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Force Controlled and Teleoperated Endoscopic
Grasper for Minimally Invasive Surgery—
Experimental Performance Evaluation

Jacob Rosen, Blake Hannafordytember, IEEE Mark P. MacFarlane, and Mika N. Sinanan

Abstract—Minimally invasive surgery generates new user inter- are inserted through the access ports. The instruments enable
faces which create visual and haptic distortion when compared to the surgeon to manipulate the internal organs by using finger
traditional surgery. In order to regain the tactile and kinesthetic loops outside the patient’s body linked to the tool tip via a long
information that is lost, a computerized force feedback endo- . L - . ;
scopic surgical grasper (FREG) was developed with computer tube/shaft. mcludmg internal mechgnlsm. Despite the benefits
control and a haptic user interface. The system uses standard Of MIS, this technique has some disadvantages due to the two
unmodified grasper shafts and tips. The FREG can control new interfaces. The monitor, as a visual interface, reduces
grasping forces either by surgeon teleoperation control, or under the surgeon’s perception from a three-dimensional (3-D) to a
software control. The FREG performance was evaluated using an 2-D view of the anatomy. Furthermore, the MIS instruments

automated palpation function (programmed series of compres- . . , . . ! L. .
sions) in which the grasper measures mechanical properties of limit the surgeon’s ability to gain the diagnostic information

the grasped materials. The material parameters obtained from about the tissue being manipulated, as opposed to traditional
measurements showed the ability of the FREG to discriminate surgery in which the surgeon examines the tissue by touching

between different types of normal soft tissues (small bowel, lung, it directly with the hands. Moreover, due to the internal friction
spleen, liver, colon, and stomach) and different kinds of artificial and backlash of the mechanism of MIS instruments the ability

soft tissue replication materials (latex/silicone) for simulation ¢ - inf fi b Ipati ti d ;
purposes. In addition, subjective tests of ranking stiffness of (© PErceive Information by palpaling ussues and organs IS

silicone materials using the FREG teleoperation mode showed Significantly reduced. Two components of the palpation infor-
significant improvement in the performance compared to the mation are tactile and kinesthetic information. Their combined
standard endoscopic grasper. Moreover, the FREG performance yse is referred to as haptic perception.

was closer to the performance of the human hand than the Previous work has explored manual driven material pal-

standard endoscopic grasper. The FREG as a tool incorporating . ith lar i d d - 1
the force feedback teleoperation technology may provide the Pation with & regular instrumented endoscopic grasper [1],

basis for application in telesurgery, clinical endoscopic surgery, and automated palpation with an external robot [2]. Tactile
surgical training, and research. sensors have been applied to endoscopic graspers which are
Index Terms—Endoscopy, force feedback, grasper, haptics, coupled to tactile displays [3], [4]. These systems aim to enable

minimally invasive surgery (MIS), soft tissues, surgical simula- the surgeon to discriminate textural or time-varying features
tion, teleoperation. of the tissue via endoscopic tools. An instrumented Babcock

grasper, which measures forces and torques at the tool-tissue
interface, has been reported, but does not measure or control
grasping force [5]. In addition, teleoperation robots [6]-[8] and
INIMALLY invasive surgery (MIS) is a relatively new simulators implementing virtual reality with a force feedback
technique in which a surgeon operates with specialfyaptic device have been developed [8], [9].
designed surgical tools through access ports requiring incisionsrhe importance of haptic feedback to safely perform surgery
of about 1 cm in size. This limits the surgical trauma to tissugs, ynclear. Psychophysical experiments investigating the abil-
decreases the pain that the patients experience and resfitgf humans to tactually discriminate the softness of objects
in a significant shortened recovery period. MIS technologshowed that whereas tactile information was sufficient for
generates two new user interfaces: 1) the monitor which givefober specimens both tactile and kinesthetic information
the surgeon a two-dimensional (2-D) visual feedback of thgas found necessary for spring cells [10]. Although color,
internal anatomy and 2) the MIS surgical instruments whigxture, and visible aspects of tissue deformation in the surgical

