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Force and Torque Measurement in Leg Traction and Rotation
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Information Science and Technology, *Graduate School of Medicine},the University of Tokyo, °National
Organization Osaka Minami Medical Center, ‘Graduate School of Medicine,Osaka University
Abstract: We have developed a robotic system for femur fracture reduction. Since the reduction is an operation which applies the
load to a human leg containing joints, it is difficult to estimate the affected femur position and orientation in the operation. It is
expected to estimate the femur position and orientation using the data from the force sensor on the robot. We used the data of the leg
traction and rotation experiments on healthy subjects to examine the feaslbllrty to build the standard model of the relationship

between the load on the leg and its motion.

Key words: Robotic surgery, Femur fracture reduction, Position estimation, Leg load
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Development of the Needle Insertion Robot
for Percutaneous Vertebroplasty

S. Onogi!, K. Morimoto!, I. Sakuma!, Y. Nakajima?, T. Koyama3,
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! Graduate School of Frontier Sciences, The University of Tokyo, Japan
? Intelligent Modeling Laboratory, the Univeristy of Tokyo, Japan
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Abstract. Percutaneous Vertebroplasty (PVP) is an effective and less
invasive medical treatment for vertebral osteoporotic compression frac-
tures. However, this operative procedure is quite difficult because an
arcus vertebra, which is narrow, is needled with accuracy, and an op-
erator’s hand is exposed to X-ray continuously. We have developed a
needle insertion robot for Percutaneous Vertebroplasty. Its experimental
evaluation on the basic performance of the system and needle insertion
accuracy are presented. A needle insertion robot is developed for PVP,
This robot can puncture with accuracy and an operator does not need
to be exposed to X-ray. The mechanism of the robot is compact in size
(350 mm x D 400 mm x H270 mm, weight: 15 kg) so that the robot
systemn can be inserted in the space between C-arm and the patient on
the operating table. The robot system is controlled by the surgical navi-
gation system where the appropriate needle trajectory is planned based
on pre-operative three-dimensional CT images. The needle holding part
of the robot is X-ray lucent so that the needle insertion process can be
monitored by fluoroscopy. The position of the.needle during insertion
process can be continuously monitored. In vitro evaluation of the sys-
tem showed that average position and orientation errors were less than
1.0 mm and 1.0 degree respectively. Experimental results showed that
the safety mechanism called mechanical fuse released the needle hold-
ing disk properly when excessive force was applied to the needle. These
experimental results demonstrated that the developed system has the
satisfactory basic performance as needle insertion robot for PVP.

1 Introduction

Percutaneous Vertebroplasty(PVP) is an effective treatment for vertebral osteo-
" porotic compression fractures (Figure 1). In this technique, the surgeon inserts
one or two bone biopsy needles into fractured vertebral body, and injects semi-
liquid plastic cement called bone cement into the vertebral body through the
needle, After injection the bone cement hardens, the vertebra is stabilized. In

J. Duncan and G. Gerig (Eds.): MICCAI 2005, LNCS 3750, pp. 105-113, 2005.
© Springer-Verlag Berlin Heidelberg 2006 )
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106 S. Onogi et al.

this treatment technique, it is one of the most iinportant procedure that the sur-
geon inseris needle into vertebra precisely. Because the spinal cord aud nerves
exist through the vertebra, if the surgeon injures nerves by the needle, it will
cause critical accidents snch as a partial paralysis of the patients. The surgeon
must insert needles along appropriate trajectory that locates in a narrow space-
of pedicle of arch of vertebra. Thus, surgeons must have considerably ligh skill
and experiences in order to control the position of needle. When the needle is
inserted percutaneously, the surgeon uses X-ray fluoroscopy to confirin the po-
sition of needie resulting in continmons exposure of surgeon’s hand to X-ray. A
new engineering assistauce is required to iiprove the reliability, accuracy, and
safety of this procedure. '
In order to improve the above @
mentioned snbject, we have developed a Bowe Cme:
needle insertion robot for PVP (Figure '
2)[1]. Cleary et al. developed needle inser- :
tion robot for nerve and facet blocks un- R0\ AReS S
der X-ray fuoroscopy[2]. Comnpared with
robot for nerve and facet blocks, the robot
for PVP must generate larger insertion
force to make the needle penetrate cor-
tical bone of vertbra. On the other hand,
the size of the robot must be compact. In ~ Fig: 1. Percutancous Vertebroplasty
this report, design of the developed nee-
dle insertion robot for percutaneons vertebropiasty, its experimental evaluation
on the basic performance of the system and needle insertion accuracy are pre-
sented. The positioning accuracy of the robot itself was evaluated and the safety
miechanisin in case of excessive applied force was also tesied. Finally, accuracy
of ueedle insertion of the robot under image guidance was evahiated using a
vertebra model.

