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Abstract

A novel three degree-of-freedom microactuator based on thin-film lead-zirconate-titanate
(PZT) is described with its detailed structural model. Its central rectangular-shaped mirror
platform, also referred to as the stage, is actuated by four symmetric PZT bending legs such
that each leg provides vertical translation for one corner of the stage. It has been developed

to support real-time in vivo vertical cross-sectional imaging with a dual axes confocal
endomicroscope for early cancer detection, having large displacements in three axes (z, Oy, 0y)
and a relatively high bandwidth in the z-axis direction. Prototype microactuators closely meet
the performance requirements for this application; in the out-of-plane (z-axis) direction, it has
shown more than 177 um of displacement and about 84 Hz of structural natural frequency,
when two diagonal legs are actuated at 14V. With all four legs, another prototype of the same
design with lighter stage mass has achieved more than 430 um of out-of-plane displacement
at 15V and about 200 Hz of bandwidth. The former design has shown approximately 6.4° and
2.9° of stage tilting about the x-axis and y-axis, respectively, at 14V. This paper also presents
a modeling technique that uses experimental data to account for the effects of fabrication
uncertainties in residual stress and structural dimensions. The presented model predicts the
static motion of the stage within an average absolute error of 14.6 um, which approaches

the desired imaging resolution, 5 um, and also reasonably anticipates the structural dynamic
behavior of the stage. The refined model will support development of a future trajectory
tracking controller for the system.

Keywords: piezoelectric actuator, multi-axis microactuator, microactuator modeling, PZT,
endomicroscopy

(Some figures may appear in colour only in the online journal)

1. Introduction For example, to achieve accurate and early detection of cancer

in the digestive tract, it is critical to develop a technique to
While engineering advances have enabled many break- rapidly visualize morphological changes in optically thick
throughs in the field of biomedical imaging, novel methods tissue in vivo [1]. In particular, it is useful to obtain vertical
of endoscopic detection and diagnosis are still in great need.  cross-sectional images of tissue, comparable to those that
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are typically used by pathologists for disease diagnosis. One
novel optical imaging technique that can be used to achieve
optical sectioning in high resolution for this task is dual axes
confocal microscopy [1-5].

To develop an endomicroscopic system for the dual axes
confocal architecture, an actuator that can move a lens or
mirror surface in the tissue depth direction (axial or z-axis
scanning) at a relatively fast speed is necessary. A large out-
of-plane displacement of about 500 um is needed to acquire
greater biological details from the cells up to 500 um below
the inner surface of hollow organs [1]. A minimum bandwidth
of 10 Hz in the out-of-plane direction is also required to avoid
motion artifacts caused by heartbeats, organ peristalsis, and
respiratory displacement [1]. In addition, a relatively large
static tilt angle can be very useful in guiding tissue biopsy,
and also for adjusting for optical misalignments in very small
instruments. For endoscope compatibility, the actuator needs
to have a footprint less than S mm in diameter.

Microelectromechanical systems (MEMS) technology has
allowed for rapid development of scanning micro-mirrors
for various optical applications. MEMS researchers have
achieved very large rotational motion (>30°) about one [6—8]
or two axes [9-10], but it is still challenging to produce large
vertical translational actuation (>400um), let alone with
additional degrees of freedom. Additionally, many common
MEMS transduction mechanisms have intrinsic limitations
for the application of vertical cross-sectional imaging using
a dual axes confocal endomicroscope. For example, elec-
trostatic actuators have fast scanning speed and low power
consumption, but usually their voltage requirement is high
(>100V), which is not desirable for an in vivo imaging device,
even when producing small displacements (<100um) [6, 11].
Although electromagnetic actuators have produced 9° of
angle or more, their out-of-plane displacements are small
(<50um) [12-14].Electrothermal actuators can produce large
displacements at a low voltage, e.g. 480 um in the z-axis and
30° about the x and y axes at 8V as reported in [9], but their
high power consumption (>100mW) increases the device tem-
perature (>200°C), which can be undesirable in in vivo endos-
copy [15]. Also, their relatively large thermal time constant
limits scanning speed.

Piezoelectric actuators can overcome many of the afore-
mentioned limitations of other types of actuators with their
low voltage and power requirements, minimal heat dissipa-
tion, and large work density. Piezoelectric actuators with the
desired degrees-of-freedom have been previously developed,
but so far they have been intended for other types of endo-
scopic imaging and have consequently not targeted sufficiently
large vertical translation for dual axes confocal microscopy,
although they produced large angular displacements (~10° or
even larger than 30°) [7-8, 17-18]. In addition, prior works on
this class of piezoelectric actuator have only included limited
mechanical modeling because either only individual actuation
elements were analyzed for design purposes or the actuators
have small degrees of freedom.

The three degree-of-freedom microactuator based on
thin-film lead-zirconate-titanate (PZT) that is presented in
this paper utilizes many of the advantages of piezoelectric

materials to produce large enough vertical and angular dis-
placements and high enough bandwidth to support early
staging of cancer using a dual axes confocal endomicroscope.
Compared to previous work [7-8, 17-18], PZT’s large work
density was targeted primarily to generate large out-of-plane
displacement by removing the substrate silicon underneath
the PZT film using a fabrication process reported in [19].

Detailed evaluation of such an actuator’s mechanical model
in this paper is important for understanding non-ideal outcomes
after actuator fabrication. Using MEMS fabrication tech-
nology, it is very difficult to fabricate actuators such that they
generate motions exactly as designed. As will be seen, motion
is very sensitive to small perturbations in the dimensions of
individual actuation elements in the actuators developed in
this work, where large vertical displacement is aggressively
sought. In other MEMS applications, robust controllers have
been proposed, which are usually implemented on a simpli-
fied actuator model to regulate their motion [20-22]. While a
robust controller with a simplified model is sufficient in some
cases, there is a nearly direct trade-off between controller per-
formance and the amount of uncertainty in the actuator model.

