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Abstract Knowledge of the biomechanical properties
of soft tissue, such as liver, is important in modelling
computer aided surgical procedures. Liver tissue does
not bear mechanical loads, and, in numerical simula-
tion research, is typically assumed to be isotropic.
Nevertheless, a typical biological soft tissue is aniso-
tropic. In vitro uniaxial temsion and compression
experiments were conducted on porcine cylindrical and
cubical liver tissue samples respectively assuming a
simplistic architecture of liver tissue with its constitu-
ent lobule and connective tissues components. With
the primary axis perpendicular to the cross sectional
surface of samples, the tissue is stiffer with tensile or
compressive force in the axial direction compared to
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that of the transverse direction. At 20% strain, about
twice as much force is required to elongate a longitu-
dinal tissue sample than that of a transverse sample.
Results of the study suggest that liver tissue is trans-
versely isotropic. A combined strain energy based
constitutive equation for transversely isotropic mate-
rial is proposed. The improved capability of this
equation to model the experimental data compared to
its previously disclosed isotropic version suggests that
the assumption on the fourth invariant in the constit-
utive equation is probably correct and that anisotropy
properties of liver tissue should be considered in sur-
gical simulation.

Keywords Liver tissue - Transversely isotropic
hyperelasticity - Experiments - Constitutive law -
Tissue modelling

1 Introduction

Liver, like many other soft biological tissues, is aniso-
tropic and heterogeneous. Nevertheless, hepatic sur-
gical simulation programs were developed assuming
isotropic and homogeneous tissue material properties
[5,7, 8]. Much of the work in mathematical modelling
of soft tissue was based on the assumption of the tissue
having isotropic properties [2, 6, 16]. It is important to
consider the effects of liver tissue anisotropy when
developing computer aided or integrated surgical
models. Liver microanatomy is very unique in having a
dual blood supply consisting of its hepatic arterial and
portal venous components as well as its hepatic venous
blood components within the interconnecting lobular
sinusoidal anatomy. Understanding the biomechanical
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properties of liver tissue is important for developing
computer simulation programs that could assist in
surgical planning, treatment and training, as well as for

developing and designing medical device and proce--

dures for treating liver disease. The focus of this paper
is on investigating the anisotropy properties of “aver-
age” liver tissue at the sample length scale of approx-
imately 10 mm. We consider a liver tissue sample
comprising only the dominant vessel-like lobules and
connective tissue components. A detailed description
of liver anatomy can be found in Tortora [21] and
Netter [18].

This short paper reports the results of our investi-
gation regarding the anisotropic mechanical properties
of liver tissues using in vitro uniaxial temsion and
compression experiments.

2 Materials and methods

In Chui et al. [4], an isotropic version of the combined
logarithmic and polynomial equation was used to rep-
resent the stress-strain curves obtained from in vitro
experiments with liver tissue. The combined energy
model was found to be superior in modelling the
stress-strain relationship of liver tissue when compared
with other forms of energy based constitutive equa-
tions. The constitute equation for the transverse iso-
tropic properties of the tissue can be derived in a
similar manner, assuming that the liver tissue samples,
comprising lobules and connective tissue, are homo-
geneous. For transversely isotropic material, the fourth
strain invariant is included in the energy function, i.e.
W (I, L I5 1,). 4; is denoted as the principal values of
the deformation gradient F and I; is a function of 4;.

Liver tissue is assumed to be highly incompressible,
F=4i; A 43=1. Under uniaxial deformation, the
cross-sectional area of the cylindrical sample reduces
by 1/4 when the height of the sample is increased by a
factor of A. By setting A = A3, 44 = 4o = 7% Tt can be
derived that the invariants Ij, I, and I3 under uniaxial
deformation are I =A% +2/i I, =2i+1/i* and
Is = 1, respectively.

We hypothesized that porcine liver tissue is trans-
versely isotropic with respect to the z axis, and x, y
represent paired rectangular axes in a plane perpen-
dicular to z. Note that z is defined in the longitudinal
direction of the liver lobule, i.e. N = (0, 0, 1). Hence,
the fourth strain invariant is defined as I, = A% This
invariant was first introduced by Ericksen and Rivlin
[9], and was recently used to model human anterior
cruciate ligament (ACL) in Limbert et al. [13].

