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- Abstract In neurosurgery sucb as the treatment of

|mage processmg W ' nﬁrmed that thls metbod
works effectwely on blo ,edlca] tlssue. In the future,
we. will carry out a combinatlon test withthé micro
laser systeni and achieve a preclse operstion systemv
for bram tumors, '

' lhtroduction
In “current. neurosurgrcal praetree surgeons can

remove most of ‘a tumor’ with an accuracy of a few
. millimeters by using a combinatior. of . conventlonal

surgical instruments, such as an' electne cautery, anda .

computer-alded navrgatron system " Nevertheless,

résidual . ‘tumor may mduee "re urrence and - 1t is -

al tumor, or tumors that
Y - urglcal

' ‘as ‘ srde -eﬁ'eets Therefore miore. precrse surglcal
trealment than w1th conventlonal surgrcal mstruments is
. desnred

dlstmguxshed by the-S-ALA fluoréscence in the. tumor
. [1]-and ‘with accurate ablation of: the: tumor ‘with the
- mi¢ro laser [2]. The wavelength of the micro laser is 2.8
pim, nght with this wavelength is mostly absorbed by
water, and-therefore this laser is-€éffective only on the
_surface of brain tissue, enablmg precise ablation at the
boundary between tumor. and noi al tissue. However,
‘the ‘focal dépth of this. laser is 1. mm -so the ablation
depends on dlsplacement from the focal pomt

Therefore, a robotic. automatic . focusmg system is

mterventron .

~,:To solve- those problems, we have proposed anoVel, -
" approach .to ‘therapy using S-aminolevulinic acid (5--
ALA) ‘dnd’ a ‘micro-laser -ablation system, with the
boundary between the "tumor and’ ‘thé normal tissue .

neeessary, for the mit:ro-laSer ablat_i_on system. By the
combination of the robotic posmonmg system and
precise laser ablation, more accurate and .precise

-operation is realized. In this research, we have
* developed an automatic focusing system for the

microlaser ablation system $o as to aehreve accurate
operatron in- neurosurgery

Method °

We set the followmg requrrements for the automatlc

focusmg system.

1) Measuremént without contact

2)  Measurement under strong lighting .

3) A compact mechanism that does not mterfere

with the surgical field - :

4) Intraoperative and lmmedrate measurement

5) A velocity of the micro. laser in operation of 2—

- "4 mm/sec
- Figure 1 shows. thef system conﬁguration of our
automatic focusing ‘system. In the system, position
measurement was performed using & triangulation .
method, with a guide laser and'a small CCD camera for
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Figure 1: Overview of the automatic focusmg system.
First,. the system acquires an image using the CCD
camera. The guide laser spot is extracted and the image
processor calculates the coordinate of its center of
gravity.-The distance of the focal point from the target
brain surface is calculated using a triangulation method.
This" error is sent to the motion controller and the

stepping motor corrects the position.



hght for treatment, w1th a wavelength of 2.8 p.m, is not
‘visible,  the surgeOn can -identify" the treated point by
‘lookmg at the gulde laser:’ In addmon as the mechamsm

urface of the target

el gth of 532 nm was used for the gulde Iaser.
settmg angle of the CCD"camera and the guide
.laser was 30 degrees. fiom the driving direction of the
",'system ‘The. ‘resolution of the: systém, based- on the
. ‘resolution of the CCD camera, was 0.024 mm,
The’ electnc shutter speed was normally set to
1/4000 - s; The camera. used in this research ‘could
increase the - speed to l/10000 's. The purpose -of

- .increasing the shuttér speed is to: cut noise from lighting

and diffuse’ refiéctions The i image: ‘obtained was sent to
. the image processor,. bmanzed by lummance level (elght
- bits), and spot extracnon performed o

Image Procossmg Techmque

The hght radlated onto blomedrcal ‘tissues . is
attenuated and penetrates the tissue- accordmg to its
‘scattermg and absorptlon featur (33 [4}. Thiese optical
properties’ vary with the type'of target, for éxample
brain cortex, white matter of blood.. Extraction of the
spot is dlfﬂcult :in. ‘blood ared ‘with brain
parenchyma because of its's absorption features.
" To extract the spot successfully,

f the‘screen ot' the CCD -

it is necessary to lower .
the luminance threshold in blood ‘On’ the other hand, if

 Figure 3: Prototype of this system. The guide laser with
wavelength of 532 nm and the CCD camera for
.‘measurement is setat the angle of 30 degrees

the threshold is too low noise occurs, and extractron of
the spot becomes unpossxble '

This system determines the coordinates of the spot .
by measurmg its center of gravity. These coordinates
contain error caused by penetration of the biomedical
tissue. This is because the camera catches the light from
the inside of the tissue. If the area of the extracted spot
is large, the error increased. -

If a luminance threshold is fixed to a hlgh level for
a target such as blood it was impossible to extract the
spot in some conditions. However, if the luminance
threshold is low, the area of the spot becomes large and

" then the efror becomes. larger It is desirable.to control

the lumirance threshold to an. appropnate value, so that
the area of an extracted spot is constantly -small. We
developed a threshold controlling method-based on the
relationship ‘between the luminance threshold and the
area of an extracted spot. '

We used a single mode fiber for the green guide
laser with a wavelength of 532 nim. Ifs light intensity
distribution depénds on the normal distribution. If a
target has ‘only -isotropic back scattering and no laser
penetration efficiency, the relationship ‘between light

interisity and the distance from the center of a laser spot

is (1).
Izexp( 2/20‘ )/1/_ 1

where

I=light mtensnty,
d = distance from the center of a laser spot,
o = standard deviation of the distribution.

Although the laser penetrates into brain tissues, the '

relationship between light mten51ty and the distance

. from the center of a laser spot is similar to (1). The

rela‘tionship ‘between th_e luminance threshold and the
area of an extracted spot was deérived from (1). The
luminance threShold corresponds to light intensity and .



o A'When focusmg,_._

the area of an extracted spot eorresponds to the square
of the distance from the center of a laser spot ). .

where : _ .
Y= luminance threshold,
A=areaofspot, - _
a,b,¢ constants—dépendent on the target conditions.
F:gure 4 shows the relatlonshxp between the Tuminance

thréshold’ and the area of an extracted spot, and a curve

prox:mated from (2) for, white matter. The values of a,
b, c.differ according fo the target tissue. conditions.

