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In this study, we report on the development of a new multi-sensor endoscopic grasper
which is capable of measuring the sensed object’ s compliance and has potential applica-
tionsin minimally invasive surgeries. The designed prototype has 8 cylindrical friction-
enhancing projections which are supported by Plexiglas bases. The tactile sensor consists
of two elements, arigid central part and a peripheral annular-shaped compliant cylinder.
Two separately located polyvinylidene fluoride (PVDF) filmsin the form of acircleand a
ring constitute the part of the sensor that measures the applied forces. Upon contact with an
object, the rigid cylinder and the compliant cylinder convey different forces to the
underlying PVDF films. Therelative contributions of these forces|ead to the measurement
of the sensed object’s compliance. On the basis of the experimental data, we clarified that
as the compliance of the sensed object increases, the value of the force contribution for the
rigid part of the sensor decreases accordingly. Both experimental work and theoretical
analysis have been carried out. The results of three-dimensional finite element modeling
correspond well with experimental findings.

1. Introduction

Modern surgical procedures, such as minimally invasive surgeries (M1S), separate the
surgeon’ s hands from the site of operation. Asaresult, the surgeon’s perception of touch
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islimited to hig/her visual abilities fed back from avideo cameralocated at the end of the
endoscope. The reduction of tactile sensory perception in MIS can counteract the many
advantages introduced by this type of surgery, such as smaller incisions, faster recovery
time, reduction of post-operation complications, and less pain.» The success of a
minimally invasive surgery procedure depends highly upon the surgeon’ s ability to feel the
tissues and detect the presence of blood vessels and ducts while performing the surgery.9
Some special MIS techniques involve controlled manipulation tasks.® Among these
techniques are: gentle load transferring during lifting, suturing tissues, grasping internal
organs, and removing tissues (e.g., loose bodies in knee arthroscopy and gall bladder in
laparoscopic surgery).(t©

Defining the state of manipulating or gripping a biological tissue or an object requires
the determination of two important physical parameters, i.e., force and position signa-
tures.t*13 To achieve this, different types of tactile sensors can be used to detect the
presence or absence of a grasped object/tissue.**9 A force sensitivity extending from 0.1
N to about 10 N is normally desired in biomedical and medical robotic applications.®”

Tissue compliance is among the vital characteristics that can be extracted from the
measurements of force applied by endoscopic tools on the tissue surface. Thisinformation
is extremely important to a surgeon who uses palpation to evaluate internal organs.*® In
fact, to appropriately mimic the capabilities of the human hand, any surgical tools equipped
with tactile sensors should be able to measure compliance. Current endoscopic tools have
different kinds of graspersfor easy grasping of various slippery tissues. The jaws of these
graspers normally have friction-enhancing projections, which can be modified to assist in
determining the tissue compliance.

In the current work, we report on the design, fabrication, testing and modeling of a
novel device by means of which the compliance of asensed object can be determined. This
modified endoscopic grasper can be potentially employed in MIS, especialy in procedures
where surgeons are required to manipulate the organs with extra care.

2. PreviousWork

A report has been published on a modified commercial endoscopic tool in which the
magnitude of the applied force was measured using strain gauges.*? In that study, the
position of the grasper was determined with the help of an optical detector. The design,
fabrication and theoretical analysis of a micromachined piezoelectric tactile sensor for an
endoscopic grasper have been discussed.?® The designed sensor exhibited high force
sensitivity, wide dynamic range, good linearity and high signal-to-noiseratio. The detailed
finite element analysis of this sensor has also been reported.?Y An investigation on the
compliance of hard rubber embedded in a block of foam using remote pal pation has also
been reported.®? An endoscopic and robotic micromachined sensor has been designed and
fabricated using PVDF film. The development of a single tactile sensor suitable for
determining the compliance of deformable objects has been presented.?® The finite
element analysis and experimental studies of this proposed sensor have also been investi-
gated.® An attempt has been made to design a system in which aforce-moment sensor is
placed into the distal shaft of laparoscopic forceps.?® The piezoresistive sensor array used
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was afoil sensor with 64 measuring points. The pyroelectric effects associated with the
PV DF-based tactile sensors were separated from the piezoelectric effect using various
methods.?” The designed device showed an alternative transient approach for distinguish-
ing between piezoel ectric and pyroelectric signals using only asingle PVDF layer of film,
and thereby reducing the complexity of the sensor. A report has been published on atactile
sensor assembly consisting of two semiconductor microstrain gauge sensors, which are
positioned on the back face of a prototype endsocopic grasper.®® Analysisof amembrane-
type, polymeric-based tactile sensor for mapping applications in the biomedical and
robotic industries has been reported.?® Experimental and theoretical analyses of a new
type of tactile sensor that can detect both the contact force and hardness of an object has
been discussed.®? |n other work, modeling and measurements of the compliance of human
and porcine organs have been investigated.GV

The shortcomings of most of the current designs are mainly related to the complexity of
the systems used. The major advantage of the system proposed in this paper is the
simplicity and robustness of the design. Additionally, for the first time, this novel
compliance sensor has been successfully incorporated into an endoscopic grasper.

