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Abstract: The potential use of piezoelectric bimorph actuators in minimally invasive surgery
suture-needle grasper/holder applications is explored computationally. Upon defining the
design/functional requirements for such surgical tools, a finite element analysis of the
underlying piezoelectric boundary value problem is combined with the genetic algorithm
optimization routine to arrive at an optimal morphology of the suture-needle grasper/holder.
The results obtained show that, if the actuator is based on several constant-thickness
segments, a proper combination of thicknesses of such segments can substantially improve
the performance of such surgical tools. Specifically, a good combination of the relatively large
grasper-jaws opening and the required level of the holding force when the grasper is closed on
a 0.5 mm diameter suture-needle is obtained. The effect of orientation of the poling direction
in the piezoelectric layers on the performance of the bimorph actuator is also examined. It is
found that, at the same level of the required grasping force, a change in the poling direction
by about 2.37° from the through-the-thickness direction can increase the maximum grasper-
jaws opening by about 10 per cent.
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1 INTRODUCTION

The word ‘piezoelectric’ is made up of two parts:
‘piezo’, which is derived from the Greek word for
pressure, and ‘electric’ from electricity. Thus, the
piezoelectric effect pertains to the coupling between
pressure and electric charge/field. Consequently, in
a piezoelectric material, the application of a force or
stress results in the development of an electrical
charge/field in the material. This phenomenon is
generally referred to as ‘the direct piezoelectric
effect’. Conversely, the application of an electric
charge/field to the same material will result in a
change of the physical dimensions, i.e. mechanical
strain. This phenomenon is generally known as ‘the
converse piezoelectric effect. Several ceramic
materials such as lead-zirconate-titanate (PZT),
lead-titanate (PbTiO,), lead-zirconate (PbZrO;), and
barium-titanate (BaTiO;) have been known to exhibit
a piezoelectric effect. In addition, the piezoelectric
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effect is found in a few polymers such as polyvinyl-
idene fluoride (PVDF).

Piezoelectric materials contain micron-sized
regions, generally referred to as the Weiss domains,
which possess a permanent dipole moment. The
orientation of such dipole moments in different
Weiss domains in a virgin (un-poled) piezoelectric
material is random and, hence, there is no net
dipole moment at the macroscopic length scale.
However, the application of a high electric field or a
high stress (the process known as ‘poling’) causes
the dipoles of different Weiss domains to align them-
selves with the principal direction of the applied field
or stress, which gives rise to the polarization of the
piezoelectric material. When the applied field/stress
is removed, the domains tend to regain their initial
polarization state, but this reversal is generally not
complete and, as a result, a remnant polarization is
generally found in the poled piezoelectric materials.
Once piezoelectric materials are poled, the applica-
tion of an electric field (generally substantially smaller
in magnitude than the one used for poling of the
material) can produce mechanical strains. This
phenomenon enables piezoelectric materials to be
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Fig. 1 A schematic of a piezoelectric bimorph actuator.
Heavy lines on top and bottom of each layer are
used to denote conductive metallic electrodes

used in electromechanical actuation applications.
Furthermore, since the application of a mechanical
force/stress gives rise to a build-up of the electric
charge/field, these materials have also been used in
mechanical sensing applications.

One of the most common ways in which piezo-
electric materials are utilized in mechanical actuation
applications is through the use of so-called ‘piezoelec-
tric bimorph actuators’. A schematic of a piezoelectric
bimorph actuator is shown in Fig. 1. It can be
described as a sandwich-type actuator in which two
layers of a piezoelectric material are laminated onto
one surface of a supporting beam or plate. The two
piezoelectric layers are generally poled in the same
direction, typically in the direction normal to the sup-
porting beam/plate. When opposing electric fields are
applied to the two piezoelectric layers, their corre-
sponding dimensional changes are of the opposite
character, which gives rise to bending of the beam/
plate, Fig. 1. When two bimorph actuators are com-
bined and driven by opposite electric fields, they can
be used to create a simple grasping/holding device.
A schematic of such a grasping device in its open
and its fully-closed positions is shown in Figs 2(a)

Fig. 2 A schematic of a piezoelectric bimorph grasper in
the (a) open and (b) fully-closed positions

and (b), respectively. A number of researchers have
investigated the potential of such grasping devices.
Some of these investigations focus on the PZT-based
bimorph actuators for the use in micro-electromecha-
nical systems (MEMS) and in micro robots [e.g. 1-3],
while the others have studied bimorph-actuator
grippers based on piezoelectric polymers [e.g. 4, 5].
In addition, in a series of papers, Frecker and co-
workers [6-8], explored the possibility of utilizing
such grasping devices as surgical tools in minimally
invasive surgeries.