Modeling of a single beam within the actuation legs in this
work has been reported before [23], while other similar multi-
axis microactuators have to date been modeled using lumped
parameter and finite element analysis (FEA) for design pur-
poses [9-10, 16, 24]. However, a complete structural model
for an actuator with folded leg design to describe large ver-
tical (z-axis) and rotational (about x and y axes) motion
including multi-axis coupling effects has not been developed.
Furthermore, previously presented models have not accounted
for fabrication uncertainties such as residual stress or dimen-
sional variances of the structure. The combination of param-
eter variation with multiple leg operation will be seen to be
important for understanding the actuators’ displacements.

In this paper, in addition to the design and performance
of the proposed actuator, a modeling technique that incorpo-
rates the effects of residual stress and dimensional variation of
the structures from static motion measurements is introduced.
The concept of this modeling technique can be also applied
to other common types of MEMS actuators to obtain a more
accurate analytic model. The approach to actuator design,
testing, and model refinement is presented in figure 2.

Among MEMS devices, the most similar prior study to this
present model identification quantified the effects of unknown
factors existing in fabricated pressure sensor test structures,
where measurements of dynamic behavior of the system
were used in conjunction with an FEA model to find effective
system parameters [25].

2. Actuator design and static modeling

2.1. Actuator geometry and working principle

As shown in figure 1, the multi-axis actuator is designed to
have a central scanning stage, on which a scanning mirror or
lens may be incorporated. Each corner of the stage is sup-
ported by a leg, which consists of four symmetric PZT uni-
morphs connected in a serpentine pattern. Each four-unimorph
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Figure 1. Scanning electron microscope image of a prototype
scanning stage with notation labelled for beams and legs, where
Beam 4 for each leg is the closest beam to the stage.

leg produces out-of-plane motion and can be actuated inde-
pendently from the other legs, which allows the stage to have
motion in three directions. When all four legs or two diagonal
legs are actuated, the stage moves vertically (z direction). When
two adjacent legs are actuated, the stage tilts about the x-axis (6
direction) or about the y-axis (¢ direction). Because thin-film
piezoelectrics operate in contraction except for a small range
of negative voltages and are sensitive to re-poling if voltage
directions are reversed, tilting motion using differential volt-
ages between pairs of legs is not generally advantageous.

Showing one of the four unimorphs of a leg, figure 3 illus-
trates the working principle of the actuator. The active layer of
the unimorph is made of thin-film PZT. In this design, where
the unimorph beam is partially coated with gold, the contrac-
tion of the PZT film in its length direction is used to produce a
vertical stroke when an electric field is applied across the PZT
film. The presence of the additional gold layer shifts the neutral
bending axis to above the mid-plane of the PZT layer, whereas
without the gold layer the mid-plane of the PZT layer is below
the neutral axis, causing the full beam to bend in an S-shape.

To increase the displacement, four symmetric beams are
arranged in series, forming a folded-leg geometry. An even
number of beams has been used to eliminate possible lateral
shift (in the x-y plane) or bending (about the x-axis) of the
stage in the existence of residual stress because some lateral
motion is generated at the tip of each beam. The presence of
the bottom SiO, layer—the buried SiO, layer of a silicon-on-
insulator (SOI) wafer—in figure 3 is due to a limitation of the
current fabrication process, where the silicon layer underneath
the PZT is removed in the last step. However, this process
allows the legs to have greater compliance and thus robustness
during fabrication, compared to etching the buried SiO, and
silicon layers underneath the PZT by a backside etch before
releasing the device.

2.2. Static modeling for design

In order to achieve the required performance of the actuator in
the limited footprint available, design trade-offs were identi-
fied, initially through a static model of the stage described in
this section.

‘ Design with structural model ‘
\

‘ Fabrication ‘
\

‘ Testing ‘

v

Model expansion

to incorporate fabrication uncertainties

‘ Parameter identification ‘

3

‘ Refined model ‘

Figure 2. Schematic methodology for model development.

Upward ~ Downward  Thin_film PZT with electrodes
Bending Bending
Segment Segment

(Not drawn to scale)

Figure 3. Schematic drawing of a beam, showing how two segments
bend in different direction upon voltage application.

2.2.1. Modeling of thin-fim PZT unimorph. First, the deflec-
tion of Beam 1, the furthest beam from the stage in a given leg
as labelled in figure 1, has been analyzed as shown in figure 4.
The figure shows an external force (F), bending moment (M),
and torsion (7)) acting on the beam, which were assumed to have
effect at its tip, as well as bending moments generated by PZT
contraction (Myp, Mpy) and residual stress (Mg yp, Mg py) On
each segment. Compressive residual stress is developed during
the fabrication process as the films are sputtered or evaporated
and the actuator undergoes different high temperature processes.

The actuation moment from the PZT film is generated as
the force produced from the contraction of PZT does not act
on the neutral bending axis of each segment of the beam. One
way to approximate the PZT’s compressive stress is to use the
effective electro-active piezoelectric strain coefficient (d3; efr),
as follows [23]:

E
o1 ~ (— %d33+ d31] YpzrEs & dsi,off (V)YpzrEs  (2.1)
33
where sf and s£ are nominal (short circuit) compliances; ds;
and dj3;, piezoelectric coefficients; Ypz7, the nominal elastic
modulus; d3; ¢, effective electro-active piezoelectric strain
coefficient of the PZT; Ej3, the applied electric field. The effec-
tive electro-active piezoelectric strain coefficient is a function of
voltage, and includes nonlinear phenomena such as electrostric-
tion in addition to the combination of linear piezoelectric effects
as written in equation (2.1). This expression for the PZT’s
compressive stress can be used to find the actuation moment
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Figure 4. Free body diagram of a unimorph beam.

produced by the PZT film on each segment. The moment
causes respective segments of the beam to bend upwards, and
downwards, as described by the following equations.

