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ABSTRACT

This paper describes a haptic device equipped surgical simulator that provides visual and
haptic responses for amputation surgery. This simulator, based on our reported volume (constituted
from CT slices) manipulation algorithms, can compute and demonstrate bone changes for the
procedures in various orthopedic surgeries. The system is equipped with a haptic device. The
position and attitude the haptic device are transformed into the volume to simulate and render the
oscillating virtual saw together with the virtual bones. The system then judges if every saw tooth
immersing in (cutting) any bone. The load for removing the bone chip on a cutting tooth is calculated
according to the feed rate, oscillating speed, saw geometry and bone type. The loads on all the saw
teeth are then summed into the three positional forces that the haptic device generates and thus the
user feels. The system provides real-time visual and haptic refresh speeds for the sawing procedures.
A simulation example of amputation surgery demonstrates the sawing haptic and visual feelings of
the sawing procedure are consistent and the simulated sawing force resembles the real force.
Therefore, this prototype simulator demonstrates the effectiveness as a surgical simulator to

surgery; haptic interaction

rehearsal the surgical procedures, confirm surgical plains and train interns and students.
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1. INTRODUCTION

Recently, many simulation systems have been
developed to provide visual confirming and rehearing
for surgical modalities in different surgical fields such
as orthopedic [1-6], maxillofacial [7-9] and
laparoscopic [10-14] surgeries. Meanwhile, haptic
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feedback is also considered as necessary in several
surgical fields and has been implemented in some
surgical simulator such as cutting deformable organs
[10-14], and burring the skull [15] and teeth [16].

Bone sawing procedures carve out bone shape in
ostectomy, osteotomy, artroplasty and amputation
surgery. Stable sawing brings good cutting surfaces
that are necessary for healing after amputation surgery.
However, bone sawing resistance is usually large and
change abruptly to result in unstable sawing; therefore,
the sawing procedures require a high level of dexterity
and experience [17]. Sawing on synthetic bones or real
bones (obtained from sectioned frozen bones) is the
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current primary training method [17]. However,
training of sawing on a virtual patient with complex
bone geometric changes as sawing on real human is
required [18]. Therefore, a computer simulator for the
amputation surgery is expected to demonstrate all
geometric changes and provide haptic bone sawing
feeling.

This paper introduces a computer system for
amputation surgery that adds the sawing haptic
functions on our reported orthopedic simulator [19].
This simulator manipulate volume data (constituted
from parallel tomographic, such as CT or MRI slice) to
recognize new separate bones carved out from saw-
swept surfaces and then to delete, reposition and fuse
separate bones. These haptic functions represent force
responses when using a saw to touch or saw a bone.
The system uses a haptic device with 6D (three
positions and three angles) input data to simulate the
saw position and attitude and to calculate whether the
saw touches or immerses into any bone. The (volume
manipulated) geometric information about bone
touching and immersing is then used to calculate the
touch resistance and the sawing force for 3D-rendering
the haptic device (letting the device generate 3 forces
along the three primary axes of the haptic device). The
effectiveness of the simulator was evaluated by
simulating an amputation surgery from CT transverse
sections of a knee amputation patient.

2. SUBJECT AND METHODS

2.1 System Structure

Figure 1 shows the system architecture. A haptic
device with 6D input and 3D output abilities is
attached to the system to provide the tactile
environment. The input 6D information of the haptic
device together with the saw data are used to calculate
the saw position, attitude and speed as described in
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Fig. 1. System architecture.

Section 2.2. The saw position, attitude and speed data
together with the patient volume data are used to
compute the saw touch resistance (described in Section
2.3) and cutting forces (described in Section 2.4). The
touch resistance is used to prevent the saw penetration
into bones when it is not in sawing (oscillating).

The patient volume is converted as the data
structure that the prototype system can manipulate
[19]. The isosurfaces for any specific tissue or
structure is generated using the marching cubes
algorithm [20]. The triangulated isosurfaces and the
dynamic saw are then rendered through the OpenGL
libraries. When changing the perspective, the
isosurface reconstruction is not required, thus real-time
re-rendering can be achieved. Currently, the
simulations for orthopedic procedures such as
osteotomy, ostectomy, and bone reposition and fusion
can achieve interactive responses because isosurface
reconstruction is involved. Therefore, the patient
volume is not refreshed during the sawing process to
achieve real-time re-rendering for the saw oscillation
and the new position. The isosurface reconstruction for
the sawing process is implemented after the sawed
bone is judged to separate to remove.

