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234.37, 160.88, 360.26,2131.38, 0 deg, 83.12 deg, an
u1 , . . . ,u9 are 34.96 deg, 70.67 deg, 100.18 deg, 154.33 d
196.60 deg, 211.93 deg, 241.58 deg, 290.80 deg, and 325.04
respectively. The corresponding motion characteristics are sh
in Figs. 4 and 5. The required ram motion can be achieved w
the input link is running at the given speed trajectory. It is notic
that the input speed variation in Fig. 4 is reduced from that in F
3 since the geometric dimensions are also considered in optim
tion.

7 Conclusions
This paper presents a concept of using a servo approach

Stevenson-type presses. The motivation is to come up with a
generation of presses that can be used for various types of p
works to upgrade an existing press. It uses a servomotor as
power input. By properly designing the input speed, the out
motion can pass through a desired trajectory. The input mo
characteristics are planned with Bezier curves containing unde
mined control points that are selected by optimization method
satisfy the design constraints and improve the performance o
system. The guidelines for transferring the design problem
the optimization problem are discussed. Additional dimensio
synthesis is also discussed to reduce input speed variation.
amples are given. The success of these examples demonstrat
practicability of this idea of multi-function presses. As long as t
servomotor can generate sufficient torque to keep the input s
along the pre-determined speed trajectory, the output motion
multi-action is then achievable.

Acknowledgment
The authors are grateful to the National Science Cou

~TAIWAN ! for supporting this research under grant NSC88-22
E-006-013.

References
@1# Ulas, I., and Craggs, G., 1995, ‘‘Analysis of the Mechanics of Die Draw

Polypropylene Through Strain Rate Controlled Dies,’’ Proc. R. Soc. Lond
Ser. A,209, pp. 59–68.

@2# Tesar, D., and Matthew, G. K., 1976,The Dynamic Synthesis, Analysis an
Design of Modeled Cam Systems, Lexington Books.

@3# Yan, H. S., and Fong, M. K., 1994, ‘‘An Approach for Reducing the Pe
Acceleration of Cam-follower Systems Using a B-spline Representation,
Chinese S. of Mech. Engr.~Taiwan!, 15, No. 1, pp. 48–55.

@4# Yan, H. S., Hsu, M. H., Fong, M. K., and Hsieh, W. H., 1994, ‘‘A Kinemat
Approach for Eliminating the Discontinuity of Motion Characteristics of Cam
follower Systems,’’ J. of Applied Mechanisms & Robotics,1, No. 2., pp. 1–6.

@5# Yan, H. S., Tsai, M. C., and Hsu, M. H., 1996, ‘‘A Variable-speed Method
Improving Motion Characteristics of Cam-follower Systems,’’ ASME J. Mec
Des.,118, No. 1, pp. 250–258.

@6# Yan, H. S., Tsai, M. C., and Hsu, M. H., 1996, ‘‘An Experimental Study of t
Effects of CAM speed on Cam-follower systems,’’ Mech. Mach. Theory,31,
No. 4, pp. 397–412.

@7# Connor, A. M., Douglas, S. S., and Gilmartin, M. J., 1995, ‘‘The Synthesis
Hybrid Five-bar Path Generating Mechanisms Using Genetic Algorithm
IEE Genetic Algorithms in Engineering Systems: Innovations and Appli
tions, pp. 213–318.

@8# Herman, J., Van de Straete, J., and de Schutter, Joris, 1996, ‘‘Hybrid
Mechanism,’’ IEEE/ASME Trans. Mechatron.,1, No. 4, pp. 284–289.

@9# Yossifon, S., Messerly, D., Kropp, E., Shivpuri, R., and Altan, T., 1991,
Servo Motor Driven Multi-action Press for Sheet Metal Forming,’’ Int.
Mach. Tools Manuf.,31, No. 3, pp. 345–359.

@10# Yossifon, S., and Shivpuri, R., 1993, ‘‘Analysis and Comparison of Selec
Rotary Linkage Drives for Mechanical Press,’’ Int. J. Mach. Tools Manuf.,33,
No. 2, pp. 175–192.

@11# Yossifon, S., and Shivpuri, R., 1993, ‘‘Optimization of a Double Knuck
Linkage Drive With Constant Mechanical Advantage for Mechanical Press
Int. J. Mach. Tools Manuf.,33, No. 2, pp. 193–208.

@12# Yossifon, S., and Shivpuri, R., 1993, ‘‘Design Considerations for the Elec
Servomotor Driven 30 Ton Double Knuckle Press for Precision Forming,’’ I
J. Mach. Tools Manuf.,33, No. 2, pp. 209–222.

@13# Hall, A. S., Jr., 1981,Notes on Mechanism Analysis, BALT Publishers.
@14# Hall, A. S., Jr., 1961,Kinematics and Linkage Design, BALT Publishers.
354 Õ Vol. 124, JUNE 2002 Copyright © 2
d
eg,
deg,
wn
en

ed
ig.
iza-

for
ew
ress
the
ut

ion
ter-
to

the
nto
nal
Ex-
s the

he
eed
for

cil
2-

g
n,

d

k
’ J.

c
-

or
h.

e

of
s,’’
a-

am

A
.

ted

e
s,’’

ric
t.

