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Abstract
New Virtual Reality technologies provide the possibility of widening access to information in
data. Haptics, the technology of touch, could be an interesting future aid and have large impact
on medical applications. The use of haptic devices allows computer users to use their sense of
touch, in order to feel virtual objects with a high degree of realism.

The aim of the thesis is to investigate the potential deployment and the benefits of using haptic
force feedback instruments in maxillo-facial surgery. Based on a produced test application, the
thesis includes suggested recommendations for future haptic implementations.

At the Department of Maxillo-Facial Surgery, at the Karolinska Hospital in Stockholm, Virtual
Reality technologies are used as an aid to a limited extent during the production of physical
medical models. The physical medical models are produced with Rapid Prototyping techniques.
This process is examined and described in the thesis. Moreover, the future of the physical
medical models is outlined, and a future alternative visualizing patient data in 3D and use haptics
as an interaction tool, is described. Furthermore, we have examined the present use of haptic
technology in medicine, and the benefits of using the technology as an aid for diagnostic and
treatment planning.

Based on a presented literature study and an international outlook, we found that haptics could
improve the management of medical models. The technology could be an aid, both for physical
models as well as for virtual models. We found three different ways of implementing haptics in
maxillo-facial surgery. A haptic system could be developed in order to only manage virtual
medical models and be an alternative solution to the complete Rapid Prototyping process. A
haptic system could serve as a software, handling the image processing and interfacing from a
medical scanner to an Rapid Prototyping system. A haptic system could be developed as an
alternative interaction tool, which could be implemented as an additional function in currently
used image processing software, in order to improve the management of virtual medical models
before the Rapid Prototyping process.

An implementation for planning and examination in maxillo-facial surgery, using haptic force
feedback interaction, is developed and evaluated. The test implementation is underlying our aim
of investigating the potential deployment and the benefits of using haptic force feedback
instruments in maxillo-facial surgery.

After discussing the possible future of our implementation and the future of haptic force
feedback in maxillo-facial surgery, a recommendation is given as a conclusion of our total work.



Contents

1 INTRODUCTION....................................................................................................... 1

1.1 BACKGROUND ...............................................................................................................................1
1.2 PURPOSE .........................................................................................................................................2
1.3 STRUCTURE OF WORK ..................................................................................................................2
1.4 OUTLINE OF THESIS ......................................................................................................................3
1.5 ACKNOWLEDGEMENT ..................................................................................................................4

2 SURVEY........................................................................................................................5

2.1 INTERVIEWS ...................................................................................................................................5
2.1.1 Qualitative Research Interview........................................................................................................5
2.1.2 Interview Process ............................................................................................................................5

2.2 RESULTS OF INTERVIEWS WITH MEDICAL EMPLOYEES ..........................................................6
2.2.1 Techniques .....................................................................................................................................6

3 PHYSICAL MEDICAL MODELS...............................................................................9

3.1 BACKGROUND ...............................................................................................................................9
3.2 PROCESS OF PHYSICAL MEDICAL MODELS .............................................................................10

3.2.1 Data Acquisition.........................................................................................................................10
3.2.2 Image Processing...........................................................................................................................10
3.2.3 Model Reproduction .....................................................................................................................10
3.2.4 The Process of Medical Models at the Karolinska Hospital ...........................................................10

3.3 MIMICS........................................................................................................................................11
3.3.1 MIMICS at the Karolinska Hospital ..........................................................................................11
3.3.2 Benefits and Drawbacks of MIMICS ..........................................................................................13

3.4 RAPID PROTOTYPING PROCESSES.............................................................................................14
3.4.1 Stereolithography ..........................................................................................................................14
3.4.2 Selective Laser Sintering ...............................................................................................................15
3.4.3 Laminated Object Manufacturing.................................................................................................16
3.4.4 Fused Deposition Modeling ..........................................................................................................17
3.4.5 Solid Ground Curing ...................................................................................................................17
3.4.6 Ink Jet Printing techniques ...........................................................................................................17
3.4.7 3D Printing.................................................................................................................................18