These three numbers were obtamed with the luminance. .

threshold Y, the. -area ‘of an- extracted spot A4, and -a
: A-hlstogram of lumma.nce levels as follows:

1) A hlstogram of lummance levels was taken for a
o color tmage before bmanzatlon
2) ¢ is the ‘asymptotic. value of the lummance
threshold. ‘We ‘détermined it as the value 40%
- from the top of the histogram, ‘where the area of
. the spot exponentially increased. .
3) At the peak value of the hlstogram Yinar, the area
"~ ofthe spotA = 0. a was determmed as follows (3)

e .Y.-.v‘-—c aexp(—be)— )]
"".4) Thenbwas determmed from Y and 4 (4).

. nce thl'eshold used in the next process by this
:approx1mated function. The method of: controlling the

lummance threshold was as “follows. Before foclising, 4, .

was set as the desired value of the area. of the spot: -
suﬁlc:ently small 1o reduce the error due to penetration.

s
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Flgure 4: Relation between the luminance threshold
and the area of the extracted spot and an approxnmated
curve in white matter. .

Y= a_ex_p(a bd)+c | @

b —,?ln((Y c)/a)/A @

S the approxlmated functlon wasA
calculated usin, the above ‘method for every process.
’ ssumme ‘the appropnate value of the

‘Path of the focusing [mtn]' .

0) Focusing started.

1) The area of a spot, 4, was obtained with the
luminance threshold ¥,,.

2) - The approximate function for the relatxonshlp :
between Y, and 4, was ealculated (5).

. Y = a exp( )+c &)
. 3) Yp., was computed as follows (6), and used for
-the next process.
 Y.=aq, exp(-b Ao)+c G
4) Retumto2).’ '

In the followmg chapter, we compared thls method

- with a method using a fixed threshold. *

In Vz‘tm Experiment.

We compared the method of dynamxcally changmg

 the luminance- threshold with a method using a fixed

threshold. The device was consecutively moved on a
phantom composed of Intralipid-10% [4), [5] with three
different scattermg coefﬂc:ents aligned in the order of
30, 21, and 12 cm at the wavelength of 532 nm. The
coefficient of 30 cm™ is similar to that of white matter
[3]). The width of each part was 10 mm and the interval

between ‘the parts was 1 mm. Focusing was performed '

' ~ using the two methods. The velocity.of the device was 2
" mm/sec horizontally. In the method of controllmg the

threshold; the desired value of the spot.area 4 was set to
50 pixels. The luminance threshold was set to 100 in-the
fixed threshold method.
~The paths of the device are shown in Figure 5. The

error was minimal on the 30 cm™ part; reduced to 0.14
mm on average with the dynamically chianging method. -
_The area of the extracted spot was smaller and less
variablé with the dynamically changing method (Table
1). As the spot ‘was rather large and luminous on the 30 -

sm™ part, this method worked most effectively. '
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Figure 5: Paths of the dévice in vivo experiment. The
blue line is the. path with the fixed threshold. The red
line is the path with the dynamically changed
threshold. '



Table 1: Average and standard deviation of the Area of
the extracted spot . :

Method of the Threshold

o ‘ ' leed 1 Dynamlc .
'A',éao'ﬁ'hel ) 'AVeragﬁ 463 48
‘extracted spot] —1 =
: Standar . )
. [pixel . deviaﬁo:i ’ 111 46

In Vivo Experiment

Two metho'ds for ¢ lnmmanee ‘thresholding were

. ‘evaluated. in in vivo experiments. The target. was the
. - surfacé of a porcine bram exposed by, cramotomy under
- . anesthesia: Focusing was performed whilé moving 10 .

“mm- honzo_ntally at 2:mim/sec. In the method coritrolling
' the threshold, a deslred value of the spot area 4 was set

. .10 50 plxels The lummance threshold was set to 100 in -

. the fixed thréshold method.
, Flgure 6-'shows “the_ paths of the dev1ce In the
. ‘middle ‘of the line; it was impossible to extract the guide
spot usihg the; ﬁxed threshold .method: Table 2 shows
the data. related fo theé-extracted spots as the average and
.standard deviation of: the_area of the spots and the
- success rate of the: extractlon Although the success rate
© ofthe fixed: threshold method ‘was only-30%, that of the
*‘controllmg threshold method was '100%. Although the
two linés in-Figure 6 indicate ‘the same line on the
;porcme bram, they do not coincide. It is assumed that
the reason. for the: dlﬁ'erence was pulsatlon of the brain
surface

Dlscusswn and Conclusnons

We"have dev_eloped a. compact automatlo-focusmg

sary to appropnately control the lummance
hold :in .the image processing, and. we developed a
new.techniqiie-for. controlling the threshold. :

The methods of controlling the threshold and using

a., ﬂxed thréshold were .compared. In in vitro
expenments :the error when ‘controllifg: the threshold

was less than when t using the fixed.threshold. In in vivo -

expenments the error was also redueed and the success
rate of the spot extraction lmproved ‘greatly. The
threshold ‘controlling method eﬁ'ectlvely worked “for
blomedxcal tissue.

" In the future, we will perform tests in combination
with the .ablation laser to ach:eve a precxse system for
operation upon bram tumors.

"[1] K. Shimizu, et al,
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-Figure 6: Paths of the device in vitro .ex’penm‘ent The

blue line is the path with the fixed threshold. The red

‘line is the path thh the dynarmcally changed threshold.

Table 2: Average and standard deviation of the area of
The extracted spot and The success' rate of the spot
extraction. :

Method of the threshold
— | . Fixed Dynamlc
Areaof'!hJ . Averagd 101 .18,
extracted spot i
T Standard]
el geviation 2 . e
Spot acouisition rate [%]' 30 - - 100
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. Absiract— Forceps manipulaﬁng robots have been developed
for ass:sﬁng'surgeons_to reahze hlgh-quahty and precise oper-

-mampulato It‘ : nslsts tWo _parts; fiiction wheel mechanism
’ ‘translates the forceps (62x52x150[mm®],
0. 6[kg]), ‘and - .gimi iiechanisri ‘which: drives’ the’ forceps
around- the: indsion Hole oi ‘the ‘abdomen' to determine ‘the
.direction: of forceps, (l35x165x300[mm3], 11[kg)). Thus, the
four. DOF motion: - of forceps inlaparoscopic- sirgery: was real-
‘ ized. Ultrasomc motor was adopted for actuating friction whel
hi s sinall size, high torqae and cleanlingss.
We controlled the manipnlator in sémi-clgsed 1oop using rotary

encoders. Mechamcal evaluaﬁon rosuhs showed ﬂmt feedback .