Minimally invasive surgeries such as laparoscopy
and endoscopy employ various miniature tools such
as forceps, graspers, scissors, staples, needle holders,
etc. Generally, such tools are designed as small, rigid
end-effectors that are connected by mechanical
hinge-joints and linked to a mechanical actuator via
long tendon wires or push rods. Recently, a new
generation of tools for the minimally invasive sur-
geries has been developed in which the concept of
compliant structures/mechanisms-actuated electro-
mechanically by smart-material actuators is utilized
[e.g. 9, 10]. These tools are generally single-piece,
flexible and rely on elastic deformation for transfer
of the mechanical force and motion. The most impor-
tant advantages of these tools over their rigid-link
counterparts are: (a) an ease of manufacturing
owing to their single-piece nature; (b) the elimination
of the need of complicated millimeter length-scale
assembly; (c) the elimination of cleaning of the
hard-to-reach hinge areas; (d) an ease of integration
with smart (actuating and sensing) materials such
as high power-density and fast-response-time-
piezoelectric ceramics.

The potential of flexible piezoelectric bimorphs in
applications such as the suture-needle holder for
minimally invasive surgery has been investigated
numerically by Frecker and co-workers [6-8] using a
metamodel-based optimization approach. While the
work of Frecker and co-workers [6-8] is generally
concerned with the key design/performance issues
such as maximization of the jaws opening and the
grasping force, their work primarily focuses on the
design/optimization methodology aspects including:
(@) a use of the design of experiments and meta-
modelling techniques to construct computationally
inexpensive response surface approximations for
the finite element simulations of piezoelectric
bimorph actuators and (b) a use of the metamodels
to generate rapidly the design space and identify the
Pareto frontier for the competing design objectives
of maximum deflection and maximum force. How-
ever, the issues associated with optimization of the
design of a suture-needle holder/grasper are not
completely addressed. In particular, the issues asso-
ciated with finding a global optimum for the design
space of a suture-needle holder/grasper.
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The objective of the present work is to extend the
investigation of Frecker and co-workers [6-8] related
to the design optimization of a piezoelectric-
bimorph-actuator-based suture-needle holder/grasper
by utilizing a global optimization method, the genetic
algorithm, in order to identify an optimum design of
such a minimally invasive surgical tool.

The organization of the paper is as follows. A brief
overview of the piezoelectric materials constitutive
equations and the governing partial differential
equations is presented in section 2.1. Functional
requirements for the suture-needle holder and the
definition of the corresponding boundary value
problem are given in section 2.2. The computational
method used to solve the boundary value problem
is briefly discussed in section 2.3. The genetic
algorithm method used for optimization of the
needle-holder morphology is briefly reviewed in
section 2.4. The results obtained in the present work
are presented and discussed in section 3. The main
conclusions resulting from the present work are
summarized in section 4.

2 COMPUTATIONAL PROCEDURE

2.1 Piezoelectric materials constitutive equations
and governing equations

The piezoelectric phenomenon described in the
previous section is generally modelled as a linear
interaction between the electrical and the mechanical
processes. While a mathematical treatment of the
piezoelectric phenomenon and its linear-theory
analysis can be found in many standard sources
(e.g. [11]), a brief overview of such treatment is
given in this section to help the reader understand
the finite element implementation presented in
section 2.3. Using a condensed matrix notation, the
stress versus the electrical field form of the piezo-
electric constitutive equation can be written as

T=c"'S—¢E (1)
and
D =eS+%E (2)

where 7 € R°*! is the mechanical stress vector,
S € R**! the mechanical strain vector, D € R**! the
electric displacement vector, E € R**! the electrical
field vector, ¢ € R**® the elastic stiffness matrix
under constant electric field, the stress/field
piezoelectric constant matrix, and % € R**? the
constant-strain permittivity matrix; a superscript ¢ is
used to denote the transpose of a matrix and R"*"
denotes a real matrix of the size m x n. Clearly,
equations (1)—(2) can be reduced to the constitutive

equation for a linear elastic material under the
conditions when both ¢ and ¢ are zero matrices.

A summary of the piezoelectric and elastic
properties of PZT, which is considered in the present
work, is given in Appendix 2. It should be noted that
the properties given in Appendix 2 are listed in
accordance with the standard convention within
which the poling direction is aligned with the 3-
direction of the local material coordinate system. It
should also be noted that the components of the T
and S vectors are listed in the following order: (11,
22,33, 12, 23, 13).