_ _ _ field convey important anatomic information, palpation may
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remote nature of videoendoscopic tissue manipulation. Recantuator magnets were replaced with custom-made Nd-Fe—-B
literature emphasizes the importance of tactile feedback fmagnets having approximately triple the energy product of the
accurate targeting of primary [11]-[13] and metastatic canc&l—Ni—Co magnets used in the disk drive actuator [22]. The
[14]-[17] and identifying therapeutic margins for curativeoil and bearing assembly was retained. To realize the full flux
resection [12], [18], [19]. increase from the new magnets, new frames were built from
The loss of palpation for localization may seriously limitigh permeability iron to prevent backing iron saturation. The
the efficacy and safety of minimally invasive treatment inew actuator magnets and frames increased the torque output
some operative fields [17]. The present study aims to develtp0.3 Nm, but preserved the desirable qualities of low torque
and characterize a grasper capable of restoring a degreeimpble, low friction, and low back-driving inertia.
kinesthetic information to the surgeon about the tissue beingThe laparoscopic instrument used in these experiments is
grasped. The following goals were laid out: 1) improve tha stainless steel Babcock grasper (Carl Storz Inc., model
ability of the endoscopic surgeon to feel mechanical propertit®. 30420 BL) with a square jaw grasping surface area
of tissues such as compliance, 2) make minimal changes to theasuring 9.4 8.5 mm (Fig. 2). The tool shaft is 5 mm in
form and function of existing surgical graspers to reduce cosiameter and 38-cm long from the proximal attachment to
complexity, and certification difficulties (i.e., avoid addinghe instrument tip. The shaft and mount allow 3@0tation
sensors and wiring to the tool tip), and 3) take advantage @ff the tool about its long axis. This system allows easy
the declining cost of computer control. change of shaft length, diameter, and tool tip conformations.
This study is focused on two aspects of using the FREGaparoscopic tools compatible with the mounting system are
1) objective aspect in which the FREG was used in aeadily available from various manufacturers.
automatic mode for testing mechanical characteristics of soft2) Control: The control system supports two modes of
tissue and viscoelastic material replications and 2) subjectioperation: 1) bilateral force feedback-teleoperation and 2) pro-
aspect (psychophysic) in which the FREG was operated grammed automatic grasping (palpation) operation for tissue
bilateral force feedback mode examining the performance dfaracterization (Fig. 3). Proportional-derivative (PD) con-
test operators ranking materials according to their stiffness atmnollers were designed for both the master and slave using a
comparing to the performance achieved by using a regularear dynamic model of the device and conventional control
grasper and a gloved hand. techniques [24]. Integral feedback is not desirable in posi-
tion error based force feedback control because it creates a
time-varying force feedback under conditions of steady-state
contact. The force feedback controller is based on the well-
known bilateral, position error based, teleoperation system
A. Force Feedback Endoscopic Grasper (FREG) [25]. In this design, the measured position of each side serves
1) System OverviewThe FREG (Fig. 1) incorporates tele-as the reference position input for the other.
operation technology into an existing, reusable, endoscopic® desirable quality of a force feedback system is a high
grasper (Fig. 2) for minimally invasive surgery [20]. Theeffective stiffness between master and slave sides. In the posi-
FREG system includes two subsystems. The master and tie@ error based architecture, this requirement can be translated
slave each consist of an actuator and a position encoder. TH€ the need for a high value of the proportional feedback
tool tip, pull/push rod and tube, is mounted on the slav@din, K, [25]. An additional controller design constraint
subsystem that is inserted into the patient's body throudfh introduced from the actuator limit of 0.3 Nm maximum
an access port. The proximal end of the instrument tubet@que. Experience shows that users feel a subjective loss of
clamped to a supporting post of the slave. The pull/push ré@ntact sensations when a force feedback device saturates at its
operating the tool tip (jaws) is linked to the electromagneti®aximum force output. There is, thus, a tradeoff betwagn
actuator via a ball and socket joint. The two finger loops (us@pd the deflection at which saturation occurs. For high values
interface) of the grasper are mounted on the master subsystef#,, the user will feel high effective stiffness, but saturation
The distal finger loop is connected to an actuator/encoder p#ifl occur at relatively smaller position errors. Th€, value
identical to those on the tool shaft enabling the surgeon s selected such that the position error corresponding to the
control the tool tip. actuator saturation point is set at one quarter of the motion
To increase sensing resolution, the encoder wheels #i@vel range (1)
connected to the actuation axes via pulleys and a Kevlar drive
belt having a multiplication ratio of 1:3.6. As a consequence, _ Imax
both master and slave position sensors have 1400 quadrature P06
position counts over the full 0.6 rad (34)4notion range. The
FREG actuators are flat coil actuators modified from hard disk The remaining parametdf,; was determined by placing the
drive head positioning actuators. Hard disk drive head actdeminant closed loop pole for an 8-ms settling time constant
ators have many advantages for precision robotics and foared a damping ratio of 0.5. For the slave, this design method
feedback devices [21]. Actuators taken directly from 5.25 iresulted in an unstable controller, possibly because of backlash
(133 mm) hard drives with a maximum torque of 0.1 Nm &h its mechanism. An acceptable controller was recomputed
2.0 A (based on steady-state coil temperature oP@3 did with a lower initial k&, value. The resulting gains are given
not produce convincing subjective grasping sensations. TineTable I.