‘ccuracy of the gimbals
that of fnchon wheel

,rmmmally mvas1ve surgery In thxs method . surgeons make
3-4 Toles on the abdotninal- wall, and- éntire operations
are. conducted ms'dethe abdommal cavny through the holes
using ngld thin scope and long-handled surgical tools such as
forceps, scalpel (Fig: 1(a)). Compared with the conventional

laparotomy that requires. large in¢ision on the abdomen,. .

. laparoscoplc surgery has benefits for patients because of its

small mvasron, reduction of postoperative pain, discomfort,

medlcauon, “and t1me ‘needed for. recovery. It has, however,

somie "difficulties .for surgeons. Forceps have the limited-

Degrees of Freedom (DOFs) (two DOFs for onentauon of

'Thns work is panmlly supported by "Research for the Future Progmm .

(JSPS-RFTF 99100904)" funded by Japan Society’ for. the Promiotion of
Science, Eléctro-Mechanic Technology Advancing ‘Foiindation, "Research
" and Development of the Compact Surgical Robot System for Futurg Medical
- .Care” funded by New Energy and lndustrial Techfiology Developmem
Organizdtion' (NEDQ), ‘and - "Research on medical. devices for analyzing,
supporting and substituting the function of burnan: body funded by Mlmstry
of Health, Labéur and Welfare. )
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forceps, two DOFs for insertion and rotanon of forceps), and
limited DOFs reduce the dexterity of the surgeon (Fig.1(b)).
As the surgical instruments are bound at the'i mclsmn hole,
procedure is operated symmetncally around the incision hole,
so that surgeon gets confused. Thus, this technique requires
great skill, resulting in physical and mental stress for surgeon.

"Responding to these drawbacks, surgery-assxstmg robots have.

been developed for thoracic and' abdommal surgery [1],-[2],
[3), (4], [5). Some systenis, such as da Vinci(®), are clinically

- applied and commercially available. These robots enhanced

the dexterity and ability of surgeons, which contributed.to the
higher-qoality and more precise operation that could not be
realized using conventional 'forceps Some of them, however,
have problems arising from their size [6), such as;
- l..arge size for conventional operating theaters.
~ Operating space above the abdomen is occupled by the
manipulator.
- Collision with mampulators Or surgeons.
Thus, a new compact surgery ass1sung robot is required [3).
We have developed a compact forceps manipulator using -
"fnctlon wheel mechanism” (FWM)[7] and "g;mbals mecha-
nism”. The FWM realizes the axial translauon of the forceps..
Ikuta et al {8] used the. same kind mechanism for the axial
translation and rotation of the. colonoscope in the virtual
endoscope system. Gimbals mechanism has two rotational
axes inside it and inclines freely in all .directions, that
provides the pivoting rhotion of forceps. This manipulator
works to- drive robou;ed forceps 51, 191, [10], [11). As

" (®  Rotation around
Axis : | DOF

Laparoscopic surgery; (2) Surgeons operate forceps (long-handled
surgical tools) watching the view from laparoscope (thin camera

into the abdominal cavity). (b)Limited degrees of freedom of the forceps.
Instruments are bound at the incision hole, thus surgeons. operate.them
syminetrically around it. Each DOF indicited wnh circled number 1 - 4

corresponds to numbering in Fig.3. ,

Fig. 1.



" for the input, methodv we can use both numencal control

system based on computer assisted surglcal planning and -.

master mampulator in a master-slave system with different
conﬁgtu‘atton
In the former study, a prototype was manufactured, and
feasibility was ‘shown ds ‘a forceps manipulator [12]. At the
_- same time, sone- problems enierged. The rotational motion of
‘the" ultrasomc motor -we: adopted for actuatron was affected

by temperature and Jload; "and thé speed of rotation varied

: dependmg on various factors In accordance with the unstable
motion - of - the actuator, the métion of forceps was also
- -unstable [13). The low machtmng accuracy especially in
~ FWM,; also afféctéd the unstable tootion of the forceps.
. In this. study, we have developed a néw prototype us-
" ing miniaturized ultrasonic -motors - with rotary encoder and
.- DC servomiotors. 'We' report 1) 1mprovement of ‘machining
- accuracy to provrde -stable - operauon, 2) feedback control
- systém using pulse -signal from the yotary encoders, 3)

. mechamcal performance ‘evaluation.. Lastly we conducted in

vitio! expenments consrdermg the chmcal apphcatron

' II METHOD

“foreasy: setup and easy" detachment.
ulator’ provrdes thie four DOFs shown in Fig. 1(b).
enough power and movmg range. It can
'ht consrdenng the one thrrd of lrver werght

- realize i _precise operation.

‘As for the- mechamcal performance such as speed torque, -

force, and accuracy, they depend on. the intended organ,
: surgrca] _procedure, ‘and so on.. Especially in the case of
1mage-gurded surgery, ‘the resolution of thie. imager defines

-the ‘acturacy required o the mampulator Ini this study, we
[ set above values assummg that cholecystectomy is conducted '

by tlus mampulator

"~ B. System conﬁguranon

To. satlsfy the abovemenuoned requiremerits, we adopted
following two mechamsms, Friction: whieel - mechanism”
' (FWM) realizes the rotation afound the: forceps shaft, and
" translation along the shaft (crrcled number 1 and 2 in Fig.3).
Gimbals mechamsm is-iised to_determme the direction of the
forceps (3.and -4 ini. Fig: .3):'We set. this’ manipulator above
- the incision hole. This i is: because mechamsms and actuators
shoiild -be” mounted near the: operatmg field so that they

4
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- Posruomng‘accuracy is less’ than l[mm] and 1[deg) to

Frg 2. Forceps working space covers the whole liver. We assumed the " -
area (250 x 250 [mm?]) from the size of normal Japanese male.