Since the Navier’'s mechanical equilibrium partial
differential equation and the Gauss’ law equation for
the electrical equilibrium have similar mathematical
forms, it is generally convenient to combine equations
(1) and (2) into the following matrix equation:

HEA ®

The corresponding strain—electric field constitutive
matrix equation can be readily defined as:

S £ T
HEIA @

d ¢ E
where s* is the constant-field compliance matrix, d
the strain/field piezoelectric matrix, and ¢’ is the

constant-stress permittivity matrix. These three
matrices are defined via the following equations:

& = ] )
e=d[s"]"! (6)
S =l —als"17'd' (7)

The partial differential equations governing the
behaviour of piezoelectric bimorph actuators include
a mechanical equilibrium equation whose weak
variational formulation can be expressed as [11]:

0.5 Lz(_SIH Ty — SnTy — S33T5 — 281 T,
— 2S£3 T23 — 2S/13 T13)dw + J M/IF\,dS
s

+ L W'Frdl+u"F, =0 (8)

while the electrostatic equilibrium is defined by
Maxwell’s electrostatic equation:

Tox on  ow ®

where a superscript prime is used to denote a test
strain/displacement field, /' denotes a force, while
{2 (or w), S (or s), L (or /), and P denote volume,
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surface, line, and point quantities, respectively. x;, x,,
and x; are the global coordinates.

Equations (8) and (9) are solved in the present work
using a conventional displacement-based finite ele-
ment method.

2.2 Formulation of the problems
2.2.1 Functional and design requirements

The objective of the present work is design and opti-
mization of a PZT-based miniature grasper for use as
a suture-needle holder in minimally invasive surgical
applications. Minimally invasive surgeries generally
rely on the use of several 3-10 mm long incisions in
place of a single large incisions encountered in open
surgeries. Consequently, minimally invasive surgeries
offer the benefits associated with reduced tissue
trauma and shorter patient recovery time [12, 13].
During minimally invasive surgeries, miniature
surgical tools and viewing devices are introduced
into the body cavity through long tubes with 5-
10 mm diameter. Based on these considerations and
simple estimates, the following functional/design
requirements can be defined for a suture-needle
piezoelectric bimorph grasper/holder:

(a) amaximum magnitude of the jaws opening in the
fully open position of the holder to enable an easy
grasp of the needle;

(b) jaws should be parallel when closed on a 0.5 mm
diameter suture needle to prevent the needle
from rolling;

(c) thickness and width should be such that the
maximum cross-sectional dimension of the
grasper does not exceed 90 per cent of the dia-
meter of the tube through which the surgical
tool is inserted into the body cavity;

(d) the grasper should exert a force between 0.4—
0.6 N when the jaws are closed on the 0.5mm
diameter suture needle; and

(e) ashort (ca. <200 ms) open/close response time.

The last functional requirement is automatically
satisfied when ceramic piezoelectric materials such

as PZT are used for construction of the bimorph
actuators.

According to the list of functional requirements
described above, both the deflection and the force
at the grasper jaws are critical. Their magnitudes are
affected by the physical dimensions (length, width,
and thickness) of the piezoelectric bimorph actuator
and its piezoelectric and supporting layers, properties
of the constituent materials, and the magnitude of
the applied electrical voltage/field. When the piezo-
electric bimorph actuator is based on constant-
thickness piezoelectric layers, and under the assump-
tion that the role of the supporting layer can be
ignored, the tip deflection, §, and the tip blocked
force, F, can be defined using the simple strength of
material relations as [11]:

0.751°Vd
and
F:3d31V¥ Y]] (11)

where /, w, and ¢ are respectively the length, width, and
thickness of a piezoelectric layer, V" the voltage differ-
ence applied across one piezoelectric layer, d;; the 31
component of the strain/field piezoelectric matrix d,
and Y;; the 11 component of the plane-strain elasti-
city constant. It should be noted that equations (10)
and (11) define respectively a maximum displacement
(in the absence of any resistance to the motion of the
tip) and a maximum blocked force (corresponding to
a zero value of the tip displacement).

At this point, it is important that the terms ‘the
blocked force’ and ‘free-tip displacement’ are clearly
defined as they are used throughout the remainder
of this manuscript. When the right tip of the piezo-
electric bimorph in Fig. 3 is constrained from
moving in any direction, while the electrical voltage
is applied, the constrained right tip of the bimorph
develops a force. The component of this force in the
through-the-thickness direction of the piezoelectric
bimorph is referred as ‘the blocked force’. When the

3T43 [ pzr ] ESteel@
)

Fig. 3 A schematic of the three-dimensional formulation of the boundary value problem of a piezoelec-
tric bimorph actuator. The constraints at points A and B are applied during the computation of
the blocked force and are removed when the free-tip displacement is calculated
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aforementioned constraints are removed from the
right tip of the bimorph, this end is free to deflect as
a result of the application of an electrical field. The
component of this deflection in the through-the-
thickness direction of the bimorph is referred to as
‘free-tip displacement’.

