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sensors focus on measuring the contact force. For dgamp

Abstract—The present paper presents a finite element model angisitsoraatet al. [5] have proposed a piezoresistive-based

analysis for the interaction between a piezoresistiuslé sensor and mjicro-machined tactile sensor, which can be used only for
biological tissues. The tactile sensor is proposed forrusanimally force measurement. On the other hand, some resgesabs

invasive surgery to deliver tactile information of biolcg tissues to . dt i fth tact obiect. F
surgeons. The proposed sensor measures the relative ssaodrsoft aimed to measure more properties of the contact object. For

contact objects as well as the contact force. Silicubers were instance, Bonomet al. [4] have presented a multipurpose

used as the phantom of biological tissues. Finite elemealysis of tactile sensor that uses the ionic polymer-metal composite

the silicone rubbers and the mechanical structurbefensor were (IPMC) cantilever beams as the sensing element. TheCIPM

performed using COMSOL Multiphysics (v3.4) environmenteTh heams deform under the effect of electrical field and, once

simulation results verify the capability of the sensom® used to = .

differentiate between different kinds of silicone rubbeaterials. deformed, they generate electricity. Despite the numerous
advantages of using IPMC technology, the range of hasdne

Keywords—finite element analysis, minimally invasive surgery, M€asurement is still limited to less than 1kPa in the sensor.

Neo-Hookean hyperelastic materials, tactile sensor. This limitation is due to the properties of IPMC and the
maximum force it can deliver. Engat al. [6], [7] have
|. INTRODUCTION presented a polyimide-based multimodal and micro-machined

ACTILE sensing is the evaluation of spatial distributiofactile sensory skin that measures several mechanical
of forces vertical to the identified sensory field and th@roperties of the contact object including the relative hagines

consequent displacement of the touched material [1], [28. T Although their sensor shows reliable results, it cannot oreas
tactile sensing could have an important role in Minimally hardness higher than the hardness of polyimigemal;
Invasive Surgeries (MIS). MIS technology is now one of th@"d @ rough contact surface (object) causes inaccurate
most recommended options for numerous types of segerinéasurements of relative hardness. Dargahal. [8] have
[2], while offering many advantages for surgeons and pitie presente(_j a Polyv_lnyhdene_ Fluoride (PVDF) plezpelectrlc-
in comparison with open surgeries. Nevertheless, MiShst based micro-machined tactile sensor for endoscopic graspe
some drawbacks. For instance, surgeons do not havadtiie which is able to measure the magnitude and position of the
perception with biological tiss,ues due to the use of mi&ontact force. Despite the acceptable results of their sehsor,
surgical tools [3]. The ability to accurately sense tactills COMPlex to evaluate shear force from the sensor output.

information of tissues allows surgeons to distinguish arfAdition, the sensor measures only dynamic loads by viftue o

hidden abnormalities in biological tissues, such as tumouf8® PVDF properties. Sokhanvat al. [9] have proposed a

which are generally harder than surrounding healthyetissuPVDF piezoelectric-based miniaturized multifunctional
[4]. Therefore, presenting a tactile sensor that meastees gndoscopic tactile sensor. Their sensor measures the eelativ

relative hardness of tissues in MIS, helps surgeons to identfiardness of the contact object, the contact force, and the
any abnormalities in the tissues. position of the concentrated force. However, it cannot measur

In the last few years, several multipurpose tactile senso??tic loads. Moreover, due to the PVDF sens@tivity to egternal
have been presented, utilizing different designs and prirsipl&©ise. the sensor suffers from some errors in evalyatie

to measure the tactile information in MIS. Most of these tactigontact force. )
This literature shows that most of the tactile sensors have
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[8]-[11], capacitive sensing principle [12], [13], optical fiber B. Design and Fabrication