Il. METHODS

= 12.6. (1)
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Fig. 1. FREG. (a) System overview, (b) master—front view, (c) master—top view, (d) slave—front view, and (e) slave—top view.

3) Mechanism AnalysisThe endoscopic grasper has &he tip which is grasping the tissue. The following static
unigue mechanism to transfer the position and momeranralysis takes into account only the grasper geometry and not
applied by the surgeon on the finger loops to the tool #te system dynamics and its friction. Fig. 4 shows a scheme
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Table Il summarizes the materials, tool usage and mode of
operation in each type of experimental protocol.

The latex and the silicone materials were manufactured by
Simulab Corporation. For the purpose of further discussion,
latex materials were designated L1, L2, L3, L4, and L5. All
the latex materials were shaped in the same cylindrical form
with a diameter of 13 mm and a length of 45 mm. The above
Fig. 2. Endoscopic grasper with a Babcock tip—Carl Storz model Nejesignation referred to each material based on its stiffness,
30420 BL. where L1 is the softest material and L5 is the stiffest material.

L1 to L4 can be considered viscoelastic materials representing
of the endoscopic grasper internal mechanism in two typicaittificial replication of soft tissues, while L5 can be defined as a
positions: 1) tool tip jaws closed (reference position) and 2plid which exhibits the upper limit of physiological stiffness,
tool tip jaws in an intermediate position. Given the geometgnd can simulate bone.
defined in Fig. 4, the finger loop anglé)(as a function of the  The silicone materials’ compliance characteristics were con-
tool tip jaws angle ¢) is defined by (2). The transfer functiontrolled by the percentage (weight) of catalyst used during
between the moment applied on the finger loops relative neanufacturing. Thus, a set of eight materials were obtained
their joint (I'y), and the moment developed at the tool tif0%, 5%, 10%, 15%, 20%, 25%, 30%, and 35% of catalyst).
jaws relative to their joint{r) is defined by (3). Using the All the silicone materials were shaped as a cylinder with a
numerical geometry dimensions of the Babcock grasper (Cditmeter of 14.7 mm and a length of 150 mm with the same
Storz Inc., model No. 30420 BL) the transfer functions (2xolor and texture.
(3) are plotted in Fig. 5(a) and (b)

1 Ly ¥ C. Experimental Protocol and Data Analysis

0 =tan L4 = |Lo— Liy/1— —sin(/30+—) _ _
R Ly 2 Two types of protocols were defined and tested in order
—Lscos (/30 + g)

} to evaluate the performance of the FREG system in its two

) modes of operation. The objective experiment focused on the
biomechanical characteristics of soft tissue and viscoelastic

Ly . @ material replication using the FREG in an automatic mode. In
0 2L, sin (/30 + 5) the subjective experiment, test operators used the FREG in a
Bo + 5) + T - bilateral mode using a protocol which examined the ability to
\/ 1-— L_2 sin ([30 + g) rank material stiffness, relative to the performance achieved
! by a standard endoscopic grasper tool and the human hand
3
() (Table 1).
An ideal transfer function of the endoscopic grasper would 1) Oble.c“"? Expenm entThe FREG is cont.rolled by soft-
be a linear transfer with a gain of one for the hand g are running in r.eal-t|me modt_a on a P.C' This fe"?‘t“re allows
automated grasping and palpation functions to be implemented