Currently, the system is implemented on a dual
CPU P-IV 3.0G with the graphics card of
QUADRO4 980 XGL (by NVIDIA Inc.) to achieve
the real-time haptic rendering (over 1000 HZ) and the
saw rendering (over 30HZ). The system uses the
Phantom Desktop haptic device (by Sensable Inc.) that
can provide 3D positional forces and 6D positional
sensing more than 1100 dpi resolution. Therefore,
real-time visual and smooth haptic responses for the
amputation surgery can be achieved with our prototype
system.

2.2 Saw Position, Attitude and Speed
Computation

The pen-like haptic device attached with a saw (as
illustrated in Fig. 2(A)) is used to simulate a real saw
attached hand-piece (Fig. 2(B)). The saw attitude, the
g-axis of the saw coordinate system is set as
perpendicular to the haptic device attitude, the x-axis
of the haptic device coordinate system. Therefore, the
g-axis coincides to the z-axis of the haptic device
coordinate system as illustrated in Fig. 2(C). The s-axis
and t-axis are the other two saw primary axes, parallel
to the x-axis and y-axis of the haptic device coordinate
system, respectively. The saw oscillates about the #-
axis (the gs-plane). The haptic device primary axes, the
x-axis, y-axis and z-axis are three directions the
calculated touch resistance and sawing force act along.

The difference of the two vectors ¢ and g - (the
attitude of the previous instant) becomes the rotation of
the device attitude and the difference of the device
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(A) (B)

Fig.2. Position and attitude calculation for virtual saw attached hand-piece.
(A) Haptic device for simulating saw attached hand-piece.

(B) Real saw attached hand-piece.

(C) Saw attitude and position determination using 6D data of haptic point.
P, C, O : origins of haptic device, saw coordinate system and volume coordinate system

positions P and P “ becomes the device translation.
These rotation and translation dividing the haptic
sample frequency determine the device linear v and
rotational ¢ velocities (at P). The component of v
along the z-axis (or g-axis) is defined as the feed speed,
- The device position and the velocities are then used
to calculate the position and the linear velocity at every
point of the saw. For example, the position and

0
velocity at the saw origin C is equal to / 0 and v- @ X/
0
0| | respectively. / , the saw length, is the distance
1

from the saw origin to the saw tip. The position of any

0 0
saw tooth (as e in Fig. 2(C)) is calculated as / 0]+ 10
-
cos(d) 0 sin(0)
0 1 0 |.rthe distance from the saw origin

—sin(d) 0 cos(0)
to the saw tooth depends on the tooth position and the
saw type. &, the angle of this tooth on the gs-plane, is
equal to S+ «. /3, the angular position of the tooth

about the saw axis (Fig.2(C)), is equal to tan™' (

the saw tooth pitch is the distance between two teeth. ¢
represents the effect of the saw geometry. It is 0 if the
saw tooth tips form a line. n is the number of teeth
from the saw axis to the point. «, the oscillating angle
of the saw axis, is determined from the oscillating
frequency and amplitude.

The above haptic device coordinate (in real size)
can be transformed to the volume coordinate (in voxel
size) through the following concatenating affine
transformations.

X X
Y |=SxzSvTR| y
V4 z

The scaling Sxz, corresponds to the inverse of the
voxel width (FOV) and is uniform for all tomographic
slices that constitute the volume. The scaling Sy equals
to inverse of the slice thickness. The translation, T’
means the distance from the haptic device origin to the
volume coordinate system origin. The rotation R,
corresponds to the angle between the volume and the
haptic device coordinate systems and is constituted by
three primary haptic device (x, y and z axis) axes
represented in the volume coordinate. Similarly, the
volume coordinate can be transformed to the haptic
device coordinate through the inversions of the above
transformations.

np - c(np)’ P



BIOMEDICAL ENGINEERING-
APPLICATIONS, BASIS & COMMUNICATIONS

232

2.3 Touch Resistance Computation

To prevent bone penetration from a still (non-
oscillating) saw, we also use the immersed information
to calculate the force to prevent the penetration in
haptic responses. The computation first transforms the
device coordinates of the sample points (as the dot
points in Fig. 3) on the saw surfaces into the volume
coordinate as described in the above subsection. These
sample points are in one voxel interval. Whether every
sample point is inside a bone voxel is check. If it is,
that means the saw has immersed (already touched)
into the bone at this point. The resistance is than
proportional to the number of the immersed points
(inside the bone voxel). The direction of the touch
resistance herein is set as the reverse of the saw
movement direction to oppose against the saw moving
into the bone and pushes back the saw to the bone
surface.

sample points on saw surface

Fig. 3. Touch resistance computation.

