Table 2 Parameters and RMSEs of Mooney—Rlem (mne-com'tams) (11) and combined loganthrmc and ponnamxaI (22) models in representing
combiried cycle of compresswn and elongatwn aq)enmental data of 6 porane Irvers ;

Mooney—Rrvlm (nme-oonstants) (1 1) Combined lbgarithmic and polynomial (22).
o material pammeters RMSE, Pa material parameters "RMSE, Pa
" Liver 1 C;=-019x10° Ce=158x10° 18.66 Ci=-167x10* 95.35
: C,=022x10° Cy=-0.81x10* C=0571 S
C:=029x10° | Ce=1.07x10* C3=-450x10°.
Ca=-0.002x10* c._,=--061x10‘
Cs=-041x10° 4 ’ o
Liver 2 C;=-0.11x10* T Ce=-3.95x10" 24.88 T G =-423x10° 90.76
Cy=0.15x10* Cy=—-3.41 x10* C,=023
C3=097x10* Cz=6.65x10* Cy=-458x10°
Ci=—-049x10* Co==479x10* .
Cs=-0:52x10* L :
Liver 3 - "€ =-023x10° Ce=5.54x10° 40.15 C1=-6.38 x 10 . 104.69
C;=026x10* Cy=-1.67x10" - : C=162 '
C;=0.63x10° [ Cz=-2.85x10° Cy=-4.14x10?
Ca=0.13x10* Co=1.36x10*
Cs=-089x10* , : } , .
Liver 4 - © Cy==002x10%. - Cs=—-092x10" 20.22 C,=-594x10° 91.44
g Cy=0.053x10* Cy;=-0.02 x10* C,=0.75 - : .
C;=042x10% - Cg=2:54x10° Cy=-214x10° .
Ci=0.11%10* Co=-128%10* -

_ Cs= =046 x10* . . : .
Liver 5 G =0.11x10% - Cs=3.62x10° - 45.55 Cy=-8.55x10* 105.83
C,=-0.07x10° © G;=—4.38x10° C,=057 ° :
Cy=-0.50x%10% . Ce==-0.24x10° C;=-9.63x10°

C,=025x10° ‘Co=1.09x10°
. Cs=0.15x10* L .
Liver 6 C,=-0.09 x10* Cs=—-0.25x10* 35.37 Cr=~1.67x10° " 106.67
C,=0.12x10* Cy=-0.65 x10* : C,=028
C;=0.19x10* Ce=2.11x10° C;=-0.19x10*
Cy=-0.09 x10° cg_-o95x10‘

_C5=-015xlo‘.

m matenal parameters The polanty of the parameters d1d
_not change in .the -combined model. This démonstrates the
suntablhty of our combined loganthmnc and polynomlal energy
. function .as the model .of choice for soft tissues in general,
_and: liver tissué in partlcular Note - “that ‘experiments with
' porcine kidney and: bram tlssues are: prehmmary at five test
~samples each. :
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Fig. 9 Validation of combined Ioganthmtc and. polynarmal equanon
using experimental . results from smaIIer samples Sample
diameter was 3mm, with heights ranging from 5mm to
6mm. Number of samples tested was 4. Loadmg rate was
10mmmin~'. Standard deviations from mean. experimental
values are xndtcated with honzantal barsr ( -) Experiment;
(- ~ -) Theoretical estimation :
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5 Conclusions

In this paper, we have presented our model of the mechanical
behaviour of liver based on conventional continuum
‘mechanics, for surgical - smrulahon applications. Qur results
‘obtained from -in vitro uniaxial measurements showed that

~ liver tissue deforms differently under compression and elonga-
tion. Thus, instead of relying on seéparate compression and
¢longation- experiments to define the material propertles of
liver, we believe that a cycle with both compression and
elongation should be used. To the best of our knowledge,
_this report is the first to express biomechanical properties of
“biological tissue based on complete ‘cycles of compression
and then elongation. The existing constitutive models did not
“fit this complete cycle of compression and elongation well.

We mveshgated and ‘confirmed the hypothesis that a con-
stitutive equation with both polynornial and logarithmic forms
could best represent the stress—strain relationship of a complete
cycle of compression and elongation. In fact, our combined
_loganthmlc and polynomial equation provided an excellent
fit over the entire stress—strain curve for separate compression
.and elongation. Besides demonstrating that our proposed
combined logarithmic and polynomial model is the- preferred
model to represent the liver biomechanical properties; in a
pre]umnary investigation, we found that-this theorétical model
could represent the stress—strain relationship of other soft tissues,
such as porcine brain and kxdney tissues.

The value of a model is in predlctmg actions based on theory
of formulated quantltatlve mechanical properties and principles
of physrcs It is clear that our expenmental and theoretical
 results agree under the conditions of our experimental design.
Unfortunately, biological tissue properties change with disease,
and this is the environment in which computer-aided surgery
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is performed. We are aiming eventually to introduce parameters
. of pathology such as stiffiiess, from diseases such as cirrhosis,
and -‘compare cadaver results with expenmental predictive
data. Under normal conditions, the liver is heavily perfused
- with blood, both from hepatic arterial and portal venous sources.
" This perfusnon imparts a certain degree of turgidity that is not
‘present in unperfused samples. This will influence the defor-
mation properties. The samples should be infused with solution
resemblmg blood serum at a pressuré consistent with that
found in the liver.- We are enhancing our current expenmental
measuring systeri to administrate the infusion process.

“We agree with a reviewer that the biphasic model is a possible
approach to the integration of the effect of blood pressure that will
enhance the realism of surgxwl sxmu]anon of liver therapies. As
was also hihlighted by the reviewer, the biphasic model poses a-
sufficient .challenge, both theoretlcally and experimentally. The
resultant biphasic model will possibly be hlghly complex and
interactive, but near real-time computation is unposmble with
existing hardware. Hence, our work described here is possibly a
more practical approach to_ surgical simulation. A practical
-application of eur work includes simulation of liver deformation
. from RF needle insertion. In this applicdtion, the medical image
- of a patient’s liver was classified into vessels and liver tissues. A
finite element model of the liver was then created with elemental
material properties defiried according'to the classified image. The
defined material property and modelling of the liver tissues wem_
related to the work described in this paper. :

- We assumed that hver is an isotropic material in this mvesu-

gation. In' another ongoing study, we have found that the .

correlation of coefficients obtained from: the expenmenta] data
with .those from' theoretical predlctlons was - generally better
when transverse isotropy was assumed. This observation is in
agreemient ) with a study.on constitutive ‘modelling of lung tissue
-(VAWTER et al., 1980). We Have observed that liver tissue has
" some transverse anisotropy characteristics, and we are currently
mvestlgatmg these charactéristics further. We also plan to carry
out' non-]mear finite elément simulations based on the tensor
forms “of :our combined loganthnnc and polynomlal models
(ONODERA et al., 2001).

: Acknawledgmenzs—Tlus research was supported in part by
the Research for the Future Program (JSPS-RTFT99100904).
C. Chui is supported in part by the C&C Foreign Researcher
Fund. He is also grateful to Professor J.H. Anderson from The
Johns Hopkins University School of Medicine, Baltimore, USA,
for many discussions on anatomy, phys1ology and surgery. The
authors also wish to thank the reviewers for their valuable
comments. ' ‘

_ References

. BOGEN, D. (1987): ‘Stram-energy descnptlon of biological swelling. 1
‘Single fluid compartment models ASME J. Biomech. Eng., 109,

. pp. 252-256 :

BRrRUYNS, C., and O'I'rBISMEYER, M. (2002): ‘Measurmg soft-tissue
mechamcal properties to support development of a physically based
virtual animal model’, in DOHI, T., and KIKINIS, R. (Eds): ‘Lecture
Notes in Computer Science 2488: Medical Image Computing and
Computer-Assisted Intervention’. MICCAI 2002, pp. 283-289
CARTER, F J., FRANK, T. G., DAVES, P. J; MCLEAN, D., and

" CUSCHIER], A. (2001): ‘Biomechanical testing of intra-abdominal
- soft tissue’, Med. Image Anal., 5, pp. 231-236 .

DAvnss P.J, CARTER, EJ.,and CUSCHIERJ, A. (2002): ‘Maﬂtematncal
modelhng for keyhole surgery simulation: a biomechanical model

. for spleen tissue’, IMA J. Appl. Math., 67, pp. 4167 .

DAVEES, P. ], CARTF_R, FJ, ROXBURGH, D. G., and ‘CUSCHIER], A.
(1999): ‘Mathematlcal modelling for keyhole surgery simula-
tions: spleen capsile as an elastic membrane J. Theor. Med., 1,
pp. 247-262 .‘ .