3.5 USE AND BENEFITS OF PHYSICAL MEDICAL MODELS...........................................................18

4 FUTURE TECHNOLOGY FOR PHYSICAL MEDICAL MODELS ..................... 21

4.1 IMPROVEMENTS OF PHYSICAL MEDICAL MODELS.................................................................21
4.1.1 Accuracy and Quality ..................................................................................................................21
4.1.2 Financial Perspective and Future Time Savings ............................................................................22

4.2 REPLACEMENT OF PHYSICAL MEDICAL MODELS ..................................................................22
4.3 MEDICAL VOLUME VISUALIZATION.........................................................................................23
4.4 WORKSTATIONS...........................................................................................................................23
4.5 DEVELOPMENT OF NEW PROGRAMS AND APPLICATIONS ....................................................24
4.6 CONSEQUENCES FOR PHYSICAL MEDICAL MODELS..............................................................24

5 HAPTIC TECHNOLOGY FOR MEDICAL MODELS...........................................27

5.1 HISTORY AND BACKGROUND....................................................................................................27
5.2 USE OF HAPTICS IN MEDICINE .................................................................................................28



5.2.1 Medical Training Simulators........................................................................................................29
5.2.2 Diagnostic and Treatment Planning..............................................................................................30

5.3 BENEFITS OF USING HAPTICS IN MAXILLO-FACIAL SURGERY .............................................30
5.3.1 Cooperative and Complementary Effects of Haptics.......................................................................31
5.3.2 Timesaving Solution .....................................................................................................................32
5.3.3 Usability of Haptics .....................................................................................................................32
5.3.4 Network and Collaborative Haptic Applications..........................................................................32
5.3.5 The Beginning of a Medical Revolution .........................................................................................32

6 IMPLEMENTATION ...............................................................................................33

6.1 RELATED WORK...........................................................................................................................33
6.2 REACHIN HAPTICS.......................................................................................................................33
6.3 DESIGN CONSIDERATIONS ........................................................................................................35
6.4 IMPLEMENTED FUNCTIONS .......................................................................................................35
6.5 EVALUATION................................................................................................................................43
6.6 FUTURE DEVELOPMENT OF IMPLEMENTATION.....................................................................46

7 DISCUSSION .............................................................................................................49

8 RECOMMENDATION ............................................................................................. 51

9 REFERENCES...........................................................................................................53

10 APPENDIX A - QUESTIONNAIRE ........................................................................57

11 APPENDIX B - EVALUATION................................................................................ 61





Haptic Force Feedback Interaction for Planning in Maxillo-Facial Surgery
1

1 Introduction

1.1 Background
The rapidly increasing flow of measured and simulated data is having a dramatic impact
on most areas of modern society. The analysis and interpretation of data is of growing
concern. There is an urgent need for development of sophisticated visualization tools that
aid users to navigate and interact with large data sets. At the same time, the increasing
computer capacity creates possibilities of simulating detailed and accurate physical models.
It also enables interaction with the simulated models in real time. This thesis draws on
both these developments and deals with the creation of, and interaction with, medical
models based on measured patient data using advanced virtual reality systems.

Measured data
Modern Computer Tomography (CT) and Magnetic Resonance Imaging (MRI) modalities
provide large scale measured patient data. Several thousand 2D images can be produced
for a single patient in a few minutes. Putting the 2D slices together into one large volume
of data and make use of 3D visualization, provides a way of analyzing these data sets. The
introduction of 3D visualization in radiology has, however, been very slow. Ten years ago,
radiologists could not imagine working with 3D volumes instead of 2D images. It is only
very recently that we have begun to see the deployment of 3D visualization in clinical
radiology.

Modeling and simulation
The use of medical models in training simulators is a rapidly expanding field.
Sophisticated commercial systems for training of specialized surgical procedures are now
starting to be available at educational hospitals in Sweden. The realism in these simulators
is increasing as computers get faster, and the models describing the anatomy1 become
more complex and accurate.