2.4 Sawing Force Computation

This system calculates the load on the saw teeth to
obtain the sawing force as the method described in the
machining theorem [21-23]. In our model, every saw
tooth is judged as cutting the bone if inside any bone
voxel (as A4 illustrated in Fig. 4). That means the
position of every tooth is transformed into the volume
coordinate to check if in any bone voxel. If it is, this
tooth is in sawing. The system then calculates the load
for removing the bone chip on the tooth to sum up the
sawing force. A

For example, the area 4’ of the i-th tooth
(represented by the point at the tooth tip as 7 in Fig. 4)
is calculated as A xwxp xf/u. A is 1 if this tooth is
inside a bone voxel (i.e., in sawing), otherwise it is 0.
w is the width of tooth blade. p, the tooth pitch, is the
distance between any two teeth and can be considered
constant. u is the frequency of the of the saw

~i
Fnormal

o
j'mdinl

Fig. 4. Sawing force computation.

oscillation. The load acting on the i-th tooth can be
represented as three following components as
illustrated in Fig. 4,

A F! A

i i
A" F;'adial =K normal

i —
Eateral =K

= K normal

lateral radial

Frormal, the normal cutting force acts along the
sawing direction. Fradial, the radial force is radial to the
tooth face. Flateeral, The lateral force acts along the
oscillating direction. Fx, Fy and F: are the forces
rendered to the x-, y- and z- axes (as illustrated in Fig.

2(C)) of the haptic device. Fy is equal to ZF;;dial ,
meaning summated from Fradial of all the teeth. In
actual, the neighboring saw teeth are designed as
facing opposite sides (as illustrated in Fig. 4) to cancel
the radial forces generated from the neighboring teeth.
However, Fx and F) are determined from Frnormal and
Flateral of all the teeth using the following equations.

F. =Y (cos@'F,

normal

. i
—Ssm H Fiateral) .

F; = Z(Sin giﬁialeral + cosgiEmrmal) .

@', representing the angle of the i-th tooth
regarding to the f-axis, is determined by the method
described in Subsection 2.2. Because the saw oscillates
about the f-axis, #'changes and then Fx and F-. are
cyclic according to the oscillation frequency.
Meanwhile, because the angles of the saw teeth are
small, F-, the force against the saw feeding, is
composed most of the normal forces and part of lateral
forces acting the saw teeth. Similarly, Fx, the force
against the oscillation, is composed most of the lateral

forces and part of normal forces. Fy, the force pushing
the saw sideways, is composed from the radial forces
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acting on the saw teeth. The force coefficients Kiateral,
Kradial and Knormal actually depend on many variables
such as the saw rake angle, point angle, helix angle,
cutting velocity and feed rate, the bone type
(cancellous or cortical) etc, herein are set as constants
and determined empirically corresponding to the types
of saws and bones. Therefore, the sawing forces herein
are linearly proportional to the feed rate and the
inverse of the oscillation frequency for a specific saw
and bone type.

3. IMPLEMENTATION

Any series of CT sections following the DICOM
protocol can be the source data of our system. In the
following, a patient with a typical amputation of
extremity (distal femur) treated at the Orthopedic
Department of Taipei Medical University Hospital in
July 2005 was used to demonstrate the results
implemented by our system. This 80-year-old man
suffered from diabetes mellitus (D.M.) with repeated
D.M. foot of the right low leg (sepsis with discharge
sinus). He also had an osteoid osteoma over the right
distal femur. After angiography and further orthosis
planning distal femur amputation of extremity was
performed. CT was performed in 94 transverse sections
with 3mm intervals. Fig. 5 shows some results during
the amputation surgery simulation. Fig. 5(A) shows a
3D image that reveals a tumor at the distal femur and a
saw cutting the femur. Meanwhile, a hand piece

. femur axis

(A)

equipped with a saw is used to cut the femur for
separating the distal femur. The user separated the
femur by four cuts. At each cut, the saw with ten teeth
is fed perpendicular to the femur axis from the medial
(inner) side to the lateral (outer) side and deeper inside
the femur. Fig. 5(B) and Fig. 5(C) show that the
separate patella, and then the distal femur and tibia
have been removed to complete the amputation
surgery.