Medical & Biological Engmeerlng & Computlng 2004, Vol. 42

_VERONDA, D. R., and WESTMANN R. A. (1970):

DEMIRAY, H. (1972): ‘A note of the elasticity of soft blologlcal
tissues’, J. Biomech., S, pp. 309-311 )

FARSHAD, M BARBEAT M., SCHMIDLIN, F,, BIDAUT L., NIEDERER, P,
and GRABB{, P. (1998) ‘Matenal characterization and mathematical
modeling of the pig kidney in relation with biomechanical analysis -
of renal trauma’. Proc. North American Congress on Blomechamcs,
Waterloo, Ontario, Canada

FUNG, Y. (1967): ‘Elasticity of soft tissues in simple elongation’,

American J. Physiology, 213, pp. 1532-1544

~ Fung, Y. (1993): ‘Biomechanics—mechanical properties of lwmg

tissues’, second edn, (Springer, New York, 1993)

FUNG, Y., Ly, S., and ZHOU, J. (1993): ‘Remodeling of the constitu-
tive equation while a blood vessel remodels itself under stress’,
ASME J. Biomech. Eng., 115, pp. 453-459

HAWKES, D. J., EWARDS, P. J., BARRATT, D, BLACKALL, J. M,
PENNEY, G. P, and TANNER, C. (2003) ‘Measuring and
modeling soft tissue deformanon'for image guided interventions’, in
AYACHE, N. and DELINGETTE, H. (Eds): ‘Lecture notes in computer
science 2673: surgical simulation and soft tissue modeling’, pp. 1-14

HavasHI, K. (1993): “Experimental approaches on -measuring the
mechanical properties and constitutive laws of arterial walls’,
ASME J. Biomech. Eng., 115, pp. 481487

. HisAaDA, T., and NOGUCHI, H. (1995): “Principle and application of

non linear finite element methods (in Japanese)’, (Maruzen, Tokyo,
Japan, 1995)

KYRiacou, S. K., SCHWAB, C., and HUMPHREY J. D. (1996): ‘Finite

¢lement analysis of nonlinear orthotropxc hyperelastic membranes’,
Comput. Mech., 18, pp. 269-278

MELVIN, J. W., STALNAKER, R. L., and ROBERTS, V. L. (1973): ‘Impact

injury. mechamSms in abdommal organs’, SAE Trans., 730968
pp- 115-126 -

MILLER, K. (2000) ‘Constltutwe modellmg of abdommal organs s
J. Biomec., 33, pp. 367-373

MLLLER, K., and CHINZEL K. (1997): ‘.Opnstlmtxve modelling
ofbramtlssue experiment and theory’, J. Biomech., 30, pp. 11151121

MOONEY, M. (1940): ‘A theory of large elastic deformatlon J Appl.
Phy, 11, pp. 582-592

'MUTHUPILLAI R., LoMas, D. J, RossMaN, P J, Greenlme F,

MANDUCA, A., and EHMAN, R L. (1995): ‘Magnetlc resonance

" elastography by direct visualization of propagating acoustic strain
waves’, Science, 269, pp. 1854-1857

ONODERA, K., CHEN, X., and HISADA, T. (2001): ‘Identification of
biomechanical material properties- of soft tissues (in Japanese)'.
Proc. Japan Computatlonal Erngineering Socxety "Ann. Conf. 2001,
Tokyo, Japan

PATHAK, A. P, SILVER-THORN M. B,, THIERFH.DER C. A, and
PRIETO, T. E. (1998): ‘A mte-oontrolled indentor for in vivo analysxs
‘of residual limb tissues’, IEEE Trans. Rehabil. Eng., 6, pp. 12-20

SAKUMA, 1., NISHNURA Y CHUL, C., KOBAYASHI, E., INADA, H,
CHEN, X., and HISADA, T. (2003): ‘In vitro measurement of
mechanical properties of liver tissue under compression and elon-
gation using a new test piece holding method with surgical glue’,
In AYACHE, N., and DELINGETTE, H. (Eds): ‘Lecture notes in
computer science 2673: surgical simulation and soft tissué
modeling’, pp. 284-292

SCHMIDLIN, E R. THOMASON, M., OLLER, D MEREDITH, W,
MovyLaN, J, CLANCY, T, CUNNINGHAM P, andBAKER,C
(1996): ‘Force transmission and ‘stress distribution in a
computer simulated model of the kidney: an analysis of the injury
mechanisms in renal trauma’, J. Trauma, 40, pp. 791-796

TAKAMIZAWA, K., and 'HAYASHI, K. (1987): ‘Strain energy density
function and uniform strain hypothesis for.arterial mechanics’,
J. Biomech., 20, pp. 7-17 .

TANAKA, T, and Fung, Y. (1974) ‘Elastic. and inelastic propemes
of the canine aorta and their variation along the aortlc tree
J. Biomech., 1, pp. 357-370

VAWTER, D. L FUNG, Y. C., and WEST, J. B. (1980): ‘Constitutive
equation of lung tissue elasticity’ ASME J. Biomech. Eng., 101,
pp. 38-45 .

‘Mechanical
characterizations of ski-finite deformations’, J Biomech., 3,
pp. 111-124

VOSSQUGHL, J. (1995): ‘Constmmve modelling of blologlcal materi-
als’, in. BRONZINO,- J. D. (Ed.): ‘The biomedical engmeermg hand-
book®’ (CRC Press, 1995), pp. 263-272

797



XIE, J.,-ZHou, )., and FUNG, Y. (1995): ‘Bending of blood .vessel
wall: stress—strain laws of the muma-medxa .and adventmal layers’,
ASME J. Biomech. Eng., 117,.pp. 136-145 :

YAMADA, H. (1970): “Strength of biological materials’ (Wlllmms &
Wilkins, Baltimore, USA, 1970)

Zogrrz, M. E., Luo, Z, and AN, K. (2001) Detennmanon of the

: comprmvemmﬂpmpernsofmesupxaspmamstmdon ASME
L meech. Eng., 123, pp. 47-51-

Authors’ blographles

CHEEKONG CHUI- has- eonm'buted -to ‘over -50 scxenuﬁc a:ncl&s in
journals' and conferences, and is the inventor/co-inventor of 1 US
patent and 5 pending patents, mainly i in tomputer-aided surgery. Inthe
Biomedical Precision Engineéring Lab at The Umversxty of Tokyo,
Japan, he focuses onmulti-level constitutive modelling of liver tissue

for emerging surgwal prowdmes

ETSUKO KOBAYASHI. recewed her PhD in precxsxon machmely engineer- '

ing from The University of Tokyo, Japan in 2000. She is currently an

" assistant professor with the Institute of Environmental Studies, Graduate

- School of Frontiér -Sciences, The University.of Tokyo. Her research
‘interests are medical robotics and computcr-assxsted intervention.

] ' XlAN ‘CHEN is an associate’ professor at 'I'he Umverslty of Tokyo,
. Japan He has been workmg on computational bxomechamcs since

798

1999. His current research interests include multi-physic phenomena
of soft tissues, and contact problems in dlarthrodxal joints usmg
nonlinear-finite element method.

TGS}{IAK] HISADA Teceived his PhD in mechanical engineering from
The Umvastty of Tokyo, Japan, in 1979. He is currently a professor,
and is heading the Computational Biomechanics Lab at the Institute of
. Environmental Studies, Graduate School of Frontier Sclcnws, The

University of Tokyo.

ICHIRO SAKUMA neeelved the BS, MS and PhD degres in precision
machmcry engineering from The University of Tokyo, Tokyo, Japan,
in. 1982, 1984, and 1989, respectively. He was a research associate in
The Department of Precision Machinery Engifieering at The Univer-
sity of Tokyo from 1985 to 1987. He was'a Research Instructor at
Baylor College of Medicine, Houston, Texas, USA from 1990-1991.
He was an associate Professor at The Department of Applied Electro-
nic Engineering, Tokyo Denki University, Saitama, Japan, from 1992
to 1998. He was an Associate Professor at thé Department of Precision
Engineering in the Graduate School of Engineering, as well as at the
Institute of Environmental Studies at the Graduate Schiool of Frontier
. Scienges, ‘at The Univefsity of Tokyo, from 1998 to 2001. He is -
currently a professor at the Institute of Environmental Studies at The
University of Tokyo. His research interests are in bio-medical instru-
mentation, simulation of biomedical phenomena, computer-assnsted '
intervention, and surgical robotics.