Models for individuals
The combination of measured data with modeling and simulation is a field that is
currently beginning to be explored. Making use of the methods developed for training
simulators but basing the underlying model on actual patient data, brings the simulators
into the clinical arena. In this scenario, the measured data is used as a starting point for
the development of individual patient models both for diagnosis and surgical planning.
The production of these medical models is, however, currently a bottleneck that prevents
extensive clinical use.

At the Department of Maxillo-Facial Surgery at the Karolinska Hospital (KS) in
Stockholm, individual physical medical models are produced and used for diagnostic and
treatment planning. Today, Virtual Reality (VR) techniques are used to a limited extent in
order to produce the models. There is, however, a growing interest in the possible

                                                
1 Anatomy is the science describing the structure of the human body.
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interaction and, as a matter of routine, future use of advanced VR technology for
visualization of the anatomy in planning of maxillo-facial operations.

In this project we are addressing the issues concerned with the development and use of
individual patient models in maxillo-facial surgery2.

We will present how to use haptic force feedback devices to improve the image process when
producing medical models. The term haptic refers to our sense of touch. Haptic force
feedback refers to the way we attempt to simulate this haptic sense in our virtual
environment. This is done by assigning physical properties to virtual objects or to
computer constructed 3D volumes. By designing devices, like mechanical arms, to relay
these properties back to the user, an actual feeling of the virtual object arises.

1.2 Purpose
The aim of the thesis is to investigate the potential deployment of haptic force feedback
interaction in maxillo-facial surgery. Furthermore, the thesis will include
recommendations for future haptic implementations.

The purpose of the investigation consists of four main parts. First, based on literature
study and interviews, we will describe the work procedure, the used techniques and the
opinions among radiologists and maxillo-facial surgeons. Moreover, a description of
Rapid Prototyping is required in order to understand the workflow. Rapid Prototyping is
an advanced technique of constructing physical medical models that can be used in
maxillo-facial surgery for diagnosis and planning.
Secondly, the investigation will contain a report on possible forthcoming improvements
of physical medical models, which are of relevance to further work within haptic
technology.
Thirdly, the report will describe how to utilize haptic interaction devices in order to
improve the image processing step when producing medical models.
The final and fourth purpose of the investigation is to develop a test implementation
demonstrating the potential use of haptics, based on the gained experiences.

The target group of the thesis consists of students that have been studying a Master of
Science in Media Technology and Engineering or any similar education program.

1.3 Structure of Work
The structure of work has been as follows:
1. Literature study
2. International Outlook, including:

a. Survey
b. Rapid Prototyping
c. Future of Medical Models
d. Haptics

3. Implementation
4. Evaluation and future of the implementation
5. Discussion

                                                
2 Maxillo-facial surgery deals with the diagnosis and treatment of diseases, injuries and defects of the oral
and facial region. It encompasses dental surgery, oral surgery and facial surgery [Mater].
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6. Recommendation for future work

The literature study is mainly based on articles, written during the last years, and on
Internet search. The haptic medical research area has so far been mainly limited to articles
concerning simulators. Articles describing haptic force feedback, as a part of a medical
planning tool, are very scarce.

Since haptics is not well established in the health care area, a detailed outline of the
current situation is needed. Hence, a survey was performed.

The process of producing the models with Rapid Prototyping Technologies is explained
in the report. Furthermore, the future of medical models is outlined. We investigated the
future alternative of visualizing patient data in 3D and using haptics as interaction tool.
The use and the benefits of haptics in maxillo-facial surgery were investigated.

Based on the presented international outlook, a proposal of a haptic feedback
implementation was produced. This proposal led to a model for a haptic tool. The model
was implemented using the Reachin API in combination with C++, VRML, Python and
Volume Haptic Toolkit. The Volume Haptic Toolkit is developed by Karljohan Lundin at
the University of Linköping and is described in Proxy-based Haptics for Volume Visualization
[Ynn02].

1.4 Outline of thesis
Chapter 2, Survey, describes the interviews and the opinions of medical employees. The
result from the interviews and the expectations of haptics are presented and analyzed.

