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Abstract—This paper presents the design of a ring-shapeukiai So far the surgeons perform the catheterizatiomqguores
fore sensor that can be incorporated into thefti guidewire for use  mainly with the assist of imaging techniques, sashX-ray
in minimally invasive surgery (MIS). The designeshsor comprises a fluoroscopyand Magnetic Resonance Imaging (MRI)to
ring-shaped structure located at the center of éauntilever beams. visualize the autonomy of patient and tract the
The ringdesign allows surgical tools to be easilyged through which guidewire/catheter. However, as an essential ueel in the
largely simplifigd the integration process. Siliavanowires (SINWS)  ~stheterization procedures, the X-ray fluoroscoge dbvious
are used aspiezoresistive sensing elementsembetdéto four o hacks such as poor soft tissue visualizatiahexposure
cantilevers of the sensor to detect the resistahaege caused by the o L . .
to radiation which is harmful to both patients gtd/sicians

applied load.An integration scheme with new desiiggeidewire tip . .
structure having two coils at the distal end ispried. Finite element [2]-TO overcome these disadvantages, the MRI tegtenivas

modeling has been employed in the sensor desigmtthe maximum dev_el(_)ped with excellent visual information andérss _the
stress location in order to put the SiNWs at thghHstress regions to radiation dose[3].However, these techniques coatdorovide

obtain maximum output. A maximum applicable fordeS5omN is
found from modeling. The interaction mechanism leemv the
designed sensor and a steel wire has been modeleBM. A linear
relationship between the applied load on the steeland the induced
stress on the SiNWs were observed.

Keywords—Triaxial MEMS force sensor, Ring shape, Silicon

Nanowire, Minimally invasive surgery.

|. INTRODUCTION

sufficient information to detectthe interaction ween soft
tissue and guidewire/catheter. In order to deteettdol-tissue
interaction and avoid imposing extra force, foreasors can
bemounted on the surgical toolsduring the intelioeia
procedures. Microelectromechnical systems (MEMSyeha
enabled the possibility of fabricatingminiaturizesnsors.
Recently various types of MEMS force sensors hasenb
reported for use in MIS with the purpose to providece
feedback[4]-[13]. Especially some are developed
guidewire/catheter related applications[14]-[18]ow¢ver,

for

Invasive Surgery (MIS)has been widelymost of the reported force sensors that have beeslaped for

M INIMALLY

practiced in hospital over the last century becafses
numerous advantages over traditional open surgergh as
reduced postoperative pain, shorter hospital shagsperiods
of disability, which is cost-effective for both hptals and
patients[1].However, despite rapid development oiSM
techniques it was still limited by a number of ursd
problems among which the
iscrucial.Similarly, in the catheterization proceel} such as
cardiovascular and thoracic interventional procedumhich
are performed in a minimally invasive mannerto ttriEssues
and organs by employing catheters and guidewinesnéed of
force sensationare particularly importantas thgesms totally
lost the force sensation while theguidewire/cattiete
interacting with blood vessels or tissues. Sometintiee
blockage of the vessel lumen makes the operatien evore
challengeable.
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MIS cannot be directly used inguidewire applicasidrecause
of their incompatible mechanical structures. Instipiaper,a
ring-shaped tri-axial force sensor to be mountethattip of
aguidewireis reported. The developed sensor haxgashaped
structure at the center that can be integratedenlistal tip of
the guidwire by passing through the hollow coremparing

lack of force feedbackith previous assembly arrangementsreported in[B3RO0],

the ring-shaped configuration is much simpler aasier to be
integrated with circular shaped surgical tools.Tagssembly
configuration minimizes the bending artifacts agsitirectly
integrated on the distal tip of the guidewire wizarenost of the
reported sensors developed for guidewire applinatiare
mounted in a recess in the core wire.The outputasifjom the
sensor is affected not only by the bending of the df
guidewire itself but also the change in the physcaironment
surrounding the sensor[19].

Il. SENSOR DESIGN

A. Sensor Design

The sensor design is inspired by the requirememtaafnting
a force sensor on the tip of a movable core guidetei provide
force feedback during catheterization proceduresef on the
core wire configuration at the distal end, standzthmercial
guidewirecan be mainly divided into two differegpeés, fixed
core guidewire and movable core guidewire [21]aswshin
Fig. 1.
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Generally a guidewire comprises a distal tip, s&eooire,a
coil, and the cover. Thixed core guidewire has orsingle
core wire from the proximakend to the distal tip of th
guidewire which will enablalirect torque transmission fro
proximal end to the tip. le moveable core guidewhas two
separated core wires whichhmore flexible ansteerable than
the fixed core guidewire. The dimensicarsd other properties
of the guidewires can vary considerablysed on the type
procedure being performed and #r@atom' of patients. In the
conventional design, the outer diameter of the \giri is
ranged from 240um to lmmwhereas the core wire has
diameter ranged from 50um to 200um.