I ti iti Fig. | f th , . . ;
too t_|p position [Fig. 5(@)], and a con_stant vaue o t ?p software. Using this function, the deflections and forces
tool tip moment to handle moment ratio as a function qf

the handle position [Fig. 5(b)]. However, using the geomett £ng applled on th_e tssues are measured n order to gxtract
|¥Eormat|on about tissue mechanical properties. The aim of

dimension of the grasper under study shows a gain of . - )

" . -, . e protocol was to measure mechanical characteristics of bio-

between the handle position and the tool tip position [Fig. 5(a)] . e ) . . .
g|cal and artificial soft tissue materials with the endoscopic

and nonlinear moment ratio between the handle and tgrasper tool
tool tip as a function of the handle angle [Fig. S(b)]. Th A material can be defined by its constitutive equation,

grasper mechanism moment/position transfer function migﬁ]twever those equations can only be determined by exper-

be another reason for the kinesthetic distortion that exists iQ . . . .
. imental methods [26]. Previous studies analyzing soft tissue
endoscopic tools.

were focused mainly on testing tissues under uniaxial tensile
) conditions using the quasi-linear viscoelasticity theory (QLV)
B. Materials [26]. Selected tissues, which are inherently under physiological
Two types of materials were used in order to evaluate tlltempression conditions (e.g., bone, cartilage, and interver-
FREG performance: 1) soft tissue (pig internal organs—smédbral discs), have been studied under uniaxial compression
bowel, spleen, colon, stomach, liver, and lung) and 2) latex anding the biphasic viscoelastic theory [27].
silicone materials. The soft tissue, latex, and silicone materialA full characterization of soft tissue and latex as viscoelastic
were used for evaluation of their mechanical characterisiaterials requires an extensive experimental database which
tics using the FREG in automatic palpation mode (objectivacludes the material time domain response (creep and relax-
protocol—Section 1I-C1). In addition the silicone materialstion) and its frequency response (complex modulus). Fung
were also used to test the FREG performance in teleoperatj@f] in his QLV theory suggested that if a step increase in
mode compared to other tools in ranking the materials stiflongation is imposed on the specimen, the stress developed
ness by test operators (subjective protocol—Section II-C2yill be a function of time {) as well as of the material

Tr,  Locos6 | . (
— = sin
Ty 2R
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Fig. 3. FREG bilateral force feedback (teleoperation) control scheme.

TABLE | in which, by definition,7” = 0 when A = 1. Moreover, (5a)
CONTROLLER PARAMETERS was modified to define the elastic response in compression
K, [Nm/rad] K, [Nm sec/rad] condition (5b) _by multiplying.the right-hand side_gf (561_)
by —1. We define the stress in compression condition with
Master 12.6 0.05 a negative sign compared to tension, and we substitute the
definition of tensile straire; = (L — Lg)/Lo = A — 1 with

Slave 9.6 0.04 o - ]

the definition of compressive straia- = (Lo — L)Lo =1— A
Tr(\) =Ce™ - 3 (5a)
Te(N) = /3(1 - ea<1—k>) (5b)

F
T=— 6
P (6)

L
A=— 7
" ()

L, _ d_T _ a(l—A)

L J K(\) = o afie (8)

p < where « and g are parameters) is the compression—length
aof\(;a By B ratio, Tr is the uniaxial tension stres§ is the uniaxial
¥ N N compression stresd; is the force applied on the specimen