Medical & Biological Engineering & Computing 2004; Vol. 42



L ‘b%V‘T‘ilZ‘E""

mmmn47

Ok —%

,5-Am:—holevul|mc Aoid BRI & & BAERE AV B BESRE
bk 2R ol Fé:ﬁ" HHE S 88 B, AR BB

- ISR SSSTUMBR ZR, *JOKT ER KBNS, FREFER

' Graduaié

4 ﬁEﬁW%I%ﬂé}ﬁ

ve Detection of Brain Tumor by Image Acquisition and Processlng
Anhinolevulinic Acid-Induced Fluorescence
m&qmm“rmmwmmPYummmdrim¢f°L&hmm
IdTmMa&nmaﬂkUmmmwdﬂmnﬁhmhpm

epiart e',uofNewoswgery Neurologzcallnstmde Tokyo WomeusMedtcal Univemty Tolgo

Japan

e Faculty ofAdvanced Techno-&agery (FATS), Institute of Advanced meedzcal Engmem’ng and

iate Schoolof Medicine, Tokyo Women's Medical University, Tokyo, Japan

Abstract: An unage acqmsthon and p:ocessmg nethod for asslsung intra-operative detection of brain tumor. and its
boundaries using ! S-Aminolevulinic Acid(5-ALA), 8 tumor-marker with fluorescence, is presented in this paper. When
5-ALA was. admmxstered 1o & living body it turns into a fluorescent substance called ProtoporphyrinIX(PpIX) only in

amrba f_f.

%% _S-Aminolevulinic

RO RIZBNT
Exﬁyﬁ& R!ﬁ'b LC

'ﬁ%wﬁﬁﬁw%améi

BETE ﬁ%LJ: VEH RSB BETS

bémiﬁ" T NJ:U mﬁv BLEERE, A
%lul@ﬁﬂ)ﬁﬂ%ﬁﬁ’é 3‘& B ﬁ‘J& '9‘6 *Wﬂ'l‘
é ﬁf%@@&&ﬂﬁb Eﬁﬂﬂkl 2 ‘Cﬁfﬁﬁi
W&%ﬁkﬁﬂt?‘é VZ FA&ﬂﬁb .

REFFD. 5-ALA -

: paﬂxolog:c lesion.. PpIX is excited by recewmg blue light and emits red fluorescence by which we can know the
. existence of tuniors. The fluorescence image was acqmred by-a high sensitive CCD camera equipped with an optical
filter ehmmatereﬂectedblnehght.'rhemagewasantomaucallybmaﬂudwithastansucmethodmdmedgewas.
posed onto the ongmal xmage to show the profile of fluorescent erca. To perform an animal experiment for -
gih; xecsswe amount of S-ALA was admnnstered toa pig. Although automanc detectwn of the

; VZTAW
2 0 Bt ' .
 S-ALA ﬁgﬁff:%ﬁ(hotoporphynnlx prx)o)

EERILBITS RINERY —2 X 405{am], %%ﬁ

BY—7 % 635[nm] TH5BY.

201 #EHBEEE

: ﬂnﬁ%(*ﬁﬂw—v 406[am], 18[mW), Digital
Stream co., Tokyo, Japan) ZEHEMRMNITD T & THE
PRESED. RNKEREL >ORKOLEWEL .
L THRA D7 635 S[nm) (FWHM) OVRR AT 4
AEEWXT CCD HA5 (JK-TUS3H/IK-TUSICU,

Toshiba co., Tokyo, Japan) CHERY Bi813. &3¢

B CHIEHIAT KLY 7L —ABHET. v
2Ly Xk LT Micro Nikkor 105mm F2.8 (Nikon co.,
Tokyo, Japin)® AV'3 . EIR I ERABH-F
1P7000(Hitachi co., Tokyo, Japan) ZHC T 512#480

[pixel]® YUVEER TPCIZRVAL. YARTLOHE
' &Flg 1 L.m'?'

2. 2 BRERETY 7 b D=7
Efo s =y VHHE TV,
ShETHRRTHIY 7 v =T EMBLE.

EERIER
=4t

BRayea—4NeeRe




. R, Y ROk M Y5 AltHL TERRMERE

2475 SLCARY. B, EAM ST AEBENT D
DY 5 RIS BICHS- 720&73&9&}: 752
PO IRRKRE 25X SR MHE RDD . BT
- CHENXEEBNL T4 A &ﬁL TR EREEHS
BB L, BE&‘F'cmrﬁm..Ehéb-ﬁ:at'c
ﬁﬂcﬁﬁ&wﬂ‘a

3. BB .
M?Dﬁﬁ&ﬁﬁb ﬂl&%&&?‘rof* Svk

v—zﬁ@ﬁv 2 20[mg/kg)® S-ALA % 5L 5 600

- RREELTERORBXTok. T4 BIIMHT

RS ENCH N, BREOREITY ) BRAGIE

AL ETD mvéﬂﬁ#’fro%&#‘!ﬁsvba .
. ERPCHAERE RETIEHERBO 10[mm).
 AOREBRIA ﬁ&m&kﬂﬂb EoL2E RBIR
XTHBV—=FE H%kﬁ%é +/TH 59[pW/mnf] &
CLTRHLE: 2AT ummt M Iz iCREL T
mawﬁmm 20[mm)e L. mﬁ‘ﬁ‘@m&%&
W} 5: G~.74 M&ﬁb mmrv——v’&ﬂam

R ‘Ba'ﬁaﬁﬁﬁéﬁfxﬁbf' EERI 30 TV
'Aﬁﬁ(u%ﬁﬂﬂ 1[3])1‘&561,7‘* HRAERE

. Flg 2(a)L-.

zy :)Mﬂilﬁlﬁc‘: ﬁﬁTﬁﬁ% Hhﬁ'b

: ,ﬁ%&ﬂﬁbrmomgmo
. ﬁs‘cxvv l~ W ‘ mﬁw (Fig: 3)

sak, Flg z(b)J:D m&eﬁaoaﬁwmmsrws :n

- TRY, GETERTHES WBTESS L RINS.

 ERANLSRIBVTEERE BBLBAS KT

W3 DREHRAITX 2 Tﬁﬁbmmﬁlcﬁt‘ H¥ET

LEo kD THS. Fig3 DA <J } AR
- S-ALA BMSOEORBERL THS. 530[am)fH3E
I BRERE B NB NS W~ REEIETE D B,

UK AXT 4 AMEOERIE Y RAOHLBAIE

T RTETWSE %:?.BM L, mmm

REMAEETHS B ITBLV. LD, IR EL

#kalsé ECEKD Mﬁﬁ% &m’?‘b Ry, &

&ﬂi& o ﬁﬂﬁﬁ?’ Ny X Atma HE

12H5. M, #ﬁ&mﬂhmﬁﬁo&ﬂa&o TWS
: Vsﬁwﬁﬂﬁiﬁvw 5-ALA oﬁm NcRTLE

— 178 —~ -

m—e&ae#xsn. a)\e:m-cwa..

xB -
1) Walter * Stonumer , lmnopeutwe Detection of
Malignant Gliomas by S-Aminolevulinic

Acid-induced Porpbyrin Fluorescence , Nearosurgery,
-42, (3), 518-526, 1998

2) XRR2Z, l1&1511:1'3.!: Tk 2 BEBICESC BRIL
ﬁrwﬁﬁzﬁ. RFEREELSMXE, Voll-6D,
349-356, 1980

'3) MK —&&, 5-Aminolevulinic ocxd(S-ALA)VJEH—
RYBBEBARFFICF AL SBEL2HRRIPR f;
BoGiRAEE—, YRR, 21, (3),20046 1

Fig.1 Sytem overview: consisting of  laser diode -
ao‘e;cimtioo light, a CCD camera with an optical
filter and a PC for image processing and display

Fig.2 (a) Fluorescence unage observed ﬂuough an
optical filter. (b) The original image under white light
superimposed with the extracted edge (whne hne)

)

%umllrouommmrm»m
wmtgeatliod

l-'xg3 Spectrum from the surface of the
ﬂuorescent brain :




'Hﬁﬂ%ﬁﬂwﬁﬁwﬁﬁ&ﬁﬁﬁiwﬁﬂd

'-—EB, SRR, ISERT, ﬁﬁ AEE&E
+ﬁﬁﬁi&ﬂlﬁ£ﬂmﬁ§ﬁ$ﬂ
tal‘ study on mechanical properﬁes of liver and iis consﬁtutive

,'C. Chu, E. Kobayashi, X. Chen, T. Hisada |
.Eimmnmmtal Smdzes Graduate School of antzer Sciences, ﬂze Umven'ity

MMthmmmeZOpomekmfmwmm,'
and then elonynon. There were about 70 cylindrical samples, with diimeter

onandelongatxonwstpmvxdeaumfomﬁ'ameworkfor
or;appheahonsuchaseomputer—mded surgical simulation and model based control of
7 ""stresssnteoftheexpmmenmlhversampletobepxecwelydﬂemmed.ﬁ.new"
nic ‘and polynomial strain energy forms was proposed in modeling these
phonofmeompressibﬂxtywumshﬁedﬁumaprehmnaryPommsmhomsmemenm
on, regpechvely T!nseqmuon provndedagood fit for the observed mechanical ptopemes

e ..:..V_m and tensile mt,Non-hmm' elasuclty, Mechameal propexties, Compmer aided

-3, tsﬁizamaweam y
Hﬂo#ﬁ%ﬁ&%ﬁﬁ'?%Mﬂ‘ﬁ% 1i% Y

ﬂ: ‘ =/E’.:L‘—5ﬂ~ﬂ" :

] 3*;?‘6_&1'&9
0)%7')./9’&#’?