Fig. 3. - System configuration. Rotation and translation are realized by
friction wheel mechanism. Girbals mechanism drives the forceps around
the incision hole to determine the direction of the insertion.

require less torque or foree and rmmatunzauon of them are
realized [3).

1) Friction wheel mechanism (FWM):

_ a) Friction wheel: We used "friction wheel”. It consists

" of three titled idle rollers and outer case (Fig: 4(a)). Among

the three rollers, we insert the forceps, and rollers hold
the shaft of forceps..When outer case rotates, rollers travel
spirally on the shaft. of forceps (Fig. 4(b)) {15]). We have
two kinds of FWM wrth different tilting angle. They are like
nght—handed screw ‘and left-handed. one. Each mechanistn
makes spiral motion in each direction. We combine the two o
motions to realize rotation and translation (Frg 4(c)). The
tilt angle was set at 30 [deg] in this study. We adopted an
ultrasonic motor with rotary encoder (custom order, Fukoku,
Japan) to drive the outer case of friction wheel because it '
has advantages in compact size, light weight, high" holding
torque, and suitable for hollow-shaft one. .

_ b) Rotation: For the rotation of the forceps around its
shaft, wé rotate both friction: wheels in the same direction. In
this case, rollers holding the shaft do not rotate, and do not

.make spiral motion. Thus, the shaft held by rollers rotates at

the same speed as the FWM (Flg 5(a))

D) ¢) Translation: In the case of translation, we rotate each
FWM in. the opposrte direction (Fig. 5(b)). Each rotational
motion cancels each other, 4nd only translation remains. Thus
translation along its shaft is realized.



Fig. 4.. Friction ~wheel mcchamsm. (a) a FWM has thiree rollers (arrow).
(b) Roller tilted at a.certdin. degxecs When friction wheel rotatés dround the -
forceps shaft, rollers travcl spually on the surface of shiaft. That motion can
be divided into-two motion

around thc shaft. ’(c) We tse nds of FWM wnh drﬁcrcnt ulung angle.

‘Fig, . - Driving hechatism of forceps:(a) Rotation. (b) Translation.

In the former prototype, ‘because of the’ low machlmng
accuracy, each center of fncuon wheels was not located in’
the same straight. lme, thus, FWM did not move smoothly.

In this study, wé ‘modified the housmg wheére friction ‘wheels .
_ were mounted and arrayed each center of friction wheels

tn the. same line. Because the rotational’ Speed of ultrasonic
MOLof Was not stable’ dependlng on the: load ‘we 1mplemented

'opnc | ;rbtary encoder to get the rotanonal speed information. .

2)-Gimbals mechamsm Glmbals mechamsm has merits
in its- compactness and wide workmg range. The axes of two
rotational ‘motions cross at one point_and. it srmphﬁes the
'control algonthm in many study (ex,[l], [2]), it is said that

. the remoté center of motion (RCM) ‘thust be located at the

“-mcmon hole.. mebals mechamsm, however, has its rotatlonal
center msxde it; not ‘at the incision hole. As we reported in
[12] it is not & problem because abdormnal muscle of a

_ patient under anésthesia gets. relaxed and mampulator will
not. damage the abdommal wall by dnvmg the forceps. The
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translition along the-shaft and rotation -

Fig. 6. New prototype.- Weight is 1.7 [kg).

;

rotational center is located above the trocar at the incision
hole. .

We fiewly implemented DC servomotors (ENC-185801-‘
1000/3CH-SAP1/576 Chiba. Precision Co.,Ltd, Japan) for
actuation. This 'motor has the special controller unit that sim-
plifies the bujlding up.of closed feedback loop: The motor for
pitch motion was located at-some distance from the incision
hole, and lmkage mechanism was added for transmission
(circled number 3 in Fig.3). We mtended to keep sterilization
around incision Lole by separating sterilized and nonsterilized
part via linkage meéchanism, Linkage miechanism also works
as a mechanical stopper to limit the working range of pitch
for safety.

C. New pmtotype

The new prototype is shown in Fig 6 Weight is 1.7
kgl. FWM was 62><52x150[mm3] 0.6]kg}, and gimbals
mechanism was 135x165x300{mm?3), 1.1[kg].

II1. EVALUATION EXPERIMENTS

A ‘Mechanical performance evaluation

We conducted mechanical performance evaluatlon of our

. new prototype. Torque of pitch, roll, and rotation, and

force of translatton ‘were measured by 6-DOF strain gauge
force/torque  sensor (MINI ‘sensor, 8/40, BL Auto Tech,
Japan). We repeated the measurements for' twenty times,
and calculated the average and standard deviation. We also
measured the working range of each axis, ‘and maximum
driving spéed without load. Digital rmcroscope (VH-7000C;
KEYENCE, Japan) was used for measurement of working
range, and its- measurement: resolutxon was 0.1[mm)]- and
0.5[deg]. We used v1deo camera to measure the speed, In

-pitch and roll of gimbals mechanisn, acceleratwn and decel-

ération time was 100 [ms) respectx\lely As for_the rotation

- and translation ‘of FWM, we cannot control the acceleration
‘and _deceleratxon time of thé ultrasonic motor because of its

specification, and we measured average speed. Measurements
were.répeated ten times for gimbals mechanism, twenty times
for FWM.



. . TABLE I
RF.suurs OF MECHANICAL PERFORMANCE EVALUATION

~TorquelForce . Speed Workmg Tange
Pilch -, 4,6020.19[Nm] - . 5.0[rpm] - . -35.0-+37.0[deg]
Roll 3.76::0.20[Nm) 50[pm)  180.0[deg]
Rotation- - 63io9x10-2[Nm] 41.84+06[rpm] no limitation
Translation’ 61 0;':0 7[N] 6.5+0.1[mm/s] no limitation
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“Fig. 7. "Eiialuotion results of: posmomng_accuncy; (@) piich (broll.