&) Springer

The strain energy of an 'elastic and transversely
isotropic material can be expressed as W (A% + 2/i, 2/
i, + 1/4%, 1, 4®). The true stress ¢ in the tensile or
compressive direction can be obtained from a partial
derivative of W. Since the engineering stress 7, which
is generally measured in biomechanical testing, is
related to the true stress ¢ by ¢ = AT, we can derive
that

ow/, 1 ow 1 ow .
T——ZaIl (A——;?) +2'Ez' (1"'13) +2-5j:/». (1)

Fung et al. [10] first proposed a strain energy
expression which is a combination of a polynomial
and exponential function to model the entire stress—
strain curve derived from their experiments using
canine thoracic aorta tissue.

W=Ci(2-0—-1)+ (2)

[\S TS

with

0 = Cy(Iy — 3) + C3(Is — 1) +2C4(ly — 3)(Is — 1)
g= Cs(Iy —3) + Ce(Is — 1)* + 2C7(Iy — 3)(I4 — 1)

The logarithmic form of the strain energy function was
found to be better than the exponential form in [11,
20]. The corresponding seven constants combined
logarithimic and polynomial energy function is given
as follows: '

W= :%In(l_—— w+2 3)
where

u= %Cz(Il —3)? +%c3(14 — 1)+ Cs(h - 3)Is — 1)
g = Cs(Ii —3)* + Colls — 1)* + 2G5 (I = 3)(Is — 1)
Partial differentiating W in Eq. (3) with Iy and I, and

oW/dl, = 0, the following stress—strain relationship is
obtained from Eq. (1).

T=(201 (Cz(ﬂ%—-s)fc‘g(ﬁ—l))/( —%3)
+2Cs (/’12—}-%—3) +2c7(,12—1)> (7‘—;}2—)

Geett-ve(e-d0) /-9

+2c6(xz—1)+2c7(,12+—i-3))z (4)
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Where
2, 2 2 .2 2
Oy =04 +-;t—3 - Gac-1)
2 2 .2
+2C44 A +Z.—3 (#*-1)

from the average stress (7) versus stretch ratio (4)
curves corresponding to the cycle of compression and
then elongation experiments, a constitute equation in
T = f(4) form represented the experimental data if the
theoretical curve followed the shape of the average
curve and the standard error was small. Standard error
is defined as the root means square errors (RMSE)
calculated from comparing the theoretical estimation
and experimental results.

We assumed, that for these experiments, the liver
tissue sample comprises of only connective tissue and
hepatic lobules. Figure l1a illustrates the composite
material model of a cylindrical tissue sample extracted

Fig. 1 Mlustration of liver (@)

from the liver surface. For samples that were extracted
from the liver surface, there was also present a thin
outer layer of membrane (capsule). E,, E, and E,
denote the three orthogonal axes. For these studies, it
is assumed that the liver tissue is transversely isotropic,
and that the material properties denoted as E, along
the direction perpendicular to the liver surface should
be significantly different from the material properties
E, and E,, and E, = E,. Uniaxial elongation and
compression experiments were conducted to study the
liver anisotropy.

Uniaxial load testing provides basic and useful
information on the mechanical properties of biological
tissue. In this test, a uniaxial force was applied to the
tissue samples. Force and displacement were measured
automatically during the test by a precision instrument
(Eztest, Shimadzu, Japan). This instrument had a res-
olution of +1%, and could support loading rates ranged
from 0.5 to 1,000 mm/min. The load cell was capable of
measuring a force up to 20 N. The shape change of each

T

tissue samples for ﬁ E
experiments: a cylindrical z Capsule\
tissue sample as a composite z <
material of lobule and 1-2 mm ;_,,
connective tissue; b outer and — J mm E,
inner tissue samples with ’ Iobule >
cubical shape; ¢ extraction of
inner cylindrical liver tissue =
sample
—— > &
. E,
Liver lobule - E L
Liver tissue sample ~~ Connective tissue
®) E Capsule
A E,
& Outer sample
10 v / (10 mm cube)
10 mm - E, Inner sample
/ (10 mm
cube)

10 mm

Liver tissue
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test sample was monitored and recorded using a video

camera. Recent and more advanced in vivo methods -

employ surgical instruments with force sensing capa-
bilities that enable tissue elasticity measurement during
surgery [2, 17]. However, these in vivo techniques lack
well-defined boundary conditions when used during
experiments. It is difficult to measure the anisotropy
properties of liver tissue with these techniques. We
assume that the liver tissue anisotropy properties do not
change from in vivo to in vitro.