\%
Myp=—d31 o5 (V) Yozr——Apzr (Tpzr—Zur)
pzr

(2.2)

\%4
Mpy = —ds1,5(V) Yezr——Apzr (Zon—Zpzr)
PZT

(2.3)

where tpzr, Apzr, Zpzr are the thickness, cross-sectional area,
and midline of the PZT layer, respectively. V is the applied
voltage across the PZT layer (Es=V/tpzr), and Zyp and Zpy are
the neutral axes of the respective composite segment.

Now the moment at a position y along the composite
beam shown in figure 4 can be expressed as the sum of all the
internal and external moments, with the zero reference for the
y coordinate being the fixed end:

Myp + Mg up+ (LUP+LDN—y)F+M
for (0<y<Lyp)
—Mpny +Mgpy+ (Lup+Lpn—Y)F+M
Jor (Lyp<y<Lyp+ Lpn)

M(y) = (2.4)

where Lyp and Lpy are the lengths of the portion of the beam
without and with the additional gold layer, respectively.
Meanwhile, the torsional displacement at the tip of the beam,
¢, due to the torsion, 7, at its tip can be expressed as follows:

(Lyp+Lpy)T _

(Gl . (2.5)

where (GJ)comp is the beam’s torsional rigidity.

The moment expressions in equation (2.4) can be inte-
grated and combined with equation (2.5) to obtain the twisting
and tilting angle (or slope) and deflection of a single beam at
the tip, given an initial tilting angle, ¢y, slope, 6y, and beam
deflection, zy as follows:

o _|T ~ NI Mg up
0 =Sext M +Sintd3l,eﬁ‘(v) V+P 90 +R

F Mg pn
Z 20

1= Nextf'i‘g;'ntdﬂ,eﬁ(v) V+PXo+RM 'x 2.6)
In equation (2.6), Sext corresponds to a compliance matrix for
the composite beam; S;,, a force-mapping matrix relating the
input voltage to the tip displacements; P, a geometric mapping

Z (Not drawn to scale)

Torsional
beam

e Au/Ti
Ee =9 PZT w/ electrodes
Si

E====SiO,

Figure 5. Free body diagram of a leg.

accounting for the contribution of its boundary (initial) posi-
tions to the tip of the beam; R, mapping from residual stress
to beam displacements. Each matrix is defined in Appendix A.

2.2.2. Modeling of PZT bending leg. Each leg consists of
four bending beams connected by silicon links (also referred
to as torsional beams) in a zigzag manner as shown in figure 5.
When all external forces, torsions, and moments acting on
a leg can be expressed as one effective force, torsion, and
moment at its tip, one can calculate the effect of the external
loading at the tip on each beam within the leg. It is assumed
that the three silicon links between the unimorphs can be only
twisted because of their high flexural rigidity (i.e. no bending
due to a force or moment). Then, since the displacement of
a single beam is expressed in terms of the contributions of
external forces, piezoelectric force, boundary positions, and
residual stress in equation (2.6), the displacement of a full leg
can be obtained by summing the displacement of each beam.
The residual moment on each segment is allowed to be differ-
ent from one another because when the sample actuators were
fabricated the deflection of each segment was observed to be
different, despite the footprint of the actuator being small.
Assuming perfect geometrical symmetry and homoge-
neous material properties among the four beams, the actuation
moment terms become identical (i.e. Myp; = Myp> = Myp;
= MUP4a MDNI = MDNZ = MDN3 = MDN4)' By calculating the
effects of the force, moment, and torsion at the tip of the leg
on each beam and adding the displacements of all the beams
together, the tip position of the leg can be written as follows:

Mg up;

¢ T 4
o' | =Sexr M.1 + Sind31,er (V) V + z RjI:MR,DNj] 2.7

Zl F' j=1
= extfi'i' SintdSI,eﬁ(V) V+ R]WR
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\)

Figure 6. Free body diagram of the stage. (Not drawn to scale.)

where the superscript i denotes the leg number (i=A, B, C, D)
and the subscript j the beam number (j = 1, 2, 3, 4), as defined
in figure 1. This result is the compilation of four individual
beams from equation (2.6), and similarly to equation (2.6),
the tip position of the leg is expressed in terms of the applied
external force, voltage, and each segment’s residual stress.
Matrices in equation (2.7) are defined in Appendix B.

2.2.3. Modeling of stage motion. To describe overall stage
motion now that the equation for leg displacements have been
obtained, the forces and moments acting on the stage as well
as reaction forces, moments, and torsions between the stage
and each leg need to be identified. In figure 6, which shows the
free body diagram of the stage, the reaction force, moment,
and torsion for each leg are represented as a vector, F; (the
subscript i = A, B, C, D indicates each leg), and the gravity
force is denoted by W. In the figure, the directions of the reac-
tion moment and torsion acting on each corner are the direc-
tions of the negative angles, opposite to the directions defined
in figure 7, because the counterpart moment and torsion are
defined to act on each leg in the positive angle directions. It
is assumed that residual stresses on the stage only affect its
initial deflections in two directions and that the effects of the
residual stresses can be expressed using effective moments,
M, and My, 4. Then, the equation of motion for the stage can
be written as the following.

Jy 0 0][d I 0
0 Jp 0| d]|= Z Pl M |+| ©
0 0 m]|lz]| i=aBcD Fi —mg (2.8)
:=JX =PFA+PIT P+ PFC+ PAFP =W
10 -2 1 0 ¥
2 2
A. B. _
where P;': = 01 d |, Pi:= 0 1 4|,
2 2
00 -1 0 0 -1
1o = 10 ¥
2 > 0
ny: = d |, PP d|, w:=| o
00 -1 0 0 -1

Figure 7. Schematic drawing of scanning stage showing the
definition of positive angles and displacements of the center of the
stage and the end of each leg. (Not drawn to scale.)

