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Force Measurement Capability for Robotic
Assisted Minimally Invasive Surgery Systems

Mohsen Moradi Dalvand, Bijan Shirinzadeh, Saeid Nahavandi, Fatemeh Karimirad, and Julian Smith

A micro-machined piezoelectric tactile sensor embedded
Abstract— An automated laparoscopic instrument capable of beneath silicon teeth of the grasper jaws was developed that
non-invasive measurement of tip/tissue interaction forces for has some disadvantages including ability to measure only
direct application in robotic assisted minimally invasive surgery - 4y namic forces, susceptibility to damage from shear forces,
systems is |ntr0duced_|n this paper. It has the ca_pablllty_to non-sterilizability, and high co&t0]. At more complex level
measure normal grasping forces as well as lateral interaction . ! ) o '
forces without any sensor mounted on the tip jaws. Further to adistal force/torque sensor for laparoscopic instruments was
non-invasive actuation of the tip, the proposed instrument is also developed that uses Stewart platform to locate six strain
able to change the grasping direction during surgical operation. gauges for measuring forces and torques along all of its six
Modular design of the instrument allows conversion between measurement ax@sl, 12] Preliminary results on design and
%é?&cf?cws(;?lmiess (Z'ge"r ?Sra(‘)snp'g\%lzgtttig‘r?'O?Qged'S;eSCti'Qg)];oIQee fabrication of a cutting tool with an integrated tri-axial force
capability of the pprgposed instrument. The ?nathpen?atical sensor to be gpplied inf\_eta_l surgery procedures Were_re_ported
formulation of fenestrated insert is presented and its non-linear [13, 14] A miniature uniaxial force sensor for use within a
behaviour is studied. In order to measure the stiffness of soft beating heart during mitral valve annuloplasty was presented
tissues, a device was developed that is also described in thid15].
paper. Tissue characterisation experiments were conducted and  Besides retrofitting conventional laparoscopic instruments,
results are presented and analysed here. The experimental rogeqrch efforts have also been conducted in developing
results verify the capability of the proposed instrument in automated laparoscopic tools with force measurement
accurately measuring grasping forces and in characterising o ;
artificial tissue samples of varying stiffness. capability [16, 17] Most of these tools incorporate the
advantage of actuation mechanisms for utilising in robotic
surgical systemg18, 19] Further to the force sensing
laparoscopic instruments, robotic surgical systems were
proposed with force measurement capabilities including
Black Falcon[20] and BlueDRAGONZ21]. The possibility
of using a trocar sensor for measurement of the surgical
| INTRODUCTION forces was also investigated in a robotic surgical syg2ein
) ] ~ Although these research efforts were steps toward
HAV”\‘G improved the disadvantages of the traditionajyiroducing force-feedback in robotic assisted surgical
laparoscopic  surgery, Robotic Assisted Minimallysystems; there still exist many problems within the designs of
Invasive Surgery (RAMIS) has negatively affected thgyrgical tools and their use in robotic surgery including
surgeon’s ability in palpating and diagnosing soft tissues Fﬁodularity, size and force measurement issues.
varying stiffness du_ring surgeil, 2]. The lack of force In this paper, an automated modular laparoscopic
feedback has motivated several researchers to expl§girument is introduced that provides tool/tissue interaction
possible methods of restoring this feature to RAMIS byyrce measurement capability directly from the surgery site.
making laparoscopic instruments capable of measurirpggure 1 shows an overview of the proposed system
tip/tissue interaction forces. Strain gauges were applied on 'i'Fl%orporating the introduced instrument with a robotic
tip and handle of laparoscopic surgical forceps to characteriggsisted minimally invasive surgery syst& The proposed
tissues[3-6]. Retrofitting of laparoscopic forceps with ajnstrument is presented in Figi@nd different components
commercial six-axis force/torque sensor encapsulated in 1t are highlighted in this figure. The proposed instrument is
instrument shaff7] and a force sensor on the handle of thg,corporated with a micropositioning parallel manipulator
tool [8] were studied. A two Degree Of Freedom (DOF) forcgng the RCM control algorithms has already been developed
sensing sleeve fols-mm laparoscopic instruments wasgpg evaluatefR3-25].