Fresh porcine livers were purchased from a local
slaughterhouse. It is generally believed that the
mechanical properties of pig liver closely resemble
those of human liver. The weight of a whole porcine
liver used in the experiments was 1.5 + 0.2 kg. The
tissue samples to be tested were extracted from the liver
(which was stored at 0°C) and tested at room temper-
ature within 24 h after slaughter. It is important to use
fresh biological tissue in experiments. Choy et al. [3]
reported that the stiffness of heart tissue increased as a
function of the time after death. Ringer’s solution
(Krebs 1950) was applied periodically to prevent the
samples from drying. Since sample cutting may affect
the results obtained, careful tissue sample preparation
is necessary. A disposable surgical knife was used to cut
and trim the tissue samples. Careful attention was given
to the orientation of the tissue samples. Unless other-
wise specified, the samples were extracted perpendic-
ular to the liver surface with at least one full lobule
‘identified. Liver lobules are clearly visible from the top
of the porcine liver. Samples with large vessels or
obvious pores were discarded. Three experiments were
carried out, namely tensile, unconfined compression,
combined elongation and compression testing.

2.1 Tensile testing

Test samples were cylindrical in shape with a fixed
diameter (7 mm) as in Chui et al. [4]. The length of
each sample was 10 + 1 mm. They were extracted from
the surface of the organ with the capsule intact using a
biopsy needle. Both ends were attached to two rubber
plates using instant surgical glue. In the test, samples
were elongated at a constant loading rate of 10 mm/s.
Horizontal markers were positioned on the samples.
Tissue deformation and marker positions were moni-
tored by the video camera.

2.2 Unconfined Compression testing
Cubic test samples of dimension 10 x 10 x 10 mm®

were used. They were extracted from the surface of the
organ with the capsule intact. Each sample was

&) springer

compressed to 1 N along the three orthogonal faces.
Since samples were extracted from the top surface of
liver with the capsule intact, it was important to
determine whether the presence of the liver capsule
contributes to the larger force required to compress the
sample from the surface. In order to determine the
effect of the capsule on the stiffness of the samples in
these experiments, samples from both the surface and
the inner portions of porcine livers were prepared. As
shown in Fig. 1c, a block of 10 x 10 x 20 mm? tissue
was extracted from portion of liver with thickness of at
least 30 mm. The block was then divided into two cubic
blocks. The outer sample contains the liver capsule.
Compression tests with the same experimental condi-
tions were conducted on both outer and inner samples.

2.3 Combined compression and elongation testing

The diameters and lengths of each cylindrical sample
were 7 and 5 mm, respectively. The samples were ex-
tracted from both outer and inner parts of the whole
liver and were labelled as longitudinal and transverse
samples, respectively. Figure 1d illustrates the proce-
dure to extract liver tissue sampies from the inner parts
of liver organ. The procedure was designed such that it
was consistent with the normal sample preparation.
The porcine liver ‘was first cut to reveal its inner side.
The biopsy needle was then used to extract the sample
from the cut liver. Combined compression and then
elongation tests were then performed on the samples.

To study the nonlinear stress-strain relationship of
the tissue, the average engineering stress measured at
each strain increment during combined compression
and elongation experiments with cylindrical tissue
samples (Chui et al. 4] was curve fitted with a com-
bined energy constitutive equation for transversely
isotropic material. The standard error from curve fit-
ting was then compared with that of the isotropic
version of the constitutive equation.

3 Results

The deformations of liver tissue samples were recorded
via video camera during tensile testing. The two hori-
zontal markers remained roughly horizontal. This im-
plies that the liver tissue sample is not orthotropic. If
the tissue sample is orthotropic, the markers will fail to
remain horizontal. There is at least one plane of
asymmetric. Since the vertical displacement is larger
than the horizontal displacement due to necking, the
liver tissue sample is likely transversely isotropic.
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Fig. 2 Dimension of cubic samples: 10 x 10 x 10 mm®. Loading
rate 10 mm/min. Temperature about 22°C. Note that the strain is
stretch ratio minus 1. 8 Average stress—strain relationships of
Top (along z-axis E;), Side A (along x-axis E,) and Side B (along
y-axis E,) of a cubic liver specimens. Number of specimens 5. b
Average stress-strain relationships of samples with capsule
(dotted line), and without capsule (solid line), Number of
samples 10 (5 each for samples with and without capsule)

Figure 2a compares the stress-strain curves ob-
tained from samples with and without the capsule in-
tact. The stress—strain curve of samples from the inner
portions of porcine liver that have no capsule intact
was close to that of samples with an intact capsule.
Figure 2b shows the average stress-strain curves ob-
tained from unconfined compression of cubic liver tis-
sue samples from the three orthogonal surfaces. It was
apparent that the samples deformed differently along
the direction of E, and along the direction of E, and
E,. This implies that the liver tissue sample is probably
transversely isotropic during compression. The liver
tissue sample is therefore transversely isotropic.