[14], or pneumatic-based principles [15]. Among them, the Fig. 1 illustrates the novel design of the proposed tactile

piezoresistive principle is preferred due to (1) its fast lespo sensor. The design of the proposed sensor is fully

to static and dynamic forces, (2) its compatibility with microgemonstrated in our previous work [16]. Briefly, the serisor

machining process, (3) its low sensitivity to external noisgpade up of two simply fixed supports that hold up kst

and (4) its availability and low price for batch production.  peam from its ends. The sensor includes four piezoresistive
In the previous work [16], we proposed a novel tactilgiims placed as shown in Fig. 1. A hyperelastic material,

sensor based on piezoresistive sensing principle for MKjjicone rubber, fills the cavity between the elastic beach an

applications. The sensor is able to measure the relatifR substrate, to build enough pressure on the middle top film

hardness of soft ObjeCtS as well as the contact forﬁb,aN A prototype of the proposed sensor was built and tested.

simple design that ensures the capability for micro-fabrinatio Taple | illustrates briefly the components and materials of the
In the present paper, the interaction of this tactile Sens&énsor mechanical structure.

with two different silicone rubbers, resembling biological
Agplied Losd

i , is simulated and analyzed in finite el del
(FEMD using the COMSOL Muti arysics (3.8 somare. . B 333 3 3 3 3 33338

1 1l icd e Top Film
Il. PROPOSEDSENSOR tiact e -
A. Design Principle - = _Clorficlicam -~
The scope of the current study is to measure the relative || suppori  Tiller Material Hight Suppart
hardness of touched objects, based on their behaviour t thilicone Ruhber)
applied force. Ideally, hard materials have low amount of \ Bl /f ":,_

deformation under loading, while, as the hardness of the | n.iut.‘:m;-.m
material decreases, the deformation increases under rife sa
loading condition. Hence, it would be possible to evaluate the
relative hardness of a material by measuring both its contact
force and its corresponding deformation with a tactile sensor.
Physically, the material hardness is related to its young

iddlc Botinm Film Riglt Raliam Film

Fig. 1 Sensor design.

TABLE |
THE COMPONENTS ANDMATERIALS OF THE SENSORSMECHANICAL

modulus E ), as STRUCTURE
E=9/, @ Structure Material Dimensions
Component (mm)
where Supports Plexiglas 15x8x5
o=F/,, e=aL/1, 2 _ _ N
Filler Material Silicone rubber (Ecoflex 00-10) 37x8x5
where stress and strain are functions of applied fdfeahd )
displacement AL), along the axis of the applied load, F'@sticBeam — Polystyrene 67>x8x12
respectively. For a given geometry, the surface at¢arfd
initial length I, ) are fixed; therefore, the ratio of the applied
force over displacemenFfAL) can denote an approximation II. FINITE ELEMENT ANALYSIS
for the relative hardness of a material, as The purpose of the FEA is to simulate the proposed tactile
E= C(F/AL) (3) sensor and test it when touching biological tissues, which are

) ] ) simulated as silicone rubbers [17]. Since silicone rubbers, in
whereC is a constant. The ratio of the applied contact force fs work, act as both a filler material in the sensor structure
the deformation of the object can indicate a measure {9 as biological tissues in experiments, an accuratel fayde
compare the relative hardness of materials. Hence, the re""‘t%{ﬁcon rubbers was developed by several experimental tests
hardnes&.Hcan be approximated as _

R.H = F/AL (4) A.. .Mathemancal Model . _
Silicone rubbers, as any other rubberlike materials, are
Harder materials have highB:H values than soft ones. As jsotropic and incompressible materials which undergo large
the R.H value increases the degree of hardness increasgfstic deformations [18]-[20]. Consequently, siliconebrrs
Using this principle, different type of materials can bgan be modeled as isotropic incompressible hyperelastic
distinguished based on their relative hardness. In the prdposgaterials using the non-linear elastic theory. A hyperelastic
sensor design, the deformation of touched materials jfaterial (Green elastic material) is an elastic material and a
proportional to the deflectiow) of an elastic beam, which can special case of Cauchy materials that is defined by its strain
be measured W|th a pieZOI’esistive film. Therefore, tlﬂ@nergy function\M’ i.e. a scalar Objective function [19]’ [20]
obtained relative hardness by the sensor is equal to the fa“q:gr an isotropic hyperelastic rna‘terialY the strain energy
the contact forceR) to the beam deflectio). function, W, can be defined using principle invariants (5,
I3) of the left Cauchy-Green deformation tensor [20]:
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W= w(J,L,L) (5) [19]. The solution was obtained using Lagrangian-quadratic
elements, parametric analysis, and the ideal constrains in the
software. Each model represents the compression telgdpp
to a specimen. Therefore, the models include three nuhin s
domains; two plates sandwiched with the tested specimen.