Pedlev Anezs Verebrae

Véreben: Eody Fracrired Broy Pac

2 Materials and Methods

Design of the Needle Insertion Robot
The developed robot has the following features:

1. The robot is rigid enough to generate vequired needle insertion force.

2. The robot is compact so that the robot system (needle positioning mecha-
nism, needie insertion and rotation mechanism) can be inserted in the space
between C-arm and the patient on the operating table. We have also de-
veloped an X-ray lucent operating table made of carbon reinforced fiber
materials (Mizuho Ltd., Japan).

3. The needle holding pari of the robot is X-ray lucent so tlmt the needle
ingertion process can be monitored by fInoroscopy (Figure 3).

4. The position and orientation of the needle can be adjusted with five degrees
of freedom in three-dimensional space.

0o
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5. The robot system is controlied by the surg'cal navigation system where the
appropriate needle trajeciory is planined based on pre-operative three dimeun-

_ sional CT images.

6. The safety mechanism that avoid i injury of the patient bv the needle when
excessive force is applied to the needle due to malfunction of the system.

The needle insertion robot is shown in Figure 2. The robot. consists of three
parts: 1) Rough positioning mechanism, 2) Accurate positioning mechanisin, 3}
Puncture mechanism. The rough positioning mechanism does not have sny actu-
ator. It lias only electro-magnetic brake to fix two joints. (X, and Y in Figure 4).
It positions the accurate positioning mechanisin and puncture mechanisin in
two-dimensional plane parallel to the operation bed surface. One actuated trans-
lational positioning mechanism | s used to position the mechanisim i inz direction
shown in Figure 4.

The aceurate positioning mechanism has four degrees of freedom for deter-
mination of orientation and position of the pnneture mechanism: two DOF for
to perpendicular translational motions (£10 mun in s{1] and s[2] direction shown
in Fignre 4) and two DOF for rotating motions arcund two axis intersecting
with each other at right angle (£30 degrees in « and £5 degrees in 3 shown in

E

Fig. 2. Developed Needle Insertion Fig. 3. C-arm X-ray image of the robot
Robot which Las radiolucent

Fig. 4. Robot Mechanism

b/



108 S. Onogi et al.

Tigure 4). R-guide was used to realize the rotation for @ axis, and remote center
of motion mechanism consisting of two linear actuation mechanism was used to
reduce the thickness of the mechanism{3].

The puncture mechanism inserts the needle into the patients (shown as s[3]
in Figure 4) and rofates the needle in reciprocal manner with amplitude of 120
degrees. The stroke and resolution of the needle insertion mechanism are 110
mm and £0.2 mmn respectively (Figure 4). The holder is a plastic disk fixed to
cylindrical part made of stainless steel thai is rotated by a DC motor. Inner
diameter of the cylinder is 52 mm. We can observe the position of needle hy
intra operative X-ray Hunoroscopy through the cylinder. Surgeon can monitor
the position of the tip of the needle during needle insertion process. It also
has a force/torque sensor to measure the force applied on the robot during
needle insertion. It is reported that the axial force during needle insertion to
human vertehra preserved under formalin fixation. And it is reported that the
forces did not exceed 25 N when feed rate of the needle was 0.05-0.5 mun/s.
We designed the needle insertion mechanisin to generate up to 60 N of axial
force.