§7mmﬁ$4 11

7;‘55% '_,.#ﬁiﬁ‘c&)ot. 5188

. EREA-ORBRICHAEBEFSILIZL)

- /l:’:.—&#ﬂAOFEFETEE&&&E?JOﬁ:&VJ
“ﬁ&b&ﬁiﬁﬁku"

-225—

"?%‘“zv«—z@#s_

: N'mi 20@ D

W3 REGRRE

ES V] Wuzvﬁﬁut, EROR2VRE
TORKR X BERH xITBRILE e-;-ae &m

[ER
. T '

CiExbh, B Canchy-Green FYIN C TV

;mxﬁﬁmm:xm&zena, :
: C=F'F Q)
I= trace(C) C,,, H =trace(C) C,

.ofaxxﬁm

L=, L=s -1

_ —-—(I’-sl H+2m) dét(C). (3,)_-.‘

©5 ibﬂé. _V)U‘f&*ﬁﬂﬂ)g&&bfﬁﬁ
5%@1:’9‘60 ﬁ.‘i’ﬁﬁﬁ&gﬁ 37 ) ﬁkﬁﬂ Lt.

BAIEa-sRNPaRS




L EF olﬁﬁ&fael, R A,.0BELR

- ﬁﬂﬁEﬁBlﬁﬁDﬂT//ﬂ:@ﬁﬂﬁ%&ﬂ
li!i#EEﬁﬁE&?}&%t. #Eﬁ&&ﬁﬁbﬁiv

%2 .=z,,enf_<,u,=z,=7f 729, UL

Eﬁﬁm'(%*&ﬁf YA A u%men
L= 1’+2/z 1,=2;t+1/,12 =1 @
af.ca, -

T3¢, ﬁﬁ&dﬂlbéﬂ &F é:‘?‘i’bfi"ﬁiﬁ.‘i? i

f=£~, _ ,(s_),:_

-vﬁén Rﬁmmmﬁé& L.,, e-r& L2
'&&in ‘ A -
ce o AL= L.,(A 1) (s)

vééhé. ThEOERERELLTREIENT -
%6. —jsu-rax*wﬂé—ﬁ& WL‘ rosa%u :

o L) m»a‘"e»s-esa;
; §'300/<7}5 C,,C,,C, 'l‘ﬁﬁ'!‘é

M+ ( C’ =5 -3)

. ®
' &b‘vﬁﬁﬂﬁtéﬁﬁLJ:DU'?’-?}:C*»'#—&
RETIARRLBRELE, VFHOKM ik

W -Tc-ln(l -c,(z,

pa _ Sl EOLSEMIc
DROFRRBRA OB OZBRNEY Fig.1

l..m‘?‘.):ﬁk&ﬁ_.?'%_&%ﬂﬁﬁ'?&ot. PR

iviin %7»029-00)/\"5)‘5’5:
‘ 3 J:Oﬁ&ﬁﬁ&l').t(ﬁﬁ
R -c%w ﬁ?ﬁ KBRAREOORTAIDHTE
%ﬁﬁ%‘ﬁiﬁi‘%b-kiﬂb. H#ﬁ$mﬁﬁvm
Ei’b‘(‘b\é. EERLIERERTER TS
,IZ Mooney Rivlin EF A TRNRIAZOHBFRE
DITLRR B, ’ﬁ'ﬁﬁ#ﬁﬁ'@ﬁfﬁfikﬁﬂb‘t

Fﬁﬁ&&é%@&#ibnf‘zﬁ &ﬁbf‘ﬁ&iﬁ‘(‘ '

X4 £ 128

.—._..-_..___.___-_._._____._. _._,
T ERT R

L T L e

Eﬁwmﬂﬁﬁﬁﬂﬁaﬁwﬁﬁﬁ&ffo P

om‘mawu\uxﬁ .

. horizontal bars

: i&d)

BRBOTSESURMBOFSBANEDS;

- — 3
. ._____— S RIS SO Y e SO P N T
e e

BEQLIRTLIXRDoX, ELITRELLTRREL
ERRATEFEFREREHLALTT
—:/sfﬁuoﬁﬁkﬁ;ﬁb FRRTETHIZ -
&&&EL?"

Stress -
110007
5001

W06 08 10 1z 14 e

sumhnauo )

Flg 1 Stress (7)-stretch ( A ) graphs from
uniaxial combined comptessxon and elongation
measurements with porcine liver tissue. There were -
65 samples from 18 livers. The diameter and height-
of the cyhndncal samples were 7 mm and 4-7. mm
respectxvely Loading rate was 10 mm/min. ‘Solid
and dash lines dencte the mesan and median values
of- the experiments respecuvely Standard
deviations from the mean values are indicated with

wmmamm-rbal RERBRROKS

R, EBERIRRTIN KBRS ER

REDOTHZINF—ERATIMARERRL
%, #ﬂﬁiﬂliﬁﬁﬁ&ﬁ‘wﬂiﬁ%ﬂg&&&ﬁ
ﬁ%ﬁﬁ’l’ﬁ'ﬂbok.

| ABHRO—E, BRLFRRSRRNES

105 34 2 B 32 (99100904), BL 4 &3 (64 B S TFSERR 48
BhSr ki aEfRAT - 45 8h - ﬁ%ﬂ%ﬁﬁ%mﬁwﬁ
H15-74Y -ooz)thxa. '

x|
1) Sakuma, I. et el; Lecture Notes in Computer
. Sciencé 2673: Surgxcal Simulation and Soft
Tissue Modeling (In Ayache, N. and
Delingette, H, ed.), pp 284-292, 2003. "
2) Chui, C et ‘al: Medical & Biological
" Engineering & Computing, in press

—226—




Development of a Compact Automatlc Focusmg System
for a Neurosurglcal Laser Instrument -

M Noguch1 E. Aok:‘ E. Kobayashl S. Omon

, Y. Muragakj3

. - H. Isek1 1. Sakuma'
o ‘Graduate School of Frontier Sciences, The Umversrty of Tokyo
" Terumo Corporation
3Faculty of Advanced Techno-surgery, Institute of Biomedical Engineering and Science, Graduate School of Medrcme,
‘ Tokyo Women’s Medxcal Un1vers1ty

Abstract ln neurosurgery sueh as the treatment of glloma, itis-

in a eonstsnt dlstance from
; we developed ‘a compact

€ffe b‘omedleal tissue. In the future;
we. will' -carry out a eombmatlon test with- the. micro laser

" systemi and aehleve a-precise operatlon system for brain tamors.

Keywordr - Nerosurgery, laser, foeusmg, threshold image
’ 'proeessmg . _

1L INTRODUCTION -

ln current neurosurglcal practlce, surgeons can remove

.’.most ofa tumor with an accufacy of a few millimeters by

) --using & comblnat'on
*. - such as: an electnc

-

idual 't tumor may mduce recurrence

-'however, there are problems suchas side eﬁeas Therefore

.more precrse surglcal treatment than ‘with conventional

sutgical instruments is desired.

-To solve those problems ‘we - have proposed a novel
approach to therapy using S-aminolevulinic acid (5-ALA)
and-d micro-laser .ablation system, with the boundary
between _the turior ‘and the normal tissue dlstmgurshed by
the S-ALA fluorescence’ in the- tumor [1], [2] and with
accurate ablation of the tumor with the micro laser [3], (4]
The' wave]ength of the micro laser.is 2.8 pm. Light with this
waveléngth is mostly absorbed by water, and therefore this
laser is effective only-on the surface of brain tissue, enabling
precise ablatron at the boundary between tumor ‘and normal

srng Z-We cgiifi rmed that this

tissue. However, the focal depth of this laser is 1 mm, so the
ablation depends on displacement from the focal point (Fig.
1). Therefore, a robotic automatic focusing system -is
necessary. for the micro-laser ablation system. By the
‘combination of the.robotic positioning 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, so as to
achieve accurate operation in neurosurgery .