Figure 3 shows the mean stress-strain curve ob-
tained from combined compression and elongation
tests of cylindrical liver tissue samples obtained along
E. and along E,, respectively. Again it was apparent
that the samples deformed differently along the
direction of E, and along the direction of E,. There
were clearly distinctive longitudinal and transverse

Stress (Pa)
£
15000 T

Lengitudinal sample
100001

5000 T

-5000 T

-10000T

-15000 } g } y t
0.6 08 10 12 14 16

Stretch Ratio

Fig. 3 Average stress-strain relationships of longitudinal and
transverse samples with cylindrical shape: longitudinal samples
(solid line), and transverse samples (dotted lines). Number of
samples 10 (5 each for longitudinal and trapsverse samples).
Dimension Diameter 7 mm, height 4-7 mm. Loading rate
10 mm/min. Temperature about 22°C. Standard deviations from
the mean values are indicated with horizontal bars

stress—strain relationships. This supports the conclusion
that the liver tissue samples were indeed transversely
isotropic with the principal axis perpendicular to the
horizontal plane.

Table 1 illustrates the results from fitting the aver-
age experimental stress-strain data on cycle of com-
pression and elongation with the combined logarithm
and polynomial model (or combined energy model),
and combined exponential and polynomial model. The
combined energy model fits the stress-strain curves
better than that of the combined exponential and
polynomial model with slightly smaller RMSEs. In
comparison with the isotropic version of the combined
energy function, the transversely isotropic counterpart
was able to model the curves better with much smaller
errors. The ability of transversely isotropic constitutive
equations to model the experimental stress-strain data
implies that the assumption of I; = 4% in the analytic
study is probably correct. The anisotropy properties of
liver tissue should be considered for accurate surgical
simulation modelling.

4 Discussion

Experimental results and theoretical analyses de-
scribed above indicate that the liver tissue samples,
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Table 1 Errors from fitting the average stress—strain curve obtained from combined compression and elongation experiments [4]

Material RMSE
paramefers Mean Maximum Standard Relative
(Pa) (Pa) Deviation (Pa) (Maximum/mean)
Combined exponential C =26 47.17 83.96 33.85 1.78
and polynomial C, =-761
C3 =18
Cy =236
Cs = 38,200
Cs = 6,100
C; = 13,700
Combined logarithmic and C; =293 45.61 80.27 31.88 1.76
polynomial (7 constants) C, =239
C; =335
C4 = -0.44
Cs = 14,300
Cs = =300
) C; = -1,600
Combined logarithmic and C, =-342.44 91.92 112.14 1743 122
polynomial (Isotropic)® C; =199
C; = -136.08

The errors assuming a transversely isotropic model are about half of that with the isotropic model. The combined logarithmic and
polynomial model is somewhat better than the combined exponential and polynomial model

Number of samples 65 from 18 livers
Dimension Diameter 7 mm

Height 4~7 mm

Loading rate 10 mm/min
Temperature about 22°C

® From [4]

modelled as a composite material comprised of liver
lobules and connective tissue, was transversely isotro-
pic with the principal axis along the direction of the
lobule and perpendicular to the horizontal plane. This
anisotropy property can be represented using the
fourth invariant in theoretical analysis.

The slow strain rate during our combined compres-
sion and elongation experiments at around 0.033/s was
planned so that the number of stresses measured at
each strain increment is significant considering the
small test sample used. It is higher than the strain rate
for brain tissue typically at 0.010/s during neurosur-
gery. Hu and Desai [12] reported that liver tissue is
strain rate independent based on their indentation
experiments at 6.096 mm/min and 0.69096 mm/min on
50 x 50 mm liver tissue sample with varying height. In
Chui et al. [4], varying the strain rates from 0.003 to 6.0
per second did not have a significant effect on the
stress-strain data from compression and elongation
experiments. Liver tissue is not linearly viscoelastic.

