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Abstract

The research presented in this thesis describes a substantial part of the design of a prototypical
surgical training simulator. The results are intended to be applied in future simulators used to
educate and train surgeons for bone milling operations. In earlier work we have developed a haptic
bone milling surgery simulator prototype based on three degrees-of-freedom force feedback. The
contributions presented here constitute an extension to that work by further developing the haptic
algorithms to enable six degrees-of-freedom (6-DOF) haptic feedback. Such feedback is crucial for
a realistic haptic experience when interacting in a more complex virtual environment, particularly in
milling applications.
The main contributions of this thesis are:
The developed 6-DOF haptic algorithm is based on the work done by Barbic and James, but differs
in that the algorithm is modified and optimized for milling applications. The new algorithm handles
the challenging problem of real-time rendering of volume data changes due to material removal,
while fulfilling the requirements on stability and smoothness of the kind of haptic applications that
we approach. The material removal algorithm and the graphic rendering presented here are based on
the earlier research. The new 6-DOF haptic milling algorithm is characterized by voxel-based
collision detection, penalty-based and constraint-based haptic feedback, and by using a virtual
coupling for stable interaction.
Milling a hole in an object in the virtual environment or dragging the virtual tool along the surface
of a virtual object shall generate realistic contact force and torque in the correct directions. These
are important requirements for a bone milling simulator to be used as a future training tool in the
curriculum of surgeons. The goal of this thesis is to present and state the quality of a newly
developed 6-DOF haptic milling algorithm. The quality of the algorithm is confirmed through a
verification test and a face validity study performed in collaboration with the Division of
Orthopedics at the Karolinska University Hospital. In a simulator prototype, the haptic algorithm is
implemented together with a new 6-DOF haptic device based on parallel kinematics. This device is
developed with workspace, transparency and stiffness characteristics specifically adapted to the
particular procedure. This thesis is focuses on the 6-DOF haptic algorithm.
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Notations
3D“Three dimensional” (x,y,z), i.e., for representing a volumetric object.
3D texture mappingTexture mapping is a method for adding realism to a computergenerated graphic. An image (the texture) is added (mapped) onto a simpler shape that is
generated in the scene, like a decal being pasted onto a flat surface. For example, a sphere
may be generated and a face texture mapped on it, to remove the need to process the shape of
the nose and eyes. 3D texture mapping uploads the whole volume to the graphics hardware as
a three-dimensional texture. The hardware is then used to map this texture onto polygons that
are parallel to the viewing plane and which are rendered in back-to-front order.
CacheA cache (in computer science) is a collection of previously computed data. The
original data is expensive in terms of access and computing times relative to simply reading
the cache. Once original data is stored in the cache, it can be used by accessing the cached
copy rather than recomputing the original data, so that the average access time is lower.
Computer tomography (CT)A medical imaging method employing tomography, in which
digital geometry processing is used to generate a three-dimensional image of the internals of
an object from a large series of two-dimensional X-ray images taken around a single axis of
rotation. CT is used for the volumetric representation of hard and stiff objects, such as bone.
Density valueA measure of the X-ray attenuation value of one voxel. Each voxel in a 3D
volumetric dataset is associated with a density value in the 0–255 range (8-bit).
DICOMDigital Imaging and Communications in Medicine (DICOM) is a comprehensive
set of standards for handling, storing, and transmitting medical imaging information. The CT
scan produces a DICOM file, which is converted and implemented in the simulator.
Display listsA display list stores a group of OpenGL commands so that they can be used
repeatedly, simply by calling the display list. The list can be defined once and used as many
times as necessary. The OpenGL commands within the created display list are precompiled
and stored in the graphics card memory; therefore, the execution of a display list is faster than
the execution of the commands contained in it.
Face validity studyA face validity study is used to determine the realism of a simulator, e.g.
does the simulator represent what it is supposed to represent?
glCallListis an OpenGL command that executes a display list.
glDrawArraysis an OpenGL command that renders geometrical primitives from array data.
GL_TRIANGLESis an OpenGL command used in the glDrawArrays function to render an
array of vertices rendered as triangles.
1

Gradient valueA gradient is commonly used to describe the measure of the slope of a
straight line and to describe the direction in which there is the greatest rate of change. In the
context of the Marching cubes algorithm used in this paper, gradients indicating the change of
density values per length unit are used to define the normals of the surface.
Haptic adj.Relating to the sense of touch; tactile [Haptic, Greek haptikos, from haptesthai,
meaning to grasp, touch].
Haptic deviceA robotic input device used to interact with a virtual object in the 3D
computer environment. The haptic device used in this work uses 6-degree of freedom (DOF)
position information (x, y, z, pitch, roll, and yaw) from sensors and can control force and
torque in six DOF (x, y, z, pitch, roll, and yaw). The actuators are activated to create a feeling
of haptic force feedback to the user.
Haptic fall-throughThis problem occurs when the haptic algorithm fails to detect collisions
and/or fails to generate correct feedback force/torque, such that the proxy falls through the
surface. This is a well-known haptic problem; the user recognizes it when the proxy is falling
inside an object and there is no force feedback to the haptic device.
IsosurfaceAn isosurface is created by the Marching cubes algorithm at a density value
equal to that of the chosen isovalue. The isosurface is built up of triangles forming the shape
of the 3D object.
IsovalueThe predefined isovalue indicates the density value level of the voxels’ attenuation
values at which the graphic rendering of the 3D object is performed.
Leaf nodeThis is a node located at the lowest level of an octree node structure.
LU-decomposition In linear algebra, LU decomposition (also called LU factorization)
means decomposing a matrix as the product of a lower triangular matrix and an upper
triangular matrix. In this work, a 6x6 linear equilibrium system is solved by using the very
fast LU-decomposition method.
Magnetic resonance imaging (MRI)This commonly used form of medical imaging is
primarily used to detect pathological or other physiological alterations of living tissues. The
object to be imaged is placed in a powerful magnetic field, and the spins and directions of the
atomic nuclei within the tissue are used to create 2D images of the organ to be visualized. The
voxel data from the various 2D images are then used to create a 3D image of the object. MRI
is used for the volumetric representation of soft tissues and organs, such as the brain.
Marching cubes algorithmThis algorithm is a graphic surface-rendering method that gives
the vectors containing the vertices and normals of the triangles to be created for visualizing
the object, based on a predefined isovalue. The Marching cubes algorithm uses the voxels’ x,
y, and z coordinates and density values as input information.
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Object to be milledThe manipulated bone object is called “the object to be milled”. It is
created based on voxel density values taken from a CT-scan. It is graphically updated in real
time during the milling process. Point-shell points are distributed on the surface and used for
the haptic algorithm.
Octree node structureUsing this tree structure allows the storage of data in a hierarchical
structure for efficient traversal and reduced computation time. In this research, the octree
structure is used to avoid traversal of empty and unchanged regions (of the object to be
milled) using macrocells that contain the min/max density values and ranges of coordinates of
its children nodes.
Point-shellThe object to be milled is modeled as a point-shell, it is created with point-shell
points laying on the object surface and updated in real time during the milling process. The
resolution of the point-shell grid is controlled by a scaling factor which is pre-defined such
that it may reduce the point-shell resolution if this is needed for computational reasons. Each
point-shell point is holding its global position and inward normal used for calculations of the
haptic feedback.
ProbeThe probe is a representation of the haptic device in the virtual environment. The
location of the probe is calibrated to the real position of the haptic device and thus exactly
follows the movements of the device in 3D space.
ProxyThe proxy is a virtual representation of the probe in the virtual environment. A proxy
is used for visualization (the probe itself is not visualized) and haptic rendering. The idea is
always to keep the proxy on the surface of the object to be felt, while the probe follows the
actual position of the haptic device and can be located inside the object. When no collision is
detected, the proxy and probe positions are the same, but after collision the proxy remains on
the surface. Visualizing the proxy gives the user an augmented impression of touching the
surface. The probe–proxy distance and orientation (direction) are used for haptic rendering
and force feedback using a spring model.
Ray-castingA volume visualization method for rendering three-dimensional scenes on twodimensional screens by following rays of light from the eye of the observer to a light source.
The ray often passes through many slices of data, all of which need to be kept available for
the graphic rendering of the traced object.
Scene graphThe basic function of a scene graph is to describe both the visual and physical
attributes of the VR environment. In this paper, all graphics and haptics are represented in the
same scene graph.
Shellpoint-volumeBy using the pre-defined scaling factor (see Point-shell above) a voxel
volume enclosed by a leaf node is split up in to shell-point volumes of voxels (one or more
voxels depending on scaling factor) that are traversed to find the new lower resolution (LR)
point-shell points inside the leaf node volume. This is done in every time step of the graphic
loop. Each shell-point volume holds one point-shell point. If e.g. scaling factor 1 is used, a
shell-point volume contains only one voxel. In our demo we are using a scaling factor of 3.
3

Signed distance fieldA signed distance field contains volumetric information about an
object. For a pre-defined resolution, it is a voxelized volume that for each voxel tells the
shortest distance to the surface. A positive distance field value indicates that the point is
located outside of the surface. A negative value indicates that the point is located inside the
surface (is colliding).
Simulation object Position and Orientation (SPO)The virtual milling tool is named the
“SPO”, which is created as a pre-computed signed distance field.
t-testIn statistical analysis, a t-test is used for comparison of two means from two groups of
participants with a limited population. In this work we are using a two sampled unpaired twotailed t-test. Our limited population of orthopedists participating in the face validation study is
assumed to follow the normal distribution and two-tailed because we are using absolute
probability for analysis. A two sampled method is chosen due to that we are comparing means
of two different populations, and unpaired since the two groups are doing the same test
procedure (unequal variance). (Paired means same group are doing two procedures).
Virtual coupling (static)The virtual coupling is a virtual spring mounted between the real
and the simulated position/orientation of the device (the SPO). The spring tries to align the
device to the position/orientation of the SPO. In 6-DOF haptic rendering there are two
separate 3-DOF virtual coupling springs: one for the linear translations and one for rotations.
We are using a static virtual coupling.
Virtual reality (VR)VR is an environment simulated by a computer. Most VR environments
are primarily visual experiences, displayed either on a computer screen or using special
stereoscopic displays. However, some simulations include additional sensory information,
such as sound and tactile/haptic feedback.
VoxelVoxels can be regarded as the elements of a 3D rectilinear volume grid created by
either by CT or MRI image processing. These techniques use a segmentation method to
produce the voxel information of a volumetric model. A voxel consists of a density value and
the volxel’s coordinates in 3D space.
VoxmapThe Voxmap-PointShell method developed by McNeely et al. (1999) is the base for
the 6-DOF haptic algorithm developed by Barbic and James (2008), and which we have
further developed to be suitable for milling applications. A voxmap is a compressed data
structure computed by voxelizing polygon geometry into small voxels, each voxel holding
information about if it is surface/interior/outside located. We do not use voxmap, neither
Barbic and James (2008), but for McNeely et al. (1999) it is central.
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1. Introduction
This thesis covers the development of a haptic and virtual reality (VR) simulator. The
simulator has been developed for simulating the bone milling and material removal process
occurring in several surgical operations, such as vertebral operations, temporal bone surgery
or dental milling. The research is an extension to the research done by Flemmer (2004) at the
Mechatronics Lab of the Royal Institute of Technology (KTH). Interactions and discussions
with Simulatorcentrum at the Karolinska University Hospital as well as with Neuronic
Engineering at KTH have been very valuable for understanding the user perspective. The
project has been funded by the Center for Technology in Health Care (CTV) at KTH and by
the national Swedish research program PIEp – Product Innovation Engineering program.

1.1 Background
In earlier research, a prototype master–slave system for telerobotic surgery was developed by
Flemmer (2004). The work presented here describes an extension of that initial work, in terms
of developing a simulator system based on a virtual reality representation of the human bone
tissue from which haptic, visual and aural feedback to the surgeon is generated.
Haptics is related to generating a sense of touch. The word haptic derives from the Greek
word haptikos meaning “being able to come into contact with”. Haptics is an enhancement to
virtual environments allowing users to “touch” and feel the simulated objects with which they
interact. To be able to interact with an environment, there must be feedback. For example, the
user should be able to touch a virtual object and feel a response from it. This type of feedback
is called haptic feedback. A haptic feedback system is the engineering answer to the need for
interacting with remote and virtual worlds [Burdea (1996)]. Currently this is a less developed
modality of interaction with a virtual world as compared to visual feedback.
In human-computer interaction, haptic feedback means both tactile and force feedback.
Tactile feedback is the term applied to sensations felt by the skin. Tactile feedback allows a
user to feel things such as the texture of surfaces, temperature, vibration and even a grasped
object’s slippage due to gravity. Force feedback reproduces directional forces that can result
from e.g. solid boundaries, weight of grasped virtual objects, mechanical compliance or
inertia of an object. A haptic device or interface is used to reflect or send these feedback
forces and torques to the user, as shown in figure 1.
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Figure 1. Haptic interaction loop includes human user, haptic device and virtual world
(Picture source (partly): [Srinivasan and Basdogan (1997)])
The area of haptic research is an interdisciplinary field and it is generally subdivided into
three main parts [Seungmoon (2007)], see figures 1 and 2.
•

Computer haptics -algorithms and software associated with generating and rendering
the touch and feel of virtual objects (analogous to computer graphics). Generally this
topic spans object modeling and collision detection, both graphical and haptic
rendering, calculation of feedback response and the synchronization of haptic and
graphic loops.

•

Machine haptics -includes the mechanism and control design, development and
implementation of the haptic device that provides the bridge between the user and
virtual environment for bidirectional communication (interaction). This device is a
mechanical system that is also called input/output haptic interface.

•

Human haptics -the study of human sensing and manipulation through touch. It studies
the mechanical, sensory, motor and cognitive components of the hand-to-brain system.

Consequently, haptics is an interdisciplinary research field that encompasses and appertains to
psychologists, robotics researchers and computer scientists.
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Human Haptics
Perception, Cognition,
Neurophysiology

Machine Haptics

Computer Haptics

Device design, Sensors,
Communication

Modeling, Rendering,
Stability

Figure 2. Haptic interaction as an interdisciplinary field of research
In this thesis work we are concentrating on computer haptics (haptic algorithms) and its
integration to a virtual environment and a haptic device, to form a complete simulator system.
Virtual reality and haptic feedback are still relatively new and unexplored areas, only
emerging in approximately the last 15–20 years for medical applications. In the 1980s the
aviation industry saw the possibilities of using increased computer power to develop training
simulators and ushered in a new technology era. The first haptic device was developed in the
early 1990s and the first surgical VR training simulator was an abdominal simulator
developed in 1991 by Satava (1993).
Both the high risks of training on real patients and the shift from open surgery to endoscopic
procedures have spurred the introduction of haptic and virtual reality simulators for training
surgeons. Increased computer power and similarities with the successful aviation simulators
have also motivated the introduction of simulators for surgical training.
The main reasons for using haptic and VR simulators are as follows:
1. Surgical techniques are undergoing a major shift from open surgery to more
endoscopic procedures that minimize patient recovery time. Jolesz (1997) says that
limited visibility through “keyholes” during endoscopic procedures and through small
incisions of diminishing size increases the need for intraoperative image guidance.
Monitor-based navigation systems are used with endoscopic surgery, so there is a
natural progression from this real-world situation to practicing in a virtual
environment using the same equipment.
2. Simulators will create new training opportunities for surgical procedures which are
impossible to train for using current methods. Also, qualitative methods for measuring
operating skills can be implemented using a computer-based tracking system to
evaluate specific surgical performance.
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3. Pre-operation planning using a simulator will reduce errors and make the surgeon feel
safer when entering the real operating room to perform the task.
4. It will be possible to train and simulate specific complications, which are impossible
today to train when the resident is dealing with real patients.
5. In a simulator it will be possible to test and evaluate completely new operating
methods; this is very difficult today out of concern for patient safety.
6. Moving the training of residents from the operating room to simulators would reduce
operating room costs, costs that are very high today. Dawson and Kaufman (1998)
claim that up to $1500/h is being charged for the use of some operating rooms.
Moving training for surgical procedures from the operating room to a simulator in a
lecture room would thus offer considerable economic advantages.
7. With the introduction of simulators into the curriculum, it will also become easier and
more natural to initiate robot-assisted surgery. Using robot-assisted surgery would
increase the precision and safety of operations and also decrease the operating time.
The simulator prototype developed and presented in this research is primarily intended for
practicing bone milling surgery. In general, bone milling operations are risky and highprecision procedures. The surgeon must carefully find the exact position and orientation of
how to start the procedure and then perform the operation by milling a corridor through the
bone structure. The milling path is central in the surgery procedure – and an essential part of a
successful operation.
The surgeon typically performs this kind of operation with open surgery using a hand-held
mill. The surgeon must perform the procedure very carefully to avoid hurting e.g. nerve fibers
or blood veins located close to the operation area. Such a complicated operation is risky, time
consuming and demanding both for the surgeon and the patient. Today, the training of bone
surgery is mostly performed on real patients and in some cases on cadavers, which is
questionable from both ethical and training effectiveness points of view. Hence, a new
simulation opportunity could greatly improve the conditions for surgical training. Reducing
operating time by even a few percent would in the long run produce considerable savings. A
bone milling surgery simulator could be used as an educational tool, and for patient specific
pre-operation planning.
For simulations of a sensitive operation of the type described, the surgeon needs both highquality visual and tactile feedback.
The developed bone milling surgery simulator prototype system is presented in figure 3. The
system includes a virtual environment where the milling tool and the object to be milled are
graphically rendered in 3D, and a haptic device which generates force/torque feedback to the
operator based on a new 6-DOF haptic algorithm.
8

Figure 3. Overview of the haptic milling surgery simulator concept

1.2 Research Question and Overall Goals
The main goal with this research project is to develop a haptic milling surgery simulator for
bone milling operations. The work includes both development of a new 6-DOF haptic device
and development of a 6-DOF haptic algorithm for milling of bone tissue.
To reach the goal, the work has been divided into two parts performed by the haptics group of
the Mechatronics Lab at KTH. The development of the 6-DOF haptic device has been done
by Khan et al. (2009). The development of the 6-DOF haptic algorithm is the focus of this
thesis.
The research focus of the work presented here is to investigate algorithms which would
enable realistic haptic feedback for virtual milling in bone material. I.e. can we mimic a
real milling process of hard tissue in the simulator?
The goal of the work presented in this thesis is twofold:
•

To develop a properly functioning VR system for realistic 3D graphic representation
of the bone object itself, including the changes resulting from milling.