This robot has safety mech-
anism, called " Mechanical Fugse”
(Figure 5). The needle was
fixed on the disk plate. The
holder grasps the disk with
four contacting parts supporied
by springs as shown in Fig-
ure 6. When unexpected exces-
sive force is applied to a nee-
dle, the disk comes off from the
holder to avoid possible damage
to the patient,

The entire inechanism was designed to be fixed to the operating table. The
size of the eutire mechanisin was 350 mm x D 400 mun x H270 mmn, and its
weight was 15 kg. Tt can be inserted in the space between C-arm of the patient
on the operating table as shown in Figure 7.

Fig. 5. Left: Normal setting, Right: Situation of
Needle comes off by Mechanical Fuse

e
\\
# Canc ) [ ' :
- siE e
Fig. 8. Mechanisim of the Mechanical Fuse Fig. 7. The robot can be installed

between a patient and C-Arm X-
Ray Equipment
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Description of Control System

Next, control system is shown in Figure 8. The system consists of the following
three devices: 1) Needle Insertion Robat, 2) Navigation System([4]), 3) Optical
Position Sensor (Optotrak, NDI, Canada). The robot is connected the navigation
systemn by LAN cable (TCP/IP). And the navigation system is connected with
an optical Position Sensor by serial cable (RS232C). The navigation sysiem
sends the position and orientation data to the robot. The robot drives the target
position and orientation using this data by software.

I

Send Position Data

- Target
~Rahot. -

* Operntdon Plan
* Robat Navigailon

. Optotrak
Marker - Get Positlon
- Target

- Rabot

Robot
Seot Position
4+ Pancture

Fig. 8. Total System

Evaluation of Needle Positioning Accuracy

In this stndy, three experiments were conducted. First experiment is accuracy
evaliation of the robot positioning ability. Target values in robot coordinate
systern were input to the robot and errors between target values and real valnes
which were measured with a position sensor (Polaris, NDI, Canada} placed at
the needle insertion mechanism. The errors were evaluated for varions points
and orientations in the range of motion of the robot.

Second experiment was evaluation of the Mechanical Fuse. The needle was
hold by a material-testing instninment with force sensor. The force was applied
along the needle and from the direction perpendicular to the needle. The force
applied to the needle when the disk came off from the holder was recorded.

Third experiment is evaluation of
. needle insertion aceuracy as a en-
tire system including positioning er-
rors duie to needle insertion robot, snr-
gical navigation systern, and optical

{Sawbones, Pacific Research Labora-
tories, USA). (Figure 9). Three di-
mensional eomnpnter model of the ver-
tebra model was obtained based on its ~ Fig. 9. Polyurethane Vertebra Phastom

[61%)
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CT data. The surface registration was used for surgical navigation [5,6,7,8]. The
total errors between target values and determinate needle positions were mea-
sured by comparing the planned positions of the needle insertion inechanisin and
measured position data obtained by the optical position sensor. CT data after
the needle insertion was also obtained to identify the difference between the ac-
tual needle trajectory and needle insertion plan for one case of the experiments,

The operation with this robot has three stages. At first stage, rough position
is set manually. Second, accurate position is set automatically by interaction
with the navigation systemn. Third, needle is inserted to a vertebra.

3 Results

Accuracy Evaluation of the Robot Positioning

Accuracy evaluation is perforined on each axis. Result is shown in Table 1. All
axes are satisfied requested specifications. However, errors of axis X and Z are
somewhat large.

Next, target values in a robot coordinate system are inputted the robot.
Result is shown in Table 2. In this case, all axes are satisfied requested specifi-
cations, too.

Evaluation of the Mechanical Fuse

Force along the insertion direction larger than 50 N made the disk came off the
holder. Needle holding disk came off when force larger than 3 N was applied at the
tip of the needle perpendicular to the needle direction. To simulate the possible
situation in clinical setting, position of the vertebra model after initial needle
insertion was shifted purposely by manual. The needle came off by mechanical
fuse successfully. When a vertebra model is moved suddenly, the needle came off
from the robot, too. )

Evaluation of Puncture in a Vertebra Model

The target value is set by the navigation system with CT image of pre-operation.
The position and orientation errors hefore and after contacting the model were
shown in Table 3. The contact of the needle was detected by the force sensor
signals from the systein.