3. Materialsand Methods

3.1 Design of tactile sensor

To measure the compliance of an object placed between the jaws of an endoscopic
grasper, 8 identical sensors were constructed. Each individual sensor consisted of two
separate cylinders, i.e., rigid and compliant parts. Two rectangular Plexiglas supports were
used as the bases for the tactile sensors. The dimensions of these supports were 24 mm x
5 mm x 2.5 mm, and the relevant mechanical properties of Plexiglas were E = 70 MPaand
v=0.3. Figure 1illustrates an exploded representation of the lower half of the jaw of the
grasper which was equipped with 4 similar tactile sensors. For simplicity, the upper

Y

Compliant Cylinder

4_________--—- PVDF Films

+——— Plexiglas Base (lower half)

Fig. 1. Exploded illustration of the two-concentric-cylinder tactile sensors.
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Plexiglas baseis not shown in thisfigure. Animportant part of the designed sensor wasthe
rigid cylinder. The purpose of this cylinder was twofold. It not only acted as a major
structure in sensing the force magnitude, but also played an important rolein increasing the
friction between the sensed object and the grasper. High-pressure-laminated phenolic
polymer was employed as the material of choice for the rigid cylinder. The phenolic
polymer has excellent mechanical properties, E =4 GPaand v = 0.3. The diameter of the
rigid cylinder was 1.6 mm and its height was 2.025 mm. A 0.5-mm-thick metalized and
poled PVDF film (Good Fellow Company, USA) in the shape of acirclewas utilized asthe
sensing element beneath the rigid cylinder.

The second part of the sensor was a compliant cylinder which surrounded the central
rigid cylinder. The outer diameter of the compliant cylinder was 4 mm, and it was the same
height as the inner cylinder. There was a gap of 0.2 mm between the two concentric
cylinders. Different rubber-like materials were used for the compliant cylinders with
Young’'smoduli in therange of 2 x 10* Pato 4 x 10* Pa. To complete the sensor, another
metalized and poled PVDF film in the shape of aring was sandwiched between the two
Plexiglas bases and placed underneath the compliant cylinder. Both cylinders were glued
to the Plexiglas supports. For experimental purposes and to check the total magnitude of
the exerted forces, another circular PVDF film was installed in the sensor assembly.

A nonconductive glue was used to attach both the circular and annular PVDF filmsto
the upper and lower Plexiglas supports. Two coaxial cables, each connected to one of the
PVDF films, fed the output charge from the filmsto a charge amplifier. The system was
designed so that the compliant cylinder could be readily changed. This allowed us to
perform various experiments with different materials for the compliant part. One impor-
tant advantage of the designed system was its thermal insulation. Due to the technique
used, the system was thermally insulated from the environment. Asaresult of this, when
the grasper was in contact with an object at a different temperature, the generated heat
gradient did not lead to spurious outputs. This means that the pyroelectric effect is not a
problem in the proposed design.

3.2 Design of grasper tool

Figure 2 illustrates a computer-generated model of the grasper. Inthisfigure, 8 tactile
sensors are located in the upper and lower grasper jaws. Each sensor was independently
capable of measuring the compliance of the object placed between the jaws.

Detailed dimensions of the grasper are shown in Fig. 3. The distance between the
central parts of two consecutive cylinders was chosen to be 4.5 mm (i.e., the pitch). To
allow proper adjustments for the height of the two concentric cylinders a gap of 0.95 mm
was provided between the jaws. In thisway, cylindrical sensors of different sizes can be
tested.