•

To develop an efficient algorithm for haptic force/torque feedback to mimic a real
milling procedure using volumetric computer tomography (CT) data of the bone.

9

The visual and haptic implementations are the two major steps towards the overall ambition
of this research project: To develop an appropriate haptic and virtual reality simulator
prototype for training and educating surgeons who practice bone milling.
Figure 4 depicts an overview of the developed 3D graphic rendering and 6-DOF haptic
rendering algorithms for milling. Each text block in the figure corresponds to a
research/development issue that has been solved in the development process of the simulator
prototype.

Haptic thread, 1000 Hz.
Get position/orientation of the SPO
(virtual mill), and of the device.
Box-box collision check: box of the SPO
/ box octree (object to be milled).
Get updated point-shell points and
normals for all collided leaf nodes (object
to be milled).
Collision detection between the selected
point-shell points and the signed distance
field of the SPO.
Calculate penalty force/torque/derivative
for all collided point-shell points, and
virtual coupling force/torque/derivative
between SPO and device.
Solve the equilibrium equation; the
solution gives translation/orientation
movement of the SPO.

At start-up:
Read in and store data
for the object to be
milled (pointshell)
and the SPO
(distancefield).
Object to be milled:
pointshell pts, density
values and gradient
3D matrices.
SPO: distancefield
values to the surface.
(Octree node
structures containing
voxel data for object
to be milled)

H3D API

Graphic thread, 60 Hz.
Check for milling. Check if a voxel
(object to be milled) is inside the
radius of the mill (SPO).
Update max/min density values
and gradient values, and update the
octree (object to be milled).
Apply the Marching cubes algorithm
to the updated tree (object to be
milled) nodes; generating triangles
vertices/normals, and based on a
scaling factor get the point-shell
points/normals.
Use OpenGL to render the triangles
to create the shape of the object to be
milled.

Move the SPO to new
position/orientation based on the
equilibrium solution. Put a new virtual
coupling between this new state of the
SPO and the device. Calculate
force/torque and send as feedback to the
haptic device.

Figure 4. The developed graphic and haptic rendering algorithms. Separated threads for
graphics and haptics, where the latter has highest priority

1.3 Requirements and Research Approach
When the mill interacts with the bone and cuts away material, the visual rendering must
manage to update the representation of the skull in real time without artifacts or delays. For
this, an updating rate of approximately 30 Hz and a latency of less than 300 ms are needed to
create a realistic visual impression [Mark et al. (1996)]. The corresponding demand for haptic
rendering is an update frequency of 1000 Hz [Mark et al. (1996)]. Meeting these real-time
requirements is a matter of general concern, since computational workload is much larger
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when rendering a deformable object rather than a non-deformable one. Also, realistic haptic
rendering in six degrees-of-freedom for complex interactions is very demanding.
Requirements regarding the haptic interface to the human operator are discussed in [ref
Suleman]. In short, those requirements cover workspace size, maximum force/torque
magnitudes, stiffness and back-drivability.
Initially, various ideas about how to develop a simulator were discussed and tested in the first
part of this research project. It was difficult to find an efficient start-up process for the project.
Even with close contacts with surgeons and those responsible for simulator-based education,
it is difficult to draw conclusions regarding the most important types of procedures needing
simulators and regarding their requirements and specifications. Finding appropriate software
and hardware for the project was also challenging, partly because of our lack of previous
experience in the field, but also because computer-based tools for simulating such complex
visual and haptic processes were lacking.
The first phase of this research work was devoted to developing a properly functioning
milling surgery simulator based on 3-DOF haptic feedback. This part is covered in a licentiate
thesis [Eriksson (2006)]. During this initial phase, a commercial haptic device was used. The
developed 3-DOF haptic milling algorithm was tested and verified for different cases. One
example test case used was interaction with a cube modeled as a high-resolution volumetric
dataset, see Figure 5.

Figure 5. A cube used for the verification tests of the 3-DOF haptic milling algorithm
This 3D haptic algorithm was based on a proxy-probe method, where – in the virtual world –
the probe represents the real position and orientation of the tool (as controlled via the device)
and the proxy represents a virtual position and orientation of the tool. During interaction, the
probe will penetrate the manipulated object while the algorithm maintains the proxy on the
object’s surface. The feedback force sent to the device is proportional to the distance between
the probe and the proxy. Figure 6 presents graphs of the proxy and probe positions relative to
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the cube surface for two of the different cases while dragging and pushing the mill alongside
and against the cube. The results indicate that the proxy follows the surface very well in all
cases. Results from more test cases are presented in Eriksson (2006).
For the different test cases, the proxy position, the probe position, the distance between the
probe and the proxy, and the actual modeled haptic force to the device were logged for
analysis. The globally defined dimensions of the cube were also known and used for analysis.

Figure 6. The proxy and probe positions relative to the cube surface in two different
verification cases
The 3D haptic/visual simulator was verified to have “good enough” performance in terms
visualization of the object to be milled including the material removal process, and in terms of
the 3-DOF haptic functionality. We then addressed the question of what would be the next
development step towards a practically useful surgical simulator. This led to an expansion
from the 3-DOF point contact haptic model to a full 6-DOF haptic milling algorithm that can
handle more complex contact geometries.
There are three known ways to construct a haptic algorithm based on geometrical information
for detecting collision between the probe and the VR object to be felt. These interaction
methods are based on modeling the probing object as a point, a line segment, or a 3D object
[Basdogan and Srinivasan (2001)]. Depending on the method chosen, different algorithms for
generating the haptic feedback can be used. If a point-based interaction model is used, only a
force is sent back to the 3-DOF haptic device. If a line segment is used, both forces and
torques can be fed back to the haptic device; in this case, the user needs a 6-DOF haptic
device to obtain correct feedback.
The requirement of haptic feedback in 6 degrees of freedom is based on the following
reasoning. There is an obvious limitation in using the 3-DOF haptic feedback: just forces can
be fed back to the user – no torques. This is a crucial limitation when working in a complex
virtual environment (e.g. surgical simulators or milling applications) where the tool will be
subject to multiple point contacts creating torques on the tool itself. As illustrated in figure 7,
this limitation becomes apparent for the 3D case for example when milling a hole followed by
a change of orientation of the tool – collision detection is performed only for the tip of the
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tool and hence there is no possibility to generate torque feedback. Without such a torque
feedback, which would physically limit the angular motions of the tool, the simulation will be
unrealistic. Coles et al. (2011) also declare the importance of 6-DOF haptic feedback; in a
general case of proprioceptive feedback, where a person interacts with a simulated scene, both
forces and torques must be experienced.
This thesis presents the development and implementation of a 6-DOF haptic algorithm, which
solves this problem by applying multiple point contact detection and full six degrees-offreedom force and torque feedback.

Fy

Tz

Fy
Fx

Fx

Figure 7. The problem with 3-DOF haptic feedback, solved with the developed 6-DOF haptic
algorithms

1.4 Scope of the Thesis
The research work presented in this thesis deals with the development of a haptic milling
surgery simulator. The main focus is on the development of 3D visualization of the object to
be milled including object updating during the milling procedure, and on the development of a
6-DOF haptic milling algorithm. The object to be milled can be any kind of a volumetric data
object built up with voxels of density values. The voxel density values are stored in a
hierarchical octree node structure, which is used for fast updating of the voxels’ density
values when milling and for fast collision detection. The 3D visualization is performed by
using a modified Marching cubes algorithm, and the virtual material removal is performed by
decreasing the manipulated voxel density values. The milling tool is created as a signed
distance field, for fast collision detection and haptic feedback. Point-shell points representing
the surface of the object to be milled is generated by traversing the octree and – if needed for
computational reasons – applying a method for adjustable closeness of the point-shell points.
The 6-DOF haptic milling algorithm applies a penalty-based method that uses a static virtual
coupling for stable haptic interaction/feedback. A verification test and a face validity study of
the bone milling surgery simulator prototype has been performed in cooperation with the
Karolinska University Hospital Division of Orthopedics.
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1.5 State of the Art in 6-DOF Haptic Rendering
1.5.1 Collision Detection
The objects in a virtual environment can be described in two main ways: as polygonal models
or as voxel models. The polygonal models usually consist of thousands of triangles, including
their vertices and normals. The voxel models can either be voxelized polygonal models,
which are based on polygonal data transformed to point-based discrete voxel data [McNeely
et al. (1999)]. The voxel models can also be taken directly from discrete data of the modeled
object, such as medical computer tomography (CT) data. In this case the radiation attenuation
values at each point in 3D space constitute the corresponding voxel density values [Eriksson
(2012)].
The collision detection algorithm will be different, depending on how the models are
described. For 6-DOF haptic rendering, multiple-point object collisions are occurring and
must be detected. If the objects are described as polygonal models, the collision detection is
performed by using computer graphics methods [Baraff (1994)], [Duriez et al. (2006)],
[Gregory et al. (2000)], [Yokokohji et al. (1996)], [Johnson and Willemsen (2003)],
[Kolesnikov and Zefran (2007)], [Ortega et al. (2006)], [Constantinescu et al. (2005)],
[Hasegawa and Sato (2004)]. In general, the following procedure is commonly used: each
rigid object is decomposed into a collection of convex polyhedra, and the polygonal collision
detection algorithm computes the contacts of these polyhedra [Kim et al. (2003)]. A contact
point, a penetration depth and contact normal direction is received from the algorithm.
These collision detection methods for polygonal models can be optimized for efficiency,
which is crucial for time-consuming 6-DOF haptic rendering (e.g., spatialized normal cone
search [Johnson et al. (2005)] or localized contact computations [Kim et al. (2003)]).
If the objects in the virtual scene are voxel models, collision detection is done by comparing
density values of the voxels to determine which ones are colliding. It is somewhat more
common to use a voxel-based description of the virtual objects for 6-DOF haptic rendering.
The likely reason for this is the pioneering work done by McNeely et al. (1999), who
introduced the Voxmap-Pointshell method that has been commonly used by different research
groups since [Wan and McNeely (2003)], [Renz et al. (2001)], [Ruffaldi et al. (2008)], [Prior
(2006)], [Barbic and James (2008)], [Garroway and Bogsanyi (2002)], [He and Chen (2006)],
[Tsai et al. (2007)].
In our haptic simulator we use voxel-based CT data from medical imaging, and hence also use
corresponding collision detection with discrete points.

1.5.2 Haptic Feedback
When a collision is detected between two rigid objects in the virtual environment, a contact
force model is activated to provide feedback to the haptic device. There are three different
methods that are used for determining the haptic feedback: penalty-based, constraint-based
and impulse-based methods.
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In the penalty-based method, the penetration depth between the two colliding virtual objects is
used to calculate reaction forces (and torques), which act to repulse the collision and are
proportional to the penetration depth and the stiffness of the materials. The computations of
the penetration depth can be expensive and there are methods for avoiding this problem, such
as using local penetration models [Kim et al. (2003)] or pre-contact penalty forces [McNeely
et al. (1999)], [Gregory et al. (2000)]. Using a penalty-based method when two stiff rigid
bodies collide requires high stiffness constant in the force model; this can be a stability issue
for the simulated haptic system.
The constraint-based method is characterized by having virtual objects as analytical
constraints and applying an approach to find forces (and torques) that do not violate these
constraints. The method makes the manipulated virtual object stay at the surface of the
colliding tool object (even though the haptic device is moving into the colliding object); in
other words, there is no penetration depth in the model. The classical god-object 3-DOF point
haptic interaction algorithm is a typical constraint-based technique [Zilles and Silisbury
(1995)], as is the related 3-DOF probe-proxy haptic interaction method. But this method is not
straightforward for 6-DOF rigid body haptic interaction [Constantinescu et al. (2005)].
However, Ortega et al. (2006) has developed a constraint-based method that works properly
for 6-DOF haptic rendering, and which generates forces that are orthogonal to the constraint.
The forces are proportional to the difference between an unconstrained acceleration and a
constrained acceleration, and to the mass matrix of the constrained object, which remains on
the surface of the colliding object.
Impulse-based methods have been used in the dynamic simulation of rigid body systems
[Mirtich (1996)], and are used for 6-DOF haptics as well. The idea is to simulate resting
contact as a cluster of micro-collisions and apply impulses to prevent inter-penetration
between two bodies that are colliding. First, the colliding voxel pair with the largest
penetration depth is selected. The impulse is then determined based on this voxel pair, in
order to create a separating velocity condition that is used in the next integration step
[Ruffaldi et al. (2008)]. Using impulse-based methods will generate visually acceptable
results, but the haptic feedback will be insufficient [Constantinescu et al. (2005)]. In
[Constantinescu et al. (2005)], a solution for this problem is presented: upon the colliding
contact situation, the impulse-based technique is used assuming infinite stiffness and during
resting contact the penalty-based method with limited stiffness is used.
The 6-DOF haptic milling algorithm discussed in this thesis applies a penalty based method
for calculation of the forces/torques acting on the milling tool. By having one of the objects as
a signed distance field we directly get the penetration depth used for the force calculations.

1.5.3 Stability of the Haptic Rendering
Stability issues in haptic rendering are related to the situation when two rigid objects are
colliding in a virtual world. To be able to transfer a feeling of high stiffness it is important to
have a stable haptic simulation. The haptic simulation consists of a virtual environment, a
haptic interface (which includes a haptic display and any software needed to ensure stable
interaction), and a human operator. There is a trade-off between good stability and high
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transparency of the haptic simulation; increased stability will cause reduced transparency, and
vice versa.
One absolute requirement for maintaining stability of a haptic simulation when two rigid
objects are colliding is high update rates of the haptic force calculations (at least 1,000 Hz for
the collision of rigid bodies) [Colgate and Schenkel (1994)], [Brooks et al. (1990)].
The 6-DOF haptic rendering can be split into one of two main categories: direct rendering or
virtual coupling. The categories differ in the way the virtual probe of the haptic device is
connected to the real position of the haptic device. In the direct rendering, the virtual probe
directly follows the haptic device (map-map) and the collision forces are sent directly to the
device. This approach provides high transparency of the haptic simulation, but less stability
when two stiff materials collide in the virtual environment, due to the limited dynamic range
of impedances a particular device can implement (“Z-width”) [Colgate and Brown (1994)].
To solve the stability problem for direct rendering, a virtual coupling concept was introduced
by Colgate et al. (1995). This method is used for many 6-DOF haptic algorithms to ensure
stability of the haptic simulation. The virtual coupling is realized as a spring-damper force
model between the device state and the tool object state in a haptic simulation [Otaduy and
Lin (2006)]. The device state directly follows the haptic device (like the probe in direct
rendering), which is called the virtual haptic handle [Wan and McNeely (2003)]. The object
state in the virtual environment is the dynamic object (e.g., the virtual tool). Dynamic
simulation is used to compute the position of the dynamic object. The virtual spring-damper
system is mounted between the virtual representation of the device and the dynamic object to
enhance stability of the haptic simulation. The virtual spring-damper system generates the
forces (and torques) that are sent to the haptic display.
By checking passivity, it is shown by Adams and Hannaford (1998) that the stability of a
haptic simulation when using virtual coupling can be guaranteed both for impedance and
admittance control of the haptic device.
The main disadvantage with a virtual coupling is that the force sent back to the operator can
be felt as dampened and smoothened, thus reducing transparency. By Renz et al. (2001) it is
stated that the spring-damper system of the virtual coupling often leads to a need for heuristic
optimization of the parameters for a given haptic display. As an alternative, they have
developed a dynamic shaping filter based on the virtual coupling concept, which enables easy
device parameter adjustment without affecting the haptic rendering algorithm.
The 6-DOF haptic algorithm presented in this thesis uses a virtual coupling, and it differs
from others in that our algorithm is customized for milling. Most of the other 6-DOF
algorithms referred to above are not directly suitable for milling. E.g. Barbic and James
(2008) put out the point shell points in a very time consuming pre-process manner, which is
impossible during milling.