We are investigating the mechanical properties of
the liver lobule, and will relate them with that of the
liver tissue. From experimental stress-strain data,
the tissue samples were stiffer when compressed from
the top of the cubic tissue samples in unconfined
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compression testing, and when elongated with longi-
tudinal tissue samples in combined compression and
elongation testing. Based on separate experiments with
porcine liver lobule samples, the average stress-strain
curve was close to that of cubic liver tissue when
compressed from the side. More studies will be re-
guired to determine the relationship between liver
tissue, lobules and the connective tissues.

A transversely isotropic model may provide a better
presentation of liver biomechanics compared to the
typical assumption of isotropy. Several studies in the
literature (for examples: Bilston et al. [1, 15] assumed
that very soft tissues are initially isotropic. Although
liver tissue is a soft tissue and does not bear mechanical
loads, the initially isotropic assumption may not be
applicable to porcine liver tissue samples (cylindrical
7 mm diameter, 4-10 mm height; cubical
10 x 10 x 10 mm?>) although it might be applicable to
porcine brain tissue samples as reported by Miller and
Chinzei [15]. From our combined compression and
elongation experiments with porcine brain tissue, the
brain tissue samples were found to be very much softer
compared to that of liver tissue. As is apparent, the
mechanical properties of liver and brain tissues are
very different.
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We are not aware of any significant efforts to
investigate the anisotropic properties of liver tissue,
and to model these properties of liver tissue using
nonlinear constitutive equations. The proposed com-
bined energy model has the following mathematical
advantages: at low strain, the logarithmic component in
the combined model was small, and the polynomial
component was dominant. Their roles were reversed at
high strain. The parameters do not vary much in fitting
the various experimental curves. This consistency will
contribute to stable computation. This model is
therefore advantageous in describing the entire non-
linear stress—strain curve.

This equation could be implemented for modelling
robotic needle insertion procedures [14, 19] useful
in designing computer aided surgical procedures.
Nevertheless, the material parameters were derived
from uniaxial loading experiments. Biaxial tensile
tests with simultaneously applied forces in both lon-
gitudinal and transversal directions will provide more
information on modelling the deformation of liver
organ under multiaxial conditions typical in abdomi-
nal surgery.

An alternative for fast deformation computing is to
replace the strain energy based stress-strain equation
with a simpler non energy based equation such as
o = ke? where k and d are constants to model the
stress—strain relationship of liver tissue in the hori-
zontal and vertical direction. In addition to the absent
of complex three dimensional stress fields, the fitting
errors associated with non energy based equation were
significantly large compared to that of energy based
constitutive models. Hence, energy based stress—strain
equations should be used for clinically viable surgical
simulation modelling despite the complexity and de-
mand for larger computing power compared to that of
energy based equations.

5 Conclusions

This study showed that liver tissue is transversely iso-
tropic with the primary axis perpendicular to the cross
sectional surface of tissue sample. The improved
capability of a combined strain energy based constitu-
tive equation for transversely isotropic material in
modelling the experimental data compared to its pre-
viously disclosed isotropic version suggests that the
assumption on the fourth invariant in the equation is
probably correct. The anisotropy properties of liver
tissue should be considered in surgical simulation
research.
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A Novel Magnetic Resonance Imaging-compatible Motor Control Method
for Image-guided Robotic Surgery.

Takashi Svzuky,* Hongen Liao,** Etsuko Kosyasni,™ Ichiro Saxuma™

Abstract In a magnetic resonance imaging (MRI) guided surgery assisting robot system, electromagnetic in-
terference problem is unavoidable, Driving of motors during scanning especially deteriorates the image quality.
We propose 2 novel MRI compatible method considering the pulse sequence of imaging, Motors are driven dur-
ing short time when MRI system stops acquisition of signal to wait relaxation of proton, so that image does not
contain noise from actuators. We synchronize MRI system and motor using radio frequency pulse signal(85
MHz)as a trigger, which is acquired by the special antenna mounted near the scanner. This method can be
widely applied because it only receives a part of scanning signal and needs neither hardware nor software change
of MRI system. As a feasibility evaluation test, we compared the images and signal-to-noises ratio between the
cases with and without this method, under the condition that a piezoelectric motor was driven during scanning as
a noise source, which was generally used as a MRI compatible actuator, The results showed no deterioration of
the image quality because of motor actuation and the benefit of the new method even though the choice of avail-
able scanning sequences was limited.