X-ray images of one vertebra model used in the experiments were obtained
by CT to identify the position of lioles created by the needle. The position and
trajectory of the needle insertion was evaluated as the center of the respected

Table 1. Accuracy evaluation result of each axis (n=)

X (n=15)]Y (n=15)|Z (n=12)[a (n=36)|8 (n=27)
0.54 mm | 0.09 mm | 0.80 mm | 0.25 deg | 0.41 deg|
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Table 2. Accuracy evaluation result of multiple axes

Ave.| SD [Max. Err.

X[mm] (n=675) [|-0.437| 0.325 | -1.197

Y[mm] (n=900) |[-0.158| 0.197 | -0.675
Z[mm (n=1428)|[-0.540| 0.361 | -1.476

- |a[deg] (n=2448)[| 0.122 |0.0448] 0.230

ﬁ[deg] (n=279) || 0.138 [0.0661 0.364

Table 3. Result of Puncture Experiment

Average Error £ SD|{Maximum Error|Minimum Error
Pro-Puncture] Position mm] | =~ 0.80 + 0.29 1.13 0.31
(n=10) [Oricntation [dcg] 0.06 = 0.08 0.21 0.00
Contact Position [inm] 0.81 + 0.40 1.51 0.41
(n=8) [Oricntation [deg] 0.20 £ 0.26 0.80 0.03

volume due to needle insertion. The difference between the planned position and
the entry point of the needle at the surface was 0.21 mm and the orientation
error was 0.9 deg.

4 Discussion

The developed robot is compact enough to be set. in the space between C-arm and
operating table, while being able to generate required force for needle insertion to
vertebra. It can insert 10 G needle into porcine vertebra sample with surrounding
tissue and skin (data not shown.) Thus, it can generate enough force for PVP.

In accuracy evaluation, the robot is satisfied requested specifications (error
less than 1 mm). The reason that errors of axis X and Z are somewhat large is
mechanisin of X-axis for small size. We used a remote center of motion mech-
anism consisting of two linear actuation mechanisms to reduce the thickness of
the mechanism placed in the space between the C-arm of the fluoroscopy and
operating table. This deteriorates positioning accuracy of the robot. However,
since required positioning accuracy was satisfied as a whole. The system has
enough positioning accuracy for PVP.

The Mechanical Fuse functioned as designed. For further validation of the
mechanical fuse, experients simulating possible disturbances observed in ac-
tual clinical situations to confirm the safety of the system. In addition to the
mechanical safety measures, we have to develop the software to stop the systein
when the abnormal needle force is detected in thie embedded force sensors in the
system.

In total system error evaluation experiments, average of error is satisfied
requested specifications (position error less than 1 mm and orientation error
less than 1 deg). However, there was a case of the error exceeding required
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specification. We have to investigate the possible causes of errors to reduce the
total positioning accuracy. Another possible factor not evaluated in the present
study is the slip of the needle tip at the contact to the cortical bone. When
the surface of the vertebra is inclined, the needle may slip from the appropriate
insertion position. Thus the appropriate needle insertion plan-must be designed
to rednce the possibility of needle slip based on the geometrical inforination of
the vertebra. Although the system can be inserted into the space between the C-
arm and patient on the operating table, the systemn must be further miniaturized
for ease of operation for easier setting and operation. We will analyze the cause
of errors and optimize the mechanical design.