Results dre shown in Table I. As for the rotatmnal torque of
FWM, the dxameter of forceps model used in this evaluation
was ‘5 [mm], “thus the FWM can lift up the weight of
25.243:6[N]-by rotatmg the forceps Though the translation ¢

force seemed: excesslve, hlg force ‘is required for the quick -

_ response It does riot mean that thlsemampulator always works
: with the maximuim force. The workmg ranges-of rotation
- and translauon havé theoretlcally no.limitation, however, the

© translation.  range-is. festricted by-the. length of forceps and

rotatwnal range will be restricted by the arrangement of
- electnc wires of the robotized forceps mtegrated into this -
'mampulator

- B. Positioning accuracy of gimbals mechamsm

" 'We measured’ the posmomng aocuracy of gimbals mech-
anism at every 5 [deg] from -30 [deg] to +30 [deg]. Mea-
surements were conducteéd twenty times for pitch and roll -
r%pecuvely Fig. 7 shows the relanon between inpiit angle
and posmomng error.
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C. Positioning \dccuraconf friction wheel mechanism ,
1) Stable motion by separation of rotation and translation:
As mentioned. in ITl.Method, translation and rotation of the

. forceps were realized using a couple of FWM. If each spiral

motion generated by friction- wheel is completely the same
as ‘each other, translation and rotation are realized without
error motion. that is, we can realize no rotational error in
translation, and no translation error in rotation. Similar i issue
was discussed in 18). v

Thus, we conl:rolled the ultrasomc motor to match the
rotation speed ‘using signal from rotary encoder. However,
the motion of forceps was not stable. It was caused by

the fact that each spiral motion differs slightly because-of
" machining and manufacturing error even though the rotation

speed matchés completely.

Finally, we adopted compensation ‘element based on the
results of measurements in the control algorithm. When we
input 45 [mm] translation command (which corresponds to
1800 [deg] rotation of friction wheel), forceps rotated 14.5
[deg] This shows rollers of one friction wheel travels longer
distance, arid those of the other shorter by the angle of 14.5
[deg). We applied two coeﬂicnents 1 - (14.5/1800) to longer '
travelling one, and 1 + (14.5/ 1800) to shorter travelling orie.

We measured the amount of translanon error when rotation
command of 10 revolutwns was input. We, also measured
the amount of rotational error ‘when translation command
of 50 [mm) was input. As the measuring mstrument, we -
used digital microscope. In Table.Il., we compared the error
of forceps motion. Comparing first and second line, new
prototype realized- more stable motion than old. one. This
means redesign of manipulator works well. Also, comparing
second: and third line, compensation leads to successful
outcome.

" 2) Posmomng accuracy . evaluatlon We measured the
positioning accuracy of FWM. In the rotation, input com-
mand varied from -180 [deg] to +180 [deg]);.and measure-
ments were conducted every 45 [deg]. In the translation,
mput command changes from -70 [mm)] to +70 [mm}, and
we measured every 20 [mm). Measurcme_nts were repeated

* twenty times respectively. In this evaluation, abovementioned

compensation method was used. The resu]ts are shown in
Fig: 8 .
D. Positioning error in slip

FWM uses _ rolling friction force to drive ‘the forceps.
Consxdermg the clinical use in the operating theater, liquid

) TABLE I -
COMPARISON OF MOTION ERROR BETWEEN PROTOTYPES
“Rotation [mm] __ Iranslation [deg)

Ol protorype 0.1 0.1 778 £ 104
New prototype 0.0 % 0.0 145 £ 29
Compensation ~ 00+00 .11l
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_maner such as blood mlght attach onto the surface of forceps,
- 80 that the friction foréé between rollers of FWM and forceps

ang" .a_nd slip w111 ‘occur; In ouit prototype, we

e :use rotary ncoderAmoumed on the ultrasomc motor for semi-

. rom the spual trajectory

on the surface of forceps shi
inside: FWM wxpe out the blood accordmg to the rotation. of

FWM.'

o IV DISCUSSION

'-,A Fameps mampulator -
] ) Fncnon wheel mechamsm (FWM) Redemgn of ma-

mpulator and compensauon element in the control algorithm

. ’1mproved the stablllty of . theé motion. -The requiréments
~ . for posxuomng -atcuracy’ was satisfied. It is' remarkable in
" ‘the reduétion.. of rotatlon rror .of translation. Although the
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ft;.we can think-that the rollers -

Fig. 9. Spiral trajectory on the surface of forceps. Rollers vnped out the
blood on the surface.

compensation element was calculated from the limited mea-
surement results, the machining and manufacturing error
does not change dependirig on the input command, thus
the compensanon techmque can be applied to total workmg

range. ~

The- blggest advantages. of FWM are that it does not have

" meéchanical limitation of the working range, and that it realize

both rotation and translation with one mechanism. In the case
that we drive sometlung like forceps along its longitudinal
axis, ball screw can be given as a typical exarnple of linear
actuator. While it has merits in high positioning accumcy,

‘high rigidity, and fast motion, the problem is the thread part

of the screw. The longltudmal dimension of the mampulator
increases by the length of the ball screw. Longer arm requires
higher torque :and bigger motor, so that manipulator might

-upsize. Additionally, as thread part of most ball screw need
. grease, it cannot be washed and sterilized, and must be

covered with surgical drape. Thus, ball screw is not: always
appropnate to surgical device. On the other hand our friction
wheel mechanism .uses the shaft of forceps -directly ‘for
driving, and needs no extra length and attachment part This

‘miniaturizes the manipulator. |

2) Gimbals mechanism: As a mechanism to determine
the direction of forceps, we eliminated the RCM mechamsm
and’ adopted the gimbals mechanism to realize.a compact
manipulator. Measured working space met the requirements.
Excessive wide workmg space, however, may raise a prob-
lem. In this study, safety mechanism to limit the pitch was
implemented. We are going to adopt the same fashxon to the

roll.

As the results of .implementing DC servomotors, the

'posmomng accuracy of gimbals mechanism satisfied the

requirements, however, the gimbals’ maximum positioning

" error of 0.6 [deg] corresponds to 2.6 {mm) error at the tip of

250 [mi] long forceps. This means that it did not meet the

requirements of less than 1{mm]. With shorter than 95 [mm]

long forceps; requuemem (less than 1{mm])) will be’ satisfied.
3) Clinical application: As the results 'of ‘in vitro ex-

periments, slip between rollers and forceps did not occur



whén blood 'attached onto the surface.of forceps The. spiral
trajéctory on lhe surface of forceps (Fig.9) shows that rollers
and forceps are contiguous so closely that blood on ‘the

surface- is w:ped out. -Slip, however, ‘occurred after blood -
on the surface got dried. This is’ probably because only wet -

blood can be wiped out; but blood clot like a thing coating on
the surface cannot. Thus the blood should be swept away by
physiological saline or wiped off by a scraper before clotting.