(a)

Distal tip Coil Core wire Cover

(b}

Fig. 1Standard commercial guidewire desic(a) fixed core
guidewire(b)movable core guidewi

In order tobe integrated on the tapered core wire on thelc
end, thedesigned sersglrould be of a small siless than 1 mm.
The sensomust be capable of measuring forces in both no
and shear directiortdigh sensor resolution is also requirec
detect small changes in force and displacement gibd
linearity and low hysteresis.h& designed senscshall be
integrated on thenovable part of the core wirand located
inside the coilAccording to these requirements, a -shaped
tri-axial force sensor has been desigresthown in Fig. 2.

SINW!

(a) (b)
Fig. 2(a) Schematic of the ring-shagette sensor design (b)
Dimensions of the sensor structure: beam#d2 8um x 10 um, inner
ring diameter 100 pnand outer ringdiameter 1:jum

The designed sensor as shownHFig. 2 (a)consists of a
suspended ring-shaped structloeated atthe center and four
suspended cantilever beamfiose axes areperpendicular
each other. fle movable tip of the core wirwould pass
through the ring structur® be integrated with the sensor ¢
acts as a force transmission elem&ingle crystalline Silicon
nanowires (SiNWs)are embeddatithe end of eacbeam as
piezoresistive sensing material besa of its higtgauge factor
[22]. When an external force is applied on the structhe ring
deforms and theresistances of SiNWs chardue to the
induced strain.
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The resistance changes can be measured by an adt
electrical circuit. The dimensions of the sensor have t
identified according to the structure dimensiongofdewire
where the force sensor is targeter be integratedwith.The
overall dimension of the designed sensor shouléeroged th
inner diameter of the coithediameter of the inner ring should
be larger than the diametef the movable core wiréA finite
element analysis was carried out to optimize thiical
structuralparameters of the sensor, such as the inner aed
diameter of the ring, and the carver length, width and
thickness. Finally, @shown inFig. 2 (b), the diameter of the
inner ring is designed to b&Qum and thediameter of theouter
ring is designed to bEL6pum The cantilever beam has a size of
42 pumx 8um x10um inlength, width, and thickness
respectively.The sensing areincluding cantilever beams is
200umx200 um whereasttwal area of the sensor with metal
pads is 400umx400 pm.

Normal load
Shear load

Iirst coil

MEMS
Force sensor

all-

Second coil

Fig. 3 lllustration ofmovable core guidewire with integrated ME!
force senso

The integration scheme of thdesignedsensor and the
movable core guidewire is illustrid in Fig. 3. A two coil
structure has been desegh with the purposeinducing a
differential displacemertietweel the core wire and the coil to
lead the ringdeformatioihe sensais to be integrated with the
movable core wiravhich is connected with the distal tip @
located in the first coil. \WWen external force applieat the end
of the guidewire displacement differens between the distal
tip and the coil will inducedeformatior of the sensor structure.
The spring stiffness of the two coils can appropriately
designed to limithe displacement of the ring asafety range
such that the robustness of the sensor ciguaranteed.

B. Sensor Principle

When an external forcés applied on the sensor, the
structureis deformedandsinis induced. The relationship
between the applied force and the ring displacenierds
following:

F = K,Ax (1)
wherd= is the applied forceKds the equivalent spring
stiffnessof the sensestructury, andAx is the ring displacement.

The piezoresistorshange their resistance due to ring
displacement and the induced strain, which can basnrec
from the metal pads. Theensitivity of piezoresistors can be
obtained by the following equati[24].
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AR A 3.1588X10°
2 -motno; 2) -

where R is the resistance without applied straBss the

resistance change with applied stresand orepresent the I | 25
piezoresistive coefficient and stressrespectivedpnd the
subscripts | and t refer to longitudinal and |
transversecomponents. o
Referring to Fig. of the labels of four piezoresist the .
sensitivity is defined as following.
_ (AR _ARs_ AR ' - ;
Sy = (R )x T Rg R4 °
— (AR _ AR _ AR ' "
Sy = (R )y TR Ry (3) . * %
SZ = (A?R) = % ARﬁ + ARﬁ + % b t"x -100.100 .
z 1 2 3 4 ¥ 3.6623%10

where§, S, and $ are the sensor sensitivities in the X-Y-ZFig. 4 COMSOL modeling result showing the von Mistsss field of
directions respectively. When shear forceis applidie the ring structure under 5SmNforce loadapplied mzkdirection.
opposite piezoresistors such as R1 and R2 will rampee e
opposite strain (i.e.R1 will experience tensilaistwhereas R2
will experience compressive strain, or vice vers@jhen
normalloading is applied, the resistance of all

. . . . .. Normalgoad Dz
fourpiezoresistors will have the samesign of stréither
tensile or compressive) and the Z axis sensitigityefined as 1
the total resistance change of all four piezoressst ”

08
100

I1l. FEM MODELING 50

A.FEM Modeling of Ring Sensor o ..