5 Conclusion

We have developed a needle insertion robot for Percutaneous Vertebroplasty.
Its experimental evaluation on the basic perforinance of the system and needle
insertion accuracy is presented. This robot can puncture with accurate and an
operator does not need to be exposed to X-ray. The mechanism of the robot
is compact in size (350 mm x D 400 mm x H270 mm, weight: 15 kg) so that
the robot system can be inserted in the space between C-arm of the patient on
the operating table. The position and orientation of the needle can be adjusted
with five degrees of freedom in three-dimensional space. The robot system is
controlled by the surgical navigation system where the appropriate needle tra-
jectory is planned based on pre-operative three-dimensional CT images. The
needle holding part of the robot is X-ray lucent so that the needle insertion pro-
cess can be monitored by fluoroscopy. The position of the needle during insertion
process can be continuoiisly monitored. In vitro evaluation of the systemn showed
that average positioning and orientation errors were less than 1.0 mm and 1.0 de-
gree respectively. Experimental results showed that the safety mechanism called
mechanical fuse released the needle holding disk properly when excessive force
was applied to the needle. These experimental results demonstrated that the de-
veloped system has the satisfactory basic performance as needle insertion robot
for PVP,
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Abstracs— The exertion and radiation exposure of a doctor
both Incresse with the samber of femur freeture patients
- treated, The suthors have developed a rabotie system to astist
in the operaticn, lemen these problems, sad mprove the off-
cacy of repair. The robot has 6 degrees of freedom, with a
G-axis force sessor installed (o enable a power asuist eapability
for the surgeon sed (o messure the farce applied 10 the po-
teat's femur, The following threo opesstion modes are pro-
vided: JOG mede ustag @ teaching pendant, a power amistod
tmode and sa sutomstic operation mode. Experiments were
suecassfully performed 1o evaluate the capabllities of the de-

" wveloped system. The basic data geeded to apply the system In

ciinics) ase were obtalned.

L INTRODUCTION

The prevalence of femur head fracture has been increasing in

orthopedic practices recently. It is cxpected that the number
will be increased further in the coming aged society. For
femur and tibia fractare therapy, it is possible to reduce the
dunation of hospital stay, prevent complications, maintain
and reduce the treatment cost if the fractured
pan of the inferior branch can be fixed securely and with
minimal invasiveness using a metal implant. However, the
attachmeat force is not always high enough if the frecture
reduction is incomplete. Thereforo, three-dimensional, ac-
curate fracture reduction is required and the development of
an accurate, image-guided, robotic system for performing
_bone fracture reduction operations with minimal medical
staff is essential.
The couventional reduction procedure is as follows: (1)
separation of a piece of bone by pulling the inferior branch
(leg), (2) reduction motion by pulling and rotation of an in-
ferior branch, and (3) intro-operative confirmation by X-ray.
The conventianal procedure, howeves, has the following
problems: (1) The force that must be exerted by the surgeons
is large while pulling the inferior branch. (2) Surgeoas,
medical staff and paticats are exposed to radiation during the
operation, (3) Reduction accuracy depends on thoe ability of
the surgeon. Therefore, researches concerning accurate
navigation in bone fraction reduction systems are crucial
(132}
The authors have develaped o medical robot system 1o assist
in femoral head fraction reduction which solves the prob-
lems mentioned above. The developed system was evaluated
through experiments. Furthermore, basic data were obtained

0-7803-§998-0/05/520.00 ©2005
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to apply the robot in a clinical test.

1L RELATED WORK

The progress of applied computer technology in enginecring,
and in medicine in particular, is remarkable. Starting from
various kinds of disgnosis system, computer assisted navi-
gation system is becoming popular, in particular, in ortho-
pedic surgery.

As an example of computer assisted surgery, a system to
suppori the determination of bone cutting and an artificial
Joint setting position and attitude was developed. Robotic
gystems to cut bone following the preoperatively planned
data have been developed [3][4](S) ROBODOC [6),
CASPER [7], ACROBOT [5] are representative examples of
sobot-assisted orthopedic systems for total knee arthroplasty,
Rabot-assisted artificial joint replacement hos been executed
in several thousand procedures since 1992 .
Comparative studies of robot-assisted and traditional sur-
gery are presented in [8), [9] and [10}. Honl, et al, have per-
formed more than 50 hip joint replacement operations using
ROBODOC. The robot-assisted surgery was better than the
traditional one in both machining accuracy of bone resection
and recovery time of the patient from surgery [8).

In areas other than bone surgery, the Intuitive Surgical da

' Vinci and ZEUS are well known as endoscopic surgical

systems. The former was dsveloped by Salisbury and used a
wire-diiven type of minimally invasive surgery system. It
has seven degrees of freedom on one hand and it is possible
to change the forceps part, depending on the task. The for-
ceps have a bending degree of freedom and the force applied
on the tip can be fed back to the master manipulator. How-
eves, it is impossible to feel the force during manipulation
whilo opemating on soft tissue because of the large reduction
ratio. ZEUSs are used by arranging them beside the oper-
ating table. A tele-surgery experiment was performed be-
tween United States and France in 2001, The system ob-
tained approval from the FDA for a remote bilateral opera-
tion system named SOCRATES, which provided an envi-
ronment for surgical guidance by sharing video and audio
feeds among remote doctars, connecting the opersting room
and thelr affices.