Design of a PZT Bimorph Actuator
Using a Metamodel-Based
Approach

David J. Cappelleri
Graduate Research Assistant

Mary I. Frecker
Assistant Professor

Timothy W. Simpson
Assistant Professor

Pennsylvania State University, Department of Mechanic
and Nuclear Engineering, University Park, PA 16802

Alan Snyder
Associate Professor, Pennsylvania State University,
Department of Surgery, Hershey, PA 17033

The design of a variable thickness piezoelectric bimorph actua
for application to minimally invasive surgery is proposed. T
actuator is discretized into five segments along its length, wh
the thicknesses of the segments are used as design variables
problem of optimizing both the force and deflection at the t
Metamodeling techniques are used to construct computation
inexpensive approximations of finite element simulations and
rapidly explore the design space and the Pareto frontier. A pro
type device and experimental verification of the analytical resu
are also discussed.@DOI: 10.1115/1.1446866#

Keywords: Piezoelectric Bimorph, Minimally Invasive Surge
Sizing Optimization, Metamodeling

1 Introduction
A piezoelectric bimorph actuator consists of a thin pass

beam sandwiched between layers of piezoelectric ceramic m
rial ~PZT!. When opposing voltages are applied to the two c
ramic layers, a bending moment is induced in the beam~Fig. 1!
@1#. A pair of cantilevered piezoelectric bimorph actuators can
used as a simple grasping device, where the bimorph actuator
as ‘‘fingers’’ ~Fig. 2!. Similar grasping designs have been dev
oped for MEMS and robotics by Chonan et al.@2# and Seki@3#.
Bar-Cohen et al.@4# and Lumia and Shahinpoor@5# have designed
bimorph actuator grippers using electroactive polymers.

The focus in this paper is on the design of a PZT bimor
grasper for application to minimally invasive surgical~MIS! pro-
cedures. During MIS, small surgical tools and viewing equipm
are introduced into a body cavity through several 3-10 millime
incisions. MIS reduces tissue trauma and patient recovery t
compared to open surgery@6,7#; however, there is a need for im
proved dexterity and control in MIS tools@8–11#. We propose the
use of an active end-effector such as a PZT bimorph gras
where the localized actuation at the working jaws of the e
effector allows for precise control of its position.

The tip deflection and force are critical in such a design, as
jaws of the grasper must deflect to close completely while ex

Contributed by the Mechanisms & Robotics Committee for publication in
JOURNAL OF MECHANICAL DESIGN. Manuscript received December 1999. Assoc
ate Editor: J. S. Rastegar.
002 by ASME Transactions of the ASME
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ing a large force to secure tissue or a suture needle. The defle
and force are determined by the geometry of the actuator,
material properties, and the applied voltage. Since the opera
frequency is low~on the order of 1–2 Hz! in MIS applications,
only quasi-static response is considered. Using simple models
standard bimorph actuator with constant layer thicknesses,
blocked force available at the tip~force exerted with no deflec
tion!, and the free tip deflection were calculated. It was de
mined that a standard bimorph of appropriate size for MIS p
vides insufficient grasping force and tip deflection@12#. To
improve the deflection and force performance of the bimorph
tuator, a variable thickness design is proposed where the thick
of the piezoceramic layers is varied along the length. The fin
element model for the bimorph actuator is described next.

2 Finite Element Model
Finite element analysis of the bimorph actuator is perform

using ABAQUS @13# to predict the free tip deflection and th
blocked force while subjecting the actuator to a prescribed in
voltage. The actuator is modeled as composite beam with a
steel passive layer sandwiched between layers of PZT5H@14#.
The bimorph actuator is 54.0 mm long and 3.0 mm wide. The P
layers are discretized into five sections, where the thickness o
sections,t i ( i 51,...,5), are the design variables. Posing the pr
lem in terms of discrete section thicknesses rather than a con
ously varying shape limits solutions to those that are easily fa
cated from commercially available PZT ceramic material. T
finite element model consists of 1944 eight-node thr
dimensional~brick! elements with cantilever supports at the ro
nodes~Fig. 3!. Each PZT section has three elements across
height and width and 10 elements along the length. As the th
ness of the PZT sections is varied in the optimization proced
the number of elements remains constant.

In the FEA simulations, each PZT section is driven at its sa
ration voltage so that the maximum induced strain in each P

Fig. 1 PZT bimorph

Fig. 2 Bimorph grasper

Fig. 3 Finite element model of variable thickness bimorph ac-
tuator
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section can be obtained. The saturation voltage is the maxim
allowable voltage and is proportional to the thickness of the P
material. By operating each segment at its saturation voltage
voltage is varied along the length of the bimorph actuator, res
ing in dramatic improvements in the tip deflection and force co
pared to the same bimorph operated at a constant voltage.

