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ABSTRACT

Volume based surgical simulation typically provide visual
verification of surgical plans; however, cutting force pre-
diction allows a surgeon to verify feed rates and paths of
surgical tools. In this paper, we present several force com-
putation models used in musculoskeletal surgeries to
evaluate bone cutting. Forces on surfaces of a virtual sur-
gical tool are computed to simulate the instantaneous force
on the tool that can be oscillating or rotating. The virtual
tool istriangulated and rendered with isosurfaces of tissues.
Overload surfaces of the tool are highlighted to indicate
abnormal feed rate and moving paths of the tool.

1. INTRODUCTION

The main purpose of surgical simulators is considered as
predicting geometric changes of anatomic structures dur-
ing performing surgical procedures. However, evaluating
physical properties is aso important for many surgical
fields. Currently, severa surgical simulators evauate tis-
sue elagticity or plasticity to compute tissue resistance (e.g.,
[1-4]) that helps detecting and then preventing overload on
anatomic structures and damages on tissue surfaces [5,6].
Most simulators manipulate a deformable surface model to
evaluate physical congtraints by a finite element method
[1,2] or mass-spring model [3,4], and simultaneously
compute geometric deformation for visualization.

Contrast to the tissue €elasticity or plasticity, musculoskele-
tal surgery use removing operation to cut rigid bones and
bring topology rather surface changes on anatomic (bone)
structures. Therefore, geometric simulation for muscu-
loskeletal surgeries include the following topology
changes: sectioning a bone, identifying whether a bone is
divided as separate two, fusing separate bones together,
removing a bone and repositioning a bone. Instead of sur-
face models, volume model is considered suitable to simu-

late musculoskeletal surgeries because it contains interior
not only surface information. Three approaches of ma-
nipulating voxel-represented objects have been discussed.
One approach extends the contents of each voxel; for ex-
ample, 6 links were employed to represent relations be-
tween a voxel and its six-face neighbors [7]. Local ma-
nipulations such as sectioning a structure or fusing two
structures are easily implemented by adding and deleting
the links. Another approach uses 2D pointer array to ma-
nipulate a structure [8]. The array element is a list of trip-
lets, each of which records the depth of a boundary voxel
of the structure, a unit normal vector and 6 facing codes
indicating which voxel faces of the voxel are boundary.
Using the surface normal and face codes can quickly ob-
tain a 3D image. Adding a trandation to the depth of the
boundary voxels in the lists, the structure in the pointer
array can be trandated along the depth direction. The last
approach assigns a structure code and face codes to a voxel
to represent structure behavior [9]. An extended 3D seed
and flood algorithm was introduced to identify, reposition
and remove a set (structure) of the same code voxels, and
join multiple structures. Distance-levels on each voxel
were used to model isosurface changes during structure
manipulation [9].

Two aspects of research have discussed physical properties
in volume modeling. One considers that there exist spring
links connecting voxels and computes structure deforma-
tion by manipulating the links [10]. This is suitable to
simulate tissue deformation such as stomach or gallbladder
deformation. The second aspect of research focuses on
computing the resistance on a point inside a volume. This
can be used to obtain interactive haptic feedback in vol-
ume modeling [11,12,13], and manipulate individual atoms
in molecular modeling [14]. This can be also used to
simulate a virtual surgical tool that operates on anatomies,
such as knee palpation [15] or head section [12]. The
one-point simplicity for force computation may compute
every quickly, however is not precise to simulate the mus-
culoskeletal procedures that use large area of tool surface



to remove bones.

The goal of this research uses a material removing mecha-
nism to compute resistance on local area of a tool during
sectioning and drilling bones. There are severa reasons to
do this research. A bone structure is usually complex and
contains several kinds of tissues (cortical or cancellous
bone, or tumors) with different stiffness and hardness. The
load on atool may change abruptly, even the tool sections
or drillsin the same speed. The tool may section in an os-
cillating way or drill in a rotating way. The instantaneous
load of some oscillating or rotating angle on some flutes of
the tool may overload even the total force to the tool is
comfortable. This over-loads on a flute or the tool may
induce undesired results (e.g., cracks of tissues or tumors
in abone, atool break).

In this study, we introduce the machining models that are
aready applied in CAM (Computer Aided Manufacturing)
systems for evaluating machining forces of rotating tools
[16,17]. By manipulating the volume data, we compute the
geometric changes of bone structures to obtain the contact
conditions of the tool with the bone structure. Then, using
the contact and feed rate data of the tool, and tissue data,

we can compute the load on the tool and the bone structure.