1.5.4 Haptic Algorithms for Milling
There are some research groups that have developed 6-DOF algorithms for milling. Tsai et al.
(2007) is presenting research related to bone drilling haptic interaction for an orthopedic
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surgical simulator, including a case specific study. Their implementation of the thrust force,
thrust torque and touch resistance in the drilling direction is well documented. However, the
remaining torque component calculations (in addition to thrust torque) are insufficient for
milling applications. Also, for milling, the force rendering algorithm is insufficient due to that
it never takes the real penetration depth into account, just the number of collision points,
which makes it strongly dependent on the resolution of the point sampling. Real torque
feedback due to multiple point contacts in milling applications requires more elaborate force
rendering algorithms. He and Chen (2006) have developed a head bone milling surgery
simulator prototype, where they practice bone drilling simulation based on six degrees-offreedom haptic rendering. They are also using the thrust force, which is of concern but the
force summation has limitations for haptic milling – it creates haptic fall through problems
due to that the vector sum of the thrust force can be zero. The calculation of the force
component that occurs due to collision between the drill shaft and the bone is never described,
and makes the torques of pitch and yaw unclear. Chan et al. (2011) have developed a 6-DOF
haptic algorithm based on a constraint-related method for volume-embedded isosurfaces. The
algorithm might be used for bone milling applications and it seems to be well working.
However, using this algorithm for milling applications will require further development since
the algorithm works without penetration depth between objects; hence correct material
removal is not easily performed. Also, more resulting data on the quality of force and torque
feedback, and user studies would be needed to judge applicability for the scenario at hand.
Syllebranque and Duriez (2010) are presenting an impressive 6-DOF haptic milling algorithm
that includes friction rendering and real time updating of the distance field for dental
implantology simulation. However, the drawback with this algorithm is the computational
burden; the minimum update rate for the contact algorithm can be as low as 166 Hz. Scerbo et
al. (2010) evaluate a 6-DOF simulator for manual hole drilling in craniotomy and are able to
demonstrate skill transfer from virtual drilling to real drilling on a foam model. However, the
particular haptic algorithms are not described.

1.6 Thesis Outline
The thesis work is divided in two parts. The first part narrates summary of the research work
that has been conducted during the PhD studies, and the second part consists of appended
papers that have been published or submitted by the author during the PhD studies.
In part I, section 1 introduces research background, research question / over all goals, and our
research approach. It also includes related work and the scope of the thesis. A discussion
about having virtual reality and haptic simulators as educational tools for surgeons is
presented in section 2. Section 3 depicts shortly various possible VR haptic and milling
applications where the developed simulator can be used. In section 4 the developed graphic
and 6-DOF haptic rendering algorithms are presented. The verification test and the face
validity study are described in section 5. The first part of the thesis ends up with sections 6, 7,
and 8 where the summary of appended papers, the conclusion/discussion, and the references
are presented.
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2. Education of Surgeons
2.1 The Importance of Medical Simulators
A virtual environment can be used to avoid a too expensive or too risky real situation, and for
practicing for this real situation in a simulator. Simulators are used in many different
industries, such as the aviation, motor vehicle, nuclear, and aerospace industries [Scerbo
(2005)].
The education of surgeons works in the same way as it has for hundreds of years. “See one,
do one, teach one”the novice “sees, does, and teaches” on patients who enter the front door
of the teaching medical center [Dawson and Kaufman (1998)]. This puts unavoidably the
patient in a risky situation in which she/he is the subject on which the novice learns.
HealthGrades (2008) found that medical errors resulted in over 230,000 deaths in American
hospitals during a study period of three years. The situation is both ethically and economically
unacceptable if other methods are available for teaching surgical skills, such as using a
simulator. An alternative to using simulators is to use cadavers, plastic models, and animals,
but using these alternatives has many drawbacks [Nelson (1990)], [Totten (1999)].
High-risk training on real patients and the shift from open surgery to laparoscopic procedures
have made the introduction of haptic and virtual-reality simulators acceptable for training
surgeons. Increased computer power and the example of the success of aviation simulators
have also motivated the introduction of simulators for surgical skill training. Medical
simulators are and will be placed in academic medical centers where the training of residents
now occurs. These simulators will be used to bring resident physicians higher on the “learning
curve” before they attempt actual surgery. For example, the first gallbladder operation done
by a resident will not be done on a real patient, as it is today; rather it will be done in a
simulator that will teach the physician about both normal and unexpected anatomy [Dawson
and Kaufman (1998)].
Scerbo (2005) briefly describes some of the benefits that medical VR simulators offer. They
allow students to acquire and refine their skills without putting patients at risk and offer
objective measures of performance. They also allow students to encounter and interact with
rare pathologies, and decrease the need for animal and human cadaver labs. It may also be
possible to use such simulators to check on the psychomotor skills of experienced surgeons, to
ensure their competence to continue to practice [McCloy and Sone (2001)]. Today surgeons
train for a fixed period of time; future surgeons may have a variable residency program,
depending upon how quickly they attain competence by using a simulator [Fried M.P. et al.
(2004)].
Dawson and Kaufman (1998) advocate the use of simulators, by pointing out that learning
will occur more rapidly, without the necessity of waiting for patients with specific diseases.
On a simulator, many surgeons will be able to learn a patient-specific procedure, something
that is impossible today. If a patient comes in for gallbladder surgery, only the resident
working at that time can learn the procedure. The ability to simulate complications and rare
procedures is also an important feature of simulators.
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When learning on a patient, as is the case today, the resident commonly experiences pressure
from the teacher to “hurry” because of the high costs of using the operating rooms [Reznek et
al. (2002)]. By using a simulator, this problem can be avoided, and higher-quality learning
will be possible. The basic reasons for using haptic and VR simulators are as follows:
1. Today surgeons use monitor-based navigation systems for endoscopic procedures.
There is thus a natural progression from this real surgical situation to practicing in a
virtual environment with the same navigation equipment. Navigation in surgery relies
on stereotactic principles, based on the ability to locate a given point using geometric
references [Steiner et al. (1998)]. A simulator can be used to qualitatively train for
these navigation procedures.
2. Simulators will create new opportunities for surgical training that are not available
with the methods used today; for example, the validated measurement of operating
skills can be done using a computer tracking system and evaluating the performance of
the operation procedure.
3. Pre-operation planning in a simulator will reduce errors, minimize operation time, and
make the surgeon better prepared upon entering the real operating room to perform the
task.
4. It will be possible to train for and simulate specific complications in the simulator; this
is impossible today, since training depends on the particular patients requiring
treatment the day a particular resident is working.
5. In a simulator it will be possible to test and evaluate completely new operating
methods and explore organs in ways impossible today because of patient safety
concerns. Simulators will not only provide training in technical maneuvers; they can
also be used to teach decision making and judgment [Champion and Gallagher
(2003)].
6. Moving the training of residents from the operating room to simulators will reduce
operating room costs, costs that are very high today [Bridges and Diamond (1999)].
7. By introducing simulators into the curriculum, it will also be easier and more natural
to introduce robot-assisted surgery. Robot-assisted surgery will increase the precision
and safety of surgery and also decrease operating time. Another benefit of using robotbased telesurgery is that an expert surgeon can perform the operation remotely, at a
distance far from the patient; hence, it will be possible for a patient to get the best
treatment, independent of the distance from the expertise.
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2.2 Development of the Surgery Simulator Field
2.2.1 History, Drivers, and Barriers
The integration of virtual reality (VR) and haptic feedback is still a young and rather
unexplored area, only active for approximately 10–15 years. The computer screen was
described by Ivan Sutherland in the late 1960s as a window through which one sees a virtual
world, and the term “virtual reality” was introduced in the late 1980s [Schroeder (1993)]. But
VR had not really broken through into the medical field until recently, when computer power
and graphics cards reached a capacity sufficient for the realistic visualization of 3D modeled
objects of interest. VR technology makes it possible to visualize 3D models of medical
objects taken from volumetric data, such as MRI or CT scans.
Different research groups around the world saw the possibilities and strengths of developing
an interactive tool with which to “feel” virtual objects, and the first haptic devices were
developed in early 1990s. The first VR training simulator created was an abdominal simulator
developed in 1991 by Satava (1993), and in 1993 he introduced surgical training in a
simulated VR environment. In the late 1990s, the first commercially available laparoscopic
surgical training simulators were developed. The first prototypes were without haptic
feedback, but as the haptic algorithms became more efficient, force feedback was also
implemented.

Figure 8. PHANToM
(Picture source: [Sensable Technologies (2012)])
Bringing together the haptic and virtual environments gives a completely new interactive
scenario, and increases the realism of the virtual environment even more. In the 1980s the
aviation industry directly saw the possibility of using the increased computer power for the
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development of training simulators. This was a success, and some observers thought it was
strange that the medical field did not make the same use of it. But, as Dawson and Kaufman
(1998) say, there is a big difference between aviation simulation and medical simulation:
medical simulation requires that someone who trains using a simulator be able to physically
interact with the simulated environment, while a pilot is expected to avoid the environment.
This difference in complexity is the main reason for the lag time between the two different
applications of training simulators. What, then, are the forces that have driven the
development to the stage we are today?
McCloy and Sone (2001) declare that economic considerations have driven the development
and implementation of simulators in surgical education. Surgical training is expensive, and
the pressure for reduced working hours for trainees means that an increasing proportion of the
surgical training of residents has to be done outside the operating room. Scheffler (2008)
states that the cost of training a new physician is estimated to be $1 million. Champion and
Gallagher (2003) believe that the major driving forces are society’s demands for greater
responsibility in medical performance and surgeon needs for better training.
Haptic and VR simulator development is complex, since it involves so many disciplines and
scientific fields. In the late 1990s, software developers, hardware engineers, and experienced
surgeons in collaboration successfully developed the first products, including both haptic and
VR environments. In the development process, the surgeon must be able to describe the
operation in question, and the educator must be able figure out how the corresponding skills
are best trained. The software developer must understand how the process is executed in the
real operating room to be able to design the simulator software, and must also understand the
computational limitations. The hardware engineer must understand the real process for which
he is supposed to build a device constituting the physical interface to the simulated
environment. There are, of course, more issues to be addressed, but this outline illustrates one
of the more important issues when developing these complex systems: multidisciplinary
communication. Maybe communication problems comprise the main reason why most of the
developed simulators are not in use today. Progress in the field is slow, which is illustrated by
looking at conference proceedings from 6–7 years ago and comparing them with those of
today. Largely the same projects and same questions are still being discussed [Westwood et
al. 2005], [Westwood et al. 2012]. Communication between disciplines is one problem this
young and complex field must deal with, and perhaps conservativeness and tradition is
another [Dawson and Kaufman (1998)].
The last 10 years have witnessed an enormous change in both surgical education and real
surgical practices. There has been a paradigm shift in the operating room from open surgery
to more endoscopic surgery. Camera navigation systems have been implemented in these new
surgical procedures, and this makes it natural to start thinking of VR training systems that
could use the same sort of monitor-based navigation systems. Surgeons today, and even more
so in the future, must become more used to dealing with computer-based systems designed to
increase safety and productivity in the operating room, such as 3D navigation systems, VR
and haptic simulators, and robotics. These systems differ greatly from what the expert
surgeons of today learned when they were being trained, and perhaps this is one reason why it
is so hard to implement this new technology. Today, the use of simulators is driven mainly by
the educators, but to make real progress in implementing simulators, their use must be
addressed at another level in the medical hierarchy.
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The development of medical simulators has been promoted by commercial companies rather
than by surgical educators [Ahlberg et al. (2005)]. This is a likely reason why there are so
many simulators for the same kinds of surgical procedures (e.g., laparoscopic simulators) and
very few for other important procedures. It takes too much of an investment to start
developing a completely new simulator, and to do this successfully the development must be
done in close cooperation with the clinical as well as the medical training side.

2.2.2 Current State of Technology and of Usage
Several particular types of surgical simulators have been developed and are in use today.
Clearly, there is a need to develop simulators for many more surgical procedures. Satava and
Jones (1998) have categorized existing simulators into four different levels, based on their
functional capabilities. Below is a brief description of his categorization, demonstrating the
relevance and use of different simulators.
1. Precision placement. The simplest simulators are those that focus on the placement of
a needle or an instrument. Because the simulated task is a single motion, such as
inserting a needle, the overall computational model is small and computing
requirements are reasonable.
2. Simple manipulation. The next level of complexity is represented by simple
manipulation simulators, which include those used in endoscopic procedures. Unlike
the previous simulators, these require a curriculum training component.
3. Complex manipulation. These simulators are developed for a complex task, such as
sewing procedures. The models are computationally intense and require the support of
high-performance computing.
4. Integrated procedure. The highest-level simulator is the integrated procedure
simulator. These simulators combine a number of different tasks into one surgical
procedure. The problem is that the computation model becomes complex and large,
and the addition of haptics increases the computational burden.
Today, developers do not use the categorization given above, but the concept helps us
understand the development of surgical simulators.
The laparoscopic haptic and VR surgical simulator is the most popular training simulator used
today. As mentioned in section 2.1, endoscopic surgery already uses a camera–monitor-based
navigation system, and thus it is easy to mimic the real situation. Laparoscopic operations are
associated with a high rate of complications [Deziel et al. (1993)], so there is a need for better
training for the procedures, and different simulator systems have been developed (e.g., the
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MIST VR system [Mentice (2012)], with which it is possible to train for gallbladder surgery).
The input interface device consists of two laparoscopic instruments, which provide haptic
feedback. Cohen et al. (2006) and Fried G.M. et al. (2004) (among others) have performed
detailed validation studies upon available laparoscopic simulators.

Figure 9. The MIST VR system surgical simulator
(Picture source: www.laparoscopytoday.com)
Another well-justified simulator is the endoscopic sinus surgery simulator. With over 300,000
operations per year, endoscopic sinus surgery (ESS) is one of the most common procedures in
the USA. It also poses significant risks to surrounding anatomical structures, such as the eye
and brain. The rate of complications is between 5% and 10% [Fried M.P. et al. (2004)]. The
surgeon must navigate within and manipulate the environment with both the dominant and
non-dominant hands, while coordinating their movements indirectly with the help of a
monitor. The ESS simulator helps residents to train for these difficult procedures and to
reduce the errors in the real operating room [Fried M.P. et al. (2004)].
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Figure 10. The endoscopic sinus surgery simulator (ESS)
(Picture source: http://www.hitl.washington.edu/publications/r-97-34/)
In previous work we developed an early prototype of a temporal bone VR and haptic surgery
simulator [Eriksson (2006)]. The system is intended for education and training of milling
operations, such as complicated temporal bone operations, used, for example, prior to
removing brain tumors. Today, the surgeon very carefully mills a path in the skull bone using
a small hand-held mill, so that the tumor can be reached without affecting the brain more than
necessary or damaging other vital parts located close to the tumor. Typically, this path is
located in a region where the skull bone is geometrically complicated and is surrounded by
brain tissue and critical parts of the nervous system. Hence, the milling phase of an operation
of this type is difficult, critical, and very time consuming. A bone milling simulator enables
easier training for this complicated surgery. In the future, such a simulator can also be used
together with a telerobotic surgery system for high-precision operations, involving the scaling
of forces and defining prohibited regions, impossible with current surgical tools. The current
simulator prototype uses volumetric CT data for both haptic and graphic rendering, and can be
used to simulate all sorts of haptic milling in a virtual environment.