Chapter 3, Physical Medical Models, discusses the techniques of using physical medical
models for diagnosis and planning in maxillo-facial surgery. The background and the
different processes of Rapid Prototyping Technology are described. The reader will be
introduced to the process of medical model manufacturing, the interfacing software
system MIMICS, and the use and benefits of the models.

Chapter 4, Future Technology for Physical Medical Models, describes the possible forthcoming
approaches and the establishment of physical medical models. The alternative of using 3D
virtual medical models will be presented. The chapter discusses if this is an optional
solution or parallel development to the medical models produced through Rapid
Prototyping.

Chapter 5, Haptic Technology for Medical Models, describes the background of haptic
technology and gives an overview of the current medical use. The future deployment of
haptics in the medical world is discussed. The chapter is concluded with suggestions on
how the technology could contribute in maxillo-facial surgery.

Chapter 6, Implementation, describes how the implementation was designed and
accomplished. The user is introduced to related works, design considerations and
implemented functions. The functions are presented from two different perspectives,
partly from a user interaction view and partly from an in-depth technical view.

Chapter 7, Discussion, summarizes what have been carried out in the thesis and gives our
conclusions.
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Chapter 7, Discussion, summarizes what have been carried out in the thesis and gives our
conclusions.
Chapter 8, Recommendation, presents our recommendation for further work of future use of
haptics in maxillo-facial surgery.
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2 Survey

In order to obtain and gather information about the daily work of surgeons and
radiologists, a survey was conducted. The survey covers primarily the opinions and the
experiences of the currently used techniques. Interviews were also held with companies
and employees having knowledge of haptics or working in the medical image processing
area. The survey was performed as a first step in order to provide the foundation for the
development of our implementation. The chapter consists of Interviews and Results of
Interviews with Medical Employees.

2.1 Interviews
The purpose of the interviews was to gain knowledge about current techniques,
experiences and desired modifications. The survey was used as a basis for and provides
inspiration and ideas of the implementation, described in chapter 6.

2.1.1 Qualitative Research Interview
During the research, a qualitative interview methodology was chosen instead of a
quantitative. A qualitative interview refers to an interview aiming to obtain as many
distinct descriptions as possible of one event [Kva97]. The objective is to ask questions in
order to achieve an open discussion. The interviewed people are free to expand stories
and give spontaneous descriptions of the experiences without constraints. The qualitative
research interview provides more in-depth information than the quantitative.

2.1.2 Interview Process
A limited number of people were selected for the interviews. In order to get a wide
insight, employees with different background, different work positions, positioned at
different hospitals and companies were interviewed.

During the interviews the workflow, the available techniques and the level of satisfaction
with the current situation were brought up. If the interviewed person use computer
software for diagnostic and treatment planning, questions concerning the current
programs and the future development were discussed. Finally, desired improvements and
future visions of the medical world were brought up. A few questions were always
prepared and constituted as a basis for the interviews, see Appendix A.

Employees of the following work positions or companies were interviewed:

Radiologists, from the Department of Radiology at KS, have extensive knowledge of CT
and MRI scanners and the advanced workstations provided for the data analysis. The
collaboration between the radiologist and the surgeon, the experiences of the
workstations and opinions about the future improvements of radiology clinics were
discussed.

Maxillo-facial surgeons and dentists, at KS and at the University Hospital in
Linköping (US), have knowledge of the current examination and diagnosing workflow.
Discussions about the technology and the future development of the models were
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brought up, even though the knowledge and experience of haptic instruments varied
among the physicians.

Technicians, at the Huddinge Hospital and at the University of Uppsala, are experts in
medical image processing and are presently working with haptic medical technology.
Together, we discussed new ideas and future developments of haptics involving the
present market for haptics.

Employees at Sectra. The company is a provider of medical IT solutions and offers a
Picture Archive Communications System (PACS). Sectra’s PACS is an alternative to
traditional film-based image processing in radiology [Sectra02]. The company has in-depth
technical knowledge of radiological equipment and workstations. Questions concerning
the future medical technical development were discussed, as well as the future for medical
haptic instruments.