2.2.2 Boundary value problem

Owing to the inherit symmetry of the piezoelectric-
bimorph-actuator-based suture-needle grasper/
holder, only one half of it is modelled in the present
work. Consequently, the required blocked force
needed to prevent needle roll is only one half (0.2
0.3N) of the one given in the previous section. The
one-half of the grasper (referred to as the piezo-
electric bimorph actuator) is modelled as a composite
beam with a constant-thickness steel supporting
layer and non-uniform-thickness piezoelectric (top
and bottom) layers. In the preliminary phase of this
work, the thickness of the piezoelectric layers is
considered to vary linearly with distance along the
actuator length and the problem is reduced to a
two-dimensional plane-strain formulation. In the
main portion of the work presented here, however,
each piezoelectric layer is considered to consist of
five equal-length, fixed-thickness segments and the
thicknesses of these layers are treated as design/
optimization parameters. Constant-thickness piezo-
electric layers are separated by linearly-varying-
thickness thin piezoelectric layers. In addition, the
problem is considered using a full three-dimensional
formulation. A schematic of the three-dimensional
formulation of the respective boundary value prob-
lem is given in Fig. 3.

The boundary conditions used in the present study
are indicated in Fig. 3. It should be noted that the
fixed boundary conditions applied to the right end of
the piezoelectric bimorph as indicated in Fig. 3 are
used only in the case when the blocked force is being
calculated. These boundary conditions are removed
when the free-tip displacement is calculated.

2.3 Computational method

The stationary system of governing partial differential
equations (discussed in section 2.1) subjected to the
boundary conditions (discussed in section 2.2) are
implemented in the commercial mathematical
package FEMLAB [14] and solved (for the dependent
(displacements and charge densities) using the finite
element method. The FEMLAB provides a powerful
interactive environment for modelling various
scientific and engineering problems and for obtaining
the solution for the associated (stationary and
transient, both linear and nonlinear) systems of gov-
erning partial differential equations. The FEMLAB
is fully integrated with the MATLAB, a commercial

mathematical and visualization package [15]. As a
result, the models developed in the FEMLAB can be
saved as MATLAB programs for parametric studies
or iterative design optimization. In the present
work, an optimization algorithm known as the
genetic algorithm is implemented in the MATLAB
and interfaced with the finite element model devel-
oped using the FEMLAB program. A brief overview
of the genetic algorithm is given in next section.

Standard mesh sensitivity and model robustness
analyses are carried out following the procedure
outlined in our recent work [16]. The results of
these analyses validated that the model developed is
mesh-insensitive and robust but, for the sake of
brevity, the results are not presented here.

2.4 Genetic algorithm for parameter optimization

In this section of brief description is given of the
procedure used to optimize the performance of
piezoelectric bimorph actuators for use in the mini-
mally invasive surgical suture-needle holder applica-
tions. The objective of the optimization process is to
determine the thicknesses of the five piezoelectric
segments which maximize the actuator-tip deflection
while meeting all the functional/design requirements
discussed in section 2.1. The question then becomes
how to search efficiently the parameters’ space for
the combination of these five parameters which
gives rise to a global maximum in the objective func-
tion (defined as the actuator-tip deflection), consider-
ing the fact that owing to a complex nature of the
governing equations, the search space is probably
multimodal (contains numerous local maximal of
the objective function).

Areview of the literature identifies three main types
of search methods: (a) calculus-based; (b) enumera-
tive, and (c) random methods. While generally very
fast, calculus-based methods suffer from two main
drawbacks: (i) they are local in scope, i.e. they
typically locate the maximum which is highest
(best) in the neighbourhood of the current search
point; and (ii) they entail the knowledge of derivatives
of the objective function whose evaluation (even
through the use of numerical approximations) in
multimodal and potentially discontinuous search
spaces represents a series limitation. Within enu-
merative search methods, values of the objective
function are evaluated at every preselected point in
the research space, one a time. These methods gener-
ally require evaluation of the objective function at a
large number of preselected points, which tends to
make them inefficient and not very useful for prob-
lems of even moderate size and complexity.

Owing to the aforementioned shortcomings of the
calculus-based and enumerative search methods,
the genetic algorithm ([17], one of the random
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search methods, is used in the present work. Through
(binary) coding, the genetic algorithm creates a
parameter string (a chromosome set) for each con-
sidered point (individual) in the search space and
utilizes the Darwinian principle of ‘survival of the
fittest’” to ensure that chromosomes of the fittest
individuals are retained (with a higher probability)
in subsequent generations.

