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data) for arthroscopic or oral implant or nose surgery [16—18].
We also developed a volume based orthopedic simulator that
extends voxel contents to represent bone boundary topology
and geometry and thus to enable the closure check for the in-
tersections of tool-swept surfaces with any bone. This simula-
tor then recognizes new bones generated from the cut swept
surfaces on the bone to enable various orthopedic surgical pro-
cedures such as to delete, reposition and fuse bones. The sim-
ulator also transforms prosthetic components or surgical tools
such as drills into the representation of volume data to imple-
ment Boolean (e.g., subtraction) operations between the tools
or prosthetic components with the bone. Surgeons can use this
simulator to open, reposition and close a bone, or insert a pros-
thesis, or implement screws and plate on the virtual patient gen-
erated from the volume [19]. The simulation results have been
used to assist verifications and diagnoses about spine [20-22],
knee [23,24], hip [25] and maxillofacial [26,27] surgeries. Sev-
eral simulation examples for screws and plate including hole
drilling are introduced [25].

Several surgical simulation systems have already presented
haptic functions to provide the tactical environment and thus to
improve training effects. Most of these haptic responses involve
deformable organs [28-32]. Some involve bone removal, such
as burring and sawing operations. The bone burring simulations
use a model assuming that the cutting force is proportional
to the immersed depth of the bur into the bone or the tooth
[33,34]. Meanwhile, the bone sawing simulation uses the model
that describes bone chip removal loads on the oscillating saw
teeth to represent cyclic sawing force [35]. Because interns
should experience vibrating sawing force, such force prediction
is useful for training. Bone drilling resembles bone sawing and
thus requires a model that describes bone chip removal loads
on the rotating drill chisel edge and cutting lips to represent the
cyclic vibrating force. Such force computation model has been
discussed in metal drilling [36-39].

This paper introduces haptic functions added to our reported
orthopedic surgical simulator for simulating the bone drilling
process. These functions represent haptic responses when us-
ing a virtual drill to touch or drill a bone. The system uses
a 6D position-sensing haptic device to simulate the drill posi-
tion and angle that are then used to calculate whether the vir-
tual drill has immersed into any bone in the patient-specific
volume. The geometric information about the bone immersing
is then used to calculate the touch resistance against an un-
cut drill, and the drilling force for rendering the forces to the
haptic device as well as the drilling torque for evaluating the
work for bone drilling, drill bend and hand-piece oscillation.
The rest of this paper is as follows. Section 2 introduces the
system structure. Section 3 introduces the method of using the
6D haptic device input data to determine the drill position, an-
gle, and linear and rotational speed. Section 4 introduces the
touch resistance model that computes a force against the bone
penetration from the drill not in the cutting status. Section 5
introduces the force and torque computation models that sum-
mate the loads on the rotating chisel and lips to obtain the cyclic
drilling forces and torques. Section 6 demonstrates a simula-
tion example of screw and plate surgery applying these haptic

functions. Finally, discussion and future works are drawn in
Section 7.

2. Volume based orthopedic surgery simulator

Fig. 1 shows the system architecture. The computer
is a dual CPU P-IV 3.0G with the graphics card of
QUADRO4_980_XGL by NVIDIA Inc. The haptic device is
a PHANToM Desktop by SensAble Inc. This device has been
widely used and obtained high reliability [40]. The software
is implemented in C 4+ + (Visual C + + ver. 5.0) using the
OpenGL libraries to render isosurfaces, and using the HDDIV
libraries (by SensAble Inc.) to obtain the 6D haptic device
data (representing the x, y, z coordinates and the angles about
the x-, y- and z-axes of the haptic device, respectively) and to
render this device (generating three translational forces along
the x-, y- and z-axes, respectively).

The system provides menus and data bars to let users choose
a volume to simulate, determine a simulation function to op-
erate, choose a drill or a plate or a screw for screw and plate
surgery. This volume is constituted by a set of CT or MRI
slices. The data conversion process converts every original
gray-level voxel in this volume as a voxel with six pairs of
face flags and distance-levels that can dynamically represent
the topology and geometry changes of bones around the voxel.
A distance-level means a distance from the voxel center to
the bone boundary (isosurface) and is determined from the
gray-level threshold (representing the bone boundary) and the
voxel value (gray-level). For a CT volume, the thresholds for
cortical and cancellous bones are visually determined from the
slices constituting the volume. For a MRI volume, the thresh-
olds are determined by manually bordering on each slice. The
isosurface reconstruction process based on the marching cubes
algorithm reconstructs triangulated isosurfaces by the vertices
determined from the thresholds and the distance-levels of the
voxels. The rendering process renders the isosurfaces and the
drill through the OpenGL libraries. Real-time re-rendering
can be achieved when changing the perspective because of no
isosurface reconstruction.