11. METHOD

L

.- A. Desired Specifications

‘conventional surgical’ instruments, _
and a computer-alded navigation

We set the following requxrements for the automanc
focusing system. :

1)
2)
3)

Medsurement without contact
Measurement under strong lighting
A compact mechanism that does not interfere with
- the surgical field
Intraoperative and immediate measurement T
" Following error within 0.5 mm at mclmes ofupto
- 45 degrees
6) A velocity of the micro laser- in operanon of 2-4
- mm/séc - . :

=
9

In this research, the following. error l’rom the target was set
at less than 0.5 mm, whlch is half of the focal depth of the
micro laser. X

B. System Configuration and Mea.rurement Method
Fig. 2 shows the system configuration of our automanc .
focusmg system In the system, posmon measurement was -

dlsplwemem fhm Foeal patm

Fig. 1. Focal depth of the micro laser.
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) Image procassing board )
(H:tadu, |P-7000)

Motxon control board
(lmerfaee PCI-7208) -

Caleulaﬂon ‘of required .

dlstanee . o : ’ .

Fig..2. Overvrew of the automanc foeusmg system.- Fu'st, the system
. scquires. an tmage using ‘the CCD- caméra.” The guide laser ‘spot is -

extracted: and the image processor calcuilates the coordinate of its center

of gravity. The ‘distance of the focal point from the target brain surface
"is” caléulated using ‘& triangiilation methiod. This error is sent to the
. motron controller and the steppmg motor corrects the posmon

ssed at the focal pomt of the
1 “focal. pomt passes along the'

based on the’ ‘displacement of the guide laser spot
on the CCD image. Focusing was’ "performed by
contmuously momtonng the dlsplacement ofthe:spot. .

' Fig. 4 shows a prototype of this system. The length of -

:surface. of the target ‘and - the: focal point wasf

method wrth agmde laser -

: the device was: 225 ‘mm. The weight without "the ablation -

laser module ﬁas_’ 0. 6 kg A laser dxode w1th a wavelength of

The operatmg frequency of the system was determmed
by the rmage ‘acquisition cycle of 16:
‘ time for the’image processrng; ar
' ;the stepping motor. The ‘time: fo
about-16:ms or more, and the
less than - 50 ms. The dnve v
simultaneously with the" 1mag ' cqursmon and -processing.
Therefore, . the . operating' penod of this system was
approximately 50 ms. =~ .

The settmg angle of the CCD camera and the gulde laser

P sitioﬂln‘g time of

positioning was oftén

age ‘processing was

CCD camera

--

Ditance betw;e'n B St -.
the pot and the center o e
of the camera .~

Fig. 3. Measurement prinéiple.”

Fig. 4. Prototype of tlus system ’l'he guide laser with wnvelength of
532 nm and the CCD camera for measurement is set at the angle of 30

degrees .

. was 30 degrees from the driving ¢ drrectlon of the system The

'r_ was processed -
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“resolution of the system, based ¢ on the resolutlon of the CCD
‘camera; was 0.024 mm,

The electric shutter speed was normally set to 1/4000 s.
The camera used in this research could increase the speed to

-1/10000 s. The purpose of increasing the shutter- speed is to

cut noise from’ lighting and diffuse reflections. The image
obtairied was sent to the .image processor, binarized by
lummanee level (eight bits), and spot extractlon performed

- 1L IMAGE PROCESSING TECHNIQUE

The light radiated onto biomedical tissues is attenuated
and penetrates the tissue according to -its scattering and
absorption features [5]; [6]. These optical properties vary.
with the type of target, for example brain cortex, white
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3 ~¢— Cortex and
200 whne gter |
150 X\ -'i(-Blood
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0

Flg. 5. leferenee in the lurmnanee value of thespot by the irrigated ob_;ect )

‘ matter, - or blood ‘We exammed the relatlonshlp between
_target tissues and spot extraction. From this pilot study, we -

A occurred,' and extractlon of the spot became 1mposs:ble

. 'phantom’éf Intralipid-

c developed ah appropnate spot extractlon method for

b1omed1cal tlssues

‘A. Spot Extractzon Issues

o ’:‘com pared” with bram parenchyma To extract ‘the spot
siiccessfullyy

it was necessary to lower the threshold m

" “This system deterrmnes the ooordmates of the spot- by

'measunng its center of gravrty These coordmates contain

error caused by penetratlon of the ‘biomedical tissue. This is

* because the cameéra catches’the llght from the inside of the
“tissue. Fig. 6 shows the relanonshlp between thé error and

the ared of the extracted spot. The test. was. performed on a
% (6], [7] Its scattermg coefficient

- at the wavelength of 532 nm was 3 cm” !, which is near the

value of gllomas [5) If the area of the spot was large, the

“error mcreased
B, Threshold Control’

Ifa lun"tmance threshold is ﬁxed to a hxgh level for a

h target such as’ blood it was 1mpossrble to_extract the spot in

some condmons However, if the lummance threshold is low,

the” area of the spot becomes - large, and then the error

. becomes larger It is desirable to control the’ luminance

threshiold" to-an appropnate value, so that the aréa ‘of an
extracted spot is’ eonstantly small: We developed a thréshold

controlling méthod ‘based on the relationship. bétween the

luminancé threshold and the area of an extracted ; spot.

We used a single mode’ ﬁber for the: green guide laser
with a wavelength of 532 nm. Its light intensity distribution
depends on the normal distribution. If a target has only

C 03
7025
E 02
E0.15

- u

.01

0 ——— -
0 500 1000
Area of the guide spot [pixel2]

-Fig. 6. Relanonshlp between the error and the area of the extracted
spot.

Focusm

isotropic back scattering and no laser penetration efficiency,
the' relationship between llght intensity and the distance
from the center of a laser spot is (1).

I,=exp( 2/20’ )/J—a M

where’

= light intensity; .
d distance from the center of a laser. spot
0 = standard deviation of the distribution.

_Although the laser penetrates into brain tlssdes, the
_relationship between llght intensity and the distance from

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

.,between the luminance threshold and the area of ‘an
' extracted spot was derived from (1). The .luminance
‘threshold corresponds to light intensity and the area of an

extracted spot corresponds to the square of the distance from
the center of a laser spot (2). '

Y =aexp(- bA)-Fc )

where
o ¥ = luminance threshold,

A = area of spot,
a,b,c: constants—dependent on ' the target condmons

Fig. 7 shows the relationship between the lummance
threshold and the area of an extracted spot, and a curve

- approximated from (2) for white matter. The values of a, &,
- ¢ differ according to the target tissue conditions. These three

numbers were obtained with the luminance threshold Y, the
area of an extracted spot 4, and & hlstogram of luminance

. levels as follows:
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1) A hxstogram of lummance levels was taken for a
color image before binarization.

¢ is the asymptotic value of the luminance threshold.
We determined it as the value 40% from the top of
the. histogram, where the area of the spot
exporientially increased.

2)
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Flg 7 Relatlon between the lumingnce . threshold and the area of the
extracted’ Spot and an appmxlmated curve in white matter. ‘

3) At the peak value of the hlstogram Yous the area of
i the spot A 0 awas detenmned as follows (3)

L Y ’-c aexp(—be) 3)-
4) 'l'hen b was determmed from Y and A (4)
“b=<In((¥- c)/a)/A O]

. 1When fbcusmg, the approxunated function was calculated

R usmg the above method for every progess. We could

e the appropnate value of the luminance threshold
used in the: next process by this approximated . function.
The method of controlling the luminance thréshold was as

. follows. Before focusmg, Aj; was Set as the desxred value

"of the area of the spot sufficiently small to reduce the
error due 10 penetratlon

the distance moved durmg this period is 0.1-0.2 mm, and

. thus the conditions of the target may not differ much in each

consecutive process. Therefore, this method may be
sufficient-to allow stable extraction’of the laser spot. In the

'followmg chapter, we compared this method with a method

using a fixed threshold )

VA EXPERIMENT
. The experiments evaluating positioning accuracy,
following error, and the threshold contro! methods are
described in this chapter. These expenments were
performed without ablation with the micro laser. Tests in

combination with the micro laser will be performed in the
future.