At the beginning of the genetic algorithm search
procedure, a random selection of the parameters is
used to create an initial population of individuals
(parameter sets) of size n in the search space. The
fitness (i.e. the objective function) is next computed
for each of the individuals based on how well each
individual performs (in its environment). To generate
the next generation of individuals of the same
population size, the genetic algorithm performs the
following three operations: (1) selection, (2) crossover,
and (3) mutation. Within the selection process, fitter
individuals are selected (as parents) for mating,
while weak individuals die off. Through mating, the
parents create a child with a chromosome set that is
some mix of the parents’ chromosomes. Mixing of
parents’ chromosomes during child creation is
referred to as ‘crossover. To promote evolution, a
small probability is used to enable one or more child’s
chromosomes to mutate (change). The processes of
child creation and mutation are continued until an
entirely new population (of children) of size » is
generated. The fitness of each child is determined
and the processes of selection, crossover, and muta-
tion repeated resulting in increasingly fitter genera-
tions of individuals. Additional details regarding
parameter coding selection, crossover, and mutation
as well as a logic flow chart for the genetic algorithm
can be found in our previous work [18].

The genetic algorithm optimization method dis-
cussed above was implemented in MATLAB. Details
of this implementation can be found in our previous
work [18].

Within the present work, both the single-point cross-
over and the uniform crossover with a probability of 0.6
are considered. The results of the two types of simula-
tions are found to be practically identical. Also, jump
and creep mutations were used with the probabilities
equal to an inverse of the population size. Furthermore,
the elitism option was used to help prevent a random
loss of good chromosome stings.

3 RESULTS AND DISCUSSION
3.1 Constant piezoelectric-layer thickness
actuator

To demonstrate the trade-off between a piezoelectric-
bimorph tip free displacement and the tip blocked

force, a series of plane-strain finite element analyses
is carried out under the condition that the thickness
of each piezoelectric layer does not vary along the
actuator length. However, the piezoelectric-layer
thickness is varied between 1 and 3 mm in increments
of 0.25mm between different runs. In all the
calculations, the thickness of the supporting layer
is kept fixed at 0.5mm, while the length and the
width of the piezoelectric layer is held constant at
10mm and 3 mm, respectively. The length of each
transition region is set to 1 mm, making the total
length of the actuator equal to 54 mm. In all the
simulations carried out in the present work, the
supporting layer is considered to be made of steel
which is modelled as an isotropic linearly elastic
material with the Young’s modulus, E = 200GPa
and the Poisson’s ratio, » = 0.3. The width direction
is chosen to correspond to the zero-strain direction.
For each choice of the piezoelectric-layer thickness,
two finite element analyses are carried out: (a) a
free-tip deflection analysis within which no con-
straints are applied to the actuator right end and (b)
a blocked-force analysis within which the actuator
tip is fully constrained, and as voltage is applied,
a force (the blocked force) is developed at the
bimorph tip, since the tip is not allowed to deflect.
The combined results of the two analyses displayed
as a blocked force versus free-tip deflection plot
are shown in Fig. 4. For comparison, the corres-
ponding results obtained using the simple analytical
model [equations (10) and (11)] and d5 =
274 x 1072 m/V and Y;; = 71 GPa are also displayed
in Fig. 4.

0.5
0.4l
z |
o | .
g [ Present Finite
e 03k Element Model
E B
< |
o i
m =
0.21- Analytical Model
"1 mm Egs. (10) and (11)
0.1 i L L L I 1 L L L I L L L L I L L 1 L

-0.4 -0.3 -0.2 -0.1 0
Free Displacement, mm

Fig. 4 A trade-off between the actuator-tip free displace-
ment and the actuator-tip blocked force in bimorph
actuators with a constant thickness of their piezo-
electric layers. See text for details
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The results displayed in Fig. 4 clearly show a trade-
off between the tip free displacement and the tip
blocked force. More specifically, a small thickness of
the piezoelectric layers increases tip free displace-
ment while the blocked force increases with an
increase in the piezoelectric-layer thickness. These
findings are consistent with the fact that a smaller
thickness of the piezoelectric layer yields a higher
electrical field and, hence, a lower displacement. At
the same time, a thinner piezoelectric layer has a
lower stiffness and hence, at the same level of
actuator-tip displacement, yields a lower force.
Labels ‘1mm’ and ‘3mm’ are used in Fig. 4 to
denote the minimum and the maximum values of
the piezoelectric-layer thickness investigated, respec-
tively.

The results displayed in Fig. 4 also show that the
simple analytical model defined by equations (10)
and (11) predicts reasonably well the tip free displace-
ment versus the tip blocked force relation in the
actuators with constant-thickness piezoelectric
layers especially at high values of the piezoelectric-
layer thickness at which the neglect of the supporting
layer is more justified.