The haptic device input process catches the 6D input infor-
mation of the haptic device in a specified haptic sample fre-
quency (set herein 1000 Hz) to simulate the position and an-
gle of a tool that can be a saw or an osteotome. The saw or
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osteotome edge from two tool positions and angles determines
an edge swept surface that is used to simulate bone cutting. If
one or more swept surfaces form a closed surface inside a bone,
seed filling changes the closed voxels as a new bone or null
to simulate a bone separation or removal [19]. Conversely, the
seed in a bone structure can be used to fill voxels until reaching
the boundary of another bone to simulate a postoperative bone
fusion and regeneration. A bone reposition writes the contents
of all solid voxels into the ones in new positions. A Boolean
operation between a bone with a solid simulates a subtraction
between a bone with a drill or an insertion (addition) of a pros-
thetic component or a bone graft into a bone [19]. The drill solid
is determined by the position, angle and size of the chosen drill.
These 6D inputs of successive haptic intervals are used to
calculate linear and rotational drill speeds. The force computa-
tion process then uses the drill position and speed to compute
the touch resistance or the drilling force and torque. The touch
resistance and drilling force are used for haptic rendering. Dur-
ing the drilling process simulation, the geometric changes of
bones are not computed (i.e., no isosurface reconstruction) un-
til the process is finished. Therefore, the real-time visual re-
fresh requirement (30 Hz) can be achieved for rendering bones
and the drill at the new drill position. Meanwhile, the system
summates the forces from sample points on a drill to calculate
the touch resistance or the drilling force and torque. Therefore,
the sample point interval determines the computation accuracy
and speed. The small interval leads high accuracy but lower
the speed. Therefore, the interval is set as achieving the highest
accuracy but can satisfy the requirement of 1000 Hz haptic re-
sponses even under the largest bone applied drill. Under such
haptic responses, every revolution in general rotation numbers
(500-1500 rpm) can traverse 40—120 haptic intervals that are
enough to represent the cyclic drilling forces and torques.

3. Tool position and speed computation

The pen-like haptic device attached with a drill (as shown
Fig. 2(A)) is used to simulate a real drill attached hand-piece

(as illustrated in Fig. 2(B)). The drill axis is set as the g-axis of
the drill coordinate system. The g-axis also matches the haptic
pen direction, the z-axis of the haptic device coordinate system
as illustrated in Fig. 2(C). The s-axis and #-axis are the other
two primary axes of the drill coordinate system, meaning that
the st-plane is parallel to the xy-plane and rotates as the drill
rotates. The difference of the two vectors g and ¢’ (the drill axis
of the previous instant) becomes the rotation of the drill axis
and the difference of the device positions P and P’ becomes
the drill translation. The rotation and translation dividing the
haptic sample frequency determine the linear v and rotational w
velocities at P. The component of v along the drill axis direction
(or g-axis) is defined as the feed speed, fg. The position and
the velocities at P are then used to calculate the position and
the linear velocity at every point of the drill. For example, the
velocity at the drill origin C is equal to v — w x [. [ denotes the
length from C to P.

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

X X
Y =SXZSyTR y
VA z

The scaling Sxz corresponds to the inverse of the pixel width
in the slices and is uniform for all tomographic slices that con-
stitute the volume. The pixel width is obtained from FOV (field
of view) dividing the voxel number in the slice wide. The scal-
ing Sy equals the inverse of the slice thickness. The transla-
tion 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 coordi-
nate systems and is constituted by three primary haptic device
(x-, y- and z-axes) axes represented in the volume coordinate.
Similarly, the volume coordinate can be transformed into the
haptic device coordinate through the inversions of the above
transformations.

Fig. 2. Position and angle calculation for the virtual drill: (A) Haptic device for simulating a drill attached hand-piece; (B) A real drill attached hand-piece and
(C) Drill position and angle determination using 6D data of haptic origin. P, C, O: origins of haptic device, drill coordinate system and volume coordinate

system.
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sample points on the drill surface
AN

Fig. 3. Touch resistance computation.

