamics of the
bimorph multi-layer PZT is derived and it is analytically
solved to predict the natural frequency and the resultant
force and displacement of the PZT actuator. A flexure
hinge mechanism is used as displacement amplifier to
extend the allowable stroke. The prototype of proposed
model was manufactured using commercial bimorph
PZTs. Experimental results agrees well with the
analytical predictions. The stroke amplification ratio is
measured at 4.5 in experiments. Based on the theoretical
analysis and the preliminary experiments, we propose a
final model for a new PZT pick-up actuator with a 2.5-
mm height, which can be applicable to small form factor
optical disk drives.
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