joint was measured. The experimental results are shown in
Fig. 11. From the figure, it was found that the lefi inferior
branches can shift from 10 to 15 degrees towards the outer
direction, even if for the same patient.

VL CONCLUSIONS

The avthors have developed a robot system for femoral head
fracture reduction. The robot has 6 d.o.£, three translation
d.o.f. and thyee rotational d.o.f. Experiments were success-

fully performed to cvaluate the implemented fanctions. The

bmcdmtoapplylbed:velopdsyﬂmforchmulm
were obtained.
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Abstract _ 2
‘We present a direct display method of surgical tool position and orientation in the surgical field by drawing two laser
beam planes, which is called “laser guidance method™. In this paper, the characteristic apalysis of laser guidance was also
presented. The experimental results show the accufacy of laser guidance which the error was within 1.0 mm for position
and within 1.0 degree for orientation. The theoretical analysis of laser guidance found out interesting behavior in the tool
adjustment procedure. Further, a monolithic integration of two laser devices with a three-dimensional position sensor was
designed using the result of workspace analysis. By the monolithic integration, feasibility of the system is expected to be
greatly impioved since the monolithic integrated laser device requires no calibration and can be intraoperatively relocated.
The details of the monolithic integrated system design were reported, '
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Fig. 3 Principle of the entry point guidance; (8) previous
method and (b) proposed method.
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Fig. 4 Parameters in the theoretical analysis for orientation
guidance; (a) parameters of tool shape and (b) intersection
angle of two laser beam planes.
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Fig.9 Wofkspace of laser guidance.
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Introduction

Computer assisted surgery (CAS) systems such as surglcal robots and surgical navigation were
clinically introduced into the field of orthopaedic surgery in the 1990’s. The first surgical robot was
the ROBODOC, which milled bone for implants according to preoperative CT-based planning. Then,
more flexible navigation systems were developed due to the advent of position sensors which could
be used in the surgical field. Both of these CAS systems have been reported to provide better
radiographic results in total hip and knee arthroplasties compared with procedures performed without
them.

It was initially thought both systems help inexperienced surgeons to perform like experienced
surgeons. However, eliminating human error in handling these systems is still an issue to and training
is necessary to avoid accidents and to bring out the benefits of their use. In this context, robotic
technology is expected to further develop to enhance the feasibility of its use in CAS. In line with this,
we have developed two types of systems to overcome the inaccuracy of the hand-controlled
positioning of surgical tools even under navigational guidance. One is laser guidance to control the
position and direction of any straight surgical tools, and the other is a needle insertion robot for
percutaneous vertebroplasty.

Laser Guidance System

Most commercial surgical navigation systems dlsplay images on a computer monitor positioned
adjacent to the surgical field, and operative procedures are performed using a hand-held pointer and
instruments with tracking markers. These systems require the surgeon to perform the mental task of
combining 2 sources of spatial information, and the surgeon has to look away from the surgical scene
to obtain navigational information from the computer monitor. These demands create stress for many
surgeons with the risk that this can lead to unwanted tool shake in the surgeon's hand. To solve this
issue, a laser guidance system was developed (Fig. 1). It uses two or more laser beam emitters
combined with a CT-based navigation system [1]. Each beam emitter produces a 0.25-mW red laser
beam with a spot radius of 1 mm. A galvano-mirror oscillates within a range of 30 degrees at 50 Hz,
producing a beam tract shaped like a fan. Two or more fan-shaped beam tracts intersect in a line that
can be controlled in any direction by changing the angle and direction of the galvano-mirror
oscillation. This laser guidance system draws cross hairs on a target, and the intersection of the cross
hairs is the entry point for straight surgical tools such as a drill or wire (Fig. 2A). After stabilization of
the entry point of a straight tool, the system draws 2 or more lines along the side of the tool. When the
lines drawn on the side of the tool are parallel, the direction of the tool coincides with the line formed
by the intersection of the laser beam tracts (Fig. 2B). The accuracy and feasibility of this laser
guidance system were evaluated in polyurethane bone phantom experiments of wire insertion and
pedicle screw placement [1, 2]. The laser guidance system assisted a surgeon in inserting a wire to an
accuracy of within 1 mm for the wire tip position at the entry point, and to an accuracy of within 1
degree for the direction of the wire. The accuracy of the wire direction was not affected by the length

222

89



of the guide sleeve, the position of the sleeve, or the diameter of the sleeve. It was, however, easier for
the surgeon to align the wire with the laser beam tracts as the length of the sleeve and distance of the
sleeve from the wire tip got shorter, and as the diameter of the sleeve became smaller. For pedicle
screw insertion, the laser guidance system was more effective in minimizing misalignment of the
screw insertion than to minimize misplacement of the screw tip. After preclinical evaluation of the
efﬁcacy and safety of the system, we started to use the laser guidance clinically for acetabular
reaming (Fig. 3) and cup placement in total hip arthroplasty; for femoral head preparatlon in hip
resurfacing arthroplasty (Fig. 4) {3]; and for pedlcle screw insertion.

.-

Fig. 1. Laser guidance system version 1 Fig. 2. LaSer guldance for pedicle screw insertion

Fig. 5. Laser _udac version 2.

Fig. 4.Guiding wire for hip resurfacing.
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In the meantime, we noticed that a green laser was easier to see on the bloody surgical field, and so
we changed the color of the laser beam from red to green. Further effort was made to eliminate
intraoperative calibration by making a rigid complex of position sensor and laser beam emitters based
on a simulation study [4] (Fig.5). It allowed the surgeon to relocate the laser guldance with the sensor
intraoperatively to the optimal position to maintain the line of sight.