by the grasperdy is the grasper contact cross-sectional area,

L L is the length of the material compressed by the Idadis
the length of the material at zero load, afdis the material
Fig. 4. Endoscopic grasper—schematic diagram of the mechanism in tgtiffness.
typical positions. To perform the automated palpation function, the slave
position controller was driven by a sinusoidal displacement
stretch ratio §). The history of the stress response, called tt®ommand while recording position, position error, and its
relaxation function K (X, t)), is assumed to be of the form motor torque. Three cycles of a 1-Hz sinusoidal displacement
_ were applied as the command position input to the slave
K, 8) = GO)«T(N) @) controller. The amplitude of the sinusoid corresponded to
in which G(¢) is a normalized function of time, called thefull opening and closing of the jaws (0.6 rad). During the
reduced relaxation function an@(A) is a function of the automated palpation the slave received its control commands
stretch ratio alone, called the elastic response. Fung [2fitectly from the computer and the master was disconnected.
proposed (5a) for defining the elastic response of the materfdde PC recorded the slave torque and angular displacement
under tension conditions. for 3 s at a sampling frequency of 1 KHz.
In our study the integration constanC) in (5a) was  Torque versus displacement data were first isolated in time
determined by using the initial condition in a natural stat® the segment involving initial contact and compressive
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Fig. 5. Endoscopic grasper transfer functions (Thick line—linear transfer function; Thin line—actual transfer function). (a) Tool tip angleciisra fu
of handle angle. (b) Tool tip moment—handle moment ratio as a function of handle angle.

TABLE I a metal cylinder indentor with a diameter of 7 mm and a
SUMMARY OF TOOLS AND MATERIALS USED IN THE EXPERIMENAL PROTOCOL flat contact area which was parallel to plate was penetrated
to the materials. The indentor was moved against the plate

Protocol Type of No. of Tool Operation Mode = ) ) ) :
Material Specimens along the silicone material diameter applying compression
Objective SO‘;T’SS“C 2 ;g‘ég Qut"maFC conditions while measuring the force and deflection along
alex [ utomaltic . . . e
Silicone s FREG Aulomatio the line of action. No ao!dltlonal bouqdary condltlons_ except
Indentor Automatic the flat surface and the indentor restricted the materials from
Subjective Silicone 6 gREG 'l‘eli/?pera;ion expanding freely in all other directions.
TR M 2) Subjective ExperimentAn objective method to evalu-
ue.

ate the FREG performance in discriminating between the
stress—length ratio characteristics of soft tissue and viscoelastic
displacement. Compared to other types of surgical graspimgiterials was described in the previous section. However,
instruments, the geometry of the Babcock tool suggests thathie endoscopic graspers are usually manipulated by a human.
creates a relatively uniform stress distribution under the comhis situation raises the question regarding the psychophysical
tact sites. The torque-displacement data measured at the haadfgects of the FREG performance. The experimental protocol
were transformed to the uniaxial compression stress-lengtias designed to examine the operator ability to rank a group
ratio using the geometry of the slave. Then, the stress—lengfhmaterials according to their stiffness using three tools: 1)
ratio data were fitted, using the least squares method, with (5thle FREG in a bilateral force feedback mode; 2) a regular
The device performance was evaluated wiithvivo pal- endoscopic grasper, commonly used in MIS; and 3) touching
pation of pig internal organs (small bowel, spleen, colothe materials with the hand (latex gloved) as traditionally
stomach, liver, and lung). Tissues were inserted in the jadsne in open surgery. The same Babcock tool was used
with the tool handheld. Three experimental sessions werg the FREG and the regular grasper during the subjective
performed compressing the tissue in three different locatiorxperiment. Moreover, the same type of tool was also used
Each experimental session included three sinusoidal coduring the objective experiment performed by the FREG.
pression cycles in the same locations. Thus, a total of nineTen test operators divided into two groups (surgeon group
stress—length ratio data sets were examined for each matedald control group) were asked to rank eight materials accord-
Protocols for anesthetic management, euthanasia, and survinglto their stiffness using the three tools. The surgeon group
procedures were reviewed and approved by the Animal Caneluded experienced general surgeons specialized in mini-
Committee of the University of Washington (Seattle, WA) anthally invasive surgery. The control group included engineers
the Animal Use Review Division of the U.S. Army Veterinarywithout any medical background. The two groups included
Corps. In addition to the soft tissue the same experimentalbjects with the same gender (male) and similar average age.
protocol was used to test the latex and silicone materials. In order to avoid the fatigue and learning effects, each test
In order to independently test the materials with a methagperator performed the experiment using the three tools in
which is less dependent on the testing tool type, the stress cdtifferent order. A typical experiment, using one of the tools
pression—length ratios of the silicone materials were measuradntioned above, began with a 2-5 min learning period in
by a parallel surface compression test. In this testing methathich the materials were presented to the test operators in
the silicone materials were placed on a flat surface plate athe correct order of increasing or decreasing stiffness. The test
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operators were allowed to learn by using the current tool, the 100000
differences in stiffness between the silicone samples. During