developed with advantages of compatibility and modularity The rest of the paper is organized into three sestim the

Index Terms— Robotic Assisted Minimally Invasive Surgery
(RAMIS), Force Measurement, Laparoscopic Instrument,
Transmission Mechanism, Strain Gages, Modularity, Actuation
Mechanism.

among several types of surgical instrumgais
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next section, the modelling and development of the proposed
instrument are described that cover modularity feature, force
sensing capability and modelling of tool tip. In section 3, a

device developed to measure stiffness of soft tissues is
described. Experimental results are also presented in this
section to verify the capabilities of the proposed instrument

in probing and characterising soft tissues. Concluding

remarks are made in Section 4.
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Transmission and conversion of power required to change
£ Force feedback-enabled grasping direction and to operate tip jaws were achieved by
= =) fstrument spur gears and a lead-screw mechanism (Figur€he size
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Figure 1 — Overview of the proposed surgery setup

II. MODELLING AND DEVELOPMENT . :
| Actuator & Y <

A. Interchangeability Feature
Interchangeability feature of the proposed instrumerﬁgureszhe proposed instrument incorporated with atfaumechanis
enables the operator to easily and quickly change betweaf oPotic assisted surgery syste
variety of laparoscopic insert types e.g., grasping, cutting, and
dissecting without loss of the force sensing capability. AB. Force Measurement
stainless steel tube with(mm) in diameter and3 (cm) in In the proposed instrument, surface strains of the lead of
length was designed in the way that it can be fitteghe lead-screw mechanism is measured as a quantity for the
concentrically, like a sleeve, over adymm insert type normal grasping forces applied to the soft tissue at tip jaws.
manufactured by Matrix Surgical company. Two strain gages were embedded in the lead-screw
The nut (Figure2) couples the sleeve and the inserinechanism (Figurg) to measure tension and compression
assembled to it to the base module. To minimise any potentiglains in the lead of the lead-screw representing the normal
error caused by unwanted clearance in the assembly, a pResping forces. Calibrations of the strain gage configurations
called nut-base was employed that is attached to the nut usiigre performed using known masses.
a ball-bearing. Fastening the nut slides two supportive guides _ .
(Figure3) incorporated to the base inside two holes of thie n Grasper Operational Mechanism
base supporting the long tube of the instrument (Figur@y Pivotal mechanism are utilised at the tip jaws of most of
help of this nut, insert, long tube and base module can B laparoscopic surgical instruments. The pivotal motion is
quickly disassembled and the insert type can be convertecc@gmmonly generated by linear displacement of the push rod
the variety of insert types available. Two actuators froAnd @ mechanism to convert it to rotary displacement. In the
Maxon Motor company were employed to actuate two DOF¥oposed instrument the required linear movement is

related to the tip direction and operation (Figge produced by a rotary actuator coupled with a lead-screw
mechanism.

Strain Gages

Locking Mechanism

Figure 3 - Proposed force feedback-enabled minimally invasive surgery instrument
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Figure 5 describes the kinematics parameters of the tihe actual forces applied to the tissue at the tip jaysi$
mechanism for two different states where the tip is closed agéfined as follows:

tip jaws are at an arbitrary angleThe nonlinear relationship
L sin(6+ay)

between the angular position of the jawy dnd that of the 7 Lisin(0+ag+arcsin( 7 )
screw at the gearbox shadf)(can be obtained as follows: - i 2 (2)
E, . Lysin(0+ayg)
3 2L;cos(arcsin(—————))
SR L3137 ’
= arcsin ( % )-ay (1) The ratio of the forces in the push rod and at tip jaws
2Ly(D-5) (F,./F;) with respect to jaws angular positions is also plotted

6@ Figure4. As this plot indicates, applying a force to thelpu
rod generates greater force at the jaws with relatively small
angular position in comparison with the force that it generates
at the jaws with relatively large angular position. In other
ord, closing the tip jaws results in increasing the grasping
orce with a rate higher than that of the decrease in the angular
gsition of the jaws.

