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Abstract: Analytical and finite element methods are employed to determine the contact pressure on
the surface of a tissue being grasped by an endoscopic grasper, in Minimally Invasive Surgery (MIS).
Normally, an endoscopic grasper is corrugated (teeth-like) in order to grasp slippery tissues. It is
highly important to avoid damage to the tissues while grasping and manipulation during endoscopic
surgery. Therefore, it is essential to determine the exact contact pressure on the surface of the tissue.
To this end, initially a comprehensive closed form, finite element and experimental analysis of
grasping contact pressure on viscoelastic materials which have similar properties as that of biological
tissues is studied. The behavior of a grasper with wedge-like teeth, when pressed into a linear
viscoelastic material is examined. Initially, a single wedge penetrating into a solid is studied and then
is extended to the grasper. The elastic wedge indentation is the basis of the closed form analysis and
the effects of time are included in the equations by considering the corresponding integral operator
from viscoelastic stress-stain relations. In addition, a finite element analysis is carried out in Ansys-10
software. Finally, the experimental results are presented to validate both analytical and FEM results.
The results of this study provide a closed form expression for grasping contact pressure force and
contact area along with the variations of stress in tissue obtained through FEM analysis. The variation

of contact pressure and the rate of growth of the contact area with time are presented.
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INTRODUCTION

Minimally invasive surgery (MIS), also called
endoscopic surgery, is regarded as a powerful technique
that facilitates a faster patient recovery . MIS is a
procedure carried out by a surgeon through a small
incision using specialized surgical equipment like
endoscopic tools or other visualization devices, not
requiring direct access. The endoscopic tools have a
teeth-like grasper for easy grasping of various slippery
tissues. Figure 1 shows some typical endoscopic
graspers. This surgical device is of great use during
manipulation tasks such as grasping the internal organs,
gentle load transfer during lifting, suturing and
removing tissues . This surgical approach offers
several advantages over traditional open surgery such
as reduced trauma, less pain, and shorter recovery times
for the patient. For many operations, post-operative
pain is significantly reduced and leads to faster
discharge from the hospital, and a more rapid return to
normal activities 4.

Despite some advantages of MIS compared to the
traditional surgery, almost complete lack of sense of

touch that may cause damage to the tissue is a major
drawback of this technology. In order to prevent any
damages on the organ and tissues, determining the
contact pressure and force between grasper and organ is
very important. Comprehensive theoretical analysis as
well as measurements using electromechanical sensors
can be employed to determine the contact pressure and
force on tissues.

The sensors designed by Dargahi ! and Dario '®
could only measure the compliance and contact force of
the elastic materials. Gray ''"! and Fearing * employed
an array of micro tactile capacitive sensors for use in an
endoscopic surgery telemanipulator to test the sensing
of organic tissues on a small scale. Their sensors
exhibited severe hysteresis problems. Various attempts
have been made to rectify the problem of reducing the
number of sensors using PVDF films P!
Experimental and theoretical analysis of a new type of
tactile sensor that can detect both contact force and
hardness of an object has been discussed !'?. The sensor
designed by Narayanan and Bonakdar !'*! can measure
both force and compliance of Kelvin-Voight model of
tissues. However none of those analyses could express
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the contact pressure and force between tissue and
grasper explicitly. Moreover the state of stress in the
tissues is also an important problem which has not been
studied well so far.

Fig. 1:

Typical endoscopic tools and graspers

Grasping contact analysis is mainly affected by material
behavior, shape of the indenter and friction between the
grasper and object. Since the tissues are viscoelastic,
our analysis is based on the theory of contacts on
viscoelastic models. The theoretical studies of linear
viscoelastic bodies in contact became active since
1950s by the work of Read ", Lee '] Radok "%, Lee
and Radok ", Hunter ' Graham 1905 3nd ng (21,221
In recent years, a number of authors have extended the
early work to the analysis of indentation measurements
in viscoelastic solids using either conical or spherical
indenters 22!, Bonakdar et al *** recently studied the
grasping contact pressure for both elastic and
viscoelastic materials with different shapes of graspers
analytically. In the present paper, we investigate teeth-
like contact grasping in linear viscoelastic materials
using analytical and finite element methods. Finally,
the experimental tests will be carried out to validate our
analysis.