The area occupied by a set of manipulator on the abdomen |

was 12 000(—80x150) [mmz] This is compact size enough

to install three ‘sets of this mampulator, which corresponds

. to both hand of ‘surgeon and on hand of assistant.

‘B. Future works

In our prototype, the position of the forceps was calculated
»from the rotation number of the ultrasonic motor as a semi-
. _closed loop. system.'As’ discugsed above, requrred posmomng
‘_accuracy and nonshp ,operatlon were realized. However,
for realization . of -niore_ precise operatron, we will make
closed locp and. fealize feedback control system by sensing
the posmon of forceps directly. 'As; examples of sensing
devrces, we - dre: now: consrdermg a comimercially produced
optical-tracking: system (ex. Polans“‘) Northern Digital Inc.,
Canada)” or magneue posmon sensor (ex.. rmcroB[RDTM
Ascensron Technology Corporatlon, USA). Though they have
e'good performance in operation room, it is known
that _optical - $ystem ‘does not work whén the markers get
: behmd objects "and it is also- known that magnétic sensor

cdn - be affected by thé metal material in the operating
room; such as surgical table, mstruments Thus. we have
to choose sensmg ‘device carefully. Alternatlvely, we have
another choice to develop a new sénsing device like an* optical
. mouse. Inside a optical mouse, unage sensor takes hundreds
of i lmages per second and compares the two images, ‘then the
difference of-the images. shows the’ direction and the distance
of motion of ‘the mouse. In a sifmilar fashlon, the -surface
texture of the forceps can be taken by image sensor mounted

on the manipulator; and motlon can be calculated from the.

difference between . each i image.
As another work; we.will also: modtfy our forceps manipu-
lator as.a sterilizatic n—cornpattble oné: for clinical application:

" . Technical problém. in- currént prototype is. sterilization of

’ beanng wh,lch works_as .a roller and. ultrasonic motor for
'fnctron wheel mechamsm, ‘DC ‘motor for, gimbals mech-
.amsm Bearmg ¢an be. changed for greaseless ‘orie that
uses plasuc material for sliding surface. As for ultrasonic
miotor, ‘water-proof packagmg can be apphed usmg sealing
materials and Ocring. Thus, we will be able to sterilize the

_whole body of FWM. DC ‘motor for gimbals mechanism can
be replaced by stenlxzauon-compatlble motor commercially
avarlable for food and chemical mdustry ‘More éspecially, we
can 1mplement an easrly detachable transmission mechanism
between motors and mechanical movmg parts Thls method,
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at the same time, realizes the separation of sterilized and '
nonsterilized part {16); and realizes a safety mechanism by
detaching the transmission part in the case of malfunctions.

V. CONCLUSION

“In this study we developed a compact forceps ma-
mpulator for laparoscopic surgery. It consisted of friction -
wheel mechanism for rotation and translation of forceps

'(62x52x 150[mm?3], 0.6[kg]), and gimbals mechanism for
_ determining the direction of forceps(135x165x300[mm3],

L1[kg)): As the results of redesigning prototype, stable
operation was realized . Semi-closed feedback control system

“using rotary encoders mounted on motors improved the

positioning accuracy. Positioning accuracy of the gimbals
mechanism was less than 0.6 [deg], arid that of friction wheel
mechanism was less. than 0.2 [mm) in translation and 1
[deg) in rotation. In vitro experiment showed that no slip

-was observed under the existence of blood on the forceps

with load of 2 [kg]. This' manipulator will work in opefating
theater as a miniaturized surgical robot.
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Abstract. This paper reports evaluation of compact forceps manipula-
tor designed for assisting laparoscopic surgery. The manipulator consists
of two miniaturized parts; friction wheel mechanism which rotates and
translates forceps (62x52x150[mm®], 0.6{kg]), and gimbals mechanism
which provides pivoting motion of forceps around incision hole on the ab-
domen (135x 165 x 300[mm?], 1.1(kg]). The four-DOF motion of forceps
around the incision hole on the abdomen in laparoscopic surgery is real-
ized. By integration with robotized forceps or e needle insertion robot, it
will work as & compact robotic arm in a master-slave system. It can also
work under numerical ‘control based on the computerized surgical plan-
ning. This table-mounted miniaturized manipulator contributes to the

" coexistence of clinical staffs and manipulators in the today’s crowded
operating room. As the results of mechanical perforinance evaluation
with load of 4 {N], positioning accuracy was less than 1.2 [deg] in pivot-
ing motion, less than 4 [deg] in rotation of forceps, less than 1.2 [mm)] in
]ongit.udinal translation of forceps. As future works, we will modify mech-
anism for sterilization and safety improvement, and also integrate this
manipulator with robotized forceps to build a surgery assisting robotic
system,

1 Introduction

Today, as a means of minimally invasive surgery, laparoscopic surgery is wxdely
performed Surgeons cut small holes on the abdomen to insert laparoscope and
forceps, and conduct all operations inside the abdominal cavity. Small incisions
.damage patients much less than conventional laparotomy, and patients can get
relief from postoperative pain or medication. This patient-friendly technique,
however, is rather difficult and cannot be applied to all cases, mainly because the
limited degrees of freedom (DOF) of forceps eliminate the dexterity of surgeons
* (Fig.1(a)). Surgeons must take special training for laparoscopic surgery.
Responding to these issues, surgery-assisting robotic manipulators are devel-
oped. Some of them are clinically applied and show their availability [1,2}. Those
new systems have provided surgeons with technologically advanced hand skills,

J. Duncan and G. Gerig (Eds.): MICCAI 2005, LNCS 3750, pp. 81-88. 2005.
© Springer-Verlag Berlin Heldelberg 2005
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and enabled higher-quality and more precise operation, that could not be real-
ized in the conventional laparoscopic surgery. Meanwhile, the large size of them
caused problems. Some robotic systems require larger room and are difficult to
‘install into conventional crowded operating theater. As the operation space above .
the patient’s abdomen is occupied by the manipulator arms, clinical staffs have
troubles to observe the patient and have danger of collision with manipulators.
Thus, a new compact surgery-assisting robotic system is required [3].’