Pi(i=A, B, C, D) matrices describe how the torsion, moment,
and force from each leg affect the stage motion.

Since the legs and the stage are connected, there exist phys-
ical constraints between the position of the stage and that of
the tip of each leg such that:

Xi=[¢'0 " =T X +D5,Mpo+Ti,Mry  (2.9)

As mentioned earlier, residual stresses on the stage also affect
the legs’ initial displacements, and they are accounted for by
the last two terms in equation (2.9). The matrices T, and T3
relate the effective residual moments, M,z and Mg 4, in the
0 and ¢directions, respectively, to the initial stage deflec-
tions (i.e. at OV). The definitions of T (i=A, B, C, D), T,, T}
matrices can be found in Appendix C.

Using the expressions for the leg position and physical
constraints, i.e. equations (2.7) and (2.9), the reaction forces,
moments, and torsions can be solved and written in terms of
residual moments, piezoelectric forcing, and importantly the
stage position. Next, they can be plugged into the stage’s equa-
tion of motion, i.e. equation (2.8), to describe the motion of
the center of the stage. Then, the static position of the center
of the stage is expressed in terms of the input voltage applied
to each leg, effective residual moment, and gravity, as follows.

VA

_ VB _ —
KX = d3],eﬁ’( V) Vcoef_n e + Mres_n_ w (2.10)

VD
The derivations and matrices’ definitions are included in
Appendix C. According to equation (2.10), the initial position
of the stage is due to the gravity and residual stresses, and when

voltage is applied to each leg its displacements are related to
the stiffness of the structure and piezoelectric forcing.

2.3. Design trade-off analysis

Design trade-offs between the displacements and natural
frequencies of the stage have been studied as some key geo-
metric parameters were varied. The first three plots, (a) —(¢),
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Figure 8. Predicted displacement and frequency of the center of the stage at 14V in Z direction, using only two legs, (a), in 0 direction (b),
in ¢ direction (c), as the Au coverage on each beam changes while its length is fixed; in Z direction () as the length of each beam changes

when 70% of the total length of the beam is coated with Au.

in figure 8 show the influence of the ratio of the length of
the downward bending segment to that of the upward bending
segment on the displacement and natural frequency in each
actuation mode when the total length of the beam is fixed. The
results suggest that when 50% of the total beam length is over-
laid with gold the displacements are at their maximum. When
the coverage is below 50%, the longer the downward bending
segment is, the more slope (0) it produces at its tip, which
makes the next beam produce a larger displacement. On the
other hand, when the coverage is above 50%, the longer the
downward bending segment is, the more it bends downward,
ultimately decreasing the total displacement. As the gold cov-
erage increases, it stiffens each beam, increasing the struc-
tural natural frequency of the stage. As expected, increase in
the total length with a fixed ratio of segment lengths results
in increase in the displacement and decrease in the natural
frequency.

Based on the results of this design trade-off study, proto-
type stage designs were chosen to maximize the beam length
(i.e. half of the stage length) and to overlay 70% of the beam
length in order to achieve a higher bandwidth than for the
maximum displacement case, specifically 80 Hz of unloaded
natural frequency for a bandwidth of 10 Hz when the stage
carries a scanning mirror chip or an acrylic lens with a mass

of 0.01g, such as Thorlabs’ APL0303-B, as a proof of con-
cept payload.

3. Fabrication

The prototype actuators were fabricated using a robust fabrica-
tion process where silicon structures are completely protected
by a layer of SiO; so that they can be preserved during the
last releasing step of XeF, etching as reported in [19]. As a
summary of the process steps, narrow (3 um wide) trenches
defining the sidewalls of the silicon structures are firstly etched
through the device layer of a SOI wafer (30 yum—2 um-500 um
layer thicknesses) by deep reactive ion etching (DRIE). A series
of deposition of SiO, by low pressure chemical vapor deposi-
tion (LPCVD) and removal of SiO, by chemical mechanical
polishing (CMP) and reactive ion etching (RIE) is repeated to
reduce the size of the keyholes formed in SiO, trenches, while
filling the trenches with SiO,. At the end of this step, CMP is
used again to planarize the top SiO, layer to use it as a base
layer (0.5 um) for PZT, as shown in figure 9 (b).

To create a PZT and metal electrode stack, Ti/Pt (80nm) is
firstly sputtered onto the SiO; layer for the bottom electrode.
A chemical solution process was used to deposit thin-film PZT
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Figure 9. Schematic fabrication steps shown in cross-sectional
view of a bending beam as indicated in (a); planarized SiO2 layer
over SiO2 filled trenches (); deposited and patterned Au, PZT,
and electrodes (c); top side DRIE and RIE (d); backside DRIE and
XeF2 release (e).

(0.8 um; Radiant Technologies, Inc.), and then Pt (0.1xm)
was sputtered. After the PZT stack is etched by ion milling
and RIE, Au (1um) for the downward bending segment and
bond pads is deposited by lift-off, as shown in figure 9 (c).

To both define the actuator structures and create release
trenches, a sequence of DRIE, RIE, and DRIE is used to etch
the device silicon layer, buried SiO,, and handle silicon layer,
respectively, as illustrated in figure 9 (d). Then, the handle
silicon layer underneath the actuator structures is etched from
the backside of the wafer using DRIE. Lastly, XeF, is used to
isotropically etch silicon underneath the PZT stack to release
the actuator, as represented in figure 9 (e). In this step, the sil-
icon structures encapsulated in a layer of SiO; are preserved,
which allows a longer etching time to ensure complete release
of PZT beams without etching support structures of silicon,
and thus increases device yield, compared to an earlier pro-
cess used [23]. As mentioned earlier, the removal of device
layer silicon beneath the bottom electrode layer allows the
unimorphs to achieve large bending deflections.