3.3 Sensed objects

A review of related literature shows that the variations of compliance and stiffness are
quitelargein different biological tissues. For instance, the Y oung’s modulus of elasticity
isabout 0.11 MPafor the pig spleen, whileit is about 4.0 MPafor the pig liver.®33 The
same conclusion describes the case for human tissues. To cover thiswide range of values,
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Fig. 2. Computer-generated model of the prototype grasper.
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Fig. 3. Schematic drawing showing the dimensions of the grasper with cylindrical projections. All
dimensions are in millimeters.

various foamed plastic and foamed rubber cylinders with aradius of 2 mm and different
heights (in the range of 2-3 mm) wereused. The value of E for these sensed objects were
in the range of 2 x 10*to 5 x 10° Pa. Similar to soft biological tissues, soft rubber-like
materials behave nonlinearly. To take thisinto account, the Mooney-Rivlin model was
employed in the mathematical modeling of the sensed objects.
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3.4 Experimental setup

The details of the experimental setup are represented in Fig. 4. Ascan be seeninthis
photograph, a cylindrical probe driven by avibration unit (Ling Dynamic model 201) was
used to apply asinusoidal force at 20 Hz. The vibration unit was activated using a power
amplifier and asignal generator.

Using these arrangements, it was possible to press uniformly on the entire sensed
object. A force transducer (Bruel and Kjaer model 820) was used to determine the
magnitude of the applied force. The force transducer was inserted between the probe and
the vibration unit. A charge amplifier (D. J. Birchal model 04) was employed to amplify
the charge produced by the upper circular PVDF film and the lower annular film. An
oscilloscope was used to measure the resulting output. Another charge amplifier of the
same type was utilized to amplify the output from the force transducer. In all runs, a
dynamic load was applied to the sensed objects and the output voltage/charge values from
both PVDF films and the force transducer were recorded using a chart recorder. A
micropositioner was used to position the sensor relative to the location of the circular
probe.

Prior to performing the experiments on objects, the sensor assembly was calibrated.
The resulting calibration curve is plotted in Fig. 5. As can be observed, for the range of
forces considered, i.e., 0.1 to 2 N, agood linear relationship exists between the output
voltage from the sensor and the applied load on the combination of the two concentric
cylinders. The correlation between voltage and force can be represented by V = 50 F,
where F isthe applied force in newtons and V is the output voltage in millivolts.

Adjustable Stand

Vibration Unit
Oscilloscope

Probe & Force Transducer

Tactile Sensor

Signal Generator

Micropositioner

Power Amplifier

Charge Amplifier

Fig. 4. Photograph of the experimental setup.
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Fig. 5. Cadlibration curve for the tactile sensor.

After conducting preliminary runs on the grasper, a complete commercial endoscopic
grasper was obtained and its jaws were replaced with the designed system. Figure 6 shows
a photograph of the modified assembly which consists of four major parts. a) two grasper
jaws, b) a mechanical hinge, c) atotal of 8 friction-enhancing configurations, and d) a
handle. Using the handle of the tool, the operator can readily actuate the rigid beam
connected to the jaws viaanumber of solid links. By doing so, the endoscopic jaws can be
closed and opened, following the forward-backward movement of the rigid beam attached
tothe handle. Thefocus of our modeling work is on the jaws of the assembly, within which
the polymeric-based tactile sensors have been incorporated.

3.5 Finite element modeling

Three-dimensional finite element modeling was used to study the theoretical behavior
of the grasper assembly. Because of the complex structure of the sensor, which consisted
of various geometrical shapes with different properties, a commercial finite element
analysis software package (ANSY S, version 7.1) was employed. The output of this
software provided us with the magnitude of various stresses and the deformation of the
tactile sensor.

Various elements were adopted for different parts of the structure. For the Plexiglas
support, SOLID 45 was used, while for the PVDF films, SOLID 95 was employed. SOLID
95 was, in fact, ahigher order version of the 3D 8-node solid el ement of SOLID 45 with the
capability of tolerating irregular shapeswithout as great aloss of accuracy. SOLID 45 was
also used for the central rigid cylinder of the sensor. For both the compliant cylinder and
the sensed objects, we used HY PER 58 elements. While SOLID 45 elements are more
appropriate for 3D structural solids, HY PER 58 elements are more suitable for 3D
hyperelastic solids. The use of nonlinear analysiswith HY PER 58 was necessary, although
it increased the computing time noticeably because of the large deformationsin the rubber-
like materials of the sensed objects and the compliant cylinder. To simulate the behavior of
these parts, the Mooney-Rivlin model was adopted in the FEM. In this model, the strain
energy density function (W) is defined in terms of input parameters ¢y, Co;, and d:
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Fig. 6. Photograph of a complete endoscopic grasper equipped with modified jaws.