whereL; and L, are the constant geometrical parameters
the tip mechanism and, and D are the variables of the
mechanism where the tip is at closed stéte)j as described
in Figure5. The nonlinear relationship betweémnd ¢ for
the allowable range of movements of the tip jaws is plotted
Figure4. According to this figure, the response of thentith
relatively closed jaws to the actuator shaft displacementsq

faster than that of the tip with relatively opened jaws.
P yop J IIl. EXPERIMENTAL RESULTS

. ¢ (Deg) A. Siffness Measurement
30 The Young's modulus is a measure of the stiffness of an
5 elastic material and is a quantity used to characterize
0 £ materials. An indentation experiment was conducted in this
SN research to compute the effective Young’s moduli of artificial
S tissue samples and study their mechanical properties relative
=10 = together assuming linear elasticity. The assumption of linear
5 elasticity relies on the applying of small indentation relative
e e HL B e e e e e e R to the characteristic dimensions of the tissues. The effective

339 348 357 366 376 387 398 410 422 435 450 465  elastic Young’'s modulus) corresponding to an indentation

F/F depth of§ may be calculated as follo26]:
Fi 4 - Nonli lationships @fvith ¢ andF.. /F, 3F
igure onlinear relationships ®ith ¢ andF, / F; E:% ( 3)

Tension and compression forces of the push-rod marked b . ) ) .
F, in Figure5 is measured using the strain gages applied ¥ erleF IS tr;]e_ r(;eacnon fo:_cz andh|s thff diameter of a
the lead-screw mechanism. The force propagation of the fjjcular punch indenter applied to the soft tissue.

mechanism and in other words the relation betwgeand
Tip jaws /
‘>/’-4 L )

e o

v L, a, F,
J’ . "
. N Tissue

D L

’ F,
Lead-screw Pivot point e
Actuator Tip mechanism
Figure 5 - Kinematics parameters of the tip mechanism for two different states of tip jaws
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The young modulus of the three selected soft tissues
(Figure 8) were calculated using Equatio8) @s10.5, 17.7,
and 26.0 (kPa). These artificial tissue samples were
deliberately chosen to be relatively close in terms of stiffness.
They are also selected to be representative of relatively softer
' tissues among human soft tissues with the range of young

modulus from0.1 to 241 (kPa) [27, 28] These selections

were made in order to properly evaluate the effectiveness of
the proposed instrument in characterizing soft tissues with
Indenter : low and relatively close young moduli. These tissue samples
were also examined by the surgeon collaborator to make a
realistic choice of human soft tissues in the experimental
Load-cell studies.

wwio'g wwooL-0

Tissue Samples Instrument

Figure 8 - Artificial tissue samples made up of sponges of varying stiffness

Figure 6 — The developed high-precisiolentation device for stiffne

measurement of soft tissue . L .
B. Tissue Characterization Experiment

To conduct the experiment, a high-precision instrument This experiment was conducted to evaluate the capability
was developed (Figuré) by retrofitting a micrometre with Of the proposed instrument in non-invasive measurement of
position resolution of).01 (mm) with a FSG-15N1A force the grasping forces for tissue samples of varying stiffness.
sensor from Honeywell Sensing and Control (1985 Douglddree artificial tissue samples made up of sponge material
Drive North Golden Valley, MN 55422 USA) with the forcethat are identical in thicknesses but slightly different in
resolution ofl (gr). The instrument was used to apply precisétiffness were chosen for this experiment. In order to verify
indentations to the tissue samples and record the forgte accuracy of the measurement methodology as well as the
responses using a U6 data acquisition (DAQ) module frofrrectness and the effectiveness of the post-processing
LabJack Corporation (3232 S Vance St STE 100 Lakewooddorithm, even in characterizing tissues with close stiffness,
CO 80227 USA) for three cycles per tissue sample. TH@e tissues were purposely selected with slight variation in
average values were calculated and force-displacemétiffness (Figure7), such that they would be hardly
relationships were obtained that are presented in Figure differentiated by direct exploration with one’s fingers.
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22
Z0.20 = A
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Figure 7 - Force/displacement relationships for the three selatifitlah ~ Figure 9 — Angular displacement of the tip jaws in the experiment
tissue samples made up of sponges
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In this experiment, according to the tip jaws angular