Employees at Reachin. The company is a provider of a haptics based human computer
interface technology and several medical training and planning systems. Their human
computer interface technology is a combination of software and hardware that enables the
user to reach in and touch computer displayed 3D objects [Reachc02]. The company has
knowledge about the haptic technology and the current market. Questions regarding the
future role of haptics in medicine were discussed.

2.2 Results of Interviews with Medical Employees
The interviews with medical employees often resulted in discussions on the consequences
of digitalization. The employees often had conflicting thoughts and visions of the future.
They all stressed the importance of not introducing new expensive high-technological
equipment if it does not improve the current workflow. The costs must be reduced and
the benefits for the patients increase.

Several of the interviewed medical employees had heard of physical medical models, but
few had been in contact with the technology in their daily work. After describing the
functionality of the models, we could discuss the possible future deployment and
consequences related to the technology. It was, however, clear that physical medical
models have proven to be beneficial for diagnosis, planning, communication and
education. This was confirmed by the interviewed surgeons.

When expounding the view concerning the possibilities of working with haptic force
feedback for medical purposes, we observed low awareness. Most of the interviewed
people had not heard of the technology or the potential it has for medical applications.
Haptic technology for medical models will be described in chapter 5.

Overall, we found that there was limited awareness of the possible forthcoming
approaches in medical visualization and the interviews focused more on the current digital
revolution in the medical society and the consequences of introducing new techniques.
The results will be described in the next section.

2.2.1 Techniques
According to the interviewed medical employees, the surgeons have an intimate
collaboration with the radiologists. Almost every decision, concerning surgical planning, is
taken in consultation between the surgeon and the radiologist. The procedure increases
the patient care quality, but is on the other hand very time consuming. The interviewed
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medical employees believe that improved quality of the medical images would facilitate a
better communication between surgeons and radiologists.

Effects of Digitalization
Currently, one third of all hospitals in Sweden have undergone a digitalization process.
Digital radiology is presently well established as a cost-effective alternative to the
traditional work procedure [Sectra02]. The interviewed radiologists and people within the
medical visualization area believe that in the near future, every Swedish Department of
Radiology will replace traditional film-based management with digitized image processing.
The outcome will result in computer based image archives.

During the interviews with the radiologists, the storage of traditional x-ray films and the
consequences of deploying digitized archives were discussed. The following text
summarizes the discussion concerning the storage.

Presently, the traditional film-based management stores all images as x-ray films. It is not
uncommon that hospitals have large archives storage outside the hospital area. The image
storage are often of great importance for future examinations, when comparisons with
earlier investigations can be interest.

A digital hospital, on the other hand, concentrates all material in one single digital
location. The images are stored in an always-accessible archive. Images from prior
examinations can be collected from the computer archive. The images in a digitized
archive system can also be produced as x-ray film if desired. Any computer connected to
the network, can process and display the images. Even parallel displaying of the images at
different computers is possible. This enables discussions of a patient case between
members of the medical staff located at different places. Furthermore, the interviewed
medical employees pointed out the advantages of the possibility of sending digital medical
images to colleagues, at other departments or hospitals, for immediate expert opinion.

Workstations
Workstations are equipment where digital medical images can be displayed and processed.
The interviews gave us an understanding of how these workstations function.

Today, employees mostly use the workstations to display 2D medical images. However,
there are functions included at the stations, which enable images to be displayed as 3D
volumes. The physicians have many years experience of traditional film-based
management and are therefore used to look at 2D images. The transition to working with
3D volumes instead of 2D images is a great step. The following text describes functions
included on the workstations that are considered in our further work on haptics in
maxillo-facial surgery.

• Images of interest can be selected and displayed from different directions and
angles.