4. Actuator testing

After fabrication, prototype actuators were tested at different
DC voltage levels, and their static and dynamic motion in
response to various step voltage inputs was recorded. Applying
step voltages from 14V to 2V in 3V-decrement and then from
2V to 14V in 3V-increment, the transient response of the center
and four corners of the stage was measured. Before taking each
measurement, the step input was applied about five times to
allow the piezoelectric behavior of the PZT film to reach its
steady state. This step was taken instead of a sustained poling
process after observing the breakdown of PZT in other samples

Table 1. Static displacements of the stage at 14V.

Actuation mode Actuated legs Displacement at 14V

translation in Z A&D 177.1£4.9 um
rotation about X (6) B&D 6.4+0.3 deg
rotation about Y (¢) A&B 2.9+0.4 deg

at the 15-20V range. A Tenma’s DC Power supply (72-6905)
was used to supply step voltages, and a Keyence displacement
sensor (LK-G32) to measure the displacement. A sampling
cycle of 20 u sec and a built-in moving average filter were used
to capture the transient motion of the stage, and they sufficed
to measure the dynamics of the tilted stage. Although the peak
time and damping ratio determined from the measurements are
slower and higher, respectively, than the actual dynamics due
to the implemented filter, it does not affect the measurements
of the periods or the steady-state values, and the timing error
due to averaging can be calculated. Different combinations of
two legs were actuated at the same time to produce motion in
each direction, as explained earlier.

Table 1 reports the maximum static displacement of one
prototype actuator in each actuation mode at 14V, where static
displacement was taken from the measurements of the tran-
sient response after it reached its steady state. It is noticed that
angular displacement in the ¢ direction is smaller than in the
0 direction, even though the opposite trend can be expected
when the length of the stage is longer than the width if each
leg only actuates its associated corner of the stage and provide
the same actuation as other legs. However, it was observed
that when legs A and B are actuated they also lift up the cor-
ners associated with legs C and D.

One experimental data set, out-of-plane actuation with legs
A and D actuated, is plotted in figure 10 with the symbol *
with deviation over typical 5 repeated tests. Although all the
legs are designed to be symmetric and therefore to produce
same displacements, they all show different displacements at
each voltage. This is caused by non-identical initial deflec-
tions of the four legs at OV due to non-uniform residual stress
across the actuator and by different stroke lengths produced
among the four legs.

In a second experiment, an actuator with all four legs con-
nected in parallel was driven to 15V. Its total displacement
was measured to be more than 430 um, and the structural nat-
ural frequency to be approximately 200 Hz. This performance
is very close to the required z-axis displacement for vertical
cross-sectional imaging with a dual axes confocal endomi-
croscope, although multi-axis operation cannot be performed
over the entire range of motion.

Residual stress can change due to environmental factors
such as temperature or humidity, affecting the repeatability
of the actuator performance. To improve the robustness of the
actuator against environmental uncertainties, future work will
include developing a closed-loop control strategy.

Device yield was primarily limited by poor adhesion of the
gold layer to the piezoelectric legs and/or bond pads in spite of
the use of an adhesion layer. In many cases, the delamination
of the gold layers of the electrode pads were observed during
wire bonding.
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Figure 10. Static displacement results of the center (a), top left (b),
top right (c), bottom left (d), bottom right (e) of the stage when legs
A and D are actuated to achieve out-of-plane motion. (Z, Za, Zg,
Zc, Zp are defined in figure 1).

5. Development of refined model

5.1. Model perturbation

If modeling the micro-actuator as designed, assuming per-
fect symmetry and homogenous material properties across
the whole device, then in equation (2.10), which describes the
static motion of the stage, the stiffness matrix, K, becomes a
diagonal matrix and Vet n, the matrix mapping the input volt-
ages to the piezoelectric forcing, has its elements such that each
leg produces the same amount of forcing. If using this kind
of ideal model, it is not possible to predict non-identical dis-
placements of the four legs such as shown in figure 10, which
is caused most likely by structural asymmetry among the four
legs and non-homogenous material properties due to non-uni-
form residual stresses. With current limitations of MEMS fab-
rication techniques, however, realizing perfectly symmetrical
and homogenous structures is very challenging. The reasons
include photolithography mask misalignment and non-uniform
etching and deposition. Thus, in an effort to predict experimen-
tally observed behavior of the actuator more accurately, the
actuator model developed in Section 2.2.3. was modified to
account for the variations in the segment and stage dimensions
and film thicknesses as illustrated in figures 11 and 12.

Figure 11. Optical microscope image of a leg with labels to show
allowed dimensional variation.

1, +4X,,
tPt, top + AXZO X Pt
tPZT+ AXZI PZT
tPt,btm+AX22W" /| Pt/Ti
Si0s+ 237K 2
A%, ‘| Gap
tbox+AX25 LY

Figure 12. Schematic drawing of cross-section of unimorph to show
allowed thickness variation, where Gap refers to the thickness of the
silicon layer that was etched away.

In the perturbed model, the expression for the leg dis-
placements, equation (2.7), can be rewritten as the following
equation, which now represents that each leg has different
compliance, piezoelectric forcing, and residual moment
terms. The superscript i is used to denote each leg, and each
matrix is defined in Appendix D.

Yi=l//eixfi+l//iin,d31,eff(v) Vit Mp (5.
When including the possible variation in the stage dimen-
sions, equations (2.8) and (2.9) can also be rewritten in the
same form as before but with slightly different coefficients.
The equation of motion for the stage, equation (2.8), is modi-
fied as follows. The matrices are defined as same as those in
equation (2.8) but with dimensional variations (i.e. d =d + Ad
andw=w+A4w).

JX =P*F"+PPFi+PFC+PFP-W  (5.2)

The physical constraints expression, equation (2.9), which
relates the position of the center of the stage to that of each leg
can be also rewritten as follows.