Figure 11. 3D representation of a skull bone as it appears in the haptic milling surgery
simulator
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In addition to the above examples, VR and haptic surgery simulators have been developed or
are currently under development for abdominal trauma surgery, laparoscopic
cholecystectomy, neurosurgery, endoscopic sinus surgery, temporal bone dissection,
arthroscopic surgery of the knee and shoulder, vascular anastomosis, coronary stent or cardiac
lead placement, and gastroscope training [Eriksson (2006)], [Bloom et al. (2003)], [BroNielsen et al. (1998)], [Dawson et al. (2000)], [Muller and Bockholt (1998)], [O’Toole et al.
(1999)], [Smith et al. (1999)], [Tanaka et al. (1998)], [Tseng et al. (1998)], [Weghorst et al.
(1998)], [Wiet et al. (2002)]. All of these simulators have been well received and are
considered to have great potential; however, most of them have not yet been adequately tested
for validity or for effectiveness as teaching tools [Reznek et al. (2002)]. Coles et al. (2011)
give a very detailed survey of the state of the art regarding medical training simulators for
palpation, needle insertion, laparoscopy, endoscopy and endovascular procedures.
As operation skills will shift from those needed for open surgery to those needed for more
minimally invasive surgery, there will be a great demand for navigation training for surgeons.
In real open surgery navigation is done using 2D, CT-sliced images, and the instruments used
for the operating procedure are calibrated based on this 2D information. When performing an
operation, the navigation is done by measuring and following the procedure on the 2D
images. But as minimally invasive surgical methods become established, the visualization and
navigation techniques used during the operation will change. Today, 2D visualization is used
in endoscopic surgery, and 3D navigation and visualization systems are introduced to increase
the realism and safety of the operations. One example of an open surgery 3D navigation
system is the BrainLab (2012) software, in which the anatomy of interest is visualized in 3D
and the operating instruments used are calibrated into this VR environment. Hence, it is
possible to follow the procedure step by step in 3D on a screen. For example, while doing a
brain tumor biopsy, the surgeon can follow the needle insertion through real-time updating on
the screen, facilitating the performance of a precise and safe biopsy without damaging other
organs or pressing the needle too deep into the tumor.
Availability of 3D navigation systems and surgeons trained to use them will increase the
safety of real procedures and minimize operating times. The realism of the visualization will
increase and the step from using a VR simulator environment to performing the same
procedure in a real operating room will shrink.
In the future, more sophisticated simulator systems will be developed, as computer power and
the memory of the graphics cards increase. The systems developed must be evaluated and
certificated so that it will be possible to measure their performance. I.e. having som
standardized methods for validation of surgical simulators would be valuable. In the coming
decade, a huge shift is expected in how various surgical tasks are executed, and many
different simulators will be developed. The simulators of the future would benefit from being
more case independent, so that one simulator can be used for training for various operation
procedures. In any case, by using simulatorswhether case specific or nottraining can be
performed in a safe mode.
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2.3 General Research and Development Challenges of Surgery Simulators
2.3.1 Simulator Requirements
To develop a user-friendly and high-quality simulator, an adequate requirement specification
is crucial. The surgeon will use the simulator to train skills for certain operations taking place
in the real operating room; hence it is important that the simulator mimics the real operation
procedure to the extent that a meaningful training effect is achieved. But how important is the
realism of the simulation to the quality of training? Is there a “good enough” simulation
quality, or must the impression created by the simulator be completely realistic and mimic all
aspects of the real procedure?
[Dawson and Kaufman (1998)] describe the requirements for medical simulators as follows.
Performing surgical training on a VR and haptic simulator requires three fundamental
attributes: realism, realism, and more realism. Medicine requires a much more demanding
simulated environment than aviation does. Tissues must move as they would in a body, tools
must interact with these tissues, and the physiological responses of the simulated body must
be realistic. The realism of both haptic and visual feedback is very important. Some believe
that the simulators used today already mimic the real operation environment in a realistic
enough manner. Thus, the slow shift from training on patients to training on simulators is not
attributable to the poor realism of the simulators; rather it is attributable to a lack of
knowledge of how to conduct skill education using the simulators. More research into the
education process must be done before more sophisticated simulators can be implemented in
the surgical curriculum [Satava (2001)]. In order to be an effective teaching tool, a simulator
must provide both educationally sound and realistic feedback to a user’s questions, decisions,
and actions [Issenberg et al. (1999)]. A simulator does not need to be identical to real life, but
the level of realism should be so high that the user believes in the interacted VR environment
[Jones (1980)]. Therefore, one does not have to include every detail of the real experience
when designing an effective simulator.
Developed simulators must be evaluated before being accepted and ready for use in surgical
training at medical centers. Two different evaluation concepts can be effectively used. A
surgical simulator is said to be instructionally effective if it is possible to measure the
improvement of the skills learned in the simulator when transferred to the real operating
room, indicating the simulator’s ability to teach. Basically, it should be shown that surgeons
using the simulator perform better in the real operating room than those not using the
simulator [Fried M.P. et al. (2004)], [Bloom et al. (2003)]. The other concept, construct
validity, is a method for measuring whether the simulator gives scores that correspond to the
relevant skill levels of the users performing the actual training. Evaluation studies have shown
that experienced surgeons achieve better scores on simulators than novices do, and this
indicates that the simulator both incorporates an accurate scoring method and accurately
simulates the operation procedure [O’Toole et al. (1999)], [Gorman et al. (1999)].
The crucial factor that will determine the adoption of virtual-reality tools by surgeons will be
the demonstration that virtual reality is capable of delivering reliable and valid training and
assessment systems [McCloy and Sone (2001)]. For the faster acceptance of VR and haptic
surgical simulators at medical centers and for the more efficient development of new
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simulators, metrics need to be implemented that standardize how to measure the quality of a
simulator. The metrics should describe what, how, and how well a resident is learning a
typical procedure by using the simulator. Simulators with embedded metrics and tutorial
programs would help students to do surgical training alone, independent of an instructor. The
metrics could be used by the residents to measure their progress in terms of the knowledge
and skills needed for a certain procedure. The metrics should be based on the required
performance criteria rather than on the amount of time spent on the simulator. By using these
techniques in the simulator, the residents could train until they reach a high level of measured
skills without consuming their teacher’s time. Having the metrics would also make
communication easier during the development of a new simulator, and would also make it
possible to compare how well and quickly a resident is learning a procedure on one simulator
compared to another. Metrics are very complex to develop and start using globally; however,
worldwide discussions are addressing this matter, and promising workshops and conferences
are pushing this matter still further. Gallagher and Ritter (2007) give a well documented
overview of issues that need to be considered when assessing surgical simulators.

2.3.2 Technical Aspects
When discussing the realism of the simulated experience, how important is haptic feedback?
Is it good enough simply to have a surgical VR simulator with realistic visual feedback? Very
few studies have focused on the impact of haptic feedback in image-guided surgical
simulation training (i.e., the difference in performance after training with or without haptic
feedback) [Ahlberg (2005)], [Ström (2005)]. But Wagner et al. (2002) conclude based on
haptic and non-haptic testing in a VR surgery simulator, that force feedback aids surgical
performance by reducing the number of incursions into sensitive structures. A study by Ström
(2005) indicates that haptic feedback enhances performance in the early training phase of skill
acquisition in image-guided surgery simulator training. More consistent and much safer
procedures could be performed if haptic feedback were integrated into image-guided surgery
training. Van Der Meijden and Schijven (2009) declare that there is no firm consensus on the
importance of haptic feedback in laparoscopic simulators. However, further research needs to
be done to evaluate this issue.
There is a need for guidance, not only in the development and application of haptic models,
but in the psychophysical methods used to establish different thresholds between the feel of
real and virtual tissue [Scerbo (2005)]. There is a need for more knowledge and understanding
of how the human being really experiences the sensation of touching something. When this is
understood, it will be easier to model and apply realistic haptic feedback in simulators. The
simulator does not really need to mimic the whole complexity of the real feeling; rather it
needs to transfer and enable the user to capture the same sensation when touching something
in the simulator as when touching it in real life. To reach this goal and mimic the real
situation, perhaps hardware, such as the haptic device and the workbench, is even more
important than absolutely correct haptic models. More research and testing must be done
before further conclusions can be drawn.
Another important issue is what kind of 3D visualization systems are preferred in the real
operating room, and hence must be implemented in surgical simulators? In the remainder of
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this section we will briefly describe various 3D visualization systems (VR environments) for
medical applications and their qualities. Reznek et al. (2002) say that most people believe it is
sufficient to classify VR systems as either immersive or non-immersive, but for medical
applications it is more useful to use the classification system proposed by Voelter and
Kraemer (1995). They classified VR technology and 3D visualization systems into a total of
five different categories:
1. Immersive VR
2. Desktop VR
3. Pseudo VR
4. Inverse VR
5. Augmented Reality (AR)
Immersive VR involves a system that completely integrates the user into the computer’s
world. Desktop VR differs in that the user is not totally integrated into the virtual world, but is
able to observe the virtual world on the computer screen; i.e., a VR cube/cave [VRcube
(2012)] is immersive VR, while seeing the same 3D objects on a computer screen is defined
as desktop VR.
Pseudo VR refers to a system in which the user can control the computer animation and
observe it, but there is no further interaction; for example, a 3D anatomical model being
viewed and rotated on a computer screen. Inverse VR describes the integration of a computer
into the life of the user; for example, for communication, the eye movement of the user could
be used to control a computer program. Augmented reality is achieved by presenting virtual
images on a see-through display, thereby superimposing the virtual world on the real one.
This could be very useful for different surgical procedures, such as maxillofacial surgery
[Wagner et al. (1997)].
Studies have shown that students who have difficulty in extracting 3D information from 2D
images appear to have equal difficulty in manipulating a 3D simulated patient using a 2D
monitor [Fried M.P. et al. (2004)]. Therefore, it could well be more useful to apply another
visualization system for simulation than a monitor, such as a holographic system or 3D
stereoscopic visualization, which gives the user a “real” 3D image of the object [IIP (2012)].
The goal of visualizing a real surgical situation or of a simulator-based surgical procedure is
to mimic, as realistic as possible, the real appearance of the anatomical model being
manipulated in the processed 3D reconstruction. Immersive VR or augmented reality would
make the 3D visualization of an anatomical model more realistic than just interacting and
observing the object through a computer screen. With increasing computer power and more
effective graphics cards it will be possible to render 3D virtual objects so that they look very
realistic; in this regard, much can be learnt from the video game industry, which produces
very good graphic rendering today.
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2.3.3 Training Aspects
The main goal of surgical training simulators is to improve the curriculum for education of
surgeons. To reach this goal, it must be proven that simulators really do improve the surgical
skills of residents. In April 2004, The U.S. Food and Drug Administration (FDA) voted to
approve carotid stent procedure training in a VR simulator, after it was proven that this
simulator is effective for skills training [Gallagher and Cates (2004)]. The action taken by the
FDA represents the first time in the history of medicine that a performance-based competency
measure may be used to determine, by using a VR simulator, who can and cannot perform a
medical procedure [Scerbo (2005)].
Studies have shown that using VR simulators for surgical training, instead of using the more
conventional methods, will increase safety, for example, by reducing the error rate in real
gallbladder surgery by 5 times and reducing the time need for real gallbladder surgery by 29%
[Seymour et al. (2002)]. These studies can be regarded as important for increasing the
acceptance of simulators at medical centers. It must be proven by scientific evaluation that
simulators really do improve the performance of residents before simulation will be
implemented and used for certification in the surgical curriculum. It also needs to be shown
that there is a direct linkage between simulator training and improved patient outcomes;
which is difficult to prove today [Dutta et al. (2006)]. These, after all, are the future goals of
implementing all kinds of VR and haptic surgical simulators.
Satava and Jones (1998) present the results of a study in which task-level procedures are
subjected to analysis, and the training transfer (the amount of time in the simulator being
equivalent to the time spent on actual animal or patient training) is found to be approximately
25–28%. This means that every hour of simulator activity is equal to 15 min of operating time
on an animal. He also says that based on current standards for flight simulators, it could be
expected that the training transfer for surgical simulators should increase to approximately
50%. To reach this level of qualitative training, the educational methods used in the surgical
curriculum must be incorporated in simulator development.
Bloom et al. (2003) have shown that the results of training on a gastroscopic VR training
simulator were as assumed, namely, that a group of experienced surgeons performed better on
the simulator than the group of novice users did. The simulator made it possible for the lessexperienced users to practice repeatedly and safely, so as to address their weaknesses and
improve their skills. Bloom made another interesting observation: the novice group spent their
time concentrating on navigation, while the experienced surgeonsalready familiar with the
anatomical modelspent their time investigating and criticizing the realism of the feedback
from the simulator. Hence, depending on the experience of the user, simulators with different
properties in terms of haptic and visual feedback may be needed. Training programs may need
adjustment to different experience levels, due to different learning objectives and expectations
as to what a simulator should provide.
In the U.S.A. today, practicing surgeons need to take continuing theoretical courses to
improve their knowledge. The transition from lecture to actual patient care is a large leap,
however, so if simulators were available to help the surgeons to practice the taught procedure,
it should improve their knowledge and skills [Dawson and Kaufman (1998)]. At the Center
for Advanced Medical Simulations at the Karolinska University Hospital in Stockholm; a
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basic accreditation program in image-guided surgery has been established and implemented in
the courses given by the center. To pass the courses, performance above predefined validated
criterion levels in the simulators is required [Felländer-Tsai et al. (2010)].
Sometimes residents show improvement from time to time when training in the VR simulator
but are not able to transfer the improved skills to the real operating room [Prystowsky et al.
(1999)]. For these cases a training simulator is of no use, and a change of the training
programme must be considered.
Simulators should be integrated into the surgical curriculum at medical training centers and
not considered as stand-alone systems. It is the educators that have the responsibility to
integrate the simulators into the surgery courses, so they must have the knowledge of how to
teach people on the simulators so as to successfully acquire skills. It is not acceptable that new
and expensive simulators are bought for medical centers without proper planning and
integration into the education programs. If the simulators are not introduced correctly, there is
a great risk that the simulators could provide negative training, they may teach the user bad
habits that are very difficult to get rid of once learned [Champion and Gallagher (2003)],
[Satava (2001)].
The cognitive skills of anatomical recognition, decision making, alternate planning, etc., are
quite different from technical skills and are also very important for a surgeon [Seymour et al.
(2002)]. This must be considered when developing haptic and VR surgery simulators and
when producing training tasks that will be performed on simulators. The best way to train
surgical residents will be to use VR and haptic surgical simulators that have been validated
and certified for surgical skill training. The trainee will practice on the simulator until he or
she reaches a sufficient level of skill, based on globally defined metrics implemented in the
simulator. When this level is reached, the surgeon is ready to start practicing on real patients.
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3. A Few Potential VR Haptic and Milling Applications
The simulator described in this work is not designed for any one specific operation, but can
rather be used in training for different sorts of surgical (or other) milling operations. As long
as the object to be manipulated is comprised of volumetric datae.g., derived from CT or
magnetic resonance imaging (MRI)the object can be used in the simulator. The simulator
has been developed so that it is possible both to add and remove material, this possibility can
be useful when training for milling operations. The rest of this section presents a few potential
VR and haptic milling applications for which simulator training can increase safety and/or
precision and decrease operating time. None of the concepts below is presented in detail;
rather, the concepts simply illustrate the flexibility and range of possibilities for using the
simulator.

3.1 Vertebral Operating Procedures
Vertebral operations are very risky, high-precision procedures. One such operation is the
strengthening of the spine with titanium nails. In this procedure, the surgeon must carefully
find the exact location of the free space between two vertebrae, and then mill a corridor
through which to insert the nails, one on each side of the spinal marrow. The milling path is
depicted in Figure 12 below. Using a hand-held mill, the surgeon must perform the procedure
very carefully to avoid hurting the spinal marrow or the nerve fibers located near where the
nail will be placed. This complicated operation is a difficult one to let surgeons practice, and a
simulator could facilitate more and better training.
There is a paradigm shift occurring in the operating room, from open surgery to the
introduction of endoscopic techniques [Nordberg (2009)]. These techniques allow for easier
diagnostic methods, safer and faster operations, faster rehabilitation, and decreased risk of
infection. Using endoscopy instruments requires that the surgeon is able to navigate the
instrument and manipulate the organs with the aid of a 3D camera and monitoring system.
Developing a VR and haptic training simulator for vertebra fracture operations would make it
possible for surgeons to train for this procedure, which is impossible today using the open
surgery method. A literature survey indicates that this is a new idea, and no other research
teams are working on such an application. Such a simulator can be regarded as a concept that
combines previously developed laparoscopic (see, e.g., Mentice (2012), Surgical Science
(2012)), and bone milling simulators.

Figure 12. Vertebral operation milling path
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3.2 Temporal Bone Surgery
In temporal bone surgery the surgeon very carefully mills a path in the skull bone with a small
hand-held mill, such that for example a tumor can be reached without affecting the brain more
than necessary or damaging other vital parts located near the tumor. Typically, this path is
located in a region where the skull bone is geometrically complicated and is surrounded by
neurons, brain tissue, and critical parts of the nervous system. Hence, the milling phase of
such an operation is difficult, safety critical, and very time consuming. Training in a simulator
could help the surgeon perform safer operations. Different research groups are developing
simulators for training surgeons to perform these operations. The Voxel-Man Project (2012),
the Stanford Biorobotics Lab (2012), and the CRS4 Visual Computing Group (2012) are the
most successful groups that have advanced the development of temporal bone surgery
simulators.