Keywords : magnetic resonance imaging, MRI compatible, pulse sequence, ultrasonic motor, synchronous control
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Fig. 3 - Images of experimental results; (a)phantom (with
door closed), (b)phantom (with door open), (c¢)
power supply off,  (d)power supply on and motor
stopped, (e)in motion(with the proposed control
method), (f)in motion(without the proposed control
method).
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Evalpation of compact forceps manipulator using friction whee!
mechanism and gimbals mechanism for lap Opic surgery

T. Suzuki - Y. Katayama - E. Kobayashi - I. Sskuma

Graduaie School of Frontier Sciences, The University of Tokvo,
Japan

Abstract This paper reports eveluation of a compac: forceps menip-
ulator’s dynamic performance  The compact foreeps manipulator has
four degrees of freedom: rotation and longitudinal translation of for-
ceps realized by “friction wheel mechanism™ and pivot- motion around
the incision hole provided by »gimbals mechanism™. Siep response of
each axis showed that 150 [deg] in rotation. 4 {mm] in wransiation. and 7
{deg] in pivot motion within 100 {msec] were realized respeciively.
Tracking evaluztion against sinusoidal waveform input showed results
that the tracking performance was generally enough. but in higher
frequancy motion. tracking speed was not enough when the doving
direction inveried at the phase of + /- 60 [deg], As future works, we
have to evaluate tracking performance against 3D continuous path
input simulating surgical task. We can change the control frequency up
1o beyond 30 [He). that is the refresh rate of TV monitor in a visual
izedback system under a certain control condition determined by the
dynamic performance evaluation.

Keywords Surgical robot - Surgery-assisting robot -
Computer-assisted intervention - Pivol motion - Siep response -
Dynamic response - Tracking performance

1 Introduction

Laparoscopic surgery spreads remarkably as it achieves enough
therapeutic periormance, equivaient to laparotomy, without jarge
incision. Though it provides various benefits to patients as a tech-
nigue of minimally invasive surgery, the method is difficult and
cannot-be applied 1o all operstions. This is becanse surgeons have 2
iimited view of surgical field from laparoscope and inadeguate dex-
terity according io inconvenient surgical instruments with limited
degrees of freedom {DOF). Responding to these issues. surgerv-
assisting robois are developed end partially clinically applied. It
realizes high guality operation using maneuverable robotic arms and
intuitive interface, but its large size has some problems such as; Gif-
ficulty to install into conventional operating room, risk of collision
with clinical siaffs or patient, and occupation of the space above the
patieat’s abdomen that disturbs the observation of patient by clinical
staffs {1]. Another problem is that those systems are “self-contained”
and do not accept additional devices developed by third-party re-
searcher or manufacturer, for example robotized forceps developed
in a laboratory of university. Thus. a compact surgical assisting robot
ihat accepts a third-party device is required [2].

‘We have been developing a new compact forceps manipulator. I our
design concepl., we emphasized limiting DOF znd eliminating

‘?__! Springer

redundancy, and simplifving mechaaism, so that forceps manipulator
can be mimaturized and installed into conventional oparating room
[3]. We 2lso aim 1o build a kind of “platform” to drive forceps. which
accepts various kinds of forceps without complicated adaptor. In the
previous studies, we have manufactured a protolype and evajuated
working range. speed. force, torque, and siatic positioning accuracy
with and without 2 Joad [4, 5]. But, dynamic motion characteristics
were not measured even though dynamic performance is necessary to
build a master-slave manipulator because smooth motion without
delay is required in visual feedback control system. Thus, the purpose
of this study is 1o evaluate dynamic motion characteristics. In Sect. 2,
we introduce system configuration of our manipulator and give a
detailed explanation of meehanism. In Secl. 2, experimental setup,
protocol, 2nd resulis are shown, followed by discussion and conclu-
sion.