3 Solution Approach
A metamodel-based approach is employed in this study to

multaneously maximize tip deflection and blocked force of t
bimorph actuator. Metamodeling involves the use of design
experiments@15# and metamodels~e.g., response surfaces@16#! to
sample a design space and construct inexpensive-to-run app
mations of a computationally expensive computer analysis
ABAQUS. The approximations are then used in lieu of ABAQU
to rapidly explore the design space during optimization; a deta
explanation of our approach is given in@17#.

For this study, a half-fraction central composite face-cente
~CCF! design@16# is used to sample each design variable at one
three levels: 1.0 mm, 2.0 mm, and 3.0 mm. The CCF des
allows us to sample the free deflection and blocked force of
PZT bimorph actuator at 27 points in ABAQUS to genera
enough data to build approximations for tip deflection a
blocked force. Two different types of metamodels—response
face models and kriging models—are employed to construct
proximations from this sample data. The response surface mo
used in this study are second-order polynomial models of
form:

ŷ~ t !5b01(
i 51

5

b i t i1(
i 51

5

b i i
2 t i

21(
i 51

5

(
j 51

5

b i j t i t j (1)

where ŷ(t) is the predicted response,t i are the design variables
and b i j are the coefficients used to fit the model. A comple
description of response surface modeling can be found in, e
@16#. Note that although the metamodels are constructed usin
set of points at three discrete levels, the optimization soluti
found using the metamodels need not be restricted to these
crete values.

Since response surface models are typically second-order p
nomial models, they have limited capability to accurately mo
non-linear functions of arbitrary shape. Therefore, as part of
study we are investigating kriging models as alternatives to
sponse surface models. Kriging models are interpolative appr
mations based on an exponentially weighted sum of the sam
data @18,19#. The kriging models used in this study consist
constant underlying ‘‘global’’ models combined with Gaussi
correlation functions based on the results of our previous stu
@20,21#. To ensure that both sets of approximations are sufficien
accurate for use during optimization, the metamodels are v
dated using 25 additional points from ABAQUS@12#.

4 Optimization Results
One advantage of using approximations such as response

face and kriging models is that the design space can be rap
explored to examine the tradeoff between competing design
jectives. For this example, a 55 search grid~3125 points! is used
to explore the design space and predict the Pareto frontier.
Pareto frontier can be thought of as a ‘‘trade-off curve’’ of desi
points in the performance space, beyond which it is not possibl
improve both objectives. A formal procedure for efficiently es
mating the Pareto frontier using metamodels is presented in@17#.
As seen in Fig. 4, the Pareto frontier can be readily captured u
the metamodels themselves without using any optimization o
weighted-sum of the objectives with varying weights. The krigi
model is a better predictor of force and deflection, while the
sponse surface models are poor predictors of designs with l
deflections.
JUNE 2002, Vol. 124 Õ 355
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It is evident from Fig. 4 that the Pareto frontier is not conca
indicating that a unique maximum combination of force and
flection does not exist. The maximum force solution is a th
bimorph actuator, where all the design variables are at their up
limits, while the maximum deflection solution is thin, where a
the design variables are at their lower limits. A tapered desig
selected as a compromise solution with section thicknesses o
mm, 2.0 mm, 2.0 mm, 1.0 mm, and 1.0 mm. This solution p

Fig. 5 Experimental setup

Fig. 6 Experimental data and FEA prediction
l. 124, JUNE 2002
e,
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vides sufficient force performance for the intended MIS appli
tion. The kriging models predictFblocked51.21 N and d f ree
50.0411 mm, which compare well with values obtained fro
ABAQUS ~1.16 N and 0.0413 mm, respectively!.

5 Experimental Results
A scaled prototype of the compromise design was construc

and tested in the laboratory. The free deflection was meas
using a laser vibrometer, and the blocked force was meas
using a 500 g load cell. The experimental setup is pictured in F
5, and the data is shown in Fig. 6. The ABAQUS model und
predicts the free deflection and over-predicts the blocked fo
significantly at high voltage levels. This difference between
experimental data and the FEA predictions is attributed to
presence of the epoxy bonding layer, which is not accounted fo
the finite element model.

6 Closing Remarks
A variable thickness PZT bimorph actuator design is propos

where the PZT material is discretized into five segments along
length. It is desired to maximize both the tip deflection a
blocked force of the actuator for application to minimally invasi
surgical procedures. A metamodel-based approach is employe
this work to rapidly explore the design space and identify can
date designs along the Pareto frontier. The kriging models pre
tip deflection and blocked force more accurately, particularly
the designs with high deflection and low blocked force. The p
of the Pareto frontier reveals that a unique maximum does
exist for this problem, but a compromise design is selected
provides sufficient force. A prototype of the compromise des
was constructed, and experimental testing reveals that the bon
layer may significantly affect the performance of the bimorph
tuator.
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