3.2 Piezoelectric layer with linearly varying
thickness

To explore further the trade-off between the tip free
displacement and the tip blocked force, a number
of plane-strain finite element simulations are carried
out in which the thickness of the piezoelectric layers
is assigned to vary linearly along the length of the
bimorph actuator. In all these simulations, the
average thickness of the piezoelectric layers is taken
to be 2mm. The following combinations of the
piezoelectric-layer thickness at the fixed actuator
end/piezoelectric-layer thickness at the free actuator
end are analysed: 1mm/3mm, 1.5mm/2.5mm,
2mm/2mm, 25mm/l.5mm, 3mm/lmm and
3.5mm/0.5mm. The remaining geometrical and
operational parameters are kept at their values as
used in the previous section. The results of this simu-
lation are shown in Fig. 5.

The results presented in Fig. 5 show that when the
piezoelectric layers are relatively thin at the fixed end
and relatively thick at the free end of the bimorph
actuator (e.g. the 1 mm/3 mm case), the tip displace-
ment is increased at the expense of the tip blocked
force. As the actuator becomes thicker at the fixed
end and thinner at the free end, the magnitude of
the blocked force increases while that of the free dis-
placement decreases. However, when the bimorph
actuator becomes quite thick at the fixed end and
quite thin at the free end, both the tip free displace-
ment and the blocked force tend to increase with
the fixed end over the free end thickness ratio of a

0.55

3.5mm/0.5mm

0.5
0.45 3mm/1mm

2.5mm/1.5mm

e
kS

o
w
(4]
| LA LU DB BLLNLELE BLELELELE UL B

0.3

Blocked Force, N

1.5mm/2.5mm

1mm/3mm
L I 1 I L I L l L l L I 1
0.18 -0.16 -0.14 -0.12 -0.1 -0.08

Free Displacement, mm

'
(=}
N[TTTT
N

'
o
N

Fig. 5 A trade-off between the actuator-tip free displace-
ment and the actuator-tip blocked force in bimorph
actuators in which the thickness of their piezo-
electric layers varies linearly with distance along
the length of the actuator. The notation used, e.g.
1mm/3mm, denotes an actuator in which the
thickness of a piezoelectric layer at the fixed end
is I mm and its thickness at the free end is 3 mm

bimorph actuator. Unfortunately, when the thickness
of the piezoelectric layer decreases, the electrical field
through it increases and the polarization of the piezo-
electric layers tends to approach its saturation value.
Even before such saturation occurs, polarization
versus field relation becomes nonlinear and the
piezoelectric materials constitutive equations, dis-
cussed in section 2.1, become invalid. The linear
piezoelectric constitutive model in PZT is generally
accepted to be valid up to the field of about 1000V/
mm. This implies that the minimum allowed thick-
ness of the PZT layer is 100 V/1000 V/mm = 0.1 mm.

3.3 Optimization of the morphology of a
piezoelectric bimorph actuator

In this section, the results of the combined three-
dimensional finite element and genetic algorithm
optimization analyses of a piezoelectric bimorph
actuator for use in minimally invasive surgical
suture-needle holder applications is presented. In
these analyses, each of the piezoelectric PZT layers
is assumed to consist of five equal-length (10 mm),
constant-thickness (between 1 mm and 3mm) seg-
ments and four constant-length (1 mm) transition
PZT segments with a linear variation of the thickness
along the actuator length. In all these calculations,
the PZT layers are assumed to be poled in the
(through-the-thickness) 3-direction. A perfect bond-
ing is assumed between the piezoelectric and the
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supporting layers. The thickness of the supporting
steel layer is assumed to be fixed at 0. 75 mm, while
the thicknesses of the five PZT segments are consid-
ered as design/optimization parameters. The objec-
tive function (which should be maximized through
the use of the genetic algorithm presented in section
2.4) is defined as the bimorph actuator-tip deflection
at a tip force of at least 0.25N = 0.5 x (0.2N + 0.3 N).
For a 0.5 mm diameter suture needle, Frecker et al. [7]
estimated that the minimum grasping force should be
20-30 N per piezoelectric bimorph in order to ensure
a safe and secure handling of the needle. That is the
reason that a 25N minimal grasping force has been
identified as a functional constraint in the present
optimization of the topology of the piezoelectric-
bimorph-based suture-needle grasper. A maximum
free-tip deflection has been selected as the objective
function, since it is desirable that the suture-needle
grasper has a maximum jaws opening since that
ensures an easy grasping of the needle.