W= (T2 ~3)+ ca(T2 -3+ (4 -1, ®

where ¢y, Co;, and d are the material constants, 1,and|, are the invariants of the right
Cauchy-Green tensor, and Jy isthe elastic volumetric deformation. Typical valuesused in
the modeling are ¢,= 0.177 x 10° Pa, ¢y, = 0.65 x 10°, and d = 333 x 10° Pa. On the basis
of the Mooney-Rivlin model, an approximate value for the Y oung’'s modulus of elasticity
can be obtained using E= 6(Cy + Cgy).

With regard to PV DF films, the beta phase of PVDF hasaC,, crystal symmetry, and its
piezoelectric coefficient can be denoted by the following 3 x 6 matrix:®¥

0 0 O 0 ds O
di j = 0 0 0 d24 0 0
d31 d32 d33 O 0 0

When a sinusoidal force is applied to the PVDF sensor, the output charge from each
PVDF sensing element is, in effect, a combination of the sum of the piezoelectric
coefficients day, ds,, and dyz in the drawn, transverse, and thickness directions, respectively,
multiplied by the magnitude of the applied force. In mathematical form, we have:

_ q
W1ls, + Wols, + g’

2
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where g isthe output charge, F isthe applied force on asensing element, and v, and y, are
constants proportional to the electrode area of the sensing elements. Table 1 summarizes
the piezoelectric coefficients of the PVDF together with its mechanical properties, on the
basis of the manufacturer’s technical specifications. The piezoelectric coefficients are
presented in both pC/N (d-form) and Vm/N (g-form) units.

In the FEM, the total number of elements produced, after meshing the whole structure,
was 7,010. Further refinement of the number of elements did not produce any significant
improvement in the modeling results. Therefore, from a modeling point of view, the
generated mesh proved to be sufficiently accurate for the purpose of this study. The
meshing adopted for the lower half of the system is shown in Fig. 7.

4. Resultsand Discussion

Different modes of loading conditions were used, such as applying different loads on
the cylindrical projections. However, for the sake of brevity, only one of the casesin which
aload of 1 N is applied on the first projection is presented. Keeping the magnitude of
applied force at 1 N, various objects with different moduli of elasticity were placed
between the jaws. Depending on the compliance of the sensed object, the ratio of force

Tablel
Material specifications of PVDF.

Piezoelectric Coefficients Y oung' s Modulus(GPa)
d-from(pC/N) g-form(Vm/N) E, 2.25
ds; 1820 Oa 0.15
(o %% 2 O3 0.015 E, 220
dsz; 20 O 015

Fig. 7. Mesh produced by finite element modeling.
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exerted on the rigid cylinder to the force exerted on the compliant cylinder varied

considerably. To analyze the data, the following parameters were applied:

e ForceRatio: Thisisthe ratio of the force applied on the rigid cylinder to the total
applied force, i.e., Fr/ (Fr + F¢). In this dimensionless parameter, Fr is the rigid
cylinder force and F¢ is the compliant cylinder force.

e Object Compliance: This parameter is an indication of the sensed object’s compliance
and isdenoted as 6o / Eo. Here, Eq isthe stiffness of the object and &, isits thickness.

e Compliant Cylinder Compliance: Similarly, this describes the compliance of the
compliant part of the sensor and isdefined as 6c / Ec. The stiffness and thickness of the
compliant cylinder are represented by Ec and &, respectively.

e Combined Compliance Ratio: This is a dimensionless parameter which gives an
indication of the relative importance of the compliance of the compliant part with
respect to the compliance of the sensed object. It isdenoted as (6 / Ec)/( do / Eo).
Figure 8 shows the experimental results obtained when the combined compliance ratio

was varied from 1 to 32. On the basis of these data, we can see that as the combined
compliance ratio increases, the force ratio increases as well. This means that lower
compliance values for the sensed object result in the exertion of higher forces on therigid
part of the sensor. According to thisfigure, up to avalue of about 16 for (6 / Ec)/( 60/ Eo),
the force ratio increases sharply. However, beyond this threshold, the steepness of the
curve decreases significantly. It can be predicted that the value of force ratio approaches
unity asymptotically. Thisisverified by the trend in the experimental data aswell.

To study the contribution of the compliant cylinder, different runs with various
compliances for this cylinder were performed. The experimental results are presented in
Fig. 9. For afixed value of &,/ Ep, anincreasein the value of compliance for the compliant
cylinder leads to an increase in the contribution of forces received by the rigid cylinder.
The role of the compliant element of the sensor was tested for two different values of o /Ec,
i.e., 50 and 100 m/MPa. At an object compliance of 5 m/MPa, a20% risein forceratio is
observed when 6 / E. isincreased from 50 to 100 m/MPa.