MATERIALS AND METHODS

1. Viscoelastic Contact Analysis

We will use an idealized viscoelastic material, which
demonstrate the effect of delayed elasticity (Kelvin
Model). This model includes a spring of modulus g;
parallel to a dashpot of viscosity7, which are in series
with another spring with modulus g,. For this material,
the creep response to a step change in stress s, is
expressed as [29],

e(t) = 0.5J,(1)s, = {— + [ exp(=1/T )}s, M

& &
where e(?) is time dependent strain, J;(2) is the creep
compliance and 7, =7/g,. The response to a step
change of strain ¢, is written as,

5(0) = 2G(0)ey = [g: + g, exp(—1/T,)lie, 2)

& t8&
where s(?) is time dependent stress, G(?) is the shear
relaxation function or time dependent shear modulus

and 7, =7/(g, +&,)-

In the present paper, a rigid and frictionless wedge
which is indenting normally into the viscoelastic solid,
as shown in figure 2, is considered. The problem is
solved based on the linear theory of viscoelasticity and
the solid is assumed to be isotropic and homogeneous.

The contact pressure between a wedge and an
elastic solid is expressed as *%,

P = o™ () ®)
where E, v and a are Young’s modulus, Poisson ratio
and contact area respectively. Using equation (3) the
changes of the contact pressure against x can be plotted.
This is shown in figure 3. It can be seen that for an
elastic object the contact pressure gradually reduces at
the tip of the wedge.

X, mm

Fig. 2: Rigid wedge in
contact with a solid

Fig. 3: Variation of contact
pressure along transverse
direction (G=235 Mpa,
a=Imm, a=60° v=0.5)

When the material is viscoelastic, contact pressure and
area vary with time and hence, following Radok’s
suggestion [, the Poison ratio is considered time
independent and E(?) is replaced by2G(¢)(1+0v).

Consequently equation (3) is expressed as,
-1 r
G, )_ 2cota J G- t)Bcosh ;ra(t )/x) ' 4

The 1ntegra1 form of equation (4) can be interpreted
as the linear superposition of small changes in p(x,?)
caused by infinitesimal step changes in contact area.
Therefore, for delayed elasticity model defined by
equations (1) and (2), for a constant value of contact
area with incompressibility condition (v =0.5),
Equation (4) can be rewritten as,
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p(x,0) = osh™' (%) Q)
X

For the elastic contact, the relationship between
contact area, a, and force, F, is given by,

4G(t)cotx c
T

F= f” p(x)dx = 2aGeota | where p(x) is taken from
E (1-v)
equation (3) and F'is force per unit of length. Then,
_Fa-v) (6)
2Gcota

When the Poison ratio is assumed to be 0.5 for a
Viscoelastic material equation (6) can be written as,

al)=— noF (’ ) at (7
Under a step load, a(t) becomes,
a(t) = 2eota @ (OF ®)

By con51der1ng the delayed elasticity material and using
equations (5) and (8) we can express the contact
pressure as,

p(xet) = 2g (g, + g exp(=t/T,)]cotar cosh™ (g) )
(g1 +8.)7 x
and,
a(t) = —— [+ L (= exp(= /)] (10)
2cota g, g,

Figure 4 shows the changes in contact pressure
against time and location. It is seen that at the constant
value of the strain contact pressure decreases rapidly
and reduces towards a constant value which is the
steady state.

p(x), Mpa
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Fig.4: Variation of contact pressure in delayed
elasticity material against time and along
transverse direction (g; = 235 Mpa, g,= 26

Mpa, a=60°, T,=1sec, a=I1mm)

2. Grasping contact analysis: For the purpose of
analysis, the contact stresses around the single tooth are
assumed to be concentrated close to the contact area
and decrease rapidly in intensity with distance from the

point of contact. Thus the region of interest lies close to
the contact. Provided the dimensions of the tissue are
large compared with the dimensions of the contact area,
the stresses in this region are not critically dependent
upon the shape of the tissue distant from the contact
area. On the other hand, since the linear viscoelastic
theory is considered, the superposition principle can be
evoked to analyze the grasping contact problem.
Considering figure 5 which shows the schematic of
grasper, and equation (8), the grasping contact force per
unit length on the top of the delayed elasticity material
for constant indentation area can be written as,
2Naglg, +g, expt-t/T,)]cotar (11)
(g +8,)
where N is the number of teeth of the grasper.

F()=

\\_ \_/_/ j e
NI NI

Fig. 5: Schematic of grasper with wedge teeth

Considering equation (10) for a constant indenting
load, the creep of the contact area would be,

_F 1 (12)
a(t)—mcom[gl+g2 (1-exp(=/T)))]

Equation (12) expresses the variation of contact
area with force and time. As shown in figure 6, total
force applied to the grasper decreases with time for a

constant value of contact area.
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Fig. 6: Decay of total force against time for the
grasping contact with wedge teeth grasper (g; -
235 Mpa, g,= 26 Mpa, a=60° T,=Isec,
a=0.1mm, number of teeth:8)
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In figure 7, increase in the contact area with time is
shown. In MIS when a surgeon uses the graspers, it is
imperative to understand that contact area and
consequently contact depth will increase under a
constant load. Otherwise, there is a possibility of
causing damage to the organs.