4. Touch resistance computation

The penalty method is usually used to compute a force for
preventing object penetration. This force is set as proportional
to the penetrated depth. Therefore, object intersection compu-
tation is required to detect whether any object is penetrated
by another object and then the penetrated depth from the ob-
ject surface is computed to determine the penalty force [41].
We herein propose a method that does not implement the time-
consuming object intersection and the penetrated depth com-
putation but just detect how many sample points on the drill
surface have immersed into bone voxels (with the gray-level
values larger than the bone thresholds) for fast computation.
More immersed points indicate the deeper penetrated depth;
then a larger touch resistance is assigned.

The method first transforms the device coordinate of every
preset sample point on the drill surface (as shown in Fig. 3)
into the volume coordinate using the transformation equation
described in Section 3. The three components of every trans-
formed volume coordinate are rounded off to determine which
voxel this sample point is located in. The sample point is inside
a bone voxel and the drill is considered as already immersed
into the bone at this point. The touch resistance is set propor-
tional to the number of sample points inside bone voxels, be-
cause more immersed sample points represent the deeper the
drill has penetrated the bone surface. The touch resistance di-
rection is set as reversing the drill moving direction to oppose
against the drill continuously moving into bones and pushes
back the drill to the bone surface. From the drill end to 10cm
above at one voxel-width interval, the system rounds a circle on
the drill surface to set sample points in one voxel-width inter-
val. Therefore, totally about 2000 sample points are processed
for a 5.4 mm drill (the largest drill used in the system).

5. Drilling force and torque computation
This system calculates the load on the cutting lips and chisel

edge to obtain the drilling force as the method described in the
machining theorem [36-38]. However, not as drilling by ma-
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Fig. 4. Drilling force and torque computation.

chines in which the feed direction can be precisely guided along
the drill axis, the drill-attached hand-piece is not easily fed ex-
actly along the drill axis direction. Therefore, our model also
considers the effect of such manual feed, i.e., the sideways feed
resistance and the feed change caused by the drill inclination
from the drill axis direction. In our model, the cutting lips and
the chisel edge are divided into small surface elements and the
load acting on each element is computed and summated into
the drilling force. A surface element (represented by a sample
point) is judged as cutting the bone if this sample point locates
inside any bone voxel (as the element of A or B illustrated in
Fig. 4). That means the sample point is first transformed into
the volume coordinate to check if it is in any bone voxel. If
it is, the surface element is in drilling. The system then cal-
culates the load for removing the bone chip on the element.
Because sample points on the cutting lips and the chisel edge
are in 0.1 mm interval, totally about 500 sample points should
be processed for a large 5.4 mm drill.

5.1. Drilling force computation

The area of a cutting lip element (as A in Fig. 4) is calculated
as dw x f/n. dw is the thickness of the equally divided surface
elements. n is the number of the cutting lips. f is equal to
(fq —ri,j x w)/pps (the drill rotation number per second). i
denotes the ith cutting lip, and j denotes the jth divided surface
element. r; ; is the distance of the element to the g-axis. r; j X @
represents the effects of the feed change caused by the drill
rotation. The load acting on the surface element is represented
as the following three components (shown in Fig. 4):

Fl = AKy -dw - f/n,
F',=AKy -dw - f/n.

F'.=AKy -dw- f/n,
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Ais 1 if this element is inside a bone voxel (i.e., in drilling), oth-
erwise it is 0. The above load components are then transformed
and summated into the forces in tangential, trust (i.e., axial)
and radial directions (Fig. 4). Therefore, the tangential (Ftang),
trust (Fiugt) and radial (Fragiys) forces contributed by the cut-
ting lip elements can be calculated by the following equations:

Ftang = Z (Flli),
iJ

AU
Firust = Z COS(Qi’j) . Fi.j + : SiI‘l(Qi,j) . Fin s
ij "i.j
(riz,/' —b?) T 1%
Fradius = Z - Sin(ei,j) : F,, - COS((),',]') : Fi)j

)

The area of a chisel edge element (as B in Fig. 4) is calculated
as dw x f. Because the radius of the chisel edge element to
the drill axis is small, the effect of the feed rate change caused
by the drill rotation is small to be neglected. Therefore, f is
herein set as f¢q/pps. Then, the trust force on this element is
calculated as FjC = AKc -dw - f. j denotes the jth divided
surface element. A is 1 if this element is inside a bone voxel,
otherwise it is 0. By summing up the trust forces of all chisel
edge elements, the trust force contributed by the chisel edge is
calculated as Fiust = ) j(ch).