Figure 13. Temporal bone surgery

3.3 Craniofacial Surgery
Craniofacial operations have become increasingly common and it has been necessary to find
new ways to educate and train surgeons to perform them. One common procedure is cleft lip
surgery, in which surgeons today use 3D computer visualization and animation programs for
education and pre-operative planning [NYU Medical Center (2012)]. Introducing haptic and
3D navigation would increase the realism even more. In a craniofacial surgery simulator, the
created and modified data could easily be exported to a CAD program and printed using a 3D
printer to create a real physical model of the organ to be manipulated. A literature survey
indicates that no simulators using haptics have been developed for craniofacial surgery
training.
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3.4 Dental Tooth Milling
Dental training and education currently use plastic teeth for practicing the milling process.
The resident mills the plastic teeth and the motions are tracked and evaluated using a
computerized system [DentSim (2012)]. An instructor tries to evaluate how well a novice has
performed by looking at the results afterwards. This methodology could be changed by using
a simulator. Dental residents could practice by themselves in a virtual environment, over and
over again, directly getting qualitative feedback from the program as to their skills level. The
benefits are those mentioned above, as well as the ability to model the tactile feeling of
manipulating a tooth with caries, which is currently impossible using plastic teeth. Plastic
teeth provide just one kind of force feedback; in a simulator, however, it would be possible to
apply caries to a specific region, using different force feedback and material removal models
in that region. One major drawback of using a VR simulator for training in dental milling is
the introduction of a completely new element into the dentist arena. The dentist performing a
real procedure on a patient never uses a monitor or 3D visualization for navigation. Using a
VR simulator could well cause more problems than benefits, and there is a risk that while
residents could be trained to be brilliant VR dentists, they may not learn the correct skills for
executing a real procedure. Despite this, several groups and companies are developing VR
dental simulators, including the Korea Institute of Science and Technology (2012), MOOG
(2012), Novint/VRDTS (2012), and the Stanford Biorobotics Lab (2012).

Figure 14. Dental tooth milling

3.5 Freeform Design
The simulator can also be used for freeform design. The ability to add and remove material
and change the size and shape of the tool makes the simulator a functional sculpting system.
A real object can be 3D-scanned and implemented in the simulator as a virtual volumetric
data model where it virtually can be manipulated and processed by milling. The created VR
model can be exported to a CAD program and printed using a 3D printer to create a real
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physical model. This can be useful for industrial design or other art, visualization, and
computer interaction applications.

Figure 15. Freeform design
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4. The 3D Graphic and 6-DOF Haptic Rendering System
The main focus of the work reported here relates to the development of a new 6-DOF haptic
algorithm which is stable for stiff interaction and which can realistically mimic the milling
process. The algorithm is partly based on the ideas presented in Barbic and James (2008), and
extended to fulfill the requirements for 6-DOF feedback during the material cutting process –
which puts real-time demands on the update of the virtual object geometry. The main
difference compared to Barbic and James (2008) is how the object surface model is created
and how the collision detection procedure is performed. In every haptic loop, optimized
collision detection between the object and the milling tool is performed. If there is a collision,
both force- and torque feedback from the objects’ interaction are computed and sent back to
the haptic device. If the milling procedure is activated the virtual object’s geometry is locally
updated in real time.
The virtual scene consists of a milling tool and a 3D representation of an object to be milled.
The virtual milling tool is named the “SPO” (Simulation object Position and Orientation), and
the other object is called “the object to be milled”.
In this chapter we describe both the graphic and haptic rendering algorithms which are
developed and implemented in the 6-DOF haptic bone milling simulator.

4.1 Using Patient-specific DICOM Data
The two most common types of data acquisition used in medical imaging are based on
computer tomography (CT) and magnetic resonance imaging (MRI) techniques. For actual
bone representation, data acquired from a CT scan is used, since this is the most detailed and
highest-quality way to image bone structures for visualization purposes. The CT scan
produces a DICOM file. In the simulator, it is possible to import a patient-specific DICOM
file; a converter [Dicom2 (2012)], which converts the data into raw format, is used to import
the data into the simulator program. In principle, this procedure makes it possible to use the
simulator to train for a specific patient before an operation.
Both CT and MRI image processing produce a volumetric model, which can be regarded as a
3D rectilinear grid of volume elements (voxels). After image processing, the attenuation
values in the CT scan are associated with the corner locations of these volume elements, and
are referred to as the voxel density values. The resolution of the CT-scanned image of the
tooth bone representation used as an example in this thesis is 256*256 and the object volume
is built up of 161 slices. Each point in this volumetric dataset corresponds to a density value
in the range 0–255 (8-bit).
The simulator can use all kinds of discrete volumetric data describing the density values of an
object. The density value of a certain voxel at a known location in 3D space is the only
needed information. The converted raw data from the DICOM format are implemented in a
three-dimensional data matrix that stores all the density values of the voxels. This data matrix
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is used for both the graphic rendering of the object and for haptic rendering and force/torque
feedback during interaction as described below.

4.2 Graphic Rendering
Several different methods can be used for volumetrically representing a discrete 3D data
matrix acquired from CT or MRI scans. These are for example ray-casting [Levoy (1998)],
3D texture mapping [Cabral et al. (1994)], and Marching cubes [Lorensen (1987)]. When the
virtual mill interacts with the bone and cuts away material, the visual rendering must manage
to update the representation of the bone in real time without artifacts or delays. For this, an
updating rate of approximately 30 Hz and a latency of less than 300 ms are needed to give a
realistic visual impression [Mark et al. (1996)].
The ray-casting algorithm is a volume-rendering method, it uses the volume data directly and
the images are produced from projection of 3D voxel information into 2D pixel images. All
the voxels located in the viewing line are used to generate the image.
The 3D texture mapping algorithm is another popular volume-rendering method. 3D texture
mapping methods used in a number of research projects related to bone milling are presented
in Agus et al. (2002), Wiet et al. (2002), and Todd and Naghdy (2004). With these volumerendering methods, little or no effort is required to visualize something that is similar to for
example the skull; however, the visual impression is poor, mostly because a low-resolution
volumetric dataset (e.g., 64 × 64 × 64) has to be used to speed up the computations. In the
application of this thesis, where the user is focusing on one particular part of the object for a
long time, high-resolution datasets (e.g., 512 × 512 × 176, as can be taken from a CT scan) are
needed for a realistic view. To do the real-time rendering using a volume-rendering method,
normally very expensive graphics boards are required. Another disadvantage of both the raycasting and texture mapping volume-rendering methods is that they produce several visual
artifacts, making it annoying to look at one spot for a long period of time.
Due to real-time demands, and to achieve computational efficiency and accurate visualization,
a surface-rendering method is more appropriate. The Marching cubes algorithm is the most
popular surface-rendering algorithm. It is a very efficient surface-rendering method using
voxel density values to perform a high-quality visualization of the surface. As in Peng et al.
(2003), the Marching cubes algorithm is used in this work to visualize the bone.
Creation of the VR representation of the 3D tool-to-bone interaction process contains the
following steps, which are all described in detail in later sections:
1) Read in the milling tool (SPO) as a pre-computed signed distance field. Read in the
object to be milled as converted volumetric DICOM data. Store the data of the object
to be milled in a 3D matrix representing the density values of the object. Create 3D
matrices representing the voxel gradients based on the density values (only the first
time).
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2) Create an octree node structure of the object to be milled based on a predefined tree
depth value. Set the range of coordinates and min/max density values in every node
(only the first time).
3) Check for milling of the object to be milled, i.e. if there is contact and if the mill is
actually turned on. If milling is active, then update the min/max density values and the
gradient values in the affected part of node structure (looped), according to the
calculated material removal.
4) Apply the Marching cubes algorithm to the updated tree nodes of the object to be
milled. Create vectors of the normals and vertices of the surface elements (triangles) to
be visualized. In this step also create the surface representation (point-shell points)
used for the haptic rendering (looped).
5) Render the created vectors of the normals and vertices that represent the triangles used
to model the shape of the object to be milled. To perform efficient rendering, the tree
node structure and cached lists are used (looped).

4.2.1. Steps One and Two: Read In and Store the Volumetric Data
One of the objects is chosen to be a signed distance field, and the other a point-shell. The
virtual mill (SPO), is created as a pre-computed signed distance field which has the benefit
that the penetration depth in between the objects easily can be found. In the original pointshell voxmap algorithm by McNeely et al. (1999) that works as a base for the algorithm
developed by Barbic and James (2008), the objects are created as a point-shell and a voxmap.
Barbic (2007) found it more beneficial to use a signed distance field instead of a voxmap for
modeling the SPO. The signed distance field gives continuous distance information with
respect to the SPO, and more stable haptic feedback than using the discrete voxmap. Barbic
(2007) says: “We were able to feel a clear improvement between distance field contact forces
and voxmap-based contact forces”. The other object, the one to be milled, is created as a
point-shell.
A signed distance field gives volumetric information about an object. For a pre-defined
resolution, it is a voxelized volume that for each voxel tells the shortest distance to the surface
of the object. E.g. querying a point in a specific voxel of the signed distance field volume will
give a value of how far this point is from the surface. A positive distance field value indicates
that the point is located outside of the surface. A negative value indicates that the point is
located inside the surface (is colliding).
The SPO, which is an undeformed object, must be the object that is modeled as a signed
distance field – otherwise the signed distance field must be re-calculated in real time when
milling which is a computational burden. In the example case used in this thesis, the shape of
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the SPO has been created like a mill as depicted in figure 16, where the signed distance field
of the mill is also depicted at a cut-plane placed in the middle of the geometry. The resolution
of the signed distance field for the SPO is 22 x 128 x 22.

Figure 16. The virtual mill (SPO) (left),
and the corresponding signed distance field (22 x 128 x 22) (right)
The other object, the one to be milled, is in our example a tooth taken from a CT image with a
resolution of 256 x 256 x 161 (see figure 17 (left)). (The object to be milled and the SPO can
be volumetric objects of any kind; not just like a tooth and a cylindrical/spherical shaped
mill).
Each voxel in the volumetric data set of the object to be milled consists of an attenuation
value, the density value, which is used as a base for both the graphic- and haptic rendering.
An isosurface is forming the shape of the object to be milled at a density value equal to that of
a chosen isovalue. The object to be milled is created as a point-shell. In the initial processing,
the center points of the surface voxels define the point-shell. In that case the resolution of the
point-shell directly follows the resolution of the data set (see figure 17 (right)), this gives a
nice graphical representation of the milling procedure. However, for the case that the
resolution of the data set is too fine for the haptic algorithm (too many points that collide and
slow down the process), a method for variable resolution of the point shell has been
developed and implemented as follows.
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Figure 17. The object to be milled, a tooth taken from a CT-scan (256x256x161) (left), the
same object represented by surface voxels in original resolution (right)
At start-up of the data processing, all the density values of the object to be milled are read
from file and stored in a 3D-matrix. The gradients for each voxel are also calculated and
stored in 3D-matrices.
To achieve more efficient computations, the density information needs to be structured. For
CT data, the octree-based structure [Foley et al. (1996), Wilhelms and Van Gelder (1992)] is
well suited for visualizing the bone milling process. The octree-based structure is very
powerful when dealing with a huge set of volumetric data. The idea is to store data (voxel
information) in a hierarchical structure for easy scene traversal during visualization of
changes in the scene. The octree structure is used to avoid traversal of empty or unchanged
regions.
In our case, this technique is applied to the three-dimensional data matrix containing the
density values of the voxels acquired from the converted DICOM file. The coordinate and
density values of each voxel in the dataset are the only information about the object stored in
the hierarchical tree structure.
The size of the octree is based on a predefined tree depth value. The depth of the tree structure
has been tested for best performance, and it is found that a depth of three levels results in the
most efficient execution for our application. The tree structure is built up based on the
predefined tree depth and on the coordinates of the dataset containing the voxel information.
The min/max density values of each octree node are stored from the bottom of the tree to the
top, using a recursive function. The octree (of the object to be milled) is initially constructed
at the start-up of the program when the data file is read in. The octree structure is presented in
figure 18.
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Each parent node (open circles) and leaf node (filled
circles) contains the following information
concerning the children:
•
range of x, y, and z coordinates.
•

max/min density values.

•

Cached or not.

Figure 18. The octree node structure

4.2.2 Step Three: Updating of Object Data Due to Milling
The haptic device has two buttons, one for removing and one for adding material. The
algorithm will be applied if either of these buttons is pressed (positive or negative material
removal). The basis of the algorithm is to find the voxels of the object to be milled that may
appear inside a sphere representing the tip of the SPO, and to perform material removal or
addition.
The tip of the SPO is represented as a sphere of radius r, while a bounding box region aligned
with the x, y, and z directions of the 3D volume representation (as depicted in figure 19) is
used to find any voxel of the object to be milled located inside the sphere.
Y_max
r
d
Y_min
X_min

X_max

Figure 19. 2D representation of the bounding box region
The bounding box defines, using max/min x, y, and z coordinates, a region located a certain
distance from the center of the sphere. The length of each side of the box equals the diameter
of the sphere. Only voxels of the object to be milled appearing inside this region will be
checked to determine whether or not they are inside the sphere. This is done by comparing the
distance, d, from each voxel inside the bounding box to the center of the sphere of radius r. If
d < r, this voxel is manipulated by the mill.
Since the surface of the object to be milled is represented by the voxel density values, these
values can easily be modified to depict the removal or addition of material.
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When removing material, the voxel density value will decrease as a function of interaction
time. Hence, when adding material, the voxel density value will increase as a function of
interaction time.
The voxel density value will is updated in the globally defined three-dimensional data matrix
representing the voxel density values of the object. When the density value of this voxel has
been changed, the gradient also needs to be recalculated and restored in the globally defined
three-dimensional matrices containing the gradient values of all the voxels. The voxel
gradient which represents the change of density per length unit of a voxel (i, j, k) is calculated
using equations 1–3:

N x (i , j , k ) =

N y (i , j , k ) =
N z (i , j , k ) =

D (i + 1, j , k ) − D (i − 1, j , k )

(1)

∆x

D (i, j + 1, k ) − D (i , j − 1, k )

(2)

∆y
D (i , j , k + 1) − D (i , j , k − 1)

(3)

∆z

D(i, j, k) is the density value of voxel(i, j, k), and ∆x, ∆y, and ∆z are the distances between the
voxels. In the Marching cubes algorithm, the gradients are used to define the normals of the
surface. The rationale of this is as follows. A particular density value of a set of voxels can be
regarded as representing an isosurface, and a change in density value per unit length describes
a surface change per unit length. A surface of constant density value has a zero gradient
component along its tangential direction. If a gradient vector is non-zero, then it is the normal
of the surface. In this application, the Marching cubes algorithm is applied to a dataset of
different density values, so the method can be used to interpolate the normals of the
triangulated surface. Using such normals gives a very smooth and realistic surface rendering
compared to other geometrically based algorithms.
If required, the max and min density values of the leaf node containing the changed voxel are
updated in the tree structure, i.e. if the new density value of the voxel is outside the previous
node density range. Using the voxel coordinates, it is easy to find to which leaf node the voxel
belongs. Currently, a simple step-by-step method is used to go from one leaf node to the next,
until the node that contains the coordinates of the manipulated voxel is found. The algorithm
finds all the voxels inside the sphere of the mill, and for each voxel the step-by-step method is
used to find the corresponding leaf node.
To indicate that the leaf node has been updated, its cache is set to 0 and the algorithm “walks
up” the tree structure and makes all the corresponding parent caches equal to 0 until it reaches
the tree root node at the top level. The rendering algorithm (see section 4.2.4) uses a cache-list
function for efficient rendering of the triangles used to model the shape of the object. When
either the max or min density value of a leaf node is updated, the algorithm “walks up” one
level in the tree structure and checks the min and max values of this parent node. If the
updated value(s) of the leaf node is/are outside the parent’s density range, the parent’s values
are updated. This procedure continues, filling the tree with new max/min density value
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information, until the child node does not require an update of its parent values. An example
is presented in figure 20 below, depicting part of an octree structure.
Cache=0
Cache!=0

Cache!=0

Cache!=0

Cache=0

Cache!=0

Cache!=0

Cache=0

Cache!=0

Max or min density has been changed at this leaf node.
Observe that the cache has been changed for the
parents, but that their min/max values may remain the
same (depending on the values of the other children).

Figure 20. An example depicting the manipulation of the octree nodes
The method is applied to all voxels of the object to be milled appearing inside the sphere of
the SPO, and for each frame in the graphics loop. In this way, the locally modified data due to
milling are continuously updated.