As an cxample of a bone fracture reduction system, a navi-
gation system to guide bane to the appropriate position using
the intra-operative X-ray image has been developed (1}(2]).



In this paper, the suthors have developed & bans fractuse
reduction assisting system, which consists of & navigation
system and a robot system which perfonns the reduction
motion, Moreover, expesimental evaluation results and basic
biomechanical data for application in clinical use are pre-
sented.

TI1. SYSTEM CONSTRUCTION

Figure 1 shows en overview of the developed system and
Figure 2 shows a schematic diagram of the system. The
system consists of a navigaticn system, a robotic system to
realize the reduction motion, an intra-operative X-ray sys-
tem, and an operation table, the motion of which can syn-
chronize with the bone fraction reduction robot. They are
connected to each other through a computer network. The
fracture reduction procedure is as follows: (1) The optimum
reduction path is calculeted pre-speratively using the CT and
X-ray images st the navigation system. (2) The calculated
path is sent to the reduction robot, (3) The reduction motion
is performed by the robot.

-Navigation confrolier Opu;trak

X-Ray
system

Fracture reduction
le assisting robot
l’lg.l System overview

Poct ey

Fig.2 Schematic diagram of the system

IV. OVERVIEW OF THE NAWﬁAnON SvsTem

The system plans the trajectory, including position and
posture, of the fractured part from the dislocated positionto
the reduced one. A navigation system which performs im-
age guided reduction was develaped. To obtain the 3 di-

" mensional image, the 3D imags can either be obtained in-
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tra-operatively or preoperatively using CT. Obtaining the 3D
image intra-operatively has tho advantage considering cost .
and time. Howover, the planning must be performed in the
operation room, Therefore, in the developed system, the 3D
image has beep obtained using CT. The following three
strategies can be listed for image guided bone fracture re-
duction: (1) The opposite side of the inferior branch is con-
sidered a2 amold. Afier fitting the proximal part of the boane
piece to the mold, the distal pan is set to the mold. (2)
Matching is executed using the cross sectional information
of the broken part. (3) The ante-version angle of the femur
head and neck-shaft angle is planned to be the average value.
Method (2) is used when the opposite side inferior branch
has an abnomnality or when an implant has alreody been
applied. Method (3) is used when the information of the
opposite side inferior branch cannot be used. The method is
also used when the broken cross section is crushed.

V. FRACTURE REDUCTION ASSISTING RoBoOT

A. Required finctions

The following functions are mquued for a femoral head

fracture reduction robot.

1) Pdlling and rotation fimetion

The distal part of the inferior branch can be fixed by the

robot. The pushing/pulling and the rotstional motions can be

generated in 3 tanslational and 3 rotational directions, re-
spectively.
2) Sofery

(a) Fail-safe mechanism: Large displacement occurs when

excessive force is applied to the bone and the fail-safe

mechanism limits the force. Fail-safe mechanisms are in-
stalled in the pulling and the rotational direction around the
femur and (ibia bone axes.

(b) Emergency stop function: The system stops moving and

maintains the current position when the emergency stop

bottom is pushed. .

3) Sultabifiry for the opemrbtg table located in the op-
eration room

(a) The robot can move in two directions in g plane toward

the operation table. The approach posture can be changed

freely.

(b) The robot can be connected with the existihg operation

table. Attacliing and detaching operations should be easy.

(c) The same position can be maintained by a lift after the

determination of 8 fracture reduction robot position {n the
operating room.

(d) The motion of the robot must be synchronized with that
of an operation table while moving up and down to
maintain the relative position between the body and infe-
rior branches.