Fy, Fy and F; are the forces rendered to the x-, y- and z-
directions, the three primary axes (as illustrated in Fig. 3) of
the haptic device, and therefore are the ones the user feels.
F, is equal to Fyyg because the trust force acts along the g-
axis of the drill, i.e., the z-axis of the haptic device. F, and
Fy are determined from Fiung and Fragius using the following
equations:

Fy = 08 0. Fradius — Sin o Fiang,
Fy = sin o0 Fpagiys + €08 aFang.

o represents the angle of the sz-plane regarding the xy-plane.
Because the st-plane (the drill) rotates, this changing o brings
the cyclic Fy and F\,. Meanwhile, the force coefficients Kc,
Ky, Ky and K7 actually depend on many variables such as the
drill rake angle, point angle, helix angle, cutting velocity and
feed rate, the bone density, and the radius from the drill axis
to the element etc. Herein, Ky, Ky and K7 are set as linear
functions of the radius from the surface element to the g-axis.
Other variables regarding the drill geometry, bone types (can-
cellous or cortical) are determined empirically corresponding
to the types of drills and bones.

5.2. Drilling torque computation

Flang and Fiagiys from the cutting lip elements generate the
torques Tiang and Tradius, Simultaneously. Tiane works against
the drill rotation and thus lets the hand-piece do the work for
the drilling. Tragius bends the drill and thus brings a danger of
drill breakage. Ttang and Tradius are calculated by the following

equations:

H
Ttang = E (ri,j : Fiyj)9
ij

(r2. — b?)

LJ
Tradius = Z li,j B

sin(0;,) - F/;
ij Tij ’

v
—cos(0; ;) - F;

l;,j denotes the distance from each element to the haptic point
(the rotational center for this bending). Fis from the cutting
lip elements also generates the torque Ty to let the machine
oscillate around the g-axis. Tiyg from the chisel edge can be
neglected because of the small radius from the chisel edge to
the g-axis. Therefore, Ty is calculated as

cos(0; ;) - Fifi

Tirust = E rij-

iJ

b
+ = sin(0;)) - F

The PHANToM Desktop used in this system cannot output
torques. However, the system represents Ty as a cyclic force
adding to Fing that acts along the g-axis, because Tiyg gives
the user a feeling of oscillating around the g-axis. Meanwhile,
Fradius 18 proportional to Tyagiys (in a ratio of /; ;) and thus gives
the user a similar sense as Tiqdiys- Moreover, the user may make
no sense about T,ng because it works against the drill rotation.
Therefore, the system does not represent Tiang and Tragius-

5.3. Resistance against drilling sideways

The feed speed fg is the component of the drill velocity v
along the feeding direction (as the g-axis shown in Fig. 4).
However, the velocity component perpendicular to the g-axis
(i.e., on the st-plane) brings a resistance to prevent the drill
moving sideways (inclining to any direction on the sz-plane)
and thus to lead the drill moving along the g-axis direction. The
system calculates this resistance as the following procedures.
First, sample points (spaced in one voxel interval) on the drill
surface except on the chisel edge and cutting lips are checked
for any bone voxel inside. If a point (as E in Fig. 4) is in a bone
voxel and the dot product of the surface normal at this point
with fs (the velocity component on the sz-plane) is positive,
a force proportional to the dot product occurs at this point.
Therefore, the resistance that prevents the drill to move side-
ways is summated from the forces acting on the sample points.

6. Case study

Any series of CT slices following the DICOM (Digital Imag-
ing and Communications in Medicine) protocol can be the
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source data of our system. In the following, a patient with a typ-
ical open reduction and screw and plate surgery for trochanter
fracture treated at the Orthopedic Department of Taipei Medi-
cal University Hospital in July 2001 was used to demonstrate
the results implemented by our system. This 83-year-old man
suffered from severe right hip pain with disability of right low
leg. CT was performed in 95 transverse sections with 1 mm in-
tervals at the hip (acetabulum, head, neck and trochanters) and
10 mm intervals in the stem and pelvis. Linear interpolations
were implemented to obtain a volume with constant (1 mm)
intervals.