In the following, Section 2 introduces the system structure
and describes briefly the geometric simulation methods by
manipulating volume data. Section 3 introduces the force
computation models for a rotating drill, an oscillating saw
and a general tool. Section 4 shows a simulation example
of knee surgery wherein a surgeon intends to remove a
tumor and insert a graft bone instead. He first uses an os-
cillating saw to section a window-shaped bone for opening
the tibia, then uses a dissector to section a soft tumor, and
last use rotating drills to fix the fixture for fusing the re-
turned window bone and the tibia. The example shows the
overload part or flutes of the saw and the instantaneous
force of the rotating drill.

2. SYSTEM ARCHITECTURE

Figure 1 shows the system architecture. A user wears a
shuttle eyeglass to observe stereographic images and uses
asurgical instrument attached with a 6 dimensional degree
tracker to interact with the system. The system includes the
interface module, data conversion module, isosurface re-
construction module, rendering module, (geometric) simu-
|ation module and force computation module.

2.1 Interface Module

The interface module provides virtua tools, menus and
data bars. Through the menus, users can choose a volume
to simulate, determine a simulation function to operate,
input bone grafts and prostheses that have been designed
by a AutoCAD system and change parameters of the shad-
ing model about light and material properties. Through the
bars, the users can determine perspective conditions in-

conditions including viewing position and angle, parity of
two eyes.

The tracker is attached to one end of a surgical tool to
simulate a virtual instrument. Based on the position and
attitude of the tracker and the geometric data of the tool,
the system can compute the intersections between the tool
with the volume for simulating geometric changes of
anatomic structures and computing forces on the tool.

2.2 Data conversion module

For manipulating voxel-represented objects, every voxel is
assigned three 6-bit distance-levels to simulate tissue sur-
face changes, six 1-bit face codes indicating whether the
voxel faces are boundary and one byte indicating the tissue
type and structure number. Totally, 4 bytes of memory are
used for each voxel. Bone grafts and prostheses are de-
signed by the AutoCAD system first, then converted to our
voxel-represented objects.

Currently, the system has dealt with gray-value volumes
from CT (computer tomographic) slices and bordered
volumes from MRI (magnetic resonance imaging) dlices.
The conversions are effective in these volumes. Manipu-
lating the three distance-levels and six face codes can also
simulate changes of tissue surfaces. These manipulations
are employed in the below “section” and “fusing” simula-
tions.

2.3 Isosurfacereconstruction module and
rendering module

The distance-levels are used computed sample points of
tissue surface (isosurfaces). In contrast to thresholding
techniques that determine a sample point on an isosurface
by one over-threshold voxel and one under-threshold voxel,
one distance-measured voxel can determine a sample point
[18]. In our system, a distance-level is interpreted as a
sample point on a main axis. It is convenient in using the
marching cube algorithm to obtain triangulated isosurfaces
by the sample points on the main axes [19].

All tools are triangulated to obtain a series of vertices as-
sociated with surface normals. These polygonal tools and
isosurfaces of tissues are rendered with the OpenGL li-
braries. Although the isosurfaces need not to be recon-
structed when changing perspectives, it may take tens of
seconds for reconstructing the isosurfaces after simulating
a surgical procedure. Therefore, we only reconstruct the
isosurfaces of operated part of a volume to achieve fast
response. Although the tool may visually intersect with the
anatomic structure, it did not remove any voxel of the
structure. The system removes part of the structure by
recognizing the sectioned part and removing the part after
a series of sections as described below.

2.4 Geometric smulation module

The following simulation functions are extended from the



algorithms reported in [9].

The “section” function first interprets the positions and
attitudes of a tracker as swept sectioning surfaces,
computes distance-levels for sectioned boundary voxels,
and assigns a dtructure code to the voxels. The
“recognition” function uses an efficient 3D seed and flood
algorithm to assign the voxels the same structure code
inside a closed boundary composed of voxels with the
structure code (sectioned boundaries) and voxels with
different tissue codes (natural boundaries). Different from
straightforward seed and flood algorithms, voxels along
X-axis are directly traversed and not stacked in the
algorithm [20]. Therefore, voxels for recursive are

%%S‘ggﬂag%r’e%ﬁc lon sets all voxels of a structure as air
voxels that can also be implemented by the 3D seed and
flood algorithm. The “fusion” function re-recognizes one
anatomic structure (separate bone, prosthesis or bone graft)
into another to join them into together. The structures may
contact each other and no new structure voxels are gener-
ated. New structure voxels may be generated to help fusing.
In this case, this function generates closed boundary vox-
el's between two user-specified curves on fusing structures.
Sometimes, bone grafts are implanted to help fusing. The
system then recogni zes the voxels inside the new boundary
voxels with the old structures as one structure.