for an incompressible material, where the rate of chahtieeo
volume is zerolz is equal to one; therefory depends o,
andl, only. So, (5) becomes [20]:

W =W (1) ©) The lower and upper plates represent the lower (fixed) an
for such materials the stress tens§ri¢ given by [20]: upper (free) jaws of the ElectroForce 3200 device,
5=0W(A)/0A 7) respectively. In a simulation of the experimental compression

whereA s the deformation gradient tensor. test, the upper jaw moves in s.teps a total dlsplagemenF of
%OSmm downward, each step is 0.05mm. The simulation

Many mathematical models have been established . .
. . : . results were compared to the experimental data and confirmed
represent the mechanical behavior of hyperelastic materials

The Neo-Hookean model is one of the most important modeqcceptable accuracy of the FE models for the three igbes

. . . L JHicone rubbers. The experiments show the order of the
that are suitable for modeling isotropic incompressiblé

hayperelastic materials [19], [20]. The Neo-Hookean modéfgzogrearl;t?]bgrksinh;(r)dness values: Ecoflex 00-10 < Ecoflex
obtains the strain energy function for an incompressible 9 '

hyperelasti ial using the following formula [21]: ABLET
ypere astic materia USIng the fo 1OW|ng ormula [21] MECHANICAL PROPERTIES DIMENSIONS, AND MESHING ELEMENTS FOR EACH
_ K 2 8 SILICONE RUBBER MODEL
W I) = 2 (h 3) + d U-D ®) - Initial shear  Initial bulk Dimensions .
Silicone modulus (1) modulus k) Meshing
where p is the initial shear modulusgd is the material  rubber (MPa) H (MPa) (mm) elements

incompressibility parameter, antlis the ratio of current to
reference volumeJédet(d)). The initial shear modulus and “Ecoflex  0.002743 _ 0.030477 37.11x 7.92x5 708

the incompressibility parameter are obtained using [21]: 00-10
= 9
# =20+ Co1) ©) Ecoflex ~ 0.009542  0.106017 37.47x8.12x5.3 752
00-30
_2(c t Co1) _ Z (10)
T o1-@2v)  d Dragon  0.063297 0703228  37.49x7.98x5.4 712
Skin 20

where ¢, and cy; are the Mooney-Rivlin constants for the
material, # is the initial bulk modulus, al#lis the Poisson’s

ratio of the material »~ 0.5, for an incompressible material). After develoning the FE models for the sili bb h
Mooeny-Rivlin constants of a hyperelastic material can be er developing the models for the silicone rubbers, the

determined from the experimental data of any ststssin mechanical behavior of the proposed tactile sensor iracbnt
test, such as compression test [19], [18]. In this worbahr""ith a simulated biological tissue was analyzed and modelled.

different types of silicone rubbers with different harshe The new F,E model, Fig. ,2’ in this .stage inpludes the lower
values were molded and used, which are Ec6fle-10, jaw, upper jaw, supports, filler material, elastic beam,thad