Fig. 7: Increase of contact area with time in delayed
elasticity material against force (7,=10, g; =
235 Mpa, g,= 26 Mpa, a=60°, number of the

teeth: 8).

3. Finite Element Analysis: A comprehensive finite
element analysis is conducted using Ansys 10. In this
analysis a 20 mm thick tissue is grasped by two jaws of
a tooth-like endoscopic grasper. Figure 8 shows the
grasper-tissue model. A viscoelastic Plane-182 element
has been considered for the model. This element is the
most suitable choice for viscoelastic materials in two
dimensions.

¥=10 mm

2 :
¥ b t
i T i
T T
T T +
t T T t +
t t t t t
x [==asapesns = = = H H AR

Fig. 8:

Ansys model for tissue and grasper (tip to tip
distance of the teeth: 5 mm, semi-angle of each
tooth: a=60°, thickness of the tissue: 20 mm)

The boundary conditions for this model are shown
in the figure 9. Because of the symmetry, tissue is fixed
at symmetry line along the tissue length. A uniformly
distributed load is applied to the grasper which is fixed
along x-axis in its one side.

In this analysis the shear modulus of the tissue is
obtained using equation (2). Table 1 shows the values
of time dependent shear modulus used in this analysis.

Fig. 9: Meshing and loading of semi-model

Table 1: Time dependent shear modulus
t(sec) O 1 2 3 4 5

G(t) 1175 506 262 17.1 137 124
Mpa

When the teeth of the grasper is indented into the tissue,
deformation of the tissue, Von Mises stress, stresses in
X, ¥ (normal stresses) and y-x directions (shear stress)
are obtained and shown in figures 10-14.

NANSYS)

Fig. 10: Local deformation of tissue by a tooth
ANSYS
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Fig. 11: Von Mises stress in tissue
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Fig. 12: Normal stress in y-axis
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Fig. 14: Shear stress in xy-axis

Following relations are employed to calculate
pressure in the contact surfaces:
p(x,0)=s,(x,0)nn, 13)
where, n; or n; are the normals to the contact surfaces
and s; are the values of stresses on the surface of the
contact area. For the grasper with semi angles of 60°,
normal to the surface is given as:
n=-0.5i+ 0,866;, for the right side of teeth (14)
n=0.5i+ 0.866}' , for the left side of teeth (15)

Substituting the values of stresses resulting from
FEA in equation (13), we can calculate the contact
pressure. It has been found that a close agreement exists
in the contact pressure obtained from FEM and that by
closed form solution. In general, the FEA yielded
higher values than those by closed form analysis except
in a few isolated cases without any identifiable trends.
The magnitudes of contact pressure under the same
loading and situation of the analytical part are outlined
in the table 2.

4. Experimental tests: Experimental tests have been
performed on two typical elastometric materials. These
materials possess characteristics similar to these tissues.
Piezoelectric polymer Polyvinylidene fluoride (PVDF)
films have been used as the sensing elements on the
grasper to obtain force and contact pressure.

Table 2: Comparison of contact pressures by finite
element and closed form analysis

X FE(Ansys) Analytical Difference
(mm) P(x),Mpa P(x), Mpa (%)
10.1 31595 317.19 -0.3
14.08 124.32 121.26 2.4
14.60 194.69 197.15 -1.2
15.13 307.26 294.56 4.1
18.78 109.35 92.74 15.1
19.80 279.88 257.42 8
20.86 139.71 128.08 8.3
24.00 127.07 113.26 11
24.50 191.09 177.46 7
25.56 188.30 167.31 11.1
26.08 125.75 121.26 3.6
28.69 99.31 89.04 10.1
29.21 130.41 135.86 -4.2
30.78 135.41 136.97 -1.1
33.47 191.73 183.10 9.5
40.17 286.41 271.42 52
43.82 107.08 96.60 10
44.34 140.10 151.59 -8.2

*Initial and boundary conditions:  a=2mm, t=0,

G(0)=117.45 Mpa

Initially we designed, fabricated and calibrated an
array of 25u thick uniaxially drawn PVDF sensor.
PVDF films are arranged to form parallel strips of
sensing elements. Four strips of uniaxially drawn
metalized on both sides of PVDF films are glued onto a
prototype grasper (figure 15). In gluing of the PVDF
films, care was taken to ensure that the strips of the
films were glued uniformly with a thin layer of non-
conductive glue. It is important to note that PVDF is
more sensitive in the drawn direction. The piezoelectric
coefficient in the drawn direction is ten time higher
than that in the transverse directions. To this end, all the
strips of the PVDF films were glued on the grasper in
such a way that the drawn directions of the films were
aligned towards the depth of the teeth. This would
ensure that all of the sensing elements have the same
sensitivity.