In order to obtain both the values of the tip
displacement and the tip force, two identical springs
(with a spring constant selected to match the bending
stiffness of the bimorph actuator) are each attached to
the points A and B in Fig. 3. A series of genetic
algorithm optimizations is next carried out to

maximize the actuator tip deflection (at the points A
and B). Since the tip force at the point A (or B) Fj
is related to the corresponding tip displacement
up, via the relation, Fp = Kpring X tp, Where kgyin, is
the spring constant, any solution for which
up < 0.25N/2/kgyin, is discarded as unacceptable
since it does not meet the requirement for the minimal
tip force of 0.25N.

To ensure that a global maximum has been located,
the genetic algorithm optimization procedure has
been repeated ten times. It was found that, within
the numerical accuracy of the FEMLAB and the
MATLAB calculations, all ten simulations resulted in
the same optimal morphology of the piezoelectric
bimorph actuator.

The optimal morphology of the piezoelectric
bimorph actuator is depicted in Fig. 6(a). The thick-
nesses of five constant-thickness PZT layers listed
from the fixed end towards the free end of the actuator
are: 2.5109, 1.8423, 1.1591, 1.0038, and 1.0246 mm. The
associated tip displacement and the tip force are
upn =0.7658mm and F, =0.25N. Thus, the total
grasper-jaws opening is 2 x 0.7658=1.5316 mm)
which is relatively small and may not be sufficient to
ensure an easy grasp of the suture needle. Nevertheless,
the tip displacement (= 0.7658 mm) is more than three

Maximum Deflection 0.7658mm
Grasping Force 0.25N

Xs

Maximum Deflection 0.8354mm
Grasping Force 0.25N

Fig. 6 Optimized morphologies of the piezoelectric bimorph actuator for minimally invasive surgery

suture-needle grasper/holder applications: (a) a zero poling angle case and (b) the case when
the poling angle is varied to obtain an optimal grasper performance. X; to X5 are used to
designate the thicknesses of the five constant-thickness segments of the piezoelectric layers
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times larger than the largest on (~0.215 mm for 1 mm/
3mm) in Fig. 4 and also meets the minimal grasping
force requirement (while the 1 mm/3 mm case in Fig.
4 does not meet the 0.25 N force requirement).

3.4 Effect of the poling direction on the
bimorph-actuator performance

In all the calculations up to this point, the poling
direction in the PZT layers was kept fixed and aligned
with the through-the-thickness direction of the
piezoelectric bimorph actuator. In this section,
whether varying the poling direction relative to the
through-the-thickness direction of the piezoelectric
bimorph actuator can improve the performance of
these devices. Only the variation of the poling direc-
tion in the 1-3 plane is considered in the present
work. This variation is defined by the rotation angle
[ about the 2-direction (in the clockwise direction
for the upper PZT layer and in the counterclockwise
direction for the lower PZT layer of the top half of
piezoelectric bimorph grasper, Fig. 2). Thus ( repre-
sents an angle between the poling direction and the
global 3-direction. Since the rotation is carried out
about the 2-direction, the components of the
materials stiffness matrix, ¢, the stress/field piezo-
electric matrix, ¢, and the permittivity matrix, &°,
associated with 2-direction are not altered as a
result of this rotation. Consequently, the following
reduced matrix equation, corresponding to equation
(3) is introduced:

Ty Cy Ci Cs 0 —ey Siy
T3 Cz Gy Gy 0 —ess S33
Tz p=|Cis Cis Css —eis 0 2513
D, e ez €5 € 0 E
D, Lest ez 0 0 €33 E;
(12)

or
T E e[S
_ | eS (13)
D e ¢ E
Following the standard procedure for transfor-
mation of the second- and fourth-order tensors, a
rotation around 2-direction by an angle (3, gives rise

to the following transformations of the elastic and
piezoelectric material property matrices:

E =TT (14)

¢ = NeT. (15)
and

g = AeA (16)

where a prime is used to denote the appropriate
quantities after rotation and the two rotation
matrices are defined as:

cosf sinf
- l—sinﬁ cosﬂ] (17)
and
cos’ I] sin’ I) cos 3sin 3
T. = sin’ 1] cos’ 1] —cos@sin
—2cosfBsinf3 2cosfBsin3 cos’ 3 —sin’ 3
(18)