4.2.3 Step Four: Apply the Marching Cubes Algorithm to the Updated Tree Nodes,
and Find the New Point-shell Points
The dataset from the CT scan is implemented in a matrix tree structure onto which an
optimized Marching cubes algorithm is applied for the generation of a 3D model of the bone,
based on a predefined isovalue. This isovalue indicates the density level that defines the
surface. The object to be milled is built up of cubes that consist of one density value in each
corner. The cubes associated with the surface are found by comparing the surface isovalue
with the voxel density values of the object to be milled. Depending on the relationship
between the isovalue and the voxel values, different triangles will be created in the corners of
each cube using linear interpolation. These triangles together approximate the surface and are
used for surface rendering. This section presents the optimized method for finding the vertices
and normals of these triangles, and the point-shell points used for collision detection and
haptic rendering.
The next step in the graphic loop is to traverse the octree by starting at the tree root node. If
the node has cache set to zero it is changed and should be processed. For every leaf node that
fulfill the above mentioned cache-criteria the lists of vertices and point-shell points are
emptied, new ones will be determined if the leaf node contains a range of density values such
that the isosurface is included.
A leaf node with cache set to zero and which contains the isovalue in the density value range,
is processed as follows to find new vertices for triangulation and new point-shell points.
As mentioned, using the center points of all surface voxels when having a high resolution data
set will generate a large number of point-shell points, and this will affect the haptic rate and
hence deteriorate the haptic experience. To avoid this problem, a method to separate the
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resolution of the point-shell from the resolution of the data set is used. The resizing of the
point-shell is based on a predefined scaling factor. The scaling factor defines how coarse the
point-shell will be compared to the original data set. E.g. a scaling factor of 3, gives that the
point-shell grid has been down sampled two times (original scaling factor is 1). One has to be
observant to not choose a too high scaling factor which would generate a too course grid of
point-shell points. Barbic (2007) declares that the resolution of the point-shell needs to be
finer or equal to the resolution of the signed distance field for stable haptic interaction.
The method works as follows. Figure 21 depicts point-shell points (black dots) of a scaling
factor 3 generated from a leaf node with cache set to zero. By using the scaling factor the
voxel volume enclosed by the leaf node is split up into lower resolution (LR) volumes of
voxels that are traversed to find new LR point-shell points inside the leaf node volume. Figure
21 shows the LR-volumes (grey bold lines) occupying the complete leaf node voxel volume.
In the figure there are eight LR-volumes and scaling factor 3 is used, if instead a scaling
factor 1 would have been used, then the LR-volume would just contain one voxel. At the node
borders the LR-volumes may contain a lower number of voxels.
For every LR-volume in the processed leaf node, every voxel is traversed. For every voxel, it
is checked if any of the twelve edges is crossed by the surface by checking the density values
for each one of the eight corners. If an edge is crossed, the intersection point on that specific
edge is derived and store as a triangle vertex. Also the corresponding normal for the vertex is
calculated based on a distance-fraction taking the gradients for the two corners sharing the
edge as input. If found that any of the voxel’s edges has surface intersection that information
is saved to the processed LR-volume. Then we know that this specific LR-volume is
intersected by the surface and shall generate a point-shell point. (LR-volumes not intersected
by the surface will not generate a point-shell point).
If the processed LR-volume is intersected by the surface, the point-shell point and
corresponding normal is calculated. To compute the position of the point-shell point and its
normal, trilinear interpolation is used taking information from the eight corners of the LRvolume.
Each leaf node with cache set to zero and containing the isovalue in the density value range is
storing its point-shell points, vertices for triangulation, and corresponding normals.
After processing all leaf nodes with cache set to zero, each one of them is storing vectors of
triangle vertices/normals and point-shell points/normals. These vectors are rendered together
with the unchanged triangles stored in the GL cache function to produce the triangles
modeling the surface shape of the object (for further details, see section 4.2.4). The LR pointshell points are used for the haptic rendering presented in section 4.3.
The above continues for every time step in the graphic loop generating new triangle vertices,
and point-shell points when milling and having separated resolution of the point-shell and the
original voxel data set.
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Ymax_Node

Ymax_LR

Ymin_Node/Ymin_LR
Xmin_Node
Xmin_LR

Xmax_LR

Xmax_Node

Figure 21. 2D representation of voxels in a leaf node, resized point-shell and corresponding
points as black dots

4.2.4 Step Five: Render the Triangles Modeling the Shape of the Object
The created vectors of normals and vertices generate triangles using the GL_TRIANGLES
function (an example is presented in figure 22). Taken together, the triangles form the surface
of the object. There are 15 possible ways that the triangles can be constructed for one cube
(see figure 23), and different rules are applied to connect the different triangles creating the
surface of the object. The normals of a triangle are calculated based on the voxel density
gradient of each vertex of the triangle; the GL_TRIANGLES function interpolates the normal
values along each border of a triangle to give a smooth graphic rendering of the surface.
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Compare the corner-values
with the isovalue (e.g. 85).
Corners with value < isovalue
are removed.
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Figure 22. The triangulation of a cube using the Marching cubes algorithm
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Figure 23. The 15 different ways the triangles can be constructed for a voxel cube
(Picture source: [Lingrand (2006)])
For efficient rendering, the tree node structure and cache lists are used; the method is
described in detail below.
A render function is used to check the tree structure for nodes to render; this function starts
checking at the tree root for every frame in the graphics loop. Four different cases can occur
when rendering a particular node structure, as follows:
•

If the checked node is a leaf node (i.e., without children) for which the cache ≠ 0, then
use the glCallList function to re-render the old triangles stored in the cache list.

•

If the checked node is a leaf node for which the cache = 0 (i.e., it has changed since
the last frame in the graphics loop), build a cache with triangles based on the vectors
of vertices and normals of the specific node and render them.

•

If the checked node is not a leaf node, but all its children have caches ≠ 0, use the
children’s caches; build a new cache from these, and render the triangles by recalling
them and using the glCallList function.
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•

If the checked node is not a leaf node, but at least one of its children has a cache = 0,
go down one level in the tree structure and perform the render function on this level (a
recursive function). For possible resulting scenarios, see the three cases above.

In summary: Using the above graphic rendering procedures, the Marching cubes algorithm
can be applied to the locally modified data at each frame in the graphics loop. The procedure
will update the triangles only for the region that has been changed. A new surface appearance
will be generated, based on the new voxel values in the locally modified volume. This method
can be used for very efficient re-rendering of isosurfaces in real-time applications, for
example, in visualizing a milling process.
Figure 24 depicts the result of the procedure. The manipulated density values are updated in
the globally defined data matrix of the object to be milled and these values will generate new
point-shell points and also affect the haptic rendering algorithm.

2D description of
how
the
mill
interacts with the
surface built up of
triangles

When milling: The density values of the voxels inside
the sphere are decrease. When a value is lower than the
isovalue, the voxel will disappear and the surface needs
to be re-rendered. Marching cubes are used locally on
only the data that has changed.

Figure 24. Depiction of the material removal process
Figure 25 depicts different objects as graphically rendered using the octree structure for
storing data and the Marching cubes algorithm for surface rendering, as described above. The
tooth (resolution: 256*256*161), the skull (resolution: 256*256*174), the spine (resolution:
256*151*197) and the hip bone (resolution: 256*195*141) are all taken from DICOM CT
data files, while the free-form object (resolution: 256*195*151) and the hand (resolution:
128*122*71) are simply created volumetric datasets built up using density values. The objects
are implemented, manipulated, and tested to verify that the algorithms described above fulfills
the functional, visual and real-time requirements when milling.
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Figure 25. Graphic rendering of a tooth, a skull, a free-form object,
a hand, a spine, and a hip bone

4.3 6-DOF Haptic Rendering
In this section we describe what is performed in every time step of the haptic loop. The
developed algorithm renders 6-DOF haptic feedback based on a two-step collision detection
method, penalty forces/torques and a virtual coupling scheme. As mentioned earlier, the basis
for the new haptic algorithm is the work done by Barbic and James (2008). This work differs
from Barbic and James (2008) in that the developed methods are suitable for milling
applications. Two main differences are related to the distribution of point-shell points during
the milling process, and to the collision detection method. Figure 26 gives an overview of
what is performed in each haptic and graphic thread of the developed 6-DOF haptic milling
algorithm.
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Haptic thread, 1000 Hz.
Get position/orientation of the SPO
(virtual mill), and of the device.
Box-box collision check: box of the SPO
/ box octree (object to be milled).
Get updated point-shell points and
normals for all collided leaf nodes (object
to be milled).
Collision detection between the selected
point-shell points and the signed distance
field of the SPO.
Calculate penalty force/torque/derivative
for all collided point-shell points, and
virtual coupling force/torque/derivative
between SPO and device.
Solve the equilibrium equation; the
solution gives translation/orientation
movement of the SPO.

At start-up:
Read in and store data
for the object to be
milled (pointshell)
and the SPO
(distancefield).
Object to be milled:
pointshell pts, density
values and gradient
3D matrices.
SPO: distancefield
values to the surface.
(Octree node
structures containing
voxel data for object
to be milled)

H3D API

Graphic thread, 60 Hz.
Check for milling. Check if a voxel
(object to be milled) is inside the
radius of the mill (SPO).
Update max/min density values
and gradient values, and update the
octree (object to be milled).
Apply the Marching cubes algorithm
to the updated tree (object to be
milled) nodes; generating triangles
vertices/normals, and based on a
scaling factor get the point-shell
points/normals.
Use OpenGL to render the triangles
to create the shape of the object to be
milled.

Move the SPO to new
position/orientation based on the
equilibrium solution. Put a new virtual
coupling between this new state of the
SPO and the device. Calculate
force/torque and send as feedback to the
haptic device.

Figure 26. An overview of the haptic and graphic threads of the 6-DOF haptic milling
The haptic loop of the developed 6-DOF haptic milling algorithm consists of the following
key steps, which are all described in detail in later sections:
1) The first step of the haptic loop is a fast collision detection method, which is suitable
for milling applications. To optimize the multiple point collision detection with
respect to the haptic rate, the procedure is split up into two parts.
2) For each colliding point-shell point the penalty forces and torques, and their
derivatives, are calculated. For the calculation of the force- and torque feedback we
are using the same penalty based method as Barbic and James (2008).
3) For stable haptic feedback, a static virtual coupling is implemented in the same way as
Barbic and James (2008). A translational spring is put between the device position
and the SPO’s position, which gives the virtual coupling force. Similarly, a rotational
spring between the device orientation and the SPO’s orientation gives the virtual
coupling torque.
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4) The fourth step in the haptic algorithm includes solving the equilibrium equations that
arise from the assumption that the net forces/torques acting on the SPO are zero. The
6x6 linear equilibrium system is solved by using LU-decomposition. The solution
gives the motion increments of the SPO from the previous to the current time step.
5) The last step in the haptic loop includes moving the SPO the desired increments, and
calculating the force/torque feedback to be sent to the device. The force/torque
feedback is based on the above mentioned static virtual coupling method.

4.3.1 Step One: Collision Detection
The first step in the haptic loop is a fast collision detection method suitable for milling
applications. To optimize the multiple point collision detection with respect to the haptic rate,
the procedure is split up into two parts.
First, the milling tool (SPO) is bounded by a box in the x, y, z directions and the object to be
milled is stored in the hierarchical octree structure described in section 4.2.1. The first step of
the collision detection is performed by doing a box-box collision check between the box of
the SPO and the highest level of the box octree of the object to be milled (the tree root node).
If there is a collision, the box-box test continues down in the tree hierarchy until the deepest
tree level with collision is found. Several leaf nodes can have collision at the same time.
The second step in the procedure is to take all of the point-shell points and corresponding
normals stored in the collided leaf nodes and check which ones that have collision. Basically,
we go through the list of possible collision points, and check the signed distance field value of
each point to find if there is collision or not.
A trilinear interpolation method [Bourke (2012)] is used to calculate the signed distance field
value at the point-shell point position, as follows. The position of the specific point-shell point
is known; using this information it is easy to determine in which voxel cube of the SPO’s
distance field the point-shell point is located. The exact location of the point-shell point inside
this cube and the eight voxel signed distance field values and coordinates are used by the
trilinear interpolation algorithm to calculate the signed distance field value at the point-shell
position. If the resulting signed distance field value is negative; it gives that the point-shell
point is located inside the SPO and that a collision takes place for the specific point. The
signed distance field value directly gives the penetration depth of the specific point-shell point
inside the SPO. For a detailed depiction, see figure 27.
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Figure 27. Using trilinear interpolation to calculate the signed distance field value
Figure 28 depicts the bounding box around the SPO and the possible collision point-shell
points of the object to be milled. For each point-shell point that has collision a penalty force
and torque are calculated as described in section 4.3.2.

Figure 28. The SPO is bounded by a box in the xyz-directions, the object to be milled is
bounded by a hierarchical octree box structure (in the figure the possible collision point-shell
points of the object to be milled are depicted)
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4.3.2 Step Two: Penalty Force and Torque Calculations
The penetration depth between the colliding parts of the SPO and the object to be milled gives
rise to a repulsive contact force and torque. For the calculation of this force and torque we are
using the same penalty based method as Barbic and James (2008). (Figure 29 provides an
easy sketch over the contact model used by Barbic (2007)). For each colliding point-shell




point the penalty force  F  and torque  T  , and their derivatives, are calculated.
c,
i
c,
i




After some refinement, the formulas are as follows.
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Where kc is the stiffness constant for the bone material of the object to be milled (in our
demo: kc = 1.2 N/mm, note that this is stiffness per collision point), di is the distance field
value (penetration depth) and n̂ is the normal vector for the specific point-shell point, r is

i

i

the vector from the center-of-mass of the SPO to the point-shell point, ~ indicates the skewmatrix and ⊗ the tensor-product.
Having the SPO as a signed distance field gives the benefit of easy collision detection and
direct information about the penetration depth. For correct calculation of the penalty force it is
important to create the signed distance field using the same world-scaling as the virtual scene,
such that a distance in the signed distance field corresponds to the same distance in the virtual
environment.
If there is a large number of colliding point-shell points, the total collision force/torque will
grow uncontrolled after summation contributions from all the collided point-shell points and
the total stiffness will increase over the allowed maximum stiffness the haptic device can
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handle. This will cause haptic instabilities [Barbic (2007)]. To avoid this problem we have
implemented a maximum stiffness limitation for the penalty force. It works as follows. If the
total number of collided point-shell points is greater than 10, the stiffness for the i:th point is
(and so on for the next point):

k

10
=k ⋅
c, i
c i

(10)

Summarizing the penalty forces and torques for all the collided point-shell points gives the
total contact force and torque and derivatives as presented below (n = number of collided
point-shell points). The total penalty forces and torques are used when solving the equilibrium
system based on the net forces and torques acting on the SPO, as presented in section 4.3.4.
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Figure 29. An simple sketch over the contact model used by Barbic (2007)
(Picture source: [Barbic (2007)])

4.3.3 Step Three: Virtual Coupling
If the contact forces and torques are sent directly to the haptic device without filtering there is
a risk for unstable behavior due to large variations in the force feedback. With high stiffness
parameters the force increases rapidly from free space motion of the SPO to collision, and the
haptic device can start to vibrate and behave unstable. To avoid this situation a virtual
coupling is commonly used in haptic algorithms. The virtual coupling is a virtual spring
mounted between the real position of the device and the simulated position of the device (the
SPO). The spring tries to align the configuration of the device to the configuration of the SPO.
In 6-DOF haptic rendering there are two separate 3-DOF virtual coupling springs: one for the
linear translations and one for rotations.
Virtual coupling sometimes also includes damping, to enforce a velocity coupling in addition
to positions [Barbic (2007)]. This sort of virtual coupling is called a dynamic virtual coupling,
and it includes a mass-spring-damper system [Colgate et al. (1995), Adams and Hannaford
(1998)]. In the case of having a dynamic virtual coupling, the SPO must be assigned a nonzero mass. The difference in position between the haptic device and the SPO affects the
spring, and the difference in velocity affects the damper of the system. Spring forces/torques
and damping forces/torques are calculated. The position and orientation of the SPO would in
this case be updated using the equations of motion of a rigid body where the mass and inertia
tensor of the SPO is taken into account. The dynamic virtual coupling has been used in the
pioneering work of McNeely et al. (1999) with their voxmap point-shell method, which can
be seen as the base for the work done by Barbic and James (2008). Barbic (2007)
implemented the dynamic virtual coupling but found several drawbacks with using this
53

method. For example, the need to measure velocities presents one weakness of the dynamic
virtual coupling model since it is very difficult to get a good velocity signal from a haptic
device (if it is possible at all). Barbic (2007) used the API for the PHANToM devices
[Sensable (2012)] which only gave noisy translational velocities due to low resolution of the
sensors, and no rotational velocities at all. There were also difficulties in tuning the
parameters of the virtual mass, the damping constants, and the stiffness constants. If the
damping parameters were set too high, the noise in the velocity signal would amplify into
haptic instabilities. Low damping, in turn, caused instabilities during contact. Barbic (2007)
says: “We spent a significant amount of time tuning virtual coupling mass, damping and
stiffness parameters, and the results were still not satisfactory in some cases. We were
sometimes not able to render contact forces and torques as stiff as permitted by our hardware
(0.6 N/mm). In such cases, we were always able to make the dynamic virtual coupling
simulation stable by decreasing stiffnesses, at the cost of making the contact less stiff (and
therefore less realistic). With badly tuned parameters it often happens that free space does not
feel free.”
However, a static virtual coupling was introduced by Wan and McNeely (2003), where they
replaced the mass-spring-damper with, what they call, a quasi-static spring. A static virtual
coupling simplifies the tuning of parameters since there are no mass or damping parameters to
adjust (and no need to measure the velocities), just parameters for a linear and a rotational
spring; hence making it easier to find a stable simulation. Barbic (2007) implemented a static
virtual coupling and found it stable for simulating very stiff contacts. They achieved stability
in their test all the way up when increasing the stiffness parameters to the limit of the
PHANToM haptic device (0.6 N/mm). Barbic (2007) extended the static virtual coupling with
a static damping, which we present in section 4.3.5.
Since Barbic (2007) found the static virtual coupling method more stable and easier to adjust
than the dynamic virtual coupling, we adopted this method and implemented a static virtual
coupling acting between the position/orientation of the SPO and the position/orientation of the
real device.
A translational spring is put between the device position and the SPO’s position, which gives
the virtual coupling force  F

 . Between the device orientation and the SPO’s orientation a
vc


rotational spring gives the virtual coupling torque  T  . The virtual coupling force, torque,
 vc 

and their derivatives are calculated as follows.