A. Experzmemal Evaluation of Posmomng Accuracy
As an initial point, a focal point for the device was set

_on the horizontal target plane. The device was then moved

“vertically £ 0.4 mm from the focal point. Focusing was

0) Focusmg started.
1) The area of @ spot, A,,, was obtamed with the
luminance threshiold Y. - :
2) The :approximate -function for the relatlonshxp »
between Y and A,, was® calculated ().
: Y-«=a- exp(=b, 4 N+, - 5)
i‘i)_ PAVE ] computed as follows (6), and ‘used for the
. mext process A
Y, =a;exp(=b,4 ) 6)
. ‘4')', Retimto2).

As the device is moving at a speed of 2—4 mm/sec and
the. target ‘tissue is being ablated while focusing, the
", condition- of the: target ‘tissue is changing with time.
Therefore, the assumed valie of the threshold based on the
- current process is not perfectly adapted to the hext process.

‘ 'However, the operating period of this system is 50 ms and,
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performed, and we measured the positioning error.
The average of the results was 0.04 mm, with a standard
deviation of 0.05 mm, results ﬁllﬁllmg the desired

-specifications. The posntlomng accuracy of the. stepping
_ motor.used in this system is 0.02 mm. The resolution based.

on the resolution -of the CCD camera is 0. 024 mm. These

were considered as the main factors in the error.-

-B. Experzmemal Evaluation of the F ollowmg Error

The following error was measured .for ascendmg and
descending slopes. The angle of the slope was 45 degrees.
Focusing was performed to the slope in a vertical direction.
The device moved horizontally at a constant speed of 1,2,4,
and 6 mm/sec. The distancé moved -was 10 mm.

The device followed the slope with. constant ‘delay at
any traveling speed. There was no significant difference
between . ascendmg and descending slopes. The :delay
increased in proportion to the traveling speed (Fig. 8). These
results ‘ﬁtlf lled the desired specification. of 0.5 mm.

Cin thro Threshold Control
We compared the methéd of dynamically changing the

-0.45
0.4
0.35
0.3
0.25
0.2
0.15
0.1
0.05
0 : : :
()} ) 4 6
Travellmg speed[mm/sec]

Following error [mm]

th 8 Avemge of the followmg error with each traveling speed. ’
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-0.7

Reduion of the | — Fixed threshold
' — Dynamic threshold
L— ,

| _error

Path of the focusing [tnm]

Fig. 9. Paths of .the devu:e in vivo expenmem. The blue line is the path ~
with the fixed threshold. The red line’is the path with the dynamically
changed threshold ’
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o B Fx.xed' ( - Dynamic _
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. Fig 10. Paths of the device in vitro expenmenL The blue line is the path

‘The devnee was: consecutlvely moved on ‘a phantom -

composed of Intrallpld -10% [6], [7] with three different
scattermg coefficients, ahgned in the order of 30, 21, and 12
'cm ! 4t the wavelength of 532 fim. The' coefficient of 30 cm™

Tis smtlar to that of white matter [5]); The width of each part

‘was 10. mm and the’ mterva] ‘between the parts was 1 mm.
Focusing was performed using - the ‘two_methods. The
velocity of :the device was-2 mm/sec honzontally ‘In the
method of controllmg the threshold, the desired value of the
spot area A was-set to 50 pixels. The luminance threshold
was’ set 10 100 in the fixed threshold method

with the fixed threshold. The red line is the path with the dynamically
changed threshold.

. TABLED .
AVERAGE AND STANDARD DEVIATION OF THE AREA OF THE
B(TRACFED SPOT AND THE SUCCESS RATE OF THE SPOT
N EXTRACI’ION

" Method of the threshold

 Fired V Dynamic
_ . VAA.v'erageI 101 78
Area :f th — -
S e o Danda 102 62
Spot aequisition rate [%j_l loo

at 2 mm/sec. In the'method controlling the threshold, .a

'desired value of the spot area A was set to 50 pixels. The
“luminance threshold was set to 100 in the fixed threshold

method.
Fig. 10 shows.the paths of the devwe In the middle of
the line, it was impossible to extract the guide spot using the

fixed threshold method. Table 11 shows the data related to

The paths ‘of the device.; are shown in Flg 9. The €érror .
was ifiinimal on.the 30 cm™ -part; reduced to 0. 14 mm on,

‘average. w1th the’ dynamlcally c’hangmg methiod. The area of
‘the’ extracted spot was smaller and less variable with the
dynamlcally changmg method (T able I). As the spot was
- rather large and luminous on the 30 cm“l part, thls method
worked most effectwely

* D.InVivo Threshold Control -~ - »
- Two . methods for luminance thresholding ‘were

evaluated m in vivo experiments. The target was the surface -

ofa porcme brain exposed by cramotomy under ‘anesthesia.
Focusing was performed while i movmg 10 mm honzontally
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the extracted spots as the average and standard deviation of
the area of the spots and the success.rate of the extraction:

Although the success rate of the fixed threshold method was
only 30%, that of the controlling threshold method was .
100%. Although the two lines in Fig. 10 indicate the same
line on the porcine brain, they do not coincide. It is assumed
that the reason for the difference was pulsation of the brain
surface. :

V. DISCUSSION AND CoNCLU'SIONS

We have developed a compact automatic-focusing

* system for micro laser instruments for neurosurgery. The

wavelength of this laser is 2.8 um and the laser is used for
precise ablation of brain tumors. In this system, position



measurement. was 'perfonhéd using.a triangulation method

with a guide laser and a small CCD camera. A surgeon can -

"identify the treated point by looking at the guide laser. As
the mechanism is rather slmple it ‘was easy to realize a:
compact device. - -

The light radiated onto biomedical tissues is attenuated
and pénetrates the' tissue according to. its scattering and
absorption features. Accordmg to the condition of the target,
the appropriate valii€ for eath measufement parameter was
different. For ‘example, it ‘was necessary- to appropnately
contro! the luminance threshold in the i image processing, and

" .we developed a new techmque for controlling the threshold.

The positioning accuracy and the following error of this
system were_evaluated. The results fulfilled the desired

specnﬁcatlons E

The methods of controllmg the threshold and using a
fixed ‘threshold were compared. In in vitro expenments the
error when . comrollmg the threshold was - less. than when
using the fixed threshold. In in vivo €xperiments, the error

"_improved great]y Theé “sthreshiold controlling method
_‘_eﬁ'ectlvely worked for biomedical tissue.

. was also reduced, and the: success rate of the spot extraction -

-The: evaluatxons performed in'this paper didnot.consider ’

) the pulsatl evbf the brain surface ‘As it i§ assumed- that the.
,human ‘brain " has- a certain. -amount of the pulsanon it is
necessary to evaluate the effects of- pulsatlon on followmg
error. - :

) In the: future, we w11| perform tésts in combmatron with
¢ the ablatron laser to:achieve a precxse system for operation
" upon brein-tumors. "
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im=provem‘ent of Compact Forceps Manipulator

usmg Eﬁction Wh‘eel Me_chaniSm
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- 73y Hongo Bunkyo-ku Tokyo, 113-8656, Japan
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vastract Thls paper reports lmprovement of com-
pact forceps manlpulator desngned for assnstmg
.‘laparoscoplc surgery, and _Teports mechamcal per-

: _'wheel mechanlsm mstead of
s T fe results of evaluatlon showed

[deg] ini- rotatlon. In vttro expenment revealed that the

: ,manlpulator provrded stable motlon even i the liquid '

materlal ‘such as. blood attached onto the forceps,
whlch ‘would be 2 cause of sllp between frlctlon wheel
: ‘and the—surface of forceps The new mampulator was
promlsmg and useful in laparoscoplc surgery

Introduction

Laparoscopic surgery is a less traumatic therapy and
Wwidely performed as one of minirnal invasive Surgeries It
. Tequires great skill to surgeon because surgical instru-
. ments with long-handle decrease the: tactile sensatlon andl
the- dextenty of the hand: Respondmg to this problem
surgery-assrstmg robotic- systems with maneuverable
robotic arms and laparoscope mampulator are developed,
énd some of them are commercxally ‘available.. While
several posmve feasrblhty studies are reported, disad-
vantages to-those systems are also pomted out, and one

tlon and m vztro experlment to simu-

' ’quire ‘fo’ 'Ie'.was satisﬁed Posmomng accuracy of
FWM -was less than 02 [mm] in translatlon and 0.8

of them is the size'[I]-. Today’s crowded-operating room’

. might not have enough space to install robotic arms.

La_rge-size;l robotic arms cover operating space above the
patient, and also have potential danger of collision with

- medical staffs or patient. Miniaturized surgical robotic
" systems are, therefore, required [2).