Ecoflex® 00-30, and Dragon SKir20, all from SMOOTH-ON

Inc. (Pennsylvania, USA). A compression test was cauigd WL ok

for specimens from all these silicone rubbers using the BOS @ | _ Bt T

ElectroForce 3200 device (BOSE Corporation, Minnesote | T _n:"f-_'_'_
USA). The device accuracy is 0.01 N in load measuring, a e Ll ]
0.01 mm in displacement measuring. A Matlab code [19] wa *] | i _ ST FaEA|

used to obtain the Mooney-Rivlin constants from the ] i R

experimental data. Accordingly, equations (8) and (9uaes H

to calculate the mechanical properties of the silicone rubber

implement them in FEA. Uipper juv ( [rccd

B. FEA in COMSOL LFntwicn] raue ._._Fln.‘-:u Krum

Each silicone rubber was modeled in COMSOL ,
Multiphysics software (v3.4) separately, using the disiams Filter malerial
of the tested specimens and the calculated mechanic Lawor faw (ficedi -
properties. Table Il presents the mechanical properties ai t

number of meshing elements for each model. The FE mode..

were formulated using the structural mechanics module in a Fig. 2 The finite element model of the tactile sensat it
plane strain application with a parametric analysis in 2Dnteraction with a biological tissue. The model sintinkq a practical
space. The structural mechanics module was suitable fgst of this interaction using the Electroforce 3280ice. (a) Meshed

hyperelastic modeling, because it allows large deformatioff§ucture. (b) The biological tissue and sensor structuee afiplying
displacement to the upper jaw.
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biological tissue in contact. The properties of the FE model ar
the same as silicone rubber models. The mechanical piszper
of the material used in the sensor in the FE model ar
estimated from properties of the materials used to build th
experimental prototype.

In order to analyze the interaction between an MIS tool an

(o]
o

60

) f
20

Measured Contact Force (I

a biological tissue, it was assumed that the surgeon appli %

either displacement or load to the tissue. Both scenarios cou 0 d : : :

be simulated in this model. Simulating the displacemen 0 0.3 0.6 0.9 1.2 15
scenario is possible through a negative displacement in y-ax Beam Deflection (mm)

that is applied to the free jaw by the use of parametric

analysis. The load scenario can be set through the user@f. 4 The measured contact force vs. the measureectefi of the
parametric analysis to apply an incremental distributed load étastic beam. (a) For Ecoflex 00-30, and (b) For Bnagkin 20.

the negative direction of y-axis to the upper jaw. Both

simulations are applied to the silicone rubbers Ecoflex 00-30

(soft material) and Dragon Skin 20 (hard material). V. DISCUSSION ANDCONCLUSION
The simulation results ensure the validity of the sensor
IV. SIMULATION RESULTS principle to measure the relative hardness of two diftere

Fig. 3 shows the results of applying a load to both Ecoflétiological tissues represented by Silicone rubber materials.
00-30 and Dragon Skin 20. The maximum load was 5 N withhe model was able to simulate different scenarios of pedctic
increment of 0.25 N. From Fig. 3, it is clear that the EcofleRpplication. Although the range and the sensitivity of the
00-30 had larger beam deflection than Dragon Skin 26hfor Sensor are reliable, it is possible to improve them by changing
same amount of applied force. Therefore, Ecoflex 0@s3Be the design parameters of the sensor, such as the harihes
softer material. the filler material.

Fig. 4 presents the results of applying displacement to theAs a future work, the simulation of interaction between the
upper jaw for both Ecoflex 00-30 and Dragon Skin 20. Théensor and silicone rubber would be carried out
total displacement was 3 mm, reached by an incremental s@perimentally, and then the experimental data will be
of 0.1 mm. The total thickness of the simulated biologicgtompared to the numerical simulation results. Furthermore,
tissue was assumed to be 15 mm. The slope in Fig. 4 (a), drféA could be performed to verify the ability of the sensor to
(b) is F/d, which is the relative hardness measured by tHénd the position of concentrated loads, such as abnormalities
sensor. From the equations of the linear trend line foh eain tissues.
silicone rubber, it was found that the slope of Ecoflex 00-30
and Dragon Skin 20 is 55.218 N/mm, and 79.204 N/mm, REFERENCES
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