2 Method

Forceps manipulaior consists of two parts: “friction wheel mecha
nism (FW™)" 1o drive forceps in rotation and translation. and
~gimbzls mechanism™ to rerlize pivot motion eround the incision
hole. FWM is 62 » 52 » 150 {rum’), (.6[kg]. and gimbais mechanism
is 135 x 163 > 300 [mm®], 1.1jke). The prolotype is compact and
space-saving design, $o that it can be mounted on the bedside rail
Figere 1 shows the protoivpe of manipulator used in  this
studv.  FWM consists of three tilted idle roliers znd puter case
(Fig. 2(lef1}}. Tilted rollers are fitted onto the surface of forceps shaft
and holding the shaft. When outer case is driven by actuator, rollers
travels spirally on the circumference of forceps shaft (Fig. 2{center))
Outer case moves spirally on the surface of shaft as if screw nut
rotates along screw bolt. Here, we have two kinds of friction wheel
with opposite tilting angle like “right-handed screw™ and “left-han-

Fig. 1 Prototype of forceps manipulator
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‘Fig. 2 Friction wheel mechanism: lefr friction wheel, center mecha-
nism 1o generate $piral motion. right motion principal to generate
translation and rotation

ded screw™ (Fig. 2(right)). When both friction wheels rotate in the

---same direction, the Torceps shaft rotates. being held by idle roliers.

On the other hand. when each friction whesl rotates in the opposite

direction, two types of spiral motions with opposite .direction ‘are

" generzted. In that case, rotational motions are mutually cancelled;

and remaining translational motion drives forceps in the longitudinal

~direction. Thus, rotation and translation of forceps are realized {6, 7].

As actuators, “we used hollow shaft ultrasonic motors with rotary

enccder (cu<mm order, Fukoku, Japan). Gimbals mechanism

pmv;des pivot motion around mutuzliy perpendicular axes. It is
simple and conidbutes 1o miniaturize the manipuiator. DC ser-
vomotors were used 1o aciuate the gimbals mechanism. The rota-

Aional center is located at the interseciing point of two rotational

axes, and it is set a little above the abdomen. In other words, gimbals

_.mechanism does not realize remote center of motion. As we reported

in [4], results of preliminary experiment using pig showed that gim-

" bals mechanism did not make wound and was feasible as & pivot

. mechanism because muscle got relaxed under anesthesia

3 Results _

“Dynamic motion charzcteristics were measured, that is necessary 1o
control the menipnlator smoothly without delay in a visual-servo
mmaster-slave system. We measured step response and tracking per-
formance against sinusoidal waveform input (frequency: 10 [Hz]).
Rotational angle of forceps and pivot motion were measured using
rotary encoders mounted on the actuarors, and longitudinal translation
of forceps was calculated from the rotation angle of each friction wheel.
As for FWM, step input were set to 4 [mm] in translation, and 150
{dég] in rotation based on some trials. Results are shown in Fig. 3

“ ¥
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Fis, 3 Dynamic response of FWM: upper step response. lower

sinusoidal waveform trajectory tracking

(apper row]). Ultrasoric motors used in this study generate rotation at
the speed of 90-180 {rpm] and cannot provide speed of less than 90
{rpm]. As we eliminated small step motion to prevent vibration of
actuator around the target position, the measured vahic exceeded or
did not reach the target value. Within one cycle {100 [msec])., 4{mm}

 translation and 156 {deg} rotation were realized. We also measured

step response against minimom input calculated from the mipnimum
ratational speed (90 [rpm]): 0.28 [mm)] in translation and 10.8 {deglin
rotation. Though overshoot wxas observed, the response reached the
target value within 100 [msec]. As for the sinusoidal waveform tra-
jectory, we determined the parameters of sinusoidal waveiorm based
on the step response measurement results. In order io meet the
condition that maximum speed should be. less than 40 [mmy sec] in
translation and less than 1500 [deg/sec], we set the transiation to be
40 sin(y), 20 sin(2t), 10 sin{4t), and 3 sin(81) [mim). and rotation
1360 sin{t), 750 sin(2t}, 575 sin(41), end 187.5 sin(8t) [deg). “1" is the
clapsed time [uniusec] from the start. Here we fixed the maximum
specd and chenged the amplitude and frequency. Results are shown
in Fig. 3 {lower row). Tracking results against sinusoidal waveform
input showed good performance, but in the higher frequency input,
tracking error was abserved.
As for gimbals mechanism, target step input was 5[deg] based on the
maximum speed of gimbals mechanism [3]. Results are shown in Fig. 4
{upper ow). Up-16 7 {deg] step input was achieved in 100 [msec]. More
than 7 [deg] step input required longer time, and considerable overshoot
wag observed. In the same way described above, the parameters that
defined the sinusoidal waveform trajectory were determined based on
the step response measurement results. They were set as 30 sin{2.331),
15 sm(é.n"t) and 7.3 sin(9.331) Jdeg]. This is because that the maximum
input angle per cycle should be 7 {deg] and maximuin speed should be
less than 70 [deg/sec], and rotational angle must be less than + /~ 30
{deg] not 1o exceed the rhaximum working range. Tracking performance
against sinusoidal waveform input was shown in Fig. 4 (fower tow).
Though error was observed, tracking was achievedin 15 and 30 [deg]. In

_ 1.5[deg]. considerable time lags were observed.