We have developed & compact forceps manipulator using “friction wheel
mechanism” (FWM) (4] and gimbals mechenism (Fig. 1(b)). In the former study,
a prototype was manufactured, and feasibility was shown as a forceps manipula-
tor [5]. At the same time, some probleins emerged. The rotational speed of ultra-
sonicmotor varied depending on various factors, that is, the motor we adopted
for actuation was unstable, being affected by temperature and load, so that the ‘
motion of forceps was also unstable nnder the open-loop controlling system [6].
In the recent presentation [7], we reported mechanical implementation of minia-
turized ultrasonic motors with rotary encoder into the mechanically-modified
* prototype, and reported evaluation of basic performance using feedback control
system. Positioning accuracy of the gimbals mechanism was less than 0.6 [deg],
and that of friction wheel mechanism wes less than 0.2 [min] in translation and
1 [deg) in rotation.

In the former studies, the accuracy was ineasured as a static positioning de-
vice without load. Thus, in this study, we measured and evaluated static position
accuracy with load of 4 [N]. In section 2, we introduce the configuration and
mechanism of our compact forceps manipulator. Experimental apparatus and
evaluation results are shown'in section 3. We discuss the results of performnance
evaluation in section 4. Conclusions are presented in section 5.

2 System Configuration

We adopted following two mechanisms to reslize four-DOF motion of forceps
required in laparoscopic surgery(Fig.1(a)); “Friction wheel mechanism” (FWNM)
provides the rotation around the forceps shaft and translation along the shaft
(number (1) and (2) in Fig.1(b)). Gimbals mechanism realizes the pivoting mo-
tion to determine the direction of the forceps (number (3) and (4) in Fig.1(b)).
The dimension of the FWM is 62x52x150{mm?) and the weight was 0.6{kg].
Those of gimbals mechanisin are 135 x 165x300[mm?} and 1.1 [kg). We mount this
manipulator near the incision hole using multiple joint arm' (ex. Iron intern(?) [g)
or Point setter [9)). This is because inechanisins and actuators should be mounted
near the operating field so that they require less torque or force [3].

Friction wheel mechanism (FWM) consists of three titled idle rollers and
outer case (Fig. 2(a)). Three idle rollers around the forceps shaft travel spirally
on the surface of shaft when outer case rotates (Fig. 2(b)) [10]. A couple of
FWNMs with opposite tilting angle (like right-handed screw and left-handed one)
hold the forceps shaft(Fig. 2(c)). When they rotate in the same direction, the
shaft held statically by rollers rotates around its longitudinal axis (Fig. 3(a)).
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Fig. 1. System configuration, {#) In laparoscopic surgery, forceps have only four degrees
of freedom; two for rotation{1) ard insertion(2) of forceps, two for pivoiing motion{3){4)
around the ircision hole. {b) Friction Wheel Mechanism provides two motions of (1)
_ and (2). Giribals mechanism realizes the rotations] motions of (3) and (4).
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Fig. 2. Friciion wheel mechanism, (a) a FWM has Lhree rollers {arrow). (b) Rollers
travel spirally on the surface of shaft. Thal motion can be divided into axial translation
along the shaft and rotation around the shafi, (¢) We combine two different. spiral
rotions to realize rotation and translation.

Alternatively, when they rotate in the opposite direction, rollers travel on the
shaft spirally and rotational motion is cancelled by rotational component of eaclhi
spiral motion, so that forceps moves along its axis (Fig. 3(b)). The tilting angle
was sel, at 30 [deg) in this stiudy. We used hollow-ghaft ulirasonic motors with
rotary encoder (custom order, Fukokn, Japan) to drive the onier case of FWM
for miniaturization of the system. The resolution of the rotary encoder was 0.2
[deg/pulse].

Gimbals mechanism provides pivoting motion, two rotational motions around
the mutually-perpendicular axes, It is to be noted that pivot center of this ma-
nipulator is not located at the incision hole, but at the intersectional point of two
axes. As for a surgery assisting robot for laparoscopic surgery, “remote center
of motion (RCMY* imechanism showld be mounted to bind the rotational center
of manipulator at the incision hole (ex,[11,12]). However, as we reported in {5],
it is not alvays necessary. This was because abdominal muscle under anesthesia
gets flaccid and manipulator does not damage the abdominal wall by driving the
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Fig. 3. Driving mechanism of forceps, {a) Rota- »
- tiom, (b) Transiaiion Fig. 4. New proiotype

farceps. We used geared DC servomoiors (ENC-185801, Chiba Precision Co.,Lid,
Japan) for actuation. The reduction gear ratio was 1/576. The resolution of the
rotary encoder was 0.36{deg/pulse]. The prototype is shown in Fig. 4.

3 Evaluation Experiments

We conducied mechanical performance evaluation of our forceps manipulator.
In the former studies, we conducied performance evaluation without any load
[5,6,7]. Thus, in this study, we applied a load of 4[N], that was equivalent fo the
one third weight of Japanese male liver.
We measnred working range and positioning accuracy of each axis (pitch
and roll motions in gimbals mechanisin, rotation and longitudinal translation of
Jorceps 1 FWM) with load. Motion of manipulator was recorded using digital
microscope (VH-7000C, KEYENCE, Japan), and working range and positioning

b
(@ Pitch{+) o ©
Forceps Roiation{+) Rotation(-)
shafi , -
L Forceps
i shafi
Thread

Fig. 5. Experimental setup, (n) Forceps were initially set in the vertical position to
measure the motion of gimbals mechanism and the iranslation. Input direction is de-
fined as shown here. (b} In the evaluation of rotation, forceps were sei horizontally. {c)
We measured the rotational positioning sccuracy of forceps when forceps were pulling
up the weighi.
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accuracy were measired by its accompanying utility software. Each measurement
was repeated for twelve times. In order to reduce the measuring error, maximum
and minimum values were eliminated, and the average and standard deviation
of other ten values were calculated. Positive value in positioning error means
that manipulator overruns beyond the input command, and negative means that
it does not reach the goal. The definition of +/- input direction is shown in
Fig. 5. As the initial setting, the forceps were set vertically in the evaluation of
gimbals mechanism and translation of forceps (Fig. 5(a)), and horizontally in
rotation (Fig. 5(b)). The distance between the weight and the center of gimbals
mechanism was 250 [mm].