Fig. 5(A) shows a 3D image that reveals a compression at the
right trochanter by the femur neck. This compression results
in a fracture passing from the lesser trochanter to the greater
trochanter and a protrusion at the lesser trochanter. Fig. 5(B)
shows the simulation results from the open-reduction surgery
for the trochanter fracture and compression in which the stem
was repositioned and the neck was lengthened to reduce the
angle deviation. The system used our reported feature recog-
nition and analysis methods that recognized the structures of
trochanters and femur stem, analyzed the position, angle and
size to determine the repositioned distance of the stem [25].
Therefore the angles of the femur stem and neck axes for the
left and right hips became the same after the open reduction. As
shown in Fig. 5(A), the user can choose any icon at the left top
of the system window to open a dialog interface for choosing
a patient, a perspective, simulation functions, rendering condi-
tions, a tool, etc. For example, the user can choose a drill such
as type, size and rotation number through the tool icon, then the
dialog interface as illustrated in Fig. 5(B). The workspace of
the haptic device automatically changes according to the per-
spective. The user can also modify this workspace by the device
dialog interface slide bar to obtain an optimal workspace.

After the reduction, the screw and plate surgery was used
to fix the femur stem onto the neck. For this screw and plate
surgery, the user moved the chosen drill to the right hip but
touched the hip as illustrated in Fig. 5(C). The system calculated
the bone resistance to prevent the drill moving into the bone
more and changed the drill color as light blue to reveal the
touch. Because of this touch resistance, the user can only move
the drill along the bone surface rather to penetrate the bone. One
sample point corresponds to 0.1 N touch resistance force and
the total resistance in the simulation was in 0.1-0.5 N, which is
enough to notice the user has already touched bones. The user
then drilled out four holes for inserting the screws as illustrated
in Figs. 5(D)—(F). The system changed the drill color as red to
reveal it was in drilling (as shown in Fig. 5(D)). Fig. 5(G) shows
the screw and plate surgery has been implemented after the
drilling. The reported feature recognition and analysis methods
also analyzed the position, angle and size of the recognized
femur stem and trochanters to determine the drilling positions
and size, and then the positions and sizes of the screws and
plate [25]. Therefore, the positions and sizes of the drill, screws
and plate can correspond to the positions, angles and sizes of
the femur stem and trochanters.

Fig. 6 illustrates Fy, Fy, F;, Tyusts Ttang and Tradiys from
the beginning to the end in the first hole breakthrough (at the

greater trochanter). The user tempted to keep the same feed
speed along the drill axis direction and the rotational speed was
set as the same during the drilling process. Fy, Fy and F, were
output to the haptic device and felt by the user. Tiust, Ttang and
Tradius Were the trust torque, tangential torque and radial torque
that oscillated the hand-piece, opposed against the drill rotation
and bended the drill, respectively. Because the rotating axes that
Tradius and Tiryg brought were changing, no direction but only
the absolute values of Tiagius and Tiust Were demonstrated in
Figs. 6(E) and (F), respectively. Seven stages can be observed
from the drilling process: stages of drilling cortical bone (B
and F), stage of drilling cancellous bone (D) and transitional
stages (A, C, E and G).

Ttang and Fyyse (F;) were large at the cortical bone drilling
stages (B and F) because both the cutting lips and the chisel
edge were fully immersed in the hard cortical bones to drill, and
Tiang and Fyy from the lip and edge elements all contributed
the same direction to summate large values. At the bone drilling
stages (B, D and F), Tiust, Tradius> Fradius and Frang generated
by the divided lip or edge elements cancel the ones generated
by the symmetric elements; therefore, the summations and then
the transformations F and F, became small. However, Tiys,
Tradius> Fx and Fy were large at the transitional stages because
the symmetric elements of the cutting lips or edges may not be
both in drilling or drilling the same type of (cortical or cancel-
lous) bone to cancel Tiryst, Tradius, Fx and F generated by the
symmetric elements. Tyyst, Tradius, Fx and Fy were especially
large and all the forces and torques vibrate violently at the be-
ginning stage (A). The reason can be considered to be that the
large bone surface curvature led to the abrupt change in drilling
geometry or let one cutting lip be not in drilling when the other
lip was fully in drilling.

The calculated forces at the hole breakthrough resemble
the tactile feeling from the real bone drilling. The calculated
trust force profile shown in Fig. 6(A) also much resembles the
drilling force profile measured from the real bone drilling [9].
These show the effectiveness of the drilling force and torque
model.