the testing session, the materials were presented to the test®® L5
operators in random order (keeping the same random order for
all the test operators). The test operators were then instructed 5]
to rank the materials in regard to stiffness four times (two .,
times in increasing stiffness order and two times in decreasing
stiffness order). The experiment was performed in such & swo
way that the test operators could not see either their hapd

or the tool tip, in order to avoid visual feedback of material}, °®
deformation. Using this method, the test operator's materidl
ranking was based solely on their haptics sense (touch). The.
test operators wore a single pair of surgical latex gloves during 5400 |
the experiment to simulate operating room conditions. In the
case of ranking the material stiffness with the hand, the test =2c000
operators were instructed to apply only compression forces Small Bowel
along the material’s diameter (cylinder shape) rather then shear " Colon -
forces. The ranking methodology that the test operators were , ‘ T
instructed to follow was to build a subgroup, by excluding out 000 010 020 030 040 050 060 070 080 080 100

of the whole group 2—-4 materials with the highest or lowest Length Ratio - A

stiffness and then to rank the materials in this group. If the tel_slt 6. Tvbi o ) . )

. . - . Typical uniaxial compression stress as a function of length ratio and
operator was unsure regarding the stiffness of the last mateﬁ‘él corresponding exponential curve fit for different pig organs and latex
in the subgroup, it was possible to return it to the initial groupmaterials.

However, once the materials in the subgroup were ranked and

excluded by the test operator, he was not allowed to compaisitware generated three close/open cycles, there were three

the stiffness of the materials that were left against the Stiﬁn%@rnpression tests recorded 1 s apart for each grasp. Tissues

of the materials in the excluded subgroup. typically got stiffer in the second and third compression of
The statistical null hypothesisHp) was that all the tools each sequence. The quality of the numerical fit was verified by

(standard endoscopic grasper, FREG, and hand) are equaldihg the correlation ratio factd®?. The computed?? values

their performance for ranking material stiffness. The index gfere typically very close to ond® > 0.999), indicating very

performances was calculated as the mean squared error (Mfigh quality of fit between (5b) and the experimental data.

of the estimated ranking (ER) relative to the correct ranking The resu|ting parameters of the exponentiahﬁand 8 as

40000

Stomach

— computed from the s measurements were displayed as
(CR)—(9) df he FREG’ displayed
n a scatter plot for the pig soft tissues and for the latex and
Z(ER— CR)’ silicone materials (Fig. 7). Generally speaking, stiff materials
_ =1 have high values ofr and /3, and vice versa. In some cases,
MSE = . 9) : it '
n as the stiffness of the material increas@sncreases whereas

For the six materialsi{ = 6 in (9)] used in the subjective @ may decrease (as happened for the silicone materials tested
experiment, the MSE value has a range(@f 11.66. When using the indentor technique—Fig. 8). However, the product
a test operator ranks the materials exactly according to their 8 always increases as the material stiffness increases,
correct stiffness order the MSE has a value of zero. The uppedicated by (8). Data points af and 3 formed into clusters
boundary of MSE value of 11.66 can be achieved when tfey each material that was tested. Each cluster consists of nine
test operator ranks the material in the opposite manner. data points. Rectangles, defined by the standard deviations

Two-way analysis of variance (2-D ANOVA) was used t&¢omputed from the organ data clusters, did not overlap except
analyze the differences between instruments within groupi® lung and spleen. These variances are partly due to the
levels (regular endoscopic grasper, FREG, and hand) aafiation in stiffening of tissues under repeated compression
between groups-2 levels (surgeon group and control groupps described above.

In addition to the measurements performed by the FREG,

IIl. RESULTS the eight silicone materials were tested using the indentor

L i experimental protocol. Stress—length plots of the eight silicone

A. Objective Experiment materials indicated that from the mechanical point of view

The stress—length ratio curves for the compression phadbese of the eight materials (20%, 25% and 30%) had the same
of each material grasping (pig internal organ soft tissuestress-strain curves, so that it was impossible to distinguish
latex, and silicone materials) were fitted with the exponentibetween their stiffness with the tools used in the subjective
function (5b) using the least squares method. Typical measueegberiment. For the purpose of analyzing the data, the three
data and the corresponding curve fit are plotted in Fig.rBaterials with the similar mechanical characteristics were
for each material. Note, that for presentation purposes, minusiped into one. The exponential fit parametersand /3
signs indicating compression stresses were omitted. Since ¢ixtained by indentor testing method have different values
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Fig. 7. Scatter plot of the biomechanical parameterand 3 for different

pig soft tissues, latex (L1-L5) and silicone (S1-S6) materials. Fig. 9. The MSE of ranking the stiffness of six materials with three different

tools.