When an object is pressed onto the teeth of the
grasper, the strips of sensor elements produce voltage
which can be viewed in a computer monitor. Since the
voltage output of a PVDF film is proportional to the
applied force, a combination of output voltages
produced by the strips of sensing elements demonstrate
the force and contact pressure at various points on the

1020



Am. J. Applied Sci., 4 (12): 1016-1023, 2007

contact area. Therefore, the ratio of the voltages shows
the ratio of the contact forces and pressures on the
specified contact areas.

PWDF film

Sensor element

AN

A tooth of prototype
grasper

_. v /
Fig. 15: Schematic of four strips of PVDF film glued
on a single prototype tooth

#- Power Amplifier
B- Bignal Generator
C- Bhaker (Press Unit)
D- Probe with Prototype Grasper
E- Elastometric Matetial
F- Base

G- Data Acquisition

H- Computer

E- Force Transducer

K=
] L
A B | E G H
F

Fig. 16: Block diagram of the experimental setup

i Power
Amplifier
Display

system

bias resistors i

Fi;gr:ﬂl7: Experimental stup
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The schematic diagram of experimental
measurement setup, developed to analyze the
performance of the sensor, is shown in figure 16.The
complete experimental set up with all the electronic

1021

components and the display unit is shown in the figure
17.

Since the tooth of grasper is symmetrical about the
line passing through the tip, only two voltage signals
that are produced by sensing areas on one side of tooth
are analyzed. Figure 18 show the four teeth macro type
fabricated grasper. The purpose of the tests is to find
the contact pressure ratio between the two areas on
single side of a tooth for four teeth of the grasper.

Fig. 18: Macro type grasper and press unit

Figure 19 and 20 show the responses of the sensors
under a step load-unloading for two different samples.
The sensor outputs of Material 1 are shown in figure 19
which is harder than Material 2 whose output is shown
in figure 20. Channels 1 to 4 are related to the sensors
which are close to the tip of the teeth and channels 5 to
8 are connected to the sensors that are fixed in the
lower sides of teeth. 50 Hz main frequency was
superimposed on the transient signals. During the
experimental analysis, this frequency was filtered.
Based on the results obtained from the tests, it is
shown that the average contact pressure ratio on the
sensing areas which are closed to the tip of teeth with
sensing areas on the lower sides of teeth is about two
(the ratio of CHI/CHS5, CH2/CH6, CH3/CH7 and
CH4/CHS are all about 2). This is the ratio that agrees
with both closed form and finite element analysis
results. Table 3 shows the average force ratios, which is
obtained from ten times signal capturing, between the
sensing areas close to tip with the lower sensing areas .
In addition, although Material 1 is harder than Material
2 and its peak to peak voltage values are higher, the
contact pressure ratio does not differ. On the other
hand, after the one second of the application of load, the
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contact force and pressure decrease which shows the
effect of viscoelasticity of the materials.

Mowrm o | our | | oo | ova | 04| o0 | i | v |

1110315

Fig. 19: Sensor output under a step load for Material 1
(E =32 Mpa)
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Fig. 20: Sensor output under a step load for Material 2
(E=7 Mpa)

Table 3:The average force ratios obtained from ten
times signal capturing between the sensing
areas close to tip with the lower sensing areas

Experimental  Closed Finite
form Element
Material ~ 2.06 2.15 2.27
1
Material ~ 1.93 2.17 221
2
CONCLUSION
The closed form analysis provides relations

between total force, contact area, and relaxation and
creep modulus for linear viscoelastic grasping contact
with a corrugated wedge-like profile. Comparison of
the results in finite element with closed form analysis
shows that the assumption that the contact stresses are
close to the contact area, is correct. Therefore we could
use the superposition principle for the closed form
grasping analysis. In addition, the finite element results
agree with the results of the closed form analysis at
different times during application of the load.

The study shows that under a constant load the
contact area increases exponentially. Thus, fast
unloading is essential for preventing any damage to
tissues especially when the endurance pressure is
applied to the tissues. On the other hand, the total force
applied to the grasper decreases with time for a constant
contact area. Another result of this study is that by
increasing the number of the teeth, the rate of change of
contact area reduces. In other words, to prevent any
possible damage to the tissue, the number of the teeth
must be increased. The experimental analysis is shown
to support the closed form and FEA results.
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