7. Discussion and future woks

Surgical simulation systems allow surgeons to experience
surgical procedures, and haptic interfaces enable perception
and delicate tactile sensations required in surgery. The drilling
process of orthopedic surgery is tough such that the violent
vibration at the beginning of the drilling may bend the drill
to break or let the user difficultly grasp the hand-piece. Such
drilling haptic functions implemented in surgical simulations
are important and have not yet developed. This study added
haptic functions for drilling to an orthopedic surgical simulator
so that not only geometric changes but also a tactile feeling of
bone drilling can be provided for the simulation of screw and
plate surgery. The combination of these haptic functions into
the orthopedic 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
interactions.
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Fig. 5. Surgical simulations with haptic environment. (A) 3D reconstruction of bone surface before surgery. Frontal view. Solid arrow: fractured and
angle-deviated right femur neck. Hollow arrow: protruded-out lesser trochanter. (B) 3D reconstruction of bone surface after correcting the trochanter fracture.
Frontal view. Through each icon, one dialog interface can be opened. The red ellipse shows the chosen drill in the interface dialog. (C) The drill (light blue)
has touched the bone with a resistance against the drill moving into the bone. Oblique view. (D) The drill (light red) is drilling the bone with cyclic forces
and torques against the drilling. (E) Drilled hole has been shown. Oblique view. (F) All four drilled holes have been shown. Oblique view. Screws (red and
blue) and plate (yellow): fixing the repositioned stem and neck. Oblique view.

Drilling theorems have been developed in machining field for we adopted their models that calculate and then sum up the
many years and obtain confidences in their force computation loads on divided surface elements on the cutting lips and chisel
models. Bone drilling resembles the metal drilling, therefore edge to obtain the tangential torque, and the trust, tangential



1716

A
A B C D E F G
5 1| \
' J
& 3
2 1
1
0"
10(sec.)
B
A B C D ERRER G
5 Lp ar e
1
Z o
-1
2 H
10(sec.)
D E, F G
10(sec.)

M.-D. Tsai et al. / Computers in Biology and Medicine 37 (2007) 1709-1718

D
A B _ C, D E,_F G
10 [EEEEEE [
, e
g H
s, \ %
2 A
0
10(sec.)
E
A B _C D E F G
250 | M PR e
200
E 150
g |
100
50 IM
. o |
10(sec.)
F
‘A B C D JETRER G
E 4
s ﬁ
QI I
1 4 ] |
| IRk

10(sec.)

Fig. 6. Drilling forces and torques in a hole breakthrough on the greater trochanter. A stage: the beginning of the drilling, B and F stages: cortical bone
drilling, D stage: cancellous bone drilling, C and E stages: transition between cortical and cancellous bone drilling, G stage: the ending of the drilling, N: force
unit (Newton), Nmm: torque unit. (A) Force along the z-axis of the haptic device. This axis is also the drill axis. (B) Force along the x-axis of the haptic
device. This axis is also the haptic device axis. (C) Force along the y-axis of the haptic device. (D) Tangential torque. (E) Radial torque. (F) Trust torque.

and radial forces. These forces are then calculated as the forces
that the user feels. We also extended the model to compute the
tangential torque as the work for the drilling, and radial and
trust torques for evaluating the drill bend and the hand-piece
oscillation. Our prototype system manipulates the volume data
of any specific patient to simulate the bone geometry changes
during orthopedic surgery and bases on the manipulated bone
geometry data together with the force and torque computation
model to simulate the haptic responses in drilling the patient.
Although the simulated forces provide the tactile feeling that
resembles the real drilling, the force coefficients in our mod-
els are simplified to neglect the effects of the drill rake angle,
point angle, helix angle, cutting velocity and feed rate but only
to consider the effect of bone (cortical and cancellous) types.

To achieve higher predicted accuracy, these coefficients should
be studied to vary according to the given specification (includ-
ing age, sex, race, bone density and so forth) under statistically
meaningful number of cases.