4) The following operating modes were prepared: JOG

mode, power assisted mode, and an avtomaric mode.
(=) JOG mode: motion for each axis or complicated move-
ment is possible with a teaching pendant. '
{b) Power assisted mode: When limited power is applied to
the fracture seduction robot, the power is amplified accord-
ing to the desired level. Such a function allows the operation
for an infesior branch Lo be executed more casily.
(c) Automatic mode: The motion command is sent from the
higher navigation system. ’

B. Overview of the robat

To realized the roquired functions mentioned above, the
authars have developed a robot with six degrees of freedom
yiclding three rotational and thres translational motians, as
shown in Figure 3 and Figure 4, Linear guides were ar-
thogonally assembled to realize the 3 translational motions.
For the rotational axes, the axcs of all rotational degrees of
freedam intersect at the same point using a ollow motor. By
adopting these mechanisms, it is easy to calcutate the posture.
Table 1 shows the main specifications.

The fracture reduction robot can be attached to an operation
table using an arm. It is possible to adjust the arm, depending
on the length of lower branch of a patient. Furthermore, it is

possible to swing the am in right and lefi directions. The

~ robot is set rigidly by a 1it after the position of robot is de-
termined.

The lower branch of a patient is fixed by a boot. A 6-axis
. force sensar is mounted botween the boot far inferior branch
fixation and the motors for the rotational axes. Using the
force seasor, it is possible to measure a load applied on the
inferior branch of a patient and to implement power assisted
operation. The power assisted mode is effective when the
foot pedal is pushed.

Fie.3 Practure reduction robot
Table | Specification

Stroke X: 2150mm Y: -10-300mm Z:-10-300mm
A:220deg. B: £25dcg. C: +135deg

Force Fx, Fy: 400N, Fz: 800N

sensor Mx, My, Mz: 40Nm

Fail-safe Y: 280N 100mm, 30mm

mechanism

B: 28Nm +135deg,
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Fig.4 Definition of cach axis

Part of the operation table is made of carbon fiber ecinforced
composites to allow clean 2 dimensional and 3 dimensional
images to be obtained by a C-arm during the operation.

C. Fail-safe mecharism

When excessive force is applied on an inferior branch during
fracture reduction, both ligament and muscle may be dam-
aged and a new bane fracture may be caused, Therefore, it is
necessary to prevent any overload on the inferior branch.
Because a multi-axis force sensor is mounted on the robot, it
seems possible ta stop the system by monitaring (ke over-
foad. However, it is uncertain whether the measured force is
reliable during ean emergency, since thers is 8 possibility that
the multi-axis force sensor has been damaged. Therefore, a
hardware fail-safe mechanism has been installed. Functions
required for a hardware fail-safe system are as follows: (1)
High rigidity should be maintained in normal state. (2) Large
displacement occurs when an excessive force is applied to
thesystem as the fail-safe system Limits the force. (3) Emer-
gency signal is generated and the system is stopped. (4)
When the excessive farce is removed, the system returns to
its normal state,

To realize these functions, a ball was put in a cone-shaped
hole, and it was pushed with a spring from the top (plunger
method).

It is possible to adjust the fail-safe load because the spring
force is variable. - ‘

D. Control system

RT-Linux was adopted as an OS of the reduction system.
There arc three kinds of tasks for the control system as
shown in Fig.5: (1) a robot control task, (2) a socket com-
munication control task, and (3) a teaching pendant control
task. The robot contro) task, which is a real-time task, is
executed at 1kHz. The socket communication control task
end tho teaching pendant task are executed in the user task
area. Bach task i3 connected through a FIFO buffer.

As mentioned shove, the following control modes were
implemented in the fracture reduction system: JOG mode,
power assisted mode, and automatic mode. Amang these
modes, the power assisted mods is cutstanding.