F = k ⋅  p
−p
vc
vct  dev
SPO 

(17)

T =k
⋅ vector  ±  q
⋅ q − 1  
vc
vcr
  dev SPO  

(18)

∂F
vc = −I
∂x

(19)
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∂F
vc = 0
∂ω

(20)

∂T
vc = 0
∂x

(21)

∂T
~
vc = 0.5 ⋅  ± k
⋅ scalar  q
⋅ q − 1 I − T 

vc 
 SPO dev 
∂ω
 vcr

(22)

In the above equation kvct is the translational stiffness constant and kvcr is the rotational
stiffness constant for the virtual coupling, p (with adequate index) is the globally defined
position of the device or of the SPO, q (with adequate index) is the quaternion of the device or
SPO rotation. In our test cases: kvct = 3.0 N/mm, and kvcr = 1000 Nmm/rad, which indicate
that we are using a more stiff virtual coupling than Barbic (2007) (they used 0.6 N/mm as
maximum stiffness) thanks to that our ARES haptic device [Khan et al. (2009)] can handle
higher forces and is stiffer than the PHANToM device [Sensable (2012)].
The 6-DOF static virtual coupling forces, torques and their derivatives are used for solving the
equilibrium system based on the net forces and torques acting on the SPO, as presented in
section 4.3.4.

4.3.4 Step Four: Solving the Equilibrium Equation
After computing the total contact force/torque with derivatives and the static virtual coupling
force/torque with derivatives, the fourth step in the haptic loop is to put together all
forces/torques and derivatives acting on the SPO. The net force and torque acting on the SPO
under a small incremental displacement ∆x and rotation ∆ ω around the xyz-axes are
described as:

 ∂F
 ∂F
∂F 
∂F 
F = F + F +  vc + c ∆x +  vc + c ∆ ω
net
vc
c  ∂x
∂w 
∂x 
 ∂w





(23)

 ∂T
 ∂T
∂T 
∂T 



vc
c
vc
T = T + T +
∆x + 
+ c ∆ ω
+

net
vc
c  ∂x
∂w 
∂x 
 ∂w





(24)

The net force and torque (equation 23 and 24) are set to zero, i.e. assuming that the total force
and torque acting on the SPO are zero. This gives a 6x6 linear equilibrium system as
presented by the following matrix formation:
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 ∂F
 ∂x [0][0]

 ∂F [1][0]
 ∂x
 ∂F
 [2][0]
 ∂x
 ∂T [0][0]
 ∂x
 ∂T
 [1][0]
 ∂x
 ∂T [2][0]
 ∂x

∂F
[0][1]
∂x
∂F
[1][1]
∂x
∂F
[2][1]
∂x
∂T
[0][1]
∂x
∂T
[1][1]
∂x
∂T
[2][1]
∂x

∂F
[0][2]
∂x
∂F
[1][2]
∂x
∂F
[2][2]
∂x
∂T
[0][2]
∂x
∂T
[1][2]
∂x
∂T
[2][2]
∂x

∂F
[0][0]
∂ω
∂F
[1][0]
∂ω
∂F
[2][0]
∂ω
∂T
[0][0]
∂ω
∂T
[1][0]
∂ω
∂T
[2][0]
∂ω

∂F
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∂ω
∂F
[1][1]
∂ω
∂F
[2][1]
∂ω
∂T
[0][1]
∂ω
∂T
[1][1]
∂ω
∂T
[2][1]
∂ω

∂F
[0][2]
∂ω

∂F
[1][2]  ∆x   Fx 
 
∂ω
F 
y
  ∆y 
∂F
[2][2]  ∆z   Fz 
∂ω
   = − 
∂T
[0][2] ∆α  Tx 
  ∆β 
Ty 
∂ω

 


T
∂
[1][2]  ∆ϕ   Tz 
∂ω

∂T
[2][2]
∂ω


(25)

Where ∆x = (∆x, ∆y, ∆z ) , ∆ ω = (∆α , ∆β , ∆ϕ ) , and:

F ( x, y , z ) = F + F
vc
c

(26)

T ( x, y , z ) = T + T
vc
c

(27)



∂F  ∂Fvc ∂Fc 
=
+
∂x  ∂x
∂x 



(28)



∂F  ∂Fvc ∂Fc 
=
+
∂ω  ∂ω
∂ω 



(29)



∂T  ∂Tvc ∂Tc 
=
+
∂x  ∂x
∂x 



(30)



∂T  ∂Tvc ∂Tc 
=
+
∂ω  ∂ω
∂ω 



(31)
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We are solving the 6x6 linear equilibrium system by using LU-decomposition. The open
source C++ library Boost (2012) is used for the computations. The LU-decomposition method
is very fast, and the solution of the 6x6 system is found in approximately five micro seconds.
The solution gives the ∆x and ∆ ω increments which are the searched translational and
rotational movements of the SPO from the previous to the current time step.

4.3.5 Step Five: Force- and Torque Feedback
In the last step of the haptic loop the translational movement ( ∆x ) and the rotational
movement ( ∆ ω ) of the SPO are processed as follows before adding them to the current state
of the SPO to give its new position and orientation.
First, the computed translational and rotational movements are compared to predefined
maximum translational and rotational movements allowed in one time step of the haptic loop.
This limitation is motivated by the fact that otherwise it would be possible for the user to
propel the tool very fast into contact, causing deep penetrations upon impact, which in turn
may cause instabilities. The predefined maximum velocities that are allowed, give maximum
distance and angle that the SPO is allowed to move in one time step. If the computed
movements violate the predefined limits, these limits are instead applied.
This restriction in max velocities can cause a situation where the SPO is lagging behind the
real device when moving in free space and a “braking” force/torque will be sent to the user
due to the virtual coupling. The selection of the velocity limits should be selected such that
reasonable realism of free space motion is still maintained. On the other hand, the “braking”
force/torque has a convenient side-effect that it is slowing down the user’s hand, thus
lowering the velocities [Barbic (2007)]. In the bone milling applications this situation never
happens because the user is moving his/her hand slowly in the virtual environment.
In our test cases we have chosen the maximum allowed translational velocity to 0.5 m/s
(corresponds to 0.5 mm translational distance in 1 ms); and the maximum allowed angular
velocity to 240 degrees/s (corresponds to 0.240 degrees = 0.073 rad in 1 ms).
Before moving the SPO the ∆x and the ∆ ω increments a static damping (as discussed above)
is implemented similar to the work done by Barbic (2007). A so called static damping means
that the SPO’s position and rotation is changed only by (1 − α )∆x and (1 − α )∆ ω , where

α ∈ (0,1) controls the amount of static damping. Without the static damping the virtual

coupling can in some cases produce instabilities, e.g. if one object quickly slides around the
other object. Choosing a too high static damping constant can cause a surface stickiness effect
[Barbic (2007)]. In our test cases we choose a static damping constant of 0.5.
Finally, after the procedure with checking the maximum translational and rotational
movements, and implementing the static damping, the SPO is moved according to the
resulting increments.
Between this new SPO position/orientation and the device position/orientation a new virtual
coupling acts and generates the force and torque feedback sent back to the 6-DOF haptic
device:
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F
= k ⋅p
−p

vc _ feedback
vct  dev
SPO _ new 

(32)

 

=k
⋅ vector  ±  q
⋅ q−1
T
 
vc _ feedback
vcr
  dev SPO _ new  

(33)

The parameters for this virtual coupling used to produce the actual feedback to the haptic
device are the same as those presented in section 4.3.3.
In general there are still a number of additional parameters to tune in the haptic algorithm,
even though the dynamic virtual coupling is replaced by a static virtual coupling. The
parameters/constraints to adjust and that affect the haptic rendering are:
•

the stiffness constant for the bone material (kc)

•

the maximum stiffness limitation

•

the translational stiffness constant (kvct) for the virtual coupling

•

the rotational stiffness constant (kvcr) for the virtual coupling

•

the allowed maximum translational distance per time step

•

the allowed maximum angular motion per time step

•

the static damping constant ( α )

•

the resolution of the point-shell for the object to be milled

•

the resolution of the signed distance field for the SPO

•

the depth of the octree node structure

Barbic (2007) is using a saturation method for the virtual coupling to prevent the user from
pulling the SPO into the interior of the object to be milled. In that case the virtual coupling is
designed to be linear up to certain maximum force/torque values, after which the force and
torque are held constant at the maximum values, even if the user stretches the virtual coupling
spring even further. This is not implemented in the milling simulator – but it might be a case
for future work.
In the following section a face validity study and verification tests are presented to confirm
the performance and quality of the above described 6-DOF haptic milling algorithm.
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5. Verification and Face Validity Study
For full validation of a haptic surgery simulator there are five recognized validity steps to be
performed: content validity, face validity, construct validity, concurrent validity, and
predictive validity [McDougall (2007)]. In this work, we are exploring one of the most
commonly used validity steps, face validity – which is used to determine the realism of the
simulator, i.e. does the simulator represent what it is supposed to represent?
The aim with this study was to answer the research question: “Can we mimic a real milling
process of hard tissue in the simulator?” Hence, the test procedure for the simulator
prototype was focused on general milling in bone tissue, and not a specific surgical milling
procedure. In this section we report on the results from both verification tests and from the
face validity study which was performed at the Division of Orthopedics of the Karolinska
University Hospital in November 2011.
In subsection 5.1 we present the simulator system and the equipment, which were the same
for two different test scenarios (section 5.2); a milling case test procedure and a non-milling
case test procedure; and for the face validity study. In section 5.3 the results from the
verification tests are presented. The face validity study is presented in section 5.4.
For the verification tests the haptic rate, the force and torque feedback, and the shaft
orientation are traced and presented for the case of an average user. The face validation study
is performed by compiling opinions gathered through a questionnaire answered by the user
study subjects (orthopedists and residents in this case).

5.1 Equipment and Simulator System
For our application, the H3DAPI scene graph [H3DAPI (2012)] is used for code
implementation and communication with the new ARES 6-DOF haptic device [Khan et al.
(2009)]. The C++ programming language is used for low-level programming in the H3DAPI,
while the X3D scripting language is used to build up the scene graph. The simulations have
been performed on a Pentium 4, 3.3 GHz dual processor PC with a Quadrow FX1400
graphics card.
The ARES 6-DOF haptic device (see figure 30) was used for the force/torque haptic feedback.
The workspace of ARES is sufficient to realistically mimic a real surgery situation. The
parallel kinematic structure of the device enables high stiffness and the possibility to reflect
high forces as feedback to the user. Device stiffness properties are clearly very important for a
realistic feeling when interacting with stiff materials such as bone.
Apart from manipulating the virtual representation of the medical object by milling/material
removal, the simulator also allows the use of cut-planes, zoom and rotation to explore
interesting regions of the data. Sound effects are also implemented to make the simulated
milling process seem more realistic.
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Figure 30. The ARES 6-DOF haptic device, with x, y, z, yaw, pitch and roll directions

5.2 Test Scenarios
The two different test cases described below in conjunction with respective figures; a milling
case and a non-milling case, were used. In both cases the same virtual environment was used.
The scene was built up with a 3D rendered tooth taken from a high resolution CT-image
representing the medical object to be milled, and with a 3D rendered approximated mill
representing the tool maneuvered by the user.

5.2.1 Milling Case Test Procedure
For the verification tests, the milling case test procedure was performed such that the user
milled a straight corridor (a hole) from the dental crown of the tooth into the middle of the
tooth during around 20 seconds. The operator was told to try to keep the orientation of the
milling tool as constant as possible.
For the validation study, the milling case test procedure was performed as describe in the rest
of this subsection. The first part of the procedure was to mill a straight corridor positioned at
the middle of the tooth side into a depth of half the tooth width, see figure 31 (left). Then the
user was rotating the tooth 90 degrees in order for milling a straight corridor from the dental
crown down to where the first corridor was created such that the two corridors met each other,
see figure 31 (right).
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Figure 31. The user is first milling a straight corridor into the middle of the tooth (left), and
then milling a corridor from the tooth crown down to the first corridor (right)
In the second part of the milling case test procedure of the face validity study, the user created
a narrow single entrance corridor of half the length of the mill’s shaft. Once the corridor was
created, the operator was told to mill – inside the tooth – a cavity of larger dimensions than
those of the entrance of the corridor. See figure 32. The user was not allowed to penetrate the
surface of the tooth from the inside.

Figure 32. A cavity was milled inside the tooth with avoidance of surface penetration from the
inside (left). The creation was examined using a semi-transparency visualization mode (right)

5.2.2 Non-Milling Case Test Procedure
For the verification tests, the non-milling case test procedure was performed such that the user
was instructed to put the milling tool into the already milled hole and let the cylindrical
shaped tool collide with the wall (creating torque feedback) while trying to keep the tool as
still as possible during 20 seconds.
In the non-milling case test procedure of the validation study, the user was manipulating and
exploring the tooth without milling. The idea with this task was to make the user familiar with
the virtual environment in terms of navigation, depth perception and basic 6-DOF collision
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detection and haptic feedback. The user was instructed to move the tool around in the whole
workspace and use the full size of the tool’s shape for collision and interaction with
interesting parts of the tooth-object. See figure 33.

Figure 33. In the non-milling case test procedure of the validation study the user was
manipulating and exploring the tooth without milling

5.3 Verification by Measurements
As presented above, the verification tests were performed for specific milling and non-milling
test scenarios. Data of interest were logged during a period of 20 seconds: haptic update rate,
force feedback, torque feedback, and shaft orientation. In the following two subsections the
verification results are presented.

5.3.1 Milling Case
Figure 34 shows the results for the milling case of the verification test procedure.
The average haptic rate during the test is 983 Hz, which indicates that the algorithm fulfills
the real-time requirements during milling. For the force feedback, the shape of the curve
illustrates the level of fluctuations in the force sent to the device and felt by the user. In this
sense, the algorithm seems to be stable. This also agrees with user’s impression during the
test.
The figure indicates that the torque feedback contains some fluctuations when milling, but,
also in this case, the traced data agrees with the impression the user experienced during the
test; some small vibrations occur but the realistic feeling remains.
The 3D graph shows the normalized orientation coordinates of the virtual tool (SPO).
Fluctuations in these coordinates would indicate disturbances that would be felt by the user.
The test procedure is exercised such that the user, while milling the straight corridor, is asked
to keep the orientation of the tool constant. Each point in the graph illustrates the directional
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vector of the SPO at a certain time step; the color scale ranges from 0 to 20 seconds. The
strong compactness of the points confirms the results from force and torque measurements;
the simulator shows stable behavior during milling.

Figure 34. The logged test data when milling: haptic rate, force/torque feedback, and shaft
orientation (the path is also zoomed in)

5.3.2 Non-Milling Case
Figure 35 shows the results for the non-milling case of the verification test procedure. The
average haptic rate is 991 Hz, which indicates that the algorithm also in this case fulfills the
real-time requirements.
The shape of the force curve illustrates how stable the force feedback part of the algorithm is.
The curve clearly shows that the user collides with the object and then increases the force
while after some time tries to keep the force constant.
Also for the non-milling case, the logged data agree with the impression the user experienced
during the test; the torque feedback is very stable and smooth. The figure indicates that the
torque feedback behaves in the same way as the force feedback. Given how the user was
moving the mill during this test, this result is logical; first increasing the torque by pushing
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the shaft of the mill against the wall of the hole, then keeping the torque and orientation
constant. Also for the non-milling case, the logged data agree with the impression the user
experienced during the test; the torque feedback was very stable and smooth.
The 3D graph shows the normalized coordinates of the shaft orientation of the virtual tool
(SPO). The figure shows a strong compactness of all the points in the graph, which again
indicates very good stability of the system.