Xi= gi

i

Z

= Tl)? + Y‘QMRVQ + T_giMR,(/; (53)

Now following the same steps as in Section 2—that is, calcu-
lating the reaction force, moment, and torsion for each leg and
plugging them into the equation of motion for the stage—the
expression for the dynamic motion of the center of the stage
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Table 2. Nominal values of geometrical properties and their con-
straints and material properties.

Table 3. Errors in um between the measured and computed displace-
ments as the number of possible parameter variation is increased.

Property Notation Nominal Constraint No Beam-wise Leg-wise Local
Value (x) on |AxI Variation  Global Global Variation

Film Thickness # of Variable
Au+Ti layer tau 1 um tau x 0.2 Optimized 0 14 45 171
Top Pt layer i 10, 0.105 um tpriop X 0.2
PZT layer o 08um Brx02  Acwaion 2 1075 leds o leds 12
Bottom Pt+Ti layer Pt bim 0.08 um tpepom X 0.2 Mode g’ 42.56 40.68 19.8; 19.89
SiO; layer tsio2 0.17 um tsior X 0.2 ' . ' '
Buried SiO, layer 1Box 2 um Box X 0.2 Total Average

of SOI wafer Error 27.70 27.17 20.22 14.56
Elastic Modulus of Material [26-28]
Au+Ti Epumi 86 GPa - 140
Pt Ep, 170Gpa - . P
PZT Epsr 70 GPa — 120 1 Downward sweeping |
SiOz Es,'oz 80 GPa - . A
Si Es; 169GPa - > 100l N ]

2 -
Beam Property (L—Length) E T
Width of beam 100 ym Sum = 807 1
L of segment w/o Au LUP 354um 5um = 7 Upward sweeping
L of segment w/ Au Lpn 823 um Sum <" 601 ¥ ]
GJ of beam (GJ)eomp ~ 76.41uN- mm? - Vgt ---%--- Perturbed model
Width of torsional beam 80.5um Sum 40~ —=A— Nominal model | |
L of torsional beam W, 170 pm Sum 20 ‘ ‘ ) ) )
GJ of torsional beam L, - ) 4 6 3 10 12 14
2
.( GJ )"f'”m”, 36.95mN -mm Voltage [V]

Stage Property (RI = rotational inertia)
Width of stage Witg 1024 4m Sum Figure 13. Estimated effective electro-active piezoelectric strain
Length of stage 2764 um Sum ficient. d hen all th ¢ £ th del
Thickness of stage t 30um f5% 02 coefficient, ds; ¢, When all the parameters of the model are as
Mass of stage m 0.162ug _ designed (nominal) and are allowed to vary (perturbed).
R T of sty o 1T memnt - With knowledge about the physical system, especially fab-

can be obtained, assuming it can be described as a standard
2nd-order mass—spring—damper system:

VA

vB
VC

VD

JY + CY + KX = d31,eﬂ( V) Vcoef + Eonst (54)

The damping is assumed to be decoupled, and the gravity
and residual stress terms are combined into a constant
forcing term. While equations (5.3) and (5.4) incorporate the
effects of variations in residual stress and structural dimen-
sions so that they might be able to describe the motion of
the prototype actuator more accurately, this system is largely
underdetermined.

The two matrix equations describing a three-degree-of-
freedom system at 6 different voltage levels (0, 2, 5, 8, 11, 14V
as experimentally applied) provide 18 equations. However,
even when considering the static motion of the stage, there
are a much larger number of unknowns: effective electro-
active piezoelectric strain coefficient, ds; ¢, at each voltage
(5 unknowns); tilting angles of the stage at each voltage (12
unknowns); residual stress term associated with each leg (4
unknowns); variation in film thickness (28 unknowns per leg);
variation in beam dimensions (18 unknowns per leg); varia-
tion in the stage dimensions (3 unknowns). From the experi-
ments, only out-of-plane displacements of the stage (center
and four corners) were measured at each voltage.

rication tolerances, however, many of these unknowns can be
bounded. For example, during the prototype fabrication sput-
tered or evaporated films were observed to have variations up
to +20% of the desired thickness. For the dimensional vari-
ations from lithography and etching processes, their bounds
have been chosen to be up to £5 um. Many of the unknowns
have their nominal (designed) values and their bounded min-
imum and maximum values as presented in table 2

5.2. Parameter fitting results

To begin identifying the refined model of a fabricated actu-
ator, the terms related to the residual stresses and initial stage
tilting angles can be obtained using the experimentally mea-
sured stage displacements at OV. Then, using experimental
static displacements at non-zero voltages and the expressions
for the motion of the legs and stage, equations (5.3) and (5.4),
one can estimate the value of d3; ¢ at each voltage, and can
compute the static displacements (Z, Z4, Zg, Z¢, Zp) at each
voltage (2,5, 8, 11, 14V) in each actuation mode (out-of-plane,
tilting about x and y axes). The computed static displacements
can be compared to experimentally measured displacements.
Hence, this can be viewed as a bounded-input optimization
problem written as follows.

mln 2 / § / § / |Z] calulated — Z/ measured

0,9,z | =258, j=AB.CD,
11,14V center

(5.5)
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Table 4. Transient Response.
Avg period Peak Over-shoot S.S.error Settling Time,
In figure 10 Result (ms) time(ms) (%) (um) 5% (ms)
Experiment 12.0 10.2 16.4 - 23.44
Point A Sim Perturbed 12.8 10.8 16.4 0.5 17.98
Nominal 10.4 9.9 15.2 -4.03 16.38
Experiment 11.2 13.0 12.8 - 43.1
Point B Sim Perturbed 10.0 9.9 104 1.15 39.6
Nominal 10.4 9.9 15.2 -21.51 16.5

This constrained nonlinear optimization problem was solved
for the unknowns that can best predict the experimental static
behavior of the stage in all three actuation modes simultane-
ously by sequential quadratic programming. As indicated in
table 2, the material and mass properties were not varied. The
mass properties were estimated using computer-aided design
(CAD) software, and the product of shear modulus and polar
moment of inertia, GJ, for each segment was obtained by
finite element methods.