• Images can be gathered and displayed into a 3D volume.
• The user can interact with the 3D volume in several ways, for example rotate,

zoom and translate the volume.
• Transfer functions, which enable basic segmentation, are implemented in the

system of the workstation. Consequently, users can select various regions of
interest in the 3D volume. It is possible, for example, to exclude the brain and
simply look at the skull bone.
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• Parts with different densities can be colored. For example, the surface of the 3D
volume can be chosen to be the only visible object in a certain color.

• Different cuts can be done using clipplanes, and the user can choose to erase
selected parts.

Note that the previous description is only valid for the software systems of the
workstations, examined during the interviews. However, most of the current workstations
on the market have similar functions.

The interviewed radiologists mentioned that the workstations offer a vast number of
functions and operations. Hence, the radiologist only learns the fundamental functions,
due to lack of time during work hours. The lack of time stresses the importance of
developing simple and intuitive applications.
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3 Physical Medical Models

This chapter will describe Rapid Prototyping, which is a technique that permits the use of
physical medical models for diagnosis and planning in maxillo-facial surgery. The
complete process of manufacturing physical medical models, and the use and benefits of
the models will be outlined. In Figure 1 two examples of physical medical models are
shown. The chapter consists of Background, Process of Physical Medical Models, MIMICS, Rapid
Prototyping Processes and Use and Benefits of Physical Medical Models.

Figure 1, Physical medical models of  the skull and the maxilla,
with permission from Materialise NV [Mim02].

3.1 Background
Rapid Prototyping (RP) can be defined as a group of techniques, used to quickly
manufacture a model of a structure based on 3D Computer Aided Design (CAD) data.
RP has also been referred to as FreeForm Fabrication (FFF), Computer Automated
Manufacturing and Layered Manufacturing [Efu02, Castle02].

The first RP technique, Stereolithography, was commercially introduced in 1986. Since
then, the number of commercially available processes have increased and many more are
under development [Efu02].

In the medical area, RP makes it possible to build complex physical models of a patient’s
anatomy [Tah98]. 3D data of internal and external human body structures, provided by
CT and MRI scans, can be used for physical medical model building. Continuously in the
report, when mentioning physical medical models made by RP, we will always refer to it
as a “physical medical model”. There exist other techniques of building physical medical
models. These are, however, beyond the scope of this report.

Currently, most physical medical models are representations of bone structures based on
CT data. But even soft tissue structures from MRI data can be used to generate a model.
The models provide understanding of the shape, orientation, relative location and size of
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the internal anatomical structure to the medical team. Through selective coloring of the
models, the comprehension of the complex structure can increase. The physical medical
models in Figure 1 are examples of selective coloring. Models have been used by surgeons
in various specialties such as; neuro, maxillo-facial, craniofacial, cranioimplant, pelvic and
orthopedic.

The physical medical models can be used for diagnosis, treatment planning and model
surgery. They are functional both pre- and intra-operatively, and postoperatively. For
implant design, prosthesis production or communication with students, patients or other
surgeons, the model can be invaluable. In some cases, the models have been sterilized and
brought into operation room. Surgeons can then use them as a direct aid when
visualization of the medical case is required during the operation [Pop98].

3.2 Process of Physical Medical Models
The process of physical medical model production can be divided into three areas: Data
Acquisition, Image Processing and Model Reproduction.

3.2.1 Data Acquisition
3D data of internal and external human body structures are provided either by CT for
bone structures or MRI for soft tissues. Other imaging modalities are possible, as long as
they provide cross sectional images with 3D correlation [Pop98].

3.2.2 Image Processing
The first step, to obtain relevant format for the RP machine, is image segmentation of the
scanned data. For some scans it may be necessary to correct distortions due to artifacts.
Artifacts produce errors caused by metallic implants, prosthesis in the patient and errors
due to partial volume effects [Pop98]. When segmentation is completed, data is converted
to STL3 file format. The STL file format has become the standard data transmission
format in the RP industry. The surfaces of a solid model are approximated with triangles.
The more complex the surface, the more triangles are produced [Neco02]. There are
commercial products available for the image processing. In section 3.3, we will describe
the commercial software MIMICS, which is the presently used software at KS.