The“collision test” function detects collision among bones,
prosthesis, vessels and the nervous cord. He proposed an
efficient collision detection method that maps all objects
into a map of regular cells, then detects collisions if ob-
jects exist in other object’s spaces [21]. This grid intersec-
tion method is not adopted to detect collisions herein be-
cause the distance when a structure is placed onto another
structure in a “fusing” simulation must be computed dur-
ing collision test. We adopt an efficient ray traversal algo-
rithm to detect the collisions (whether bone or nerve vox-
els exist on the path of a moving anatomic structure or
surgical instrument). This algorithm is the most efficient
one because it has the fewest additions and comparisons
[22].

The “reposition” function translates all voxels of a struc-
ture to another position by first implementing a “collision
test” to detect collisions, than pushing the structure into a
series of stacks and clearing the structure by the seed and
flood algorithm before popping the structure to a new po-
sition. The three components of the translating vector are
not limited integers. That means the system allows an un-
aligned trandation that usually occurs when a structure is
moved along the slice direction.

2.5 Force computation module

Although the force on the tool and geometric changes of
the anatomic structure actually occurs at the same time, we
compute the cutting force after implementing a geometric
simulation (for section or fixation). The force computation
evaluates the force by the volume data; however, it does
not affect the volume model such as geometric simulation

did.

Our force computation models approximate a tool as finite
surface elements. We use a (contact) point to represent a
surface element. A contact point is contacting if it isinside
any voxel of the anatomic structure. We consider the tool
is removing tissues at a surface element if its contact point
is contacting, then a force computation for the surface
element computation is implemented. After al contact
points of the tool are computed; the load on part or whole
of the tool can be obtained by summing the force from all
surface elements.

Contact points of a simple-shaped tool can be determined
by the attitudes of the tool. For a complex tool, we use the
vertices of polygons for rendering as the contact points. In
Section 3, we introduce the force computation models of
two simple-shape tools: oscillating tools for sectioning and
rotating tools for drilling, and the model of the general
non-simple tool.

After the force computation, the overload vertices or flutes
of the tool are highlighted to warn uncomfortable results of
the surgical procedures. The system can also show the in-
stantaneous forces of oscillating or rotating tools at another
window.

3 FORCE COMPUTATION MODEL

The force acting on atoal isthe sum of outside forces such
as gravitation, the friction force retarding the moving of
the tool, the stiffness force normal to the tool, and the
shear force removing tissues. When the tool is removing
tissues of bone especially in high speed, the last two terms
of forces are large enough to omit others.

3.1 Force computation model for rotating tool

Figure 2 shows a typica rotating drill. g-axis represents
the drill direction, w-axis and waxis are perpendicular to
the gaxis. A surface element of a flute is contacting,
therefore a resistance acts on the surface element of the
flute. We first determine the chip volume removed by flute
at the surface element. It is calculated as W H r. wis the
thickness along the flute, is the division of the (equally
divided) thickness along the feed direction to cos(b). b is
the helix angle of the flutes. h is the chip height on the
flutesis the division of the feed rate of the tool to the rota-
tion speed, the number of the flutes and cot(b). r is the
thickness along the radial direction, it is equal to R (the
local radius of the surface element) * sin(c). cis the angle
of thetool.

We consider there are two forces acting on the surface
element: a stiffness force Ft and a shear force Fh that are
proportional to the chip volume. The proportional ratios
only depend on the tissue type. Ft acts along the reverse of
the surface norma of the element. Fh acts along the re-
verse of the moving direction of the element that is per-



pendicular to the direction of Ft. Ftand Fhare divided into
three components along the three main axes. By summing
up the force components of all surface elements of a flute,
we can calculate the forces along three main axes on the
flute. By summing up the forces of al flutes, we can cal-
culate the force on the tool.

3.2 Force computation maodel for oscillating tool

Figure 3 shows a typical oscillating tool for sectioning
tissues of bone. waxis represents the feed direction, v-axis
represents the oscillating direction. The chip volume re-
moved by a surface element of a flute is calculated as
w H r. wisthe thickness aong the flute, is the division of
the (equally divided) thickness along the feed direction to
cos(d). dis the angle of the flutes. A is the height on the
flute, is the division of the feed rate of the tool to the os-
cillating speed and cot(d). r is the tool thickness that is
considered the same everywhere.