To explore the effect of orientation of the poling
direction on the performance of piezoelectric
bimorph actuators, the poling angle 5 is added as
the sixth design/optimization parameter to the
procedure described in the previous section and the
genetic algorithm is reapplied. The results of this
procedure are displayed in Fig. 6(b). The optimal
thicknesses of the five constant-thickness PZT
segments listed in the same order as in the previous
section are: 2.5917, 1.9744, 1.4018, 1.1723, and
1.0012 mm. The optimal value of the poling angle is
found to be approximately 2.3°. The corresponding
actuator tip displacement and tip force are:
up = 0.8354mm and F, = 0.25N. This finding sug-
gests that only an increase of about 10 per cent in
the grasper-jaws opening is attainable by changing
the poling angle of the PZT layers. However, the
total grasper-jaws opening (2 x 0.8354 =1.6708 mm)
is still relatively small. The observed effect of the
poling angle on the maximum free-tip displacement
is the result of the fact that when the poling angle
does not coincide with the through-the-thickness
direction of the piezoelectric bimorph, the dimen-
sions of the bimorph undergo a change in both the
length and the thickness direction. Dimensions of
the bimorph also undergo a change in the width
direction, but these changes are typically inconse-
quential for the functional operation of the grasper
and are not considered any further. While the length
change of the piezoelectric bimorph plays a domi-
nant role on the free-tip displacement, dimensional
changes in the through-the-thickness direction also
have a measurable contribution to this displacement.
When the poling direction is in the through-the-
thickness direction, the piezoelectric bimorph under-
goes only a change in the length direction. Hence, the
optimal poling angle of 2.3° corresponds to the condi-
tion when the combined contributions of the length
and thickness changes have a maximum contribution
to the free-tip displacement of the bimorph actuator.

It should be noted that further increases in the PZT-
based grasper-jaws opening can be achieved by

B09404 © IMechE 2005
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reducing the minimum thickness of the PZT layers
and/or by increasing the magnitude of the applied
voltage. According to equation (10), the tip free dis-
placement is inversely proportional to the squared
PZT-layer thickness and scales linearly with magni-
tude of the applied voltage. This implies that reducing
the minimal PZT thickness by a factor of two and
increasing the applied voltage by the same factor
can increase the tip free displacement by a factor of
eight. While this would significantly increase the
magnitude of the grasper-jaws opening and enable
an easy grasp of the suture needle, smaller PZT
layer thicknesses may present manufacturability
problems while higher values of the applied voltage
are associated with safety concerns.

Another potential way for increasing the magnitude
of the grasper-jaws opening is through an increase in
the actuator width. According to equation (11), the
actuator-tip blocked force increases linearly with its
width. Thus, in wider graspers, the required level of
the grasping force can be obtained in morphologies
which are optimized with respect to maximizing the
tip deflection. In fact, when the grasper width was
doubled to 6 mm, the magnitude of the grasper-
jaws opening is found to be 2.9406 mm, an increase
by about 76 per cent.

4 CONCLUSIONS

Based on the results obtained in the present work, the
following main conclusions can be drawn:

1. PZT-based piezoelectric bimorph actuators appear
to be suitable for use in the minimally invasive sur-
gery suture-needle grasper/holder applications.

2. To obtain a compromise between a high actuator-
tip deflection encountered in actuators with thin
piezoelectric layers and a high tip blocked force
encountered in the actuators with thick piezo-
electric layers, actuators with variable thicknesses
of their piezoelectric layers should be used with
the thickness variation along the actuator length
optimized in order to maximize the grasper
performance.

3. The use of the poling direction different from the
one standard through-the-thickness direction to
increase the grasper performance is found to
have only a limited effect. An increase in the
grasper width, of the other hand, can significantly
increase the grasper-jaws opening to enable an
easy grasp of the suture needle.
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APPENDIX 1

Notation

elastic stiffness matrix

strain/field piezoelectric matrix
electrical dipole vector

stress/field piezoelectric matrix
Young’s modulus of the supporting layer
electric field vector
actuator-tip-blocked force

actuator length

elastic compliance matrix

strain vector

thickness of a single piezoelectric layer
stress vector

voltage

actuator width

SNT U SmmES oS

=

polarization angle

actuator-tip-free deflection
permittivity matrix

Poisson’s ratio of the supporting layer

N OS>

Subscripts

1, 2, 3 quantities associated with three global
directions

€ quantities specific to the piezoelectric
material

Superscripts

E constant-field condition
S constant-strain condition
t matrix transpose

I

material property in a 8 # 0 condition

APPENDIX 2

Elastic and piezoelectric properties of PZT

The following elastic and piezoelectric properties of
PZT are used in the present work: these properties
were taken from reference [19].

Constant-filed elastic stiffness matrix

(126 79.5 84.1 0 0 0
126 84.1 0 0 0
P 117 0 0 0
¢ = GPa
233 0 0
sym 230 0
I 23.0 |

Stress/field piezoelectric constant matrix

0 0 0 0 0 17
e=1] 0 0 0 0 17 0 |C/m?
—65 —65 233 0 0 0

Constant-strain permittivity matrix

1,503 0 0
=1 0 153 0 |x10°F/m
0 0 13
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