A commercial finite element analysis tool, COMSQtas -
usedto study the mechanical behavior of the stractunder
variousapplied load conditions. The material prtipsrused in
the modeling were obtained from reported literaaseshown
in table 1. @)

In order to find the location of the maximum sergy to
put thepiezoresistors, regions of highest stresshenbeams
were identified by finite element modeling (FEM)st®wn in
Fig..When normal force is applied on the top swefasf
thering,the sensor beams bend downward and themmaxi
stressis found at the bases of the beams. SiNWplated at
these high stress regions to obtain maximum
piezoresistanceoutput.The maximum stress at theVSihust
not exceed the yielding stress of single-crystalkilicon, the
value of which is around 300 MPa. From the simalati
theapplicable force range was found to be 0 to 5tmbivoid 0.000 - Normal Load |
fractureof the sensor. The load at the end of cadilever
beam is also analyzed. The stressfield and sinulikitainwith 0z 00 oz oa o5 o8 1o 12
a prescribedfimdisplacement load Dzis presented in Fig. . The Displacement (um)
load is applied at the junction area of a beamthading. The

obtained stress and strain are linearly proportidoathe _ _ (b) _
applied load Fig. 5 (a) Von Mises stress field of the sensaesponse to 1um
’ prescribed displacement loaded in the z directionSimulatedstrain
versus displacement.

100300

0.012

0.009 ~ ~

0.006 B

Simulated strain (1)
[=}
o
&
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1

International Scholarly and Scientific Research & Innovation 6(9) 2012 413 1SN1:0000000091950263



Open Science Index, Biomedical and Biological Engineering Vol:6, No:9, 2012 publications.waset.org/903.pdf

World Academy of Science, Engineering and Technology
International Journal of Biomedical and Biological Engineering
Voal:6, No:9, 2012

TABLE |
MATERIAL PROPERTIESFOR MODELING
Material Young's Modulus  Poisson Rtic  Density
Silicon 169GPa 0.278 2330 Kg/ni
Steel 200GPa 0.33 7850 Kg/ni
Epoxy 3.5GPa 0.069 1250 Kg/ni

B. FEM Modeling of Sensor and Steel Wire Integration

The destination of the designed sensor is to bgiated or
the distal tip of movable core guidewitesmeasure theormal
and shear forces.AnFEM modeling velmme for the integration
of the sensor and a steel wira.this simulation, the steel wi
passes through the ring and tlag firmly integrate together
by adhesive epoxy as shown in Fig. eTinaterial propertie
are listed in table 1.1e steel wire acts force transmitting
element when shear load appliesieTstresdield for normal
and shear loadis presentedin Figuridg normal loading th
lateral stresscomponenis the four SiNWs are equal
magnitude with same direction as in Fi7 (a). When a
transverse loading applied in the af y-direction, the two
SiNWSs along with the loading directi@xperience stress of t|
same magnitudebut opposite signsThe other twe
SiNWsperpendicular to the loadingdergc torsion as in Fig. 7
(b). A linear relationship was observéatween the applied
force on the steel wire and the induced stres$erSiNW as
shown in Fig. 8.

@ (b)
Fig. 7Von Misesstress filed of the steel wire integration on ting
sensor under normal (a) asldeaload (b).
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Fig. 8Linear relationship betweestress at the location of SINW and
the applied normal force on the steel \

IV. CONCLUSION

A ring-shaped triaxial force sensowasdesigned and
simulated according to the mechanical structure the
guidewire with the purpose of mountiat the distal tip of the
movable core guidewire¥he integration scher of the sensor
and guidewire has begesented that have a new desig
guidewire tip structureomprisin¢ two coils at the distal end.
Thedesigned sensor comprises a -shaped structure located
at the center ofour cantilever beamsPiezoresistiveSINWs
were used fosensing material ttransform force to electric
resistance. fe sensor was designed and simul
usingCOMSOL,aommercie multiphysics simulation software,
before the fabricatiorfor stress analys. Maximum stress
location was found by FEM modelinMechanical behavior of
the integration of tl ring sensor and a steel gwire was
modeledand a linear relationship between applied loadtha
induced stress on the SiNWs was obse.
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