Another haptic response, the touch resistance, provides a
touch feeling and a force to prevent the bone penetration when
handling a non-rotating drill. This touch resistance computa-
tion model does not implement the time-consuming object in-
tersection and penetrated depth computation. Therefore, this
model can provide a real-time calculation by detecting whether
the drill has already immersed into bone voxels and give a re-
sistance as larger as deeper (more sample points) that the drill
has immersed into. This force acts along the drill moving di-
rection, and therefore, can push back the drill onto the bone
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surfaces. The sample point interval herein is set as one voxel
width to ensure no bone voxels are in-between any two sam-
ple points. Moreover, because the drill is usually moved under
10cm/s (0.1 mm per haptic interval) in the non-drilling state,
the haptic interval is much smaller than the sample point in-
terval to give the user a real-time touch response when the
drill begins immersing bone voxels. However, the sample point
method leads to an aliasing problem, meaning that the num-
ber of immersed sample points may increase several immersed
points at one time. Thus, the resulting touch resistance may not
change smoothly. The resistance is not large, therefore will not
give so uncomfortable haptic feeling.

Although a set of CT or MRI slices as the hip example pro-
vides voxels in 1 mm resolution level, the use of distance-level
(256 levels in a voxel) determines the triangulated isosurface
vertices in a sub-voxel level accuracy and provides fine 3D
images by rendering the triangulated isosurfaces. Different hu-
man parts that are smaller than the hip possess smaller FOV
(representing the size of each slice); therefore, finer resolution
and then better 3D images can be expected. However, finer res-
olution lowers accuracy of the force and torque computation.
Currently, the sample point interval for calculating the drilling
forces and torques is set as a constant of 0.1 mm to achieve the
haptic real-time. The sample point resolution equals 10 times
the voxel resolution in the hip case. The same sample point
resolution for a case with smaller FOV results in fewer sample
points inside a voxel; thus, the resulting accuracy for drilling
forces and torque computation becomes lower.

Meanwhile, the haptic interactions about the drilling force
are usually felt stable. The reasons can be considered as follows.
First, the haptic sample frequency (1000 Hz) by the PHAN-
ToM Desktop is far above the drill rotation frequency (about
1000 rpm) to not violate the Nyquist criteria and thus correctly
simulate the rotation of the drilling force. The exerting force
and the workspace ranges of the PHANToM Desktop are af-
fordable for interactions between the user and the haptic inter-
face. Second, the force computation can be real-time to provide
stable simulations because our system just checks if sample
points on the drill immersing into bone voxels rather uses time-
consuming object intersection and penetrated depth computa-
tion to calculate the drilling force. Third, the touch resistance
can notify the user that the drill is already on the bone to pre-
vent a large feed during the beginning of drilling. Therefore,
suddenly increased impedance that usually causes the instabil-
ity in the haptic interactions can be usually avoided [42].

The prototype system provides a more economic, safe and
convenient bone drilling training platform than by using syn-
thetic bones or sectioned frozen bones or drilling on real pa-
tients. However, the validation of the prototype system should
be evaluated by a number of experienced surgeons to compare
the realism, precision, ease of use and help to surgery between
using the simulation system and the traditional methods of us-
ing synthetic bones, sectioned frozen bones and real patients.
This validation evaluation is our future work. Meanwhile, the
haptic functions of the proposed system for extending are re-
alizing a haptic device affordable to output the drilling torque
and equipping the system with the second haptic device to sim-

ulate any guiding tool. Then, guided drilling that is also widely
used in orthopedic surgery can be simulated using the pro-
posed drilling force and torque model. The haptic functions for
simulating other orthopedic surgery tools such as reaming and
tapping bones as well as cutting, deforming and suturing soft
tissues should also be our future works.

8. Summary

Successful execution of bone drilling requires high-level
dexterity and experience because the drilling resistance is large
and vibrates violently to difficultly grasp the hand-piece or even
to break the slender drill. Therefore, combination of the drilling
haptic functions into the orthopedic surgical simulator for
training 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 ortho-
pedic surgery and then uses the force and torque computation
model to simulate the haptic responses in the drilling process
based on the manipulated volume data.

Our force and torque computation model calculates and then
sums up the loads on divided cutting lips and chisel edge el-
ements to obtain forces and torques along the trust, tangen-
tial and radial directions. These forces are used to render the
haptic device that provides the user tactile feeling. The calcu-
lated torques are used to evaluate the required work for drilling,
the drill bend and the hand-piece oscillation during the drilling
process.

A simulation example of screw and plate surgery demon-
strates changes of bone geometry for several procedures and
the calculated torques and forces during the drilling process
of a hole breakthrough on the trochanter. The simulated forces
and torques resemble the ones in real drilling and thus show
the effectiveness of the drilling force and torque computation
model.
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