Figure 35. The logged test data for the non-milling case: haptic rate, force/torque feedback,
and shaft orientation (the path is also zoomed in)

5.4 Validation by User Study
The face validity study was performed for specific milling and non-milling case test scenarios
as described in section 5.2. In the following two subsections the validation study design and
the results are presented.
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5.4.1 Study Design
Twenty-one volunteer participants from the Division of Orthopedics at the Karolinska
University Hospital were recruited to the face validity study. Thirteen (61.9%) orthopedists
and eight (38.1%) residents participated. Eleven (85%) of the orthopedists had a working
experience of more than 10 years, and ten (77%) of the same group had performed more than
1000 orthopedic operations each. Five (63%) of the residents had observed more than 200
orthopedic operations. One of the participants (4.7%) had tried a haptic milling surgery
simulator before, none of the others. The mean ages of orthopedists and residents were 55.6
(range 39-68) and 31.7 (range 29-36) years respectively. All of the participants performed the
complete face validity study.
For the face validity analysis, the participants responded to a questionnaire about the complete
haptic milling surgery simulator system. The questions were in relation to both the milling
case and non-milling cases. All but two of the questions of the questionnaire were to be
answered in terms of a five-point Likert scale (1 = not at all realistic/poor, 2 = not very
realistic/fair, 3 = somewhat realistic/good, 4 = realistic/very good, 5 = very
realistic/excellent). In this kind of tests a threshold for acceptable realism is grading results ≥
3.0 [Sweet et al. (2004)].
The statistical analysis of the answers from the two groups of participants was performed by
using a two sampled unpaired t-test for comparison of the two group means. The cutoff point
for statistical significance between the two groups in the t-test was set to P < 0.05, and the
presented confidence intervals are calculated for a 95% significance value. We also looked at
how large percentage of all the participants that rated a specific question with a grade higher
than or equal to 3.0.
The questionnaire used in the face validity study is given below.
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Face Validity of a Haptic Milling Surgery Simulator Prototype

General Demographics
Year of birth:
Profession:
Orthopedist

Resident

Other

Years of orthopedic working experience:
Number of orthopedic operations you have performed (in total):
Number of orthopedic operations you have observed in total (only for residents):
If you are not an orthopedist, what is your profession?
Have you ever performed any task on a haptic milling surgery simulator?
Yes
No

Questions related to exploring the surface
1) Please rate the simulator with regard to the following features:
1a) How realistic is the simulator when exploring tool/surface interaction
Excellent
Very good
Good
Fair

Poor

1b) Surface felt real
Excellent
Very good

Good

Fair

Poor

1c) Visualization of the bone
Excellent
Very good

Good

Fair

Poor

1d) Avoidance of haptic “fall through” when exploring the surface
Excellent
Very good
Good
Fair

Poor

1e) Does free space feel free?
Excellent
Very good

Fair

Poor

Fair

Poor

Good

1f) How realistic is 3D navigation in free space?
Excellent
Very good
Good

66

Questions related to the milling procedures
2) Please rate the simulator with regard to the following features:
2a) Force feedback when milling
Excellent
Very good

Good

Fair

Poor

2b) Torque feedback when milling
Excellent
Very good

Good

Fair

Poor

2c) Material removal rate
Excellent
Very good

Good

Fair

Poor

2d) Experienced stability
Excellent
Very good

Good

Fair

Poor

2e) Avoidance of haptic “fall through” when milling
Excellent
Very good
Good

Fair

Poor

2f) Visualization of bone when milling
Excellent
Very good
Good

Fair

Poor

2g) Depth perception
Excellent
Very good

Good

Fair

Poor

2h) Milling sound
Excellent
Very good

Good

Fair

Poor

Overall questions
3) How closely does the simulator approximate a real bone milling procedure for you?
Very realistic
Realistic
Somewhat
Not very realistic Not
at
realistic
realistic

all

Assume that this simulator will end up as a final product after some
refinement and modification.
4) How useful do you think a simulator would be as an educational tool in residency training?
Very useful
Useful
Average
Somewhat useful Not at all useful
5) Do you think the simulator would be useful for evaluating residents’ technical skills before
they are allowed to perform orthopedic operations on patients?
Yes
Maybe
No
6) Do you think the simulator would be useful for orthopedists to obtain new technical skills
before performing them on patients?
Yes
Maybe
No
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5.4.2 Validation Results
Figure 36 presents scoring results from the face validity study regarding to the non-milling
procedure. From the results we can see that the participants’ over all opinions related to
exploring the surface were good or very good. Looking at all of the participants, the average
scorings for all of the questions were > 3.0.
For two questions there was a somewhat larger difference between the two groups of
participants. The experienced orthopedists thought that the surface felt real in a very good
way and that the navigation in free space was very realistic; while the inexperienced residents
were a bit less positive (although the difference was not statistically significant).

Scoring related to the non-milling process
Residents

Orthopedists

All

How realistic is 3D navigation in free space?

Does free space feel free?
Avoidance of haptic “fall through” when exploring
the surface
Visualization of the bone

Surface felt real
How realistic is the simulator when exploring
tool/surface interaction
1

1,5

2

2,5

3

3,5

4

4,5

5

Figure 36. Scoring regarding the non-milling process
Figure 37 presents scoring results from the face validity study regarding the milling
procedure. From the results we can see that the participants’ over all opinions related to
milling were good or very good, like for the non-milling case. Looking at all of the
participants, the average scorings for all of the questions were > 3.0.
The only question that gave a statistically significant difference between the orthopedists and
the residents is the one related to depth perception (P=0.04).
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Scoring related to the milling process
Residents

Orthopedists

All

How closely does the simulator approximate a real
bone milling procedure for you?
Milling sound
Depth perception
Visualization of bone when milling
Avoidance of haptic “fall through” when milling
Experienced stability
Material removal rate
Torque feedback when milling
Force feedback when milling
1

1,5

2

2,5

3

3,5

4

4,5

5

Figure 37. Scoring regarding the milling process
Figure 38 depicts scoring from the fourth part of the questionnaire; the participants opinions
about the simulator’s usefulness as an educational tool. The first and second questions have
only three answering options. Here most of the participants answered useful/very useful, and
“yes” that they think the simulator would be useful as an educational tool.
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Scoring related to educational tool
Residents

Orthopedists

All

Do you think the simulator would be useful for
orthopedists to obtain new technical skills before
performing them on patients?
Do you think the simulator would be useful for
evaluating residents’ technical skills before they are
allowed to perform orthopedic operations on
patients?
How useful do you think a simulator would be as an
educational tool in residency training?
1

1,5

2

2,5

3

3,5

4

4,5

Figure 38. Scoring regarding the simulator’s usefulness as an educational tool
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6. Summary of Appended Papers
6.1 Paper A: A Haptic and Virtual Reality Skull Bone Surgery Simulator
The work presented in this paper gives an introduction to the development of a simulator
system based on a virtual reality representation of the human skull, from which both haptic
and visual feedback is generated to simulate and animate a surgical milling process. The work
provides a basis towards a simulator used to educate and train surgeons to do complicated
skull bone operations, such as removal of cancer tumors.
The skull bone data is taken from a CT-scan and visualized using a modified Marching cubes
algorithm. Different haptic rendering algorithms of the bone milling process are discussed for
implementation. An energy-based approach is used for modeling of material removed during
the milling process.
This paper discusses the different parts a bone milling VR-system consists of and gives an
insight into problems occurring in a VR bone milling process and presents solutions for some
of these problems.
This paper was presented at the World Haptics conference in Pisa, 2005.

6.2 Paper B: A Haptic VR Milling Surgery Simulator Using High-Resolution
CT Data
This paper presents the underlying concept and development of a haptic and virtual-reality
milling simulator using high-resolution volumetric data. The paper discusses graphic
rendering as performed from an isosurface generated using Marching cubes and a hierarchical
storage method to optimize for fast dynamic data changes during the milling process. A stable
proxy-based 3-DOF haptic algorithm is used to maintain a virtual tool tip position on the
surface, avoiding haptic fall-through. The system is intended for use in education and training
of surgeons for milling operations, such as complicated temporal bone operations used, for
example, to remove brain tumors.
Agus et al. (2002), Pflesser (2002), and Sewell et al. (2005) are some of the other researchers
also dealing with this problem. All the research in this field is still at an early stage, the
solutions are deficient, and much more development is needed. The simulator presented here
differs from other similar systems in its use of high-resolution datasets, which produce very
realistic 3D visualizations of the milling process. The developed 3-DOF haptic rendering
algorithm also improves on previous ones, by producing greater stability and reducing haptic
fall-through problems.
This paper was presented at the 14th MMVR conference in Los Angeles, 2006.
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6.3 Paper C: A Face Validated Six Degrees-of-Freedom Haptic Bone Milling
Algorithm
The research presented in this paper describes a vital step in the design of a prototypical
surgical training simulator. The results are intended for application in simulators used to
educate and train surgeons for milling operations. In earlier work we have developed a haptic
bone milling surgery simulator prototype based on three degrees-of-freedom (3-DOF) force
feedback. The contributions presented in this paper describe an extension to that work by
further developing the haptic algorithms to enable 6-DOF haptic feedback, which is crucial
for realistic haptic feedback when interacting in a more complex virtual environment,
particularly in milling applications. The 6-DOF haptic algorithm is based on the idea
presented by Barbic and James (2008). It differs in that it is modified and optimized for
milling applications, and hence handles the challenging problem of real-time rendering of
volume data changes due to material removal, while fulfilling the given requirements of the
kind of haptic applications that we approach.
The goal of this paper is to present and state the quality of the developed 6-DOF haptic
milling algorithm. The quality of the algorithm is confirmed based on a verification test and a
face validity study performed at the Division of Orthopedics of the Karolinska University
Hospital.
This paper is submitted to IEEE Transactions on Haptics.

6.4 Paper D: Face Validity Tests of a Haptic Bone Milling Surgery Simulator
Prototype
In this paper we present a haptic milling simulator prototype intended for use in a curriculum
for surgical training of bone milling operations. The work presented here is an extension to
earlier work [Eriksson (2006)], in terms of both system functionality and proof of concept.
As a basis for this work we have modified the 6-DOF haptic algorithm developed by Barbic
and James (2008) to be suitable for milling, and developed a 6-DOF haptic device designed
specifically for stiff virtual interactions and stable haptic feedback.
The complete system consists of the new 6-DOF haptic device connected to a recently
developed haptic simulator program including the 6-DOF haptic milling algorithm and
software for 3D graphic rendering of medical bone objects.
In the bone surgery simulator, the operator can interact with the virtual environment by
manipulation using a virtual milling tool. Collision between the virtual object and the virtual
tool generates force and torque feedback to the hand held haptic device.
In this paper we first focus on giving an overview of the complete haptic milling simulator
system. Second, we investigate the research question: “Can we mimic a real milling process
of hard tissue in the simulator?”
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The investigation of the research question is performed by a face validity user study of the
simulator prototype. The study is conducted at the Division of Orthopedics, Karolinska
University Hospital. 21 subjects performed a test procedure of three cases and answered a
questionnaire regarding the performance and the educational usefulness of the bone milling
simulator. We examined the perceptions of two groups of subjects: residents and specialists in
orthopedics. The overall face validity test results are very promising.
This paper is submitted to the Journal of Medical Devices.
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7. Conclusion, Discussion, and Future Work
The research covered in this thesis has focused on developing a haptic and VR surgical
milling simulator. A paradigm shift is occurring in surgical education, from training on real
patients to introducing haptic and VR simulators instead. This topic is still new and relatively
unexplored; much more research must be done to reach the goal of realistic simulators that
mimic real and complete operation procedures in a sufficiently realistic way, and for which
surgical skill transfer can be demonstrated.
The simulator developed in this project marks a first step towards training for bone surgery
using VR and haptic methods. Patient-specific data can be implemented and manipulated by
the user in our simulator; both haptic and graphic real-time demands have been fulfilled and
stable haptic feedback in six degrees-of-freedom has been verified.
The 6-DOF haptic force/torque feedback model which is optimized for milling applications is
a modification of the method developed by Barbic and James (2008). The developed 6-DOF
algorithm can be categorized as a penalty-based haptic algorithm that uses a virtual coupling
spring model for haptic feedback.
The developed haptic milling surgery simulator prototype has been validated in a face validity
study at the Division of Orthopedics of the Karolinska University Hospital. The investigated
research question was: “Can we mimic a real milling process of hard tissue in the
simulator?” Data from the face validity study was collected through a questionnaire logging
the participants’ opinions about the performance and qualities of the simulator.
From the face validity study it is concluded that the haptic simulator can provide sufficient
realism for simulation of real bone milling surgery. This conclusion is backed up by the fact
that the participants graded the overall realism of the bone milling simulator to 3.8 on a 1-5
scoring scale. This in turn means that the new haptic device enables high performance force
and torque feedback for stiff interactions, and that the developed 6-DOF haptic milling
algorithm enables realistic force- and torque feedback when milling in a virtual environment.
The implemented sound effects provide additional realism to the simulated milling procedure.
The fact that the simulator also supports the use cut-planes, object transparency, zoom, and
rotation to explore interesting regions of the modeled 3D object is also proven useful.
The performance of the 6-DOF haptic algorithm has also been analyzed in verification tests.
From these tests we can draw the following conclusions:
•

Given the used computer system configuration the algorithm fulfills the real-time
requirement of stable haptic feedback from two stiff materials colliding in a virtual
environment.

•

The visual feedback indicates that the graphical representation of the milling process
takes place in a correct manner and without disturbing delays.

•

Traces of feedback forces and torques (sent as references to the haptic device) and of
the 3D orientation of the virtual tool (SPO) demonstrates that the developed 6-DOF
haptic algorithm is stable during both milling and non-milling test procedures.
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Even though the verification and validation tests reported above indicate certain realism in the
simulation, there are of course potential for improvements. When comparing different existing
6-DOF haptic milling algorithms presented in the literature, one conclusion is that modeling
the mill/bone contact forces is difficult and that a limited number of completely different
solutions exist, e.g. [Tsai et al. (2007)], [He and Chen (2006)], [Chan et al. (2011)],
[Syllebranque and Duriez (2010)], [Scerbo et al. (2010)]. One can conclude from these
sources that so far no algorithm has been demonstrated, that is able to generate force/torque
and material removal feedback which closely resembles the properties of real tool-to-bone
interaction. Earlier research [Flemmer (2004)] found that the position and relative impact
velocity of the mill tip, the mill dimensions and rotational speed, and material data regarding
the bone material are important parameters for a realistic force model. Incorporating all these
parameters would require more complex force models than the currently used ones. Hence, it
is necessary to develop and evaluate new algorithms for force and torque feedback in this
specific application. Future research should deal with these problems. Actually, in the haptic
milling surgery simulator prototype used today the contact force model provides feedback in
only 5 degrees of freedom – torque around the longitudinal axis of the virtual tool is not
modeled. Adding this last degree of freedom to the feedback is a natural next step that would
provide an even more realistic milling simulator. As mentioned, the contact model lacks one
degree of freedom, but the force/torque feedback calculations are in complete 6 degrees of
freedom, so adding the last degree of freedom is not a major difficulty.
Another topic of future work would be to continue the investigation of the performance of the
developed force/torque haptic algorithm; the force/torque model can be benchmarked using
both a teleoperator system and psychophysical experiments with real hand-held milling.
Contact models of situations in which the mill is both turned on and turned off should also be
tested and analyzed. The latter operational case is of great interest, as in some surgical
situations the surgeon switches the mill off and pushes it carefully against a particular bone
area, so as to judge the remaining bone thickness before breaking through.
In future work it would also be interesting to implement an energy-based approach similar to
that of Agus et al. (2002) for calculating and visualizing the material removal rate during
milling. As a basis for the removal of material, the attenuation value from the CT scan can be
used as a measure of how much energy a voxel can resist before being removed. Combining
the energy applied by the mill with the specific voxel attenuation values allows one to
determine when the voxels should disappear and the milling process proceed in the material.
The material removal rate would then depend on mill size and rotational speed [Hanson et al.
(1996)] and on the voxel density value. Currently, a simple time-dependent material removal
rate is used.
The quality of the developed simulator can be improved by implementing even more realistic
visualization of the material cutting process. In a master thesis project [Ringborg (2011)]
performed within the research project new concepts for 3D visualization have been
investigated. In that visualization study, more objects in the virtual scene and visualization of
particles illustrating the blood and dust produced during material removal were implemented;
doing this in the simulator will improve the visual feedback to the user, and more closely
mimic a real surgical situation. Today the graphic rendering is monitored using stereoscopic
3D glasses, in future applications an auto-stereoscopic solution, something like the AR-table
developed by IIP (2012), could be of interest for implementation in the simulator.
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To extend the simulator even more and by continuing further development an idea for adding
an endoscopic adapter to the system has been examined. In another master thesis project
[Hammarstrand (2010)] an endoscopic adapter has been developed as a prototype to be used
for specific endoscopic surgery operations in the simulator. A cylindrical tool mounted at the
tool center point of the device can be used together with different surgical instruments for
simulation of different endoscopic procedures. Adding the adapter gives a 7-DOF haptic
device and an additional virtual environment mode. In this mode the camera view directly
follows the translation/orientation of the hand held cylindrical endoscopic tool, which
increases the realism of having the simulator as an educational tool for endoscopy.
The results from these master thesis projects can be brought in to a successful further
development of the simulator prototype.
However, future research should also focus on investigating the economic and ethical benefits
of using simulators instead of real operations in training and educating surgery residents.
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