In the power assisted mods, the force which is applied to the



Fig.5 Robot system cpnmllet

patient’s inferior branch by a surgeon is detected by the
multi-axis forco seascr. The detected foree is used to realize
proportional control by moving the inferior branch to an
arbitrary pogition and posture. When the surgeon applies 8
force to the boot which fixes the inferior tranch, the
multi-axis force sensor measures the resultant force that the
reduction robot applies to the inferior branch and that the
surgeon applies to the inferjor branch, The force, which a
surgeon applies to the inferior branch, is denoted “assist
force™ in this paper. It is impossible, therefore, to detect only .
the force which the surgeon applies to the inferior branch,
Generally, two farce sensors are necessary to detect the force
independently. However, in the developed system, a foot
Muhwummdmmnfwceuconsldmdnnn
origin when the foot switch is pressed. The variance of the
force while pressing the foot switch is considered as an assist
force. In the implemented system, the motion of the fracture
reduction robot was controlled to make the variance. force -
zero (Fig. 6). '

Force - increese fore applisd on the foxt
1. Foot gwitch On 3. Foct switch Off
Assisg
gin o
m -
el il
4. Ralsaso
. h

Assis C. Step assist dive

LA ) R | Foren
ﬁmm forca ”’;‘»‘ | 8. Decroaso asust

tarpet foreo
foot
On on Time
Fig.6 Pawer assisted mode
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The assist force is calculated to be small if the motion of the
fracture reduction robot increases the forco spplied to the
patient’s inferior branch. Consequently, the motion of the
robot is stepped. Therefore, the robot is safe. The motion of
the robot is stopped when the increase of the force applied to
the inferior branch and the force applied to the boot by the
surgeon are equal. Basically, the pulling force is generated
by the fracture reduction robot and, therefare, it is possible
1o reduce the load on the surgeon. When the assist motien is
stopped, it is possible to regencrate the motion by pushing
the foot switch. The motion of the robot is stopped when the
foot switch is released. It is possible to stop the motion of the
robot immediately if the surgeon detects an abnormal state,

E. Kinematics of the robot

Figure 7 shows the mechanism of the robot. £, Z and E
represent a vector whose length does nol vary, 8 vector
whose length varics, and a rotational matrix, respectively.
The suffixes i, f and k rcpresent the X, Y and Z directions,
regpectively. The mechanism solution is as follows:

E=EAE™E", m

mechmaerlsticeqmﬂoni_smmwdns

PoL + L, +Cl + 1L+ C} +C

+EACE +C + E™(CE +C+ EC)). )

The positicn and the attitude of the robot can be solved using
thesc cquations,

" V1. EVALUATION OF THE DEVELOPED FUNCTIONS

A. Fall-sqfe mechanism

The functioning of the fail-safe mechanism, which releases
the overlcad, was evaluated. The aclivation thresholds
points of the mechanism was set a3 280 N, plus or minus 25
Nm, for Y-axis and B-axis. In the experimeat, the value of

Fig.7 Kinematics of the developed fracture reduction as-
sisting robot



. the activation threshold was measured. Figurc 8 shows the
relationship between the force and the position. It was pos-
sible to confinm that the realized activation threshold cor-

. responds well with the desired value.

B Power assisted fimction

The power assisted mode was implemented to reduce the
Joad on a surgeon when pulling and rotating the patient’s
inferior branch using the control strategy mentioned above.
The force applied to the boot by the sargeon was measured
by a 6-axis force sensor. The motors were controlled do-
pending on the direction and the value of the measured force.
'lbemetnsinedmodelsopuanveonlywhdethofoot
pedal is pushed,

Itwposstbletomodifyﬁeviscwtyofthcsymby
changing (he sceeleration depending on the detected foece.
Figures 9 and 10 show the relationship between the appied
force and the position along the B-axis. Figures 9 and 10
represent the experimental results far the “soft mede” and
“hard mode,” respectively. In both figures, the relationship
between the position and the force is presented, until the
system reaches the appropriate positioa by repeating the
On/OfF for the foot switch. The motion distance is accumu-

N
N

Position.rad
-t
¢ 2 i

[=4
(3]

Inted even if the arigin of the calculated force is reset to zero (t;')’i'.l',‘:":::
using the On and Off of the foot switch. The required time is
small in the case of the “soft mode™ as shown in Fig. 9. In Fig.9 Power assist In soft modo

this case, the motion distance caused by a unit force is large,
On the contrary, the motion distance is small in case of “hard
mode” as shown in Fig.10.
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ms Evaluation of the fall-safe mechanism C. Applicarion o the kuman body

Basic data were obtained nocded to apply the robot to a
clinical test. The relationship between the distance and the
load was measured. Furthermore, the motion range of the
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