We have developed a compact forceps manipulator
using “friction wheel mechanism” (FWM) [3] and gim-

“bals mechanism. In the former study, prototype was fab- -
4 ricated and feasrbihty study was conducted as a forceps

manipulator [4]. In later study, it was found that the fota-
tional speed of ultrasonic motor varied depending on the
load, so that the unstable motion of the-motor léd to un-
stable motion of the forceps' [5]. Responding to this
problem, we reported that the modification of machining

' accuracy and the semi-closed: feedback control increased

the performance of the manipulator [6]. In this study, we
adopted new friction wheel mechamsms instead of for-
mer prototype to realize efficient quick motion This pa-
per reports mechanical configuration and performance
evaluation. We lastly discuss -the improvement of the
mampulator comparing w1th the former prototype and the
future perspective . n

Materials and Methods

We set the following requirements for the manipulator.
(1) Miniaturization to install at least three sets in the op-

. erating field, corresponding to both hands of surgeon and

one hand of assistant. (2) Mourting on the surgica! table
for easy setup and easy detachment. (3) Four degrees of
freedom (DOF); pivoting motion around incision hole,

and rotation and translation of forceps. (4) Enough power.
It can bear 4[N] of welght considering the third welght of
liver (approxrmately 0.4 [kgh).-



To sansfy the abovementxoned reqmrements, we
. adopted followmg two mechanisms; “Friction . wheel
" mechanism™ (FWM) “provides the rotation around the
forceps ‘shaft, and -provides translation along the shaft
(circled number 1 and 2in Flgure 1). Glmbals mecha-

nism is used to provide pivoting motlon (3 and 4in Fig--

ure 1) [4]. We. mount, this manipulator near the incision
hole. This is because mechanisms and actuators should

‘be mounted near the operatlng field so that they requlre -

less torgue or force 2.
"~We used. “ﬁ'lctlon wheel” that consisted of three titled
idle rollers and outer case (Figure 2(a)) {3, 7). When

outer case rotates, rollers passively travel spu'ally on the _

surface of- shaﬁ (Figure 2(b)). We have .two kinds of
_ FWM wrth opposnte tilting * angle. They are like

"nght-handed screw and lefi-handed one. Each FWM
makes spiral ‘motion in each dlrectron respectively. We
' 'combme the. two motions to reahze rotatron and transla-
tlon (Figure 2(c)) For the rotatron we rotate both friction
'wheels ‘in. the same dlrectlon (F igure 3). In this case roll-
"'ers do Tot. rotate and do not make spiral motion. Thus,
- the shaﬁ he]d statroally by. rollérs  rotates at the same
_’-speed as the FWM “As for translatlon we rotate each

.;FWM m ‘the opposite dlreenon (Flgure 3). Each. fota-'

'txonal motlon is cancel]ed mutual]y, and- only translatron
_remams thus longltudmal Aranslation is redlized We
: adopted a hollow—shaﬁ ultrasonic motor with rotary en-
' coder (custom -order; Fukoktl Japan) to drive FWM.

" The tlltmg angle of FWM aﬁ'ects the speed and force
of feeding’ motlon like the pitch of feed screw. As the
saine that a screw w1th wrder pltch prov:des highér feed-
ing speed and lower power, we can realize hlgher dnvmg
speed by changmg the trltmg angle of FWM. In the for-
‘mer. study [6], the meehamcal evaluation of former pro-
totype with tilting - angle of 30 [deg] showed the enough
force. We therefore, decided to change the angle to ac-
celérate the feedmg speed The trltmg angle of new FWM
was set at 45 [deg] in this study Speed and force of
translatlon are direct proportronal 10 sine/cosine function

of trltmg angle thus we estimated- that the ‘'speed would E

mcrease by a factor of 1.4 (=sin 45 [deg] /sin-30 [deg])
.and force would decrease by a factor of 0.82 (= cos 45
. [deg]/ cos 30 [deg]).

We realized feedback-loop control usmg rotary encod-

ers to match the speed of both motors, Driving software
was- also developed to cancel the shght dlﬁ'erence be-
'tween two spiral motrons caused by machmmg €rTor.

The new prototype is shown in Figure 4. Wexght is 1.7

[kg). FWM was 62x52x150[mm’], 0.6[kg], and gimbals
mechanism was 135x165x300[mm’], 1.1[kg]. ‘Appear:
ance is the same as the former prototype [6).

Results

Mechanical performance evaluanon was conducted.
We ﬁrstly ‘measured the torque and force using 6-DOF
strain gauge sensof (MINI sensor 8/40, BL AutoTech,
Japan), and measured the speed using digital microscope
(VH-7000, KEYENCE, Japan). Results are shown in
Table 1. We set the diameter of forceps as 5 [mm], thus,’

" the required rotational torque was 1.0 x 102 [Nm)] and
reqmred translatron force was 4 [N]. Measured results'

. satrsﬁed the requlrements

Frgure 1: System conﬁguration Mampulator eonsrsts of
friction wheel mechanism and glmbals mechanism.

‘ Figure 2: Friction wheel mechanism (a) friction wheel

(b) titled rolier provides spiral motion (c) rotation and
translation are realized with two spiral motions. -

Figure 3: Mechanism of rotation and translation.



We also estimated ‘that the posmomng accuracy of
translatlon would decrease as the tilting angle of FWM

changed We. measured the positioning accuracy of the '

mampulator wrthout load. Results are shown in Figure 5.
Posmomng accuracy was less than 0.2 {mm) in transla-
" tion- and 0.8 [deg] in rotatlon The result did not show the
srgnrﬁcant performance degradation companng with [6):

. Our mampulator reallzes translatron and rotation using
two different splral mottons lf they are not symmetrical
perfectly, errot motlon occurs, $0 that the motlon -of for-
ceps gets unstable Respondmg to this problem we im-
plemented a dnvmg soﬁware to cancel the unstable mo-

tion. We measured the errors, that is, translation error was .
measured when rotatlon command of 10 révolutions was

1nput, and rotatronal error Wwas measured when translatlon
, command of 50 [mm] was mput ‘Results are ‘shown in
Table 2. Comparlng the accuracy w1th that of old proto-
type srgmﬁcant decrease of posmonmg accuracy was not
J= '_ ed dep ndmg on the nltmg angle of FWM.

Lastly, we mvestrgated the posmonmg error causeéd B
o by ‘slip between FWM and the surface of forceps Ina

chmcal s1tuat10n, 1f quurd matter such as blood attaches
) on the forceps, the. coefﬁcrent of statlc fnctron decreases,

so that shp would easﬂ‘ -occur The' position of the for- -

cep ‘_'1s calculated from the mcremental pulse signal, thus,

Tahle 1. Results of mechamcal performance of new
prototype and companson w1th former prototypé

o B New prototype ) .‘Former_one ",

. Rotatxon speed [rpm] 418 04 - 41.8+0.6

- Rotation'torque [Nm] 6.1 +°08 x 107 63£09 x 10

" Tréns. speed [min/s] . 11201 6.5+ 0.1
316 + 1.8

161.0+0.7

_Translatlon force [N]

 Table 2: Compaﬁsqn ‘of positioning €rrors
caused by the unstable motion of motor.
_ - New prototype

Rotational erforin N

Former 6ne

. T1£08[deg] ~ 1111 [deg)

translation
Translation error ' ) ' o
asianon 00£00[mm] 0.0 0.0 fmm]
ini rotation s o TR
Table 3; Maximum load without slip.
: N * New prototype 'Fonmer one
' Without blood 20[N] 20N]
" . With blood . 20N)

15IN)

once slip occurs and the position is lost, the manipulator

" will 'malfunction. To prevent the problem, we simulated -

the cllniéal use and conducted in vitro experiment using
heparinized blood of rat. Forceps shaft coated with blood
was set vertically, and load was mounted at the lower end

of the shaft. We measured the load when the shaft started )

to shp Results-are shown in Table 3. Oomparmg wrth the
result of the former prototype, the maximum withstand-

“ing load decreased to 15[N]. It was, however, found that

the required specification of_4 [N] was satisfied in spite
of liquid matter that encouraged the slip. )

Discussion

anure 4: New prototype
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Figure 5: Results of evaluation tests. (a) angular érror

in rotation. (b) positioning error in translation



f'_, ’ultrasonrc motor It is the drawback of thrs system that is;

In this study, we conducted installation of new FWM

- with trlung angle of 45 [deg] and evaluated its perform-
"ance and fmsrbrltty in clinical srtuatron The mechanical .