250000

materials according to their stiffness was achieved by using
the hand (MSE= 0.25), whereas the worst performance was
obtained by the standard endoscopic grasper (MSE.15).

200000 1 The performance of the FREG (MSE 1.07) was between the
previous two, and closer to the performance of the hand than
the grasper. The analysis suggests that there is no significant
difference between the two operator groups (surgeons and con-
trol) that were testedp(= 0.065). From the results above, the
null hypothesis Hy) may be rejected (Section II-B1). There is

a significant difference between the performances of the three
tools in ranking the materials according to their stiffness.

150000

100000 +

Stress - T [Pa]

50000 IV. CONCLUSIONS

Part of the haptic information that is lost when a surgeon
manipulates a soft tissue using an endoscopic tool/grasper may
, ; ; , , , =& 4 Dbe regained by using the bilateral force feedback technology
o o1 02 03 04 05 06 07 08 09 1 jmplemented in an endoscopic instrument. The FREG is

Length Ratio - capable of controlling the force or displacement of the jaw
Fig. 8. Uniaxial compression stress (standard method) as a function of Ien@’tﬂoI tip) with interchangeable tools. To minimize cost and
ratio and the corresponding exponential curve fit for the six silicone materi@g@mplexity, the system works with existing interchangeable
used for the subjective test. reusable tools. The FREG controller was designed to max-
imize position control gain while preserving stability under

(a(4.76, 5.57, 5.85, 5.89, 6.14, 7.)0and3(6300, 3034, 1830, unloaded conditions. Separating the human interface (finger
1379, 941, 38pfor (S1-S6) compared to those measured kj9ops) from th.e eqdoscoplc tool allows one to generate a new
the FREG (Figs. 7 and 8). This phenomena can be explaifé¢man—machine interface (transfer function) in a way that
by the FREG'’s inherent stiffness due to its structure arffihances performance by overcoming the distortion that exists
internal mechanism. The FREG stiffness most probably wisthe current mechanical endoscopic grasper setup.

measured as part of the material's stiffness. However, theThe first phase in this two-phase study was the objective
relationship between the material parameters multiplicati§Periment. The scatter plot (Fig. 7) shows that the FREG in
« - 3 and the material stiffness remained the same for the tgtomatic mode is capable of discriminating between different
testing methods. Moreover, since the six silicone materials £t tissues and latex/silicone simulated tissue, and that the
evenly graded as measured by stress—length ratio characdigterial’s intrinsic biomechanical parameters can be identified

istics (Fig. 8), this makes them ideal for the purpose of tH@r compression conditions. Moreover, a correlation from
subjective testing experiment. the mechanical characteristic perspective between the latex

material and the soft tissue was found. For example, the data
o ) indicate that the latex material L2 might simulate the liver.
B. Subjective Experiment The « and 3 parameter values may be used to design this
The results of the subjective experiment are summarizednmraterial for simulation purposes. Theparameter values for
Fig. 9. The 2-D ANOVA statistical test showed a significarttiollow organs (e.g., colon, small bowel, and stomach) tend
difference between the performance obtained by the threebe lower than then parameter values for solid organs
tools (p = 1.7 - 107°). The best performance in ranking thele.g., spleen and liver). Although hollow organs have greater

0
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macroscopic variability (mucosa, muscular layers, and serosg) F. Tendick, S. S. Sastry, R. S. Fearing, and M. Cohn, “Applications of

than solid organs, they also contain lumenal air which could micromechatronics in minimal invasive surgeryZEE Trans. Mecha-
tron. vol. 3, pp. 34—42, Mar. 1998.