We consider there are two forces acting on the surface
element: a stiffness force Ft and a shear force Fh that are
proportional to the chip volume. The proportional ratios
only depend on the tissue type. Ft acts along the reverse of
the surface normal of the element. Fh acts along the re-
verse of the moving direction of the element that is per-
pendicular to the direction of Ft. Ftand Fhare divided into
three components along the three main axes. By summing
up the force components of all surface elements of a flute,
we can calculate the forces along three main axes on the
flute. By summing up the forces of al flutes, we can cal-
culate the force on the tool.

3.3 Force computation model for general tool

In the system, a virtual tool is triangulated for rendering,
and then triangle vertices can be used as contact points.
The chip volume on a surface element (represented by a
vertex) of a general tool can be calculated as A" h. Aisthe
area of the surface element, is determined by the average
of the triangles that share the vertex (contact point). his
the height of chip volume that is determined by the dot
product of the moving speed of the tool on the vertex and
the surface normal of the vertex.

A stiffness force Ft and a shear force Fh are considered as
proportional to the chip volume. The direction of Ft is
along surface normal, Fhis along the moving direction. Ft
and Fh are then divided into three components along the
three main axes. By summing up the force components of
all surface elements, we can calculate the force on the tool.

4 IMPLEMTATION EXAMPLE

Figure 4 shows the rendering results of a knee open os-
teotomy for removing a tumor inside the proximal tibia.
The volume is constituted by 28 CT dlices with 256* 256

resolution. The following simulation is implemented under
a P-111 800 with 256 Mbyte main memories without spe-
cial graphics accelerator.

Figure 4(a) shows the proximal tibia is being sectioned by
an oscillating saw. Because the saw approaches the tibia
too fast, there occurs overload on the left two flutes that
has already sectioned the tibia. That suggests the user must
slow the feed rate of the tool before contacting with the
bones. Figure 4(b) shows a window-shaped bone fragment
has been sectioned, recognized and repositioned away. The
tumor also appeared. A dissector is ready to dissect the
tumor. The dissector is not simple and vibrating (rotating
or oscillating) tool, therefore it is used manually to section
rather soft tissues, such as tumors. Figure 4(c) shows that
the tumor is being dissected by the dissector. However, the
left middle part of the tool contacts with a hard cortical
bone. Therefore, there occurs overload at the local area
This suggests the path of the dissector should be modified
to avoid contacting with the cortical bone.

This simulation of the musculoskeletal surgery indicates
the position and size of the window is a good choice for
opening the knee, the tumor can be completely removed
and the graft bone is suitable to fill up the tumor space.
The feed rates and paths can be confirmed and than modi-
fied to obtain comfortable ones. All simulation responses
are in 2 second that shows our simulations can achieve the
interactive requests for ordinary medical volumes. A re-
sponse includes completing a geometric simulation func-
tion, aforce computation (for section and drill ssimulations)
reconstructing the isosurfaces of the operated part of the
volume and rendering a stereographic image.

5 DISCUSSIONS AND FUTURE WORK

We have developed the force computation models for
evaluating the loads on the surgical tools for sectioning or
drilling procedures of musculoskeletal surgeries. Compar-
ing to the one-point force model, our models calculate the
resistance on multiple surface elements of the tool to
simulate precise results. By the geometric and physical
evaluations, our surgical simulation system can verify not
only the geometric morphology but also the feed rate and
moving paths of the tools. These help the verifications of
surgical plans, and the training of residents and students.
Although the simulation results seem reasonable, we still
have to verify the force computation models by experi-
ments.

We hope to extend the ssimulation system with tactile re-
sponses in the future. Before combining the haptic devices,
we must improve the speed of rendering isosurfaces. Al-
though the force computation practically can achieve the
refresh-rate requirement of haptic devices, the rendition of
large amount of isosurfaces is still difficult to achieve the
visual real-time requirement. Decimation techniques to
reduce triangles of isosurfaces or other volume visualiza-
tion techniques such as accelerated techniques can be tried
to save the rendition time. Besides, developing force



computation models for simulating other surgical proce-
dures, such as sectioning deformable soft tissues is also
required.
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Figure 3 Force computation model of an oscillating saw

(a) Proximal tibiais being sectioned by an (b) Window-shaped bone is sectioned and re-
oscallating saw. positioned away.

part of tool

(c) Tumor is being sectioned by a dissector. (d) Bone graft is prepared to fill up space
of removed tumor

Figure4 Open osteotomy for removing tumor in tibia (continuation)



(e) Bone graft isimplanted, window shaped (f) Window shaped boneis already reposi-
bone is being repositioned to original position tioned, rotating drills fixes the fixture

Figure4 Open osteotomy for removing tumor in tibia
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