: performance evaluation showed that the néw FWM in- °

. creased the speed of translatlon Thrs wrll oontnbute to
. qurck responSe “The translatlon force decreased bew,use
of ‘the trade off between speed and force, however, the
required force was satrsﬁed with enough margin. Con-

- trary to our expectanons, posmon accuracy of rotation -

- and translatlon dld not decrease. As:the résults ‘of in vrtro
'expenments ‘the maximum wrthstandmg load decreased
companng with the former Pprototype. The requrred force
of 4 ['N] was: satisfied adequately Because ‘we still have
enough torque margin, we w111 optlmwe the tilting angle
. of the FWM to reahze ‘miore. eﬁicrent drrvmg The’ for-

. ceps mampulator usmg FWM consequently showed the

B improvement in the’ speed of translatron and no degrada-

- tlon of other mechamcal performances
' future works Frrstly, We.are go-

:', the posrtron obtamed ﬁ'om the sensor is relatrve posrtlon
‘and not ‘absolute posmon " Once the posmon of the for--

' _ceps lS lost because of errors such as shp, we have to

: rmtrahze the posrtron ‘sensor, .or the mampulator will
vmalfunctlon Extemalp iti 'sensmg device is required:
Among ‘the commerc ized” ensmg -devices, _optical
trackmg system (for ex _Aple Polans Northem Digital
tic trackmg system (for example

Inc., Ganada)br:ih: "
mrcroBIRDm Asc

nesses 10 dlsturb . AS. for the second work, we will
- redesrgn “our ampulator to lmplement a detachable
'transmrssmn mechanism, such as‘an 1dle gear. unit. In the
' case of malfunctron, thls mechamsm can work mecham-
" cal shutoff system by detachmg the transmrssron gear.
This kind. of mechanical safety devroe should be imple--
mented addmg to electric sensors and soﬁware enier-
. gency routmes as redundant safety The transmrssron

echamsm at the same trme, can’ work as coupling de-’
vice between stenlrzed and non-sterrhzed parts [8].

ion. Technology Corp:; USA) can "
be candldates for the purpose although they have weak: -

C’o’nelusions . ST

We installed new. FWM into the forceps manipulator in

. this study. It provided quicker translation than former.

prototype and satisfied the requrred speclﬁcatrons ‘We ;
are convinced of the usability of the manrpulator in the -

_ field of computer arded surgery.
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-Abstract. Thls paper descrlbes a master slave system
- i ' g functions. 1) Portable master-

A attached portable optical. marker as a module which
has -3D-:pésition - mformatlon Usmg this ‘method,
enabled master—slave to be easily dedlcated to each

surglcal devnce, makmg lt more compact and easrer :

already ;available commercxally and been - used in a-

clinical apphcatxon[4] These systems consist of a
‘master arm system- (master) and a slave manipulator

system (slave). In the master system, a surgeon sits. in -

front ‘of a monitor showmg a ‘laparoscopic view and
- coiitrols the. master’ mampulators ‘The slave consists of
‘an endoscope and various - mampulators, dependlng on

the operation. Thus, master-slave system is a large-scale .
system and usually. all-in-orie. $ystems that can 'not be ' -

divided into' each surgxcal ‘device. easily: As one

example\ of" apphcatron, master-slave systems are’

expected to realize: telesurgery, for- example it is famous
that da Vinchi® was. developed for military use[5):
However, most master-save systems are not. satisfactory

for, actual use-of these applications because they have

dlﬂiculty in carfying. Assiuming: master-slave systems
are used in clinical _application, it is required to

appropnate settmg dependmg on each surglcal.-

procedure.
Therefore, we developed portable master-slave system,

which can be divided into each surglcal device easily’

for portability and can be set freely aceordmt to surglcal
sxtuatlon .,

lded lnto eaeh surglcal :

Figure'.i Two"kinds of sétting using surgical, robotic

- manipulator, a)”bedside” arm and b) “suspending” arm

Materials and Methods

A) Reallzmg of Portablllty

It is important to deal with" the mtegrated posmon
information to realize master-slave system and keep the
whole system consistent.’ However, our master-slave
system is consists of stand-alone surgical devices that
are mdependent and can be used individually.
Our master-slave system consists of stand-alone surgical
devices that were developed independently and can bé
used individually for portability. It is sure that using this
method makes it more compact and easier to. move, with
advantages for* military use, but, we have to connect
independent each. surgical device for 1ntegrat1ng
coordinate,

Therefore, we thought to use a external positioning
sensor to measure the setting position of surgical
devices.
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" Table 1 Posmonmg accuracy of forceps mampulator

’ Mean error[mm] (n-3)
Paxis .7 .  10.28%0.74 . - -
CVeaxis , cfra1+4.11 -
C fzaxis .. J1:96%£2.60

‘ As a posmonmg sensor, we adopted a three -

" dimensional optical trackmg sensor(Polans® Northern
'Dlgltal Inic. Canada): Optrcal ‘markers were mounted at
the end of ‘the device and were measured from the
sensing unit that. emitted the mfrared light and received
reflected light. The performance of sampling’ frequency

is 30[Hz] and RMS(Root Mean Square) of this device is -

-about 035[mm] No angle sensors such “as rotary
encoder or potentrometer were mounted. Alf.hough it is
sure, \vthat mechamcal method 1s supenor to optical

: 1) Surglcal dev1ces w:th optrcal trackmg markers can
) be regarded as modules having the position information.
"2) Miniaturization of the surgical devices can be |

achieved because the method does not requlre electric
wiring. -

© .Above methods enabled cur master-slave system to be
divided into various surgrcal devices easily and to
mtegrate each surglcal device mdependently The
‘concept figure of our developed master-slave system
'was shown as Flg L. -

B). Reahzmg of fié iblle settmg

JThere are: two kinds of surglcal robotic mampulators
in the" pomt of | mechanical ' setting. up; one. 'is
“suspendmg” arm (ex. da Vmcl(R)), and the other is
“bedside”  arm . (ex.. ZEUS‘R)) Bedside arm has
advantages in ‘its small' size and easier to .move.
_ However,.it is clear that ‘setting-up' position is limited to
the rail attached to the side of surgical table so that the
. setting-up procedure is comphcated to avoid the

*collision between arms, O the other hand, suspending

* armhas advantage that flexible and intuitive positioning
of. mampulator is possrble in the settmg-up procedure,

However, it is large size and difficult to move. Thus

each surgrcal robotic mampulator has quite different
character and it is. desirable to use both “suspending”
arm and “bedside” arm as the srtuatlon demands. For
example, if we assume for mrlltary use, it should be
“bedside” arm for easier to move: And ifweonly

assume in clinical use, it should be “suspending” arm
for easier to setting.

Since our- master-slave system utilize optlcal"
trackmg sensor and surgical devices’ with’ optical
tracking markers can be regarded as modules having the
position . ‘information; each surgical -device s

' mdependent of surgical robotic mampulators Therefore

we can select approprlate setting method according to
various ' requirements in _the operatron environments

(Fig.2).
EXPERIMENTS & ‘RESULTS :

Since the system utlllzes optlcal tracking system,
surgical devices can be freely set in the operation
environment. On the other hand, optlcal tracking sensor
has larger measurement error comparing ‘with electric
encoder. Therefore, we confirmed our master-slave
system has accuracy enough to surgical operation.

As.a method of evaluation, we attached an optical
tracking marker to the tip and the base of slave
manipnlator and measured the position of its marker by
using the optical tracking sensor( Polaris®, Northern
Digital Inc. ,Canada). The order on coordinate of
endoscopic view was sent from virtual master to slave
manipulator by means of TCP/IP. (communication-rate
was 10[Hz]) and the measurement frequency was
2.5[Hz). _

The expérimental results was shown as Fig.3 and the
average and standard deviation at each axis was shown
as Table.1. S

DISCUSSION and CONCLUSION

In evaluation experiments, Table.1 shows that small
posmomng error was included, however, output almost
follow input lead. The cause of posmomng error was
thought as follows:

1. - ‘Attached position of optical trackmg marker.

2. Affection of mechanical vibration caused by the
_stiffnéss of suspending arm:which holds slave
manipulators.

3. Measurement error of optrcal traekmg Sensor.

The méasurement error by using optical tracmg sensor

is commonly known as 0.3-0.4[mm]. This main error is

vibration and attached position of optical tracking



marker [6] One of the hmrtatrons of the optical marker
based posmomng system mlght 'be its accuracy. -

"+ However, the overall positioning efrors less than 2 mm -

showed the feasrblhty -of our master-slave system using
optical tracking System; Ford laparoscoplc surgery.

We developed a master-slave system with portability
.and flexibility of setting: Our Mmaster-slave system could
be easily dedicated to each- surglcal device, making it
more compact and éasier 10. move, with. advantages for
mlhtary use.
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