3.2.3 Model Reproduction
The RP machine processes the STL file by creating sliced layers of the model [Efu02]. In
this way the machine produces the model layer by layer. As soon as one layer is
completed, the model is lowered in order to produce the next layer at the right position.
The process is constantly repeated until the model is completed. The building time varies
with material and method. When the model building has finished, supporting structures
are removed. The final work consists of cleaning and polishing the model. There are
several RP processes, which are described in section 3.4.

3.2.4 The Process of Medical Models at the Karolinska Hospital
The model production process at KS is presently divided into three steps.

                                                
3 The STL or stereolithography format is an ASCII or binary file used in manufacturing. It is a list of the
triangular surfaces that describe a computer generated solid model. This is the standard input for most rapid
prototyping machines [Sdsc].
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Step 1
The CT or MRI scans of the patient are carried out at KS.

Step 2
There have been three ways of handling the image process.

• The radiological examination is being sent to a technician at the Royal Institute of
Technology (KTH). The technician, in collaboration with a radiologist from KS,
performs the complete segmentation.

• The examination is directly sent to a model manufacturing company. The
employees at the company perform the image process and produce a proposal of
a model. The proposal is sent to the surgeons at KS for approval.

• The image processing is completely done by the surgeons. The latter workflow
requires deep technical knowledge of the surgeon.

The segmentated data is then converted into an STL file format, in order to be accepted
by the RP machine. The user can either visualize the STL 3D model in MIMICS or in
some other software. One free software worth mentioning, which is used at KS, is
DeskArtes.

Step 3
The STL file is sent to a model manufacturing company, which performs the RP building
of the physical medical model. Finally, the model is sent to the surgeon at the hospital.

This process is time consuming and rather expensive.

3.3 MIMICS
Materialise's Interactive Medical Image Control System (MIMICS) is a software system for
interfacing between a medical or technical scanner and an RP or a CAD system. The
software system is an image processing package and at the same time an interactive tool
for visualization. The program supports segmentation of CT and MRI images including
3D rendering of the segmentated objects. MIMICS is, in the medical field, used for
diagnostic and operation planning or rehearsal purposes [Mim02].

In MIMICS, the file format of the incoming CT and MRI data has to be DICOM. Digital
Imaging and Communications in Medicine (DICOM) is a standard for transferring radiological
images and associated medical information between devices manufactured by various
vendors [Nema02].

3.3.1 MIMICS at the Karolinska Hospital
At KS, MIMICS is used for image processing. Image processing includes segmentation of
CT or MRI data, visualization and converting object data to STL file format. MIMICS is
presently mostly used by the surgeons at KS. In those cases when the examination is
being sent to KTH, the program is used by both the technician and the radiologist.

When importing a CT or a MRI examination into MIMICS, each DICOM file
corresponds to a different CT or MRI slice. MIMICS imports and converts DICOM
image files into a MIMICS file format. During conversion, the images are added into a
project file. The project is displayed in three different windows, like 2D images placed on
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a stack. The user can easily walk trough the 2D stack in every view in real time, (see Figure
2).

Figure 2, The graphical interface of MIMICS, with permission from Materialise NV [Mim02].

The first view to the left describes the axial4 cross-sectional planes of the patient. These
are the original images from the scan investigation. The other two views are virtually
constructed 2D models of the patient, based on the incoming data. These two views,
placed to the right, describe the coronal5 and sagittal6 cross-sectionals of the patient. In
the screen dump the lower right view is replaced by a 3D calculation of the 3D volume.

The image segmentation in MIMICS is semi-automatic. MIMICS uses segmentation masks to
indicate regions of interest. Here follows a description of the segmentation masks and
other possible segmentation and visualization functions.

Segmentation Masks
In MIMICS, segmentation masks are used to highlight regions of interest [Mim02]. Every
mask represents one certain working area and is recognized by its identity color. The user
can identify up to 16 colored segmentation masks [Mim02]. Several masks are often
needed to achieve a detailed desired final object. There are different functions available to
create and modify the masks. The functions described in the next sections of text are the
most frequently used for basic image segmentation.