explain their softer characteristics. [8] J. D. Westwood, H. M. Hoffman, D. Stredney, and S. J. Weghorst, Eds.,
Different values ofw and /5 parameters for the six silicone “Medicine meets virtual reality,” presented at Medicine Meets Virtual

materials were obtained using the FREG compared to a testir‘g Reality 6, San Diego, CA, Jan. 1998.
t

- ” . A. Faraz, S. Payandeh, and A. Salvarinov, “Design of haptic interface
method in which the contact areas were parallel. This result’ through stiffness modulation for endosurgery: Theory and experiments,”

suggests that the measurements performed by the FREG are presented at the IEEE International Conf. Robotics and Automation,

Leuven, Belgium, May 1998.
tool-dependent. However, the two methods show the Sarﬂi@] M. A. Srinivasan and R. H. LaMotte, “Tactile discrimination of soft-

trends. For example, the produat- 3 may be an indicator ness,”J. Neurophysiol.yol. 73, no. 1, pp. 88—101, Jan. 1995.

for the material stiffness. The current values of theand [11] H. J. Scott and A. Darzi, “Tactile feedback in laparoscopic colonic
’ surgery,”Br. J. Surg.,vol. 84, p. 1005, 1997.

3 parameters may be used for designing materials as tis$48 D. M. Ota, “Laparoscopic colectomy for cancer: A favorable opinion,”
replication for training usage. However, since the material = Ann. Surg. Oncol.yol. 2, pp. 3-5, 1995.

] J. A. Norton, T. H. Shawker, J. L. Doppmast al., “Localization
parameters measured by the FREG were found to be tOBE and surgical treatment of occult metastaseésyh. Surg.,vol. 212, pp.

dependent, the usage of theand 3 parameter values should 615-620, 1990.
be restricted to developing phantom materials for the purpodél C. Nies, R. Leppek, H. Sitteet al., “Prospective evaluation of different
. . LT diagnostic techniques for the detection of liver metastases at the time
of training in MIS applications. of primary resection of colorectal carcinomastr. J. Surg.vol. 162,
The second phase of this study focused on the psy- pp. 811-816, 1996.

; ; iotidlh] R. Carter, D. Hemingway, T. G. Cooket al., “A prospective study of
chophysics aspects of operating the FREG. The statisti six methods for detection of hepatic colorectal metastag&si. Roy.

analysis (2-D ANOVA) of performance (MSE) measured for cq. Surg. Engl.vol. 78, pp. 27-30, 1996.
the ten test operators ranking six materials according to théif] T. S. Ravikumar, S. Buenaventura, R. R. Salem, and B. D'Andrea,

. P p . “Intraoperative ultrasonography of liver: Detection of occult liver tumors
stiffness suggests significant improvement in the performance _ " caiment by cryosurgeryCancer Detect Prev.vol. 18, pp.

of the FREG relative to a standard endoscopic grasper. The 131-138, 1994.

FREG performance was closer to the human hand, in ratifig] P- M. McCormack, K. B. Ginsberg, M. S. Bainsf al., "Accuracy
of lung imaging in metastases with implications for the role of thora-

material stiffness, which def!nes the upper perfor_mance limit,  coscopy,”Ann. Thorac. Surgyol. 56, pp. 863-865, 1993.
than the standard endoscopic grasper, which defines the loWér W. A. Bemelman, J. Ringers, D. W. Meijer, C. W. De Wit, and J.

imi i _in- it J. Bannenberg, “Laparoscopic-assisted colectomy with the dexterity
limit. Even in the hand-in-glove conditions, the test operators Dheumo sleeve.Dis. Colon Rectumyol, 39, pp. S50.61, 1996,

were not capable of ranking the material stiffness correctly o] D. C. Dunn, “Digitally assisted laparoscopic surger§y’ J. Surg.vol.

all the cases. This fact may raise the need for more advanced 81, p. 474, 1994. ,
inst ts like the FREG capable of increasing the ha {Zé)] B. Hannaford, J. Trujillo, M. Sinanan, M. Moreyra, J. Rosen, J. Brown,
Instrumen ' p ' Ing pu R. Lueschke, and M. MacFarlane, “Computerized endoscopic surgical

sensation beyond the capability of an unaided hand. grasper,” presented at MMVR-98 (Medicine Meets Virtual Reality), San
The approach outlined in this study might be replicateg Diego, Jan. 1998.
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