Needle Insertion Robot : _
Laser guidance systems increase the feasibility of navigation systems; however, Imm and 1degree
are the limits of accuracy with a hand-held tool. As an extension of laser guidance aimed at increasing
the accuracy of control of straight surgical tools, we developed a needle insertion robot. The primary
clinical target of the robot was percutaneous vertebroplasty. In a human cadaveric study using a
prototype needle insertion robot, we evaluated the optimal design of the needle tip, the optimal speed
and force of insertion, and the revolution angle of the needle [5]. Then, we made a second version of
the needle insertion robot, the movement of which was controlled by the CT-based navigation system.
To monitor the tip of the needle, a part of the needle inserter was made from radiolucent material so
that the vertebra and needle could be seen on the C-arm X-ray image during the procedure. The

“ needle inserter was rotated around the needle axis. The needle inserter was held with a robotic arm
which was fixed to the side bar of an OR table (Fig. 6). The robotic arm provided translation in three
orthogonal axes and angulation in two planes. The positioning error of this robotic arm was less than
0.5 mm and less than 0.5 degrees measured by an optical sensor. With this second version, we
conducted a preclinical experimental study using polyurethane bone phantom and suilline vertebrae.
The error of puncture in the polyurethane phantom and suilline vertebrae was less than 1.0 mm and
less than 0.5 degrees. CT-based preoperative planning of trans-pedicle needle insertion was made for
suilline vertebrae (Fig. 7). After registration, the needle was inserted into the vertebrae
percutaneously without breaking the pedicle (Fig. 8). Postoperative 3D x-ray images were acquired
and reconstructed to evaluate the accuracy of the needle insertion (Fig. 9). Thus, the basic
performance requirements of this system for percutaneous trans-pedicle needle insertion was

confirmed.

Fig. 7. CT-based preopeatlvé planning

~ Fig. 6. Needle insertion robot (Version 2).
Discussion

Drilling or insertion of straight surglcal tools is the most basic procedure in orthopaedic surgery.
Therefore, we focused on developing enhanced navigation systems which would control straight
tools in a more feasible and accurate way than conventional navigation systems. The capabilities of
the laser guidance system served to increase the feasibility of CT-based navigation and the accuracy
of the angular placement of straight tools. Laser guidance can be clinically applied to various
orthopaedic procedures including total hip arthroplasty, total knee arthroplasty, osteotomies, fracture

224

91



fixation, and spine pedicle screw insertion. In seeking ways to achieve an accuracy of better than
Imm and 1 degree in straight tool placement procedures, image-guided robotics combined with
intraoperative imaging of the tool tip seems to be a necessity for safety. The needle insertion robot
fulfilled these features and after risk analysis and verification of its safety and accuracy in human
cadavers, we plan to use it for percutaneous vertebroplasty.

Fi. 8. Percutaneous needle insertion - Fig.9. Postoperhive reconstructed CT images

This study was partly supported by JSPS-RTFT99100901, JSPS-RTFT99100903, and
JSPS-RTFT99100904. -~
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Prediction of strength and strain of the bone with a defect by a CT based

M. Bessho®, I. Ohnishi®, T. Matsumoto®, W. Sato®, K. Nakamura®
" The Department of Orthopaedic Surgery, The University of Tokvo, Tokvo, Japan

~ Abstract: Bone defect is created after extensive debridement of contaminated open fracture or tocal osteomyelitis. In
these conditions. it is sometimes difficult to estimate strength reduced by a defect. Bone strength has been evaluated by
a radiogram. But quantitative evaluation ol the strength could not have been achieved by conventional imaging
techniques such as radiography. CT or MRI. The purpose ol this study was to evaluate the accuracy of our finite’
element model in predicting (racture strength and strain of the bone with a defect by creating a defect model in canines.
Twelve femora were harvested from six healthy adult canines. Two different defect models were prepared each with a
* different site of the defect. Axial CT images were taken with a calibration phantom. Quasi-static compressive load was
applied on the femoral head to the direction of the femoral shafl. Then, the predictions of the {racture load and strain
were made by the CT based non-liner finite element analysis. Correlation of the fracture load between the predicted and
measured values, that of the maximum principal strain, and that of the minimum principal strain were 0.90, 0.811 and
096 respectively. The CT/FEM analysis is thought to be useful to predict the strength and strain of the bone with a
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Bone defect models. Specimens were cul
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with an oscillating saw at 7.5cm distal {rom the
femoral head. The defect of bone was created with

Tohor-(Fig. 1),

an-oscillating saw according to Clark et al.
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Fig. 3: Strain gauge attachment sites. Four strain
gauges (1-4) were attached to the surfaces 2.5 mm
away from the four corners of the defect. One
strain gauge (5) was attached to the cortical surface
opposite to the defect.
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Fig. 4:Predicted fracture load and fracture location,
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A Preliminary Study on the Assessment of the Lag Screw Bone Interface
Using a Patient Specific CT + CAD Based Linear Finite Element Analysis
T. Matsumoto?®, I. Ohnishi?, M. Bessho®, S. Ohashi ?, K. Nakamura?

* University of Tokyo, Tokyo, Japan

ABSTRACT: The purpose of this study was to establish a FE model which was able to simulate a

postoperative condition of the trochanteric fracture and then to evaluate stress and strain distribution

at the bone implant interface. Dicom data of axial CT scans of the proximal femur were obtained

with a calibration phantom, from which a 3D finite element model was constructed. A 3D CAD

model of a compression hip lag screw was also created and inserted into the bone model. Linear FE

analysis was performed for each FE model with the screw. As a result, the equivalent stress and the

minimum principal strain at the screw bone interface in the fracture patients was higher than those of

non-fracture patients. Thus, when screw insertion is performed in operation, the lag screw should be

inserted much more precisely to prevent higher stress level at the screw bone interface.

Key ward: hip fracture, osteoporosis, finite element analysis
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