To see the effectiveness of modeling the variation, the
optimization problem was also solved with different degrees
of allowed variation, and the results are presented in table 3.
In the table, no variation refers to when all the parameters
are assumed to be as designed; beam-wise global, when all
the beams are constrained to have same properties so that
the unknowns for only one global beam are solved; leg-wise
global, when all the legs are constrained to have same proper-
ties so that the unknowns for only one global leg are solved;
local variation, when each beam has different properties.

As expected, the greater the number of the beams and legs
that are allowed to have their own uncertainties, the more
accurately the model captures the static motion of the proto-
type actuator. In the case where each leg is allowed to have its
own variation, the reason why as many as 171 optimized varia-
bles were not able to produce a smaller error may be attributed
to what the model does not account for such as non-uniform
d3 e coefficient across the device at a fixed voltage (as it can
also vary as a function of strain), higher order piezoelectric
effects (e.g. electrostriction), non-linear beam bending, and
discrepancy in material properties (as deposition process can
change mechanical properties of thin-film material).

For visual representation of the results, one set of the
results has been plotted in figure 10 with the local varia-
tion referred to as a perturbed model and the no variation as
a nominal model. Further analysis shows that the variation
in the film thicknesses contributes to the asymmetry of the
actuator more than the variation in the beam dimensions—that
is, the model predicts better with looser bounds on the film
thicknesses than with looser bounds on the beam dimensions.
Hysteresis behavior of PZT was modeled by allowing the
effective electro-active piezoelectric strain coefficient, ds eff,
to vary as a function of voltage, and the estimated d3; ¢ values
are plotted in figure 13.

With the identified parameters of the static model above,
a dynamic model can be obtained by simply finding the
damping term in equation (5.4). Assuming a decoupled

10

damping, the damping coefficients that give good agree-
ments with experimental measurements A and B in figure
10 were found by trial and error. Point A refers to the meas-
urements taken at the center of the stage at 11V, and Point B
to those at the bottom left corner of the stage at 11V. Table
4 shows some characteristics of filtered transient response
of both experimental and simulation results. The moving
average filter in the experimental system could reduce
observed overshoot by up to about 10 %, and increase the
measured peak time and settling time by about 3 msec and
6 msec, respectively. In the experiments, it is observed that
the transient response of the legs includes different modes
of vibration, resulting in a shorter period when averaged
than the period of the response at the center of the stage.
Only the first vibration mode was considered because it was
fast enough to achieve the bandwidth needed for real-time
imaging without any motion artifacts.

In general, the model accounting for parameter varia-
tion across the whole device captures the structural dynamic
behavior of the center of the stage well, although it predicts
the settling time to be faster than experimental results. In esti-
mating the dynamic behavior of the legs, the perturbed model
can represent the presence of other excited vibration modes
better than the nominal model, although its averaged period
is less accurate in comparison with the experimental result.

6. Conclusions

The design, fabrication, testing, and modeling of a thin-film
piezoelectric micro-actuator with three degrees-of-freedom
have been discussed. Its serial arrangement of thin-film
PZT unimorphs bending in an S-shape allows the actu-
ator to produce large out-of-plane displacement with high
speed, which is challenging to achieve using MEMS actua-
tors. A structural model has been developed based on clas-
sical beam theory to identify design trade-offs and to select
designs such that certain performance specifications can be
met. After fabrication using a robust encapsulated silicon-
on-insulator wafer processing technique, prototype actua-
tors have been characterized; their performance closely
approaches that required for z-axis scanning in dual axes
confocal endomicroscopy.

Based on the experimental static displacements of the
stage at various voltages, a parameter fitting technique was
applied to the structural model in order to identify the effects
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of variation in structural dimensions and residual stress devel-
oped during the fabrication process. A reasonable agreement
between the experimental and modeling results, both stati-
cally and dynamically, showed the effectiveness of the pre-
sented system identification method, where a large number
of unknown parameters were identified using only a limited
number of available measurements. The modeling results
also show that non-uniform residual stress and variation in
structural dimensions present across the prototype actuator
significantly affects the system behavior. By including their
effects the model captured the experimental motion of the
actuator more accurately. This modeling technique can be
used for other flexure-based MEMS devices to refine model
accuracy, which will allow for the use of more aggressive
control schemes.

In future work, after obtaining static and dynamic models
by the proposed method, actuators will be assembled into
a prototype endomicroscope for imaging tests. To further
improve trajectory-following accuracy during scanning,
embedded sensing mechanisms will be used with the system
model to implement feedback control, possibly with more
detailed dynamic modeling of the specifically piezoelectric
response through further material characterization.
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Appendix A

Obtained using beam theory, equation (2.6) describes the dis-
placements of a single beam in three direction. The S matrices
represent compliance for external and internal loading. P
and R matrices mapinitial deflection and effective residual
moments to the tip displacements, respectively.

Sext 1=

[ Lup+Lon 0 .
(GDleomp
Lyp Loy Lup Ly
0 Lyp+2Lpn) +
(EDur  (EDpx 2 EDgy Lurt Ao+ S
Lyp ( Lup L3y Lup (1 )
— | =+ L 212 12 LowL,
(E1>UP( 2 " DN)+ AEDpy  (Elygp\3 0P PN T RPN
Ly
3(EDpy
0
Lyp Lpy
S coef,UP— - ‘Wcoef DN
Siw 1= (EDyp (ED)py
Lo (_LUP Ly
+ Loy | Mepor.vp + ————(—=M_pe.0n)
(EDgp \ 2 2(ED)py

1
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0 0
1 0 o _Lor _Lov
P:=|o 1 0], R:= (EDyp (ED)py
O LUP + L[)N 1 LUP LUP LLZ)N
—— | — t+ Loy
(EDyp \ 2 2(ET)py

In calculating the composite flexural rigidities, (EI)yp and
(EI)py, the buried SiO, layer of a unimorph was treated as a
spring in parallel with the PZT-Au stack.