3.1 VGimbal,s Mechanism

Working range of gimbals mechanism was measured. No decrease of working
range was shown (Table. 1). Positioning accuracy of the gimbals mnechanism was
measured at every 5 [deg] from —30 [deg] to +30[deg]. Measurement results are
shown in Fig.6, comparing the results of evaluation without load [7). Accuracy
was less than 1.2 [deg] in pitch and roll motions.

3.2 Friction Wheel Mech'ani_sm (FWM)

As for the working range, FWM has no mechanical limitation, and the load did
not limit the working range (Teble. 1).

Before measuring the positioning accuracy, we evahiated the separation of
rotation and translation. Because rotation and translation of forceps are gener-
. ated by combining a couple of spiral motions, if each spiral motion differs from
each other because of machining error, rotational error occurs in translation
and translational error occurs. in rotation [7,13). Thus we measured the motion
error beforehand and added compensation factor. When 45 [rmn] translation
command (that corresponds to 5 revolutions or 1800(deg] rotation of friction
wheel) was input, forceps rotated 14.3 [deg]. This means that the difference of
" rotational traveling distance between FWMs is 14.3 [deg]. Thus we applied two
coefficients; 1 - (14.3 / 1800) to longer travehng one, and 1 + (14 3 / 1800) to

shorter traveling one.
" Positioning acciiracy of FWM was measured at every 45 [deg] from —180
[deg] to +180[deg] in rotation, and at every 20{m:n] from —80 [min] to +80[mun]

Table 1. Results of Working Range Evaluation

~_ Working Range
with load__ w/o load
Pitch [deg] -~35.0 - 4+37.0 -35.0 - 4+37.0
Roll [deg] 4+ 180.0 £ 180.0
Rotation [deg] no limitation no limitation
Translation [mm] no limitation no limitation




86 T. Suzuki et ak

(e i )

) 1.0 ¥ ‘: ! :;hd: 1.0 ; [N
SR ES bt
£ 00 4+ E 00
A RERE 2 ]
.é Y= ?"'Imi‘-'r_' - J .g 0.5 | _.+. i -
= ! i ! : = A | ;
£ .o ! i I I S N i1 E10 SRR S i_J.-;

* : ? ' ' [

: L . ! . ‘

1S 1:"11 1114 gsb it i i
300 20 -10 0 10 20 30 =30 -20 -10 O i0 20 30

Input angle [deg] [nput angle (deg)

Fig. 6. Positioning accuracy of gimbals mechanism, (a) Pitch, (b)Roll

(a)- ) _
4 : 2 R B =
E 3 R o with bogd _=- — ! ' .u,‘w
- i £ ' : i
T2 Eio B -1 11
e I
Ea | - g ; ‘
go most! | b ofoedf- | -
H -]
2 -1 . - H s
z . o _l = RESY
32 EOO—T— ; '
3H- . + - -} e I
-4 . - 0.5 H
-180-135 90 -45 0 45 90 135 180 80 -60 -40 -20 0 20 40 60 80
Input angle [deg) Input value {mm])

Fig. 7. Positioning accuracy of friction wheel mechanism, (a) Rotation, (b) Translation

in translation. The diameter of the forceps was 5 [mm], thus the torque applied
by the weight was 10 [mNm]. Results are shown in Fig. 7. The accuracy was less
than 4 [deg] in rotation of forceps, less than 1.2 [mm] in longitudinal translation.

4 Discussion

4.1 Working Range and Positibning Accuracy

Working range of gimbals mechanism and FWM did not affected by the load of
4 [N]. As for the roll motion of gimbals mechanism and rotation and translation
of FWM, they have no mechanical limitation to realize wide range of motion. -
However, we can think mechanical limitation is desirable to ensure the safety in
the case of malfunction. Some kind of safety mechanism should be implemented
without wasting the advantages of gimbals mechanism and FWNM.

.As for the positioning accuracy of gimbals mechanisin, it decreased as the
input value increased. However, results showed the relative small standard devi-
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ation and high repeatability, thus high positioning accuracy will be realized by
- adding offset into input command depending on the load.

Positioning accuracy of FWM also decreased, especially in the rotation of
forceps. This would be because the friction force between idle roller and forceps
shaft to hold the forceps is smaller than external force by the load. Though we
used stainless steel for idle rollers and shaft from the viewpoint of future washing
and sterilization in the_current prototype, we have to consider other materials
to strengthen the friction force.

4.2 Future Works

We have following plans as near-term future works.

1. We will measure the dynamic response characteristics with/without load.
The dynamic characteristics must be known to drive this manipulator smoothly
as a slave robotic arm in a master-slave system. o

2. As a related work, we evaluated the tilting angle of idle rollers in FWM (18]. -
In that study, FWM with rollers of 45 [degree] tilting angle showed higher speed,
torque and force, and did not show any decrease in the positioning accuracy,
comparing with those of 30 [degree], those were used in this study. Thus we will
replace the FWMs with new ones,

~ 3. Sterilization-compatible mechanism should be impleinented for the clinical
application. We will use “separation method” that separates sterilized and non-
sterilized part via transmission part [14].

5 Conclusion

In this study, we evaluated the compact forceps manipulator using gimbals mech-
anism and FWM. As the results of experiments applying 4[N] load, positioning
accuracy of the gimbals mechanism was less than 1.2 [deg], and that of friction
wheel mnechanism was less than 4 [deg] in rotation and 1.2 [mm] in translation.

This manipulator can work as a compact robotic arm to manipulate vari-
ous kinds of forceps, ex. wire-driven bending forceps [16], bending forceps using
linkage mechanism [17], and laser surgical tool (18], or rigid laparoscope can
be manipulated with this system. In other words, this manipulator can be a
common platforin for robotized forceps. Thus we.are going to integrate vari- .
ous surgical instruments with this manipulator to use robotized sophisticated
surgical equipments. :
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