IV. CONCLUSIONAND FUTURE WORKS

ISBN: 978-988-19252-3-7

displacements illustrated in Figuethe tip jaws were closed  An automated minimally invasive surgical instrument was
from 24 to 16 (deg) while the tissue samples were graspethiroduced, the modelling and development issues were
and the applied force to the push rod were measured using §i&ussed, and experimental results were presented and
strain gages applied to the lead-screw (Fig)relhe initial  analysed in this paper. The proposed surgery instrument has
positions of the tissue samples between jaws were helgh capability of minimally invasively measuring normal tip
constant, therefore they all were incurred similar deformatiqRteraction forces e.g. grasping and cutting. The instrument
but with different normal forces. The data acquired in thigatures non-invasive actuation of the tip and also the
experiment are plotted in Figute. This figure shows the measurement of interaction forces without using any actuator
measured forces applied to the push réf).( The normal and sensors at the jaws. The grasping direction in the
forces applied to tissues at tip jaws calculated using Equatigrhposed instrument can also be adjusted during the surgical
(2) are plotted in Figurél. According to the Figure8-11,  procedure. The modularity feature of this force feedback-
the jaws started to close at the initial angular position @hapled minimally invasive instrument makes it
24 (deg) at time 0.7 (s) and reached the final position ofjnterchangeable between various tool tips of all
16 (deg) at time4.3 (deg). functionalities (e.g. cutter, grasper, and dissector) without
loss of control and force measurement capability necessary to
avoid tissue damage and to palpate and diagnose tissue and

i: differentiate its stiffness during surgery. A high precision

e S Fr Exp. 1 device for the measurement of young modulus of soft tissues

20 £ ===eFr Exp.2 were developed and utilised in this research. Experiments

17 £ e Fr Exp. 3 po=SoSe were conducted to evaluate capabilities of the proposed
I instrument in non-invasively measuring normal grasping
wog f forces. The result showed high accuracy and performance and

g I .t verified the ability of the instrument in measuring normal

5 . grasping forces and in distinguishing between tissue samples

5 even with slight differences in stiffness. The sterilizability of

1 the instrument and especially the force sensing sleeve also

00030.71014172124273134384.14549
Time (s)

needs improvements in future works before it can be used
in surgery operating room.

Figure 10 — Measured forces applied to the push&#gdrf the experiment

Compression started at time2 (s) with tip jaws in ?jg T eeeeeF Exp. 1
angular position 0f23.2 (deg) where the recorded data 451'(5) T cccef Bxp.2
showed a sudden increase in grasping forces. As the ja , & Fi Exp. 3 B
were closing, the grasping forces were increasing but wi_ 3.5 + oS0

higher rate for harder tissue than the rate for softer tissi€ gg T

Once the jaws got to the final position at timé (s), the = 55 | RCAMRRR

forces remained constant to the maximum grasping forces. 1.5 4

this experiment, the measured peak forces applied to the pi é-g T

rod of the insert for three tissue samples from softer to harc g

are 12, 18, and 26 (N), respectively. These forces are, -0.5 gttt
000307 101417212427 313438414549

respectively, equivalent t@.5, 3.8, and 5.6 (V) of the
calculated normal forces at jaws directly applying to the
tissue (Figurell). As it is also observed from the Figudes  Figure 11 — Calculated forces applied to the artificial tissue samipleis (
and 11, the differences between increase rategaind F, e experiment
increased as jaws were closing, got to the maximum
difference at time2.4 (s) where the jaws were a0 (deg),

and decreased to its minimum value in this experiment whenThis research is funded by Australian Research Council,
the tip was at its closest statel6f (deg). This phenomenon ARC Discovery-DP0986814, ARC LIEF-LE0668508, and

ARC LIEF-LE0453629.

Time (s)
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confirms the nonlinear relationship df; and F, or the
angular position of tip jawd) with the angular displacement
of the actuator shaft)] as it is also presented in FiguteAs

it is clear from the Figure$0 and11, the measured forces [
using the proposed instrument are easily distinguishable
which results in ability to characterise soft tissues of varying]
stiffness. Therefore, it can be concluded that the proposed
laparoscopic instrument has good accuracy and performance
for the grasping force measurement and is able to distinguish
between tissues of varying stiffness even with relatively close
young moduli.
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