4 Conclusion

In this study, we evaluated the response to step input 2nd sinusoidal
waveform motion. Though we controlled out manipulator every 100
{Tas“c] (10{1{.}} it was tco slow as a robotic manipulator. As sHown
in the lower rows of Fig. 3 and Fig. 4. low control frequency affected
the motion path. so that sinusoidal waveform input is not smooth and
looks partially trianguler wave, It is notable especially in the higher
frequency motion input. Remarkable delay was also observed there.
This was because driving direction inverted from + directios 1o —
direction or —-tc + at the tips of trianguiar-like sinusoidal waveform

Bag mesrva TR

QHEE

=
=

i

a2
g

Fig. 4 Dynamic response of FWM: upper sicp response. Jower
sinusoidal waveform tfajectory tracking
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(phase of around +/- 90 {deg)), the driving velocity changed rapicly,
so that the tracking performance decreased. Especially in the case of
FWM. ulirasonic metor required relatively long time o sfart Tol2ting
or 1p switch the rotational direction as 2 feature of driver unit. This
can be zhougm ?xs 2 cause of delay. Now we arg raising the control
frequency 10 at Jowest 30 [Hz]. that is the same Tefresh rate of TV
monitor, This is because control frequency of visual s¢rvo masier-
siave system must be bayond the TV refresh Tate. As a future work.

"'we have 10 measure tracking accuracy against 3D continuous path
input simulating surgical task to evaluats the-clinical feasibility of this
manmipulator.
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Abstract New susgical technigues i realized by integration of  small
functionz] module on the tip of the forceps that bas multi degrees of
frecdom {DOF} since it cnables compex menipuiation and treatment
of imited workspace We developed 2 new multi-DOFs vitrasoni-
cally activated scalps! (UAS) prototyse. This proistype Bas two
DOFs of bending and graspiog realized by antzgonistic wire mech-
anism. The bending angle of this manipuletor ranges + i~ 120[degl.

. and the operating angle of the orasping blade ranges 30[dez].
. Grasping torque is sufficient 10 grasp tissue to coagulate. We con-
* frmed that our protoiype could incise and coagulaie tissue effectively

throogh in vivo experiment. This newly developed muiti-DOFs UAS
is » powerful equipment for minimally invasive j2parosoepic SUTZETY.
Kevwords Harmonic Szalpel® - Bending foreeps - Minimzlly invasive
surgery - Lagﬁémscopic surgery - Surgical robot - Wire mechanism

1 Purpose

Today ultrasonically activated scalpel (UAS) is widely used in lapa- -

roscopic surgery. The currently zvailable 13A%: have & linear shape!
This sometimes makes surgeon to use the device from undesirable

approsch that might causé complications in surgery |1} Such surgery

requires highly skilled techniques because mos! existing surgical

instruments are linear shape.sothe appresching 1o ircaunent 722 are.

often limited because of the trocar on the abdominal wall. Difficultes
in instrument manipulation increase visk of undesirable injury of or-

gans during surgical operation, UAS is one of the instrureents that the -
surgeons reqiest 1o add multi degress of freedoms {DOF) of -

manipulation. We have been developing = small ulirasonic ransducer
16 be mosnted on the tip of instruments; it need not transfer vibration
through any long straight metal rod, It kas = grasping blade io pinch
fissue and push the tissue to 1he ulrrasopic vibration blade. It is
12{mm] in diameter and 38[mm] in length and jis vibration frequency
in operation s 35.5[kHz] and its amplitude is 80fum}: &t Is compast
enough to be arranged on the lip of the instrument. It can generale
satisfaciory large power 1o incise tissue [2). In this study, we devel-

oped & hand-held instrument incorporating this small transducer,”

which has a bending mechanism znd a driving mechanism for grasping
blade of transducer module using linear slider.

2 Methods

The new hand-heid instrument has one DOF of bending mechanism

and hand-operated grasping mechanism {Fig. 1). Each mechanism is’

Fig. 1 Bending and grasping motion of the manipuiator. Bending *

dial and grasping handle operate pending joint and grasping blade
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