Fig. 6 illustrates the calculated force Fx, Fy, F:
during the first cut. The user temped to keep the same
feed speed and the oscillation speed is set as the same
during the sawing process. Fx, Fy and F: were rendered
as the forces along the three primary axes of the haptic
device, therefore were the forces the user felt. As
shown in Fig. 6(A) and Fig. 6(B), F: and Fx were
cyclic with the saw oscillation frequency. F:, mainly
constituted from the normal forces of the saw teeth,
therefore acts along the saw attitude direction. Fx,
mainly constituted from the lateral forces of the saw
teeth, therefore acts against the saw oscillation
direction and vibrates as the saw oscillates. As shown
in the two figures, the load of this cut increases
because the depth immersed into the bone surface
become larger and larger as the saw moved outward.
However, when the forces are large and vibrate
abruptly it became not easy to handle the hand piece.
Therefore, the hand piece was pushed away to become
uncut at several instants. In real bone sawing, such
case usually occurs especially for inexperienced
interns. Fy, constituted from the radial forces of the

(B) ©)

Fig. S. Surgical simulations with haptic environment. Oblique view.

(A) A knee with a tumor at the femur. Gray area: reconstructed bone surface. Solid arrow: tumor on the
femur. Hallow arrow: oscillating saw cutting the femur.

(B) The knee without the patella (that has already removed).

(C) The femur after amputation surgery. The distal femur and the tibia have already removed.
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saw teeth, is small during the whole cut because most
of the radial forces generated from the neighboring
teeth cancel to each other. Because the feed rate is kept
nearly the same, the remained radial force from one
and sometimes two teeth has nearly the same value as
shown in Fig. 6(C).
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Fig. 6. Sawing forces from the saw entering and

leaving the cortical bone.

(A) Force along the z-axis (saw attitude or normal
direction) of the haptic device.

(B) Force along the x-axis (device attitude or
oscillating direction) of the haptic device.

(C) Force along the y-axis (radial direction) of the
haptic device.

4. DISCUSSION

The sawing resistances in orthopedic surgery
usually violently oscillate to let the surgeon difficultly
feed the saw and grasp the hand-piece, thus bring
unstable sawing interface to lead bad healing. In this
study, we have added haptic functions to precisely
simulate the sawing process to our orthopedic surgical
simulator so that not only geometric changes but also
tactile bone sawing feeling can be provided for the
amputation surgery simulations. The combination of
the sawing haptic functions into our geometric surgery
simulator that has been developed for visual
verification, diagnoses and surgical planning provides
a use of training interns and students with both tactile
and visual interaction.

The proposed sawing force mode, modified from
the metal sawing theorem, calculates the normal,
lateral and radial forces on every tooth and then sums
up these forces into the 3 positional forces for
rendering the haptic device. Although the simulated
forces provide the tactile feeling that resembles the real
sawing, the force coefficients in our models are
simplified to neglect the effects of the saw rake angle,
point angle, helix angle, cutting velocity and feed rate.
To achieve higher predicted accuracy, these
coefficients should be studied to vary according to
given specification (including age, sex, race and so
forth) under statistically meaningful number of cases.

Other procedures in the amputation surgery such
as soft tissue incision and suture should be realized
into the haptic interaction simulator. Some suturing
simulator provides haptic interaction but no geometric
changes or deformations during surgery [24]. Our
future work focuses on implementing these incision
and suture procedures with both haptic and geometric
responses. Therefore, the combination of the sawing
haptic functions into our geometric surgery simulator
provides successful simulations with both tactile and
visual interaction.

5. CONCLUSION

Surgical simulation system allows surgeons to
experience surgical procedures and haptic interfaces,
thus to enable perception and delicate tactile sensations
required in surgery. Therefore, combination of the
sawing haptic functions into the orthopedic surgical
simulator for training amputation surgery is important
and has not yet developed until now. The proposed
system manipulates the volume data of any specific
patient to simulate the changes of bone geometry
during amputation surgery and then uses the force
computation models to simulate the haptic responses in
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the sawing process based on the manipulated volume
data.

Our force computation models calculate and then
sum up the loads on saw teeth to obtain three
positional forces that are used to render the haptic
device and provide the user tactile environment for the
amputation surgery. A simulation example
demonstrates that changes of bone geometry can
simulate the amputation geometry. Meanwhile, the
simulated forces resemble the ones in the real sawing
process and thus show the effectiveness of the sawing
force computation models. Therefore, the combination
of the haptic functions into our surgical simulator that
has been developed for visual verification, diagnoses
and surgical planning provides a use of training interns
and students with both tactile and visual interaction.
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