0.9
0.8 - § § § § §
0.7 4
'% 061 s 3
"f, 0.5 -
% 0.4 4
w
0.3
02]*
0.1
0 ‘ ‘ . ‘ ‘ ‘
0 5 10 15 20 25 30 35

Combined Compliance Ratio

Fig. 8. Experimental data showing the variation of the force ratio with the combined compliance
ratio.
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Fig. 9. Effect of compliance of compliant cylinder on the force ratio.

The major focus of this work was on the analysis used in the study of the soft tissues,
and that iswhy arange of 3.3 to 50 m/MPafor the sensed object compliance was covered
experimentally. For stiffer tissues, it is expected that at low values of &,/ E, theforceratio
will approach unity, regardless of oc / Ec values. Errorsinvolved in the experimental
arrangement were difficult to quantify theoretically, but areproducibility of about 5% was
estimated for the force ratio from repeated measurements.

With regard to the mathematical modeling of the system and to predict the contribution
of forces on each part of the sensor, various stresses were computed. To achieve this, the
entire grasper was meshed and the output voltages from the two PVDF films were
determined. The results that were used in calculating the output voltage, and hence the
force ratio, were extracted from the stresses in the PVDF films. Figure 10 presents the
model employed in the finite element analysis for both the circular and the annular PVDF
films.

All four stresses, oy, oy, 0;, and o,, (von Mises stress), were computed and, as
expected, the predominant normal stress is the component in the y-direction (i.e., the
vertical direction). Taking into account the simulated results, the theoretical output voltage
can be obtained from the following equation:

3
Vo=293i~6i-t, 3
i=1

whereV, isthe output voltage in volts, t isthe PV DF thicknessin meters, o; (i =X, Yy, zor 1,
2, 3) arethe normal stressesin Pascals, and g5 (i = 1, 2, 3) are the piezoel ectric coefficients
in Vm/N. Knowing the value of t (which is 25 um) and the g5 values from Table 1, the
output voltage was computed, using the simulated values of oy, o, and o,. Because the
stress magnitudes vary in the radial direction, average values were used by integrating o;
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Fig. 10. Geometrical model of the PVDF films.

with respect to the surface area of the films. For instance, oy, aerage Was computed as, ) Oy.
dA /] dA, where A denotes the surface area of the corresponding geometry, i.e., a ring-
shaped or acircular film. Figure 11 presents the simulated results obtained together with
the corresponding experimental data. For the range of combined compliance ratios which
was tested experimentally, a good correspondence was obtained between the experimental
dataand the theoretical predictions. An average error of 25% was observed in the predicted
force ratio using the finite element method.

5. Summary and Conclusions

Using the prototype endoscopic grasper, it is possible to readily measure the compli-
ance of various soft objects, including biological tissues. A major advantage of the
designed system is that it can be easily miniaturized and micromachined. Asaresult, it
could be mass-produced at low cost and even be disposable.

Another feature of the designed prototype involves the polarization characteristics of
the PVDF polymers. Itiswell known that, in PV DF polymers, polarization can be changed
both by mechanical stress and by temperature variation. The former is associated with the
piezoelectric property of this polymer, and the latter with the pyroelectric effect. In the
design of the sensor, care has been taken to avoid the pyroelectric effect. To achieve this,
the PV DF film was sandwiched between Plexiglas layers, which successfully eliminated
the pyroelectric contribution of the film.

Three-dimensional finite element modeling has proven to be a powerful tool in
predicting the theoretical characteristics of the endoscopic grasper. The advantage of the
3D analysis is more pronounced when an object or a biological tissue with nonuniform
three dimensional geometry is grasped by the jaws. Here, the load distribution has a
relatively complex form. However, even in these cases, the use of the proposed method is
straightforward and the fundamental concept remains the same.
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Fig. 11. Comparison of experimental data and theoretical results obtained by FEM.

In the designed system, agap of 0.2 mm was allocated between the compliant and rigid
cylinders. The reason for this gap was to eliminate friction between the two concentric
cylinders and hence to make the sensor operate more smoothly. Gaps larger than the
prescribed value made the device lessrobust. In the current work, no attempt was made to
optimize the size of the cylindrical projections; however, it is predicted that by scaling
down the system, the performance will not be affected.

Work is currently underway in our lab to investigate the experimental studies and
theoretical modeling for cases in which soft tissues with more complex geometries are
grasped by this prototype system.
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