Appendix B

Displacements of four beams are combined to describe that of
a single leg (equation (2.7)), with S,,, and S,,, matrices defining
beam compliance, I matrices the effects of initial deflections,
and S matrices the directionality of the tip forces.

Se: = Sew +bSi+ 1y 1S5+ 1,5 S, S, + LL,S,,
+ 1,35, S, S+ B35, S, S,

Sinet = by Sy 51 + by Sy 15 + Sk o + Si

0 0 0 0 0 0
—-L —LL L,
Si:= 0 : : s L= 0 ———
(GJ)t,z‘omp (GJ)Y,COHIP (GJ)[,L‘()m]’I
0 0 0 o o0 0]
-1 0 O 1 00 1 0 0]
L:=1 0 -1 0], L;:= 0 1 0], L:= 0 10
0 —-L 1 (=D)L, 0 1 (=1)™'L, 0 1]
-1 0 (=1)"3L, 10 (=1)™'2L,
Sei=1 0 -1 —L |, =01 0 ;
0 0 1 00 1
-1 0 (-1)'L,
Se=[o -1 -L
0 O 1

n=1 for legs A and D, n=2 for legs B and C.
L=Lyp+Lpy, L, as defined in figure 11.

Appendix C

Equations (2.9) and (5.3) relate the position of the stage to that
of each leg from physical constraints. T' and Ti, matrices are
used to map the position of the center of the stage to that of
the end of each leg, and T, and T; to map the effective residual
moments to initial stage bending.

Ti=T'withAd=Aw=0, (i=A, B, C,D)
T,=T, withAd=Aw=0

Ti,=T} withAd=Aw=0, (i=A, B, C,D)
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-1 0 0] 1 0 0
Th. = 0 -1 0 T8 = 0 1 0
w+Aw _d+Ad | ’ w+Aw d+Ad |
2 2 | | 2 2
-1 0 0] 1 0 0
7C. = 0 -1 0 70 = 0 1 0
’ _W+Aw _d+Ad | ’ : _w+Aw d+Ad |
2 2 2 2
0 (_l)nw+Aw
d+Ad 2EI,,
Ti=| 2Ly |, Ty:= 0
(d+Ad)? (w+Aw)?
8EL, 8EL,

n=1 for i=A and D, n=2 for i=B and C.
To obtain an equation of motion for the stage, equating
equations (2.7) and (2.9) gives the following:

Fi= (Si)™ (TIY + LMy .o+ TiMyg p— Siuds1,(V) Vi_Mli%)
(D.1)
By inserting equation (D.1) into (2.8), (2.10) is obtained.
Z (=D P(Si)' TX
i=A,B,C,.D

=ds1,4(V) Z (=D PU(SE)' S Vi+ M} + Mo — W
(D.2)

i=A,B,C.D

Appendix D
Similar to equation (2.7), equations (5.1) expresses the dis-
placements of a single leg, but it describes a case where all

the beams have different structural dimensions. Each matrix
is defined as follows.

~

. ~i A .7 . ] .
Wou' = Sexta + 1383, + LIy Sex 38 + L3555, + 1 I3lr13llﬁtsexl,2S/li

LB S S+ T LIS,

L{pj+ Lpn;

0 0
~i (GJ)wmp
T 0 Sextj(2,2) S (2,3)
0 Sextj(3,2) Sew(3,3)

i i
Lip; Lpy;

S (2,2)=—2 4 0
(EI)UPj (EI)DNi

] i \2
~i Ll’/Pj . ) (LbN])
Senj(2,3) = ———(Liw+2Lpy) + ————

o 2(EI)'UP/'( bry+ 2Lb) 2(ED)py;
~i Lin Li. . Li 2
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. 3
(Lby)
3(EDpy;
-1 0 O
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0 -L 1
0 0 0 0 0 0
sii=|o0 L Li(Li—L3) Csi=lo —Lj —LiLfs
(GDrcomp (G 1.comp ’ (GDrcomp (G comp
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1 00 1 00
Ilir:: 0 10 ,Izt:z 0 10
(=)L) 01 (=D)*'Ls 01
1 00 -1 0 (=1 (Li+LL+L}j)
L:= 0 L O, Si:=| 0 -1 —(Li—Li+Lj)
(=D"L5 0 1 0 0 1
1 0 (=1)*"(Li+L3) -1 0 (=1)yLj
Si:=[0 1 (Li=L%) L Si=l 0 -1 —Lj
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Li=Lip+ Lhy; (i=A, B, C,D and j=1, 2, 3, 4)

n=1 for legs A and D, n=2 for legs B and C.

In order to find the stage’s equation of motion when the
dimensions of each structural element is perturbed, first equa-
tion (5.2) can be rewritten as follows:

JX +CX = PFi-W, C:=diag(C4,, Co,

i=A,B,C,D

C)  (E1D

By equating equations (5.1) and (5.3),

— . N—1 — . : L
F'= (Welxt) (TlX + Mg o + TiMg s — i d31,e (V) Vl—Mk)
(E.2)
By placing equation (E.2) into (E.1), (5.4) is obtained.

JX +CX + Z (-DP(yl,)' TX

i=A,B,C,.D
= d31,eﬂ(v) z { (_ 1 ) Pi(l//eix[)_l l//,lmvl + Mriex } + ]Wxtgres_ W
i=A,B,C.D
(E.3)
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