Thresholding
The first operation, when creating a segmentation mask, is thresholding. By defining a range
of gray values, a certain region of interest is selected. For CT data, a low threshold value
will produce a mask containing the soft tissues of the 3D model whereas a high value will
include the dense parts. The result of the operation is a new segmentation mask consisting
of those pixels having gray values defined in the threshold range of values.

                                                
4 Axial describes cross-sectional planes from patients’ head to feet.
5 Coronal describes cross-sectional planes from patients’ front to back.
6 Sagittal describes cross-sectional planes from patients’ left to right.
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The problem of choosing the right range of values, depending on what type of model the
user desire, is important to mention. A low threshold value may produce models
containing too large amount of data. On the other hand, a high threshold value may
exclude fine structures in the model.

Region Growing
Region Growing is an operation that divides the already segmentated mask in even smaller
sub masks. If there is a connection between a marked pixel and its nearby pixels, the
function creates a new mask with the summarized connecting area. Region growing will
eliminate noise and flying pixels and will separate structures that are not connected to
each other [Mim02].

Dynamic Region Growing
Dynamic Region Growing is a function that selects a more specific region of the segmentated
mask. A pixel belongs to the new mask if it is positioned within a certain range of distance
from the starting pixel and does not deviate in gray value more than with a certain range.
Both ranges are set by the user. Consequently, regions of similar gray values, positioned
within a certain area from the chosen pixel, are being selected. It allows for segmentation
of tendons, nerves and tumors in CT images. Moreover, it provides an overall tool for
working with MRI [Mim02].

3D Rendering and 3D information
MIMICS provides an interface for calculating 3D models, consisting of the previous made
masks. Parameters for resolution and filtering can be set by the user. Further information
about height, width, volume, surface etc., can also be set for every model. MIMICS
displays the 3D models with visualization functions including real-time rotation, pan and
zoom, and the ability to apply transparency and depth shading [Mim02].

3.3.2 Benefits and Drawbacks of MIMICS
One advantage with MIMICS is that the program easily imports and converts DICOM
image files. The three 2D views are a beneficial aid for the user to obtain a feeling of a 3D
volume, but it would still be more intuitive to work directly in 3D. Another advantage of
MIMICS is the simple export of the final 3D volume into an STL file. The file is created
fast and with good quality.

The segmentation functions, described in the previous section, are simple to use and
apply in MIMICS. At least as long as the medical images are well defined and consist of
tissues and organs with clearly separated gray values. However, one difficulty with
MIMICS occurs as soon as the medical images contain areas with similar gray values. This
happens when, for example, a tumor is located around and even inside nearby bone
tissues. Both tissues and tumor will have similar density value. Since the software
originates from the manufacturing industry, where the objects often have well defined
sharp edges, the functions can not separate the medical tissues to the desired level of
accuracy. This causes problem, for instance when the user is interested in segmenting the
tumor from the rest of the tissues in the model.

Tissues of various densities require different scanning techniques to achieve the best
illustration. In MIMICS, another problem arises when performing a so-called image fusion,
which is a merging of images of different kind, like CT and MRI. MIMICS can process
both CT and MRI data, but not at the same time in the same project. If merging still is
needed it is possible to position every CT and MRI image manually. Reference and
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navigation points need to be set out in every image. However, this is very time
consuming. The present process when handling both CT data, for bone structures, and
MRI data, for soft tissues, has to be improved. This is a general problem in the image
treatment industry. Until the problem is solved, it will be considered a drawback in
MIMICS.

One important operator that can be found in almost every software systems is the Undo
function. In MIMICS, this function does not exist. The lack of an Undo button may cause
the user to work through the whole segmentation from scratch. Advanced software
systems are used in order to save time. If the user risks going back to the beginning of the
process and restart, the advantage is lost.

“No technical knowledge is needed for creating on screen 3D visualizations of medical
objects” can be read at the web site of MIMICS [Mim02]. Regarding the different
parameters that have to be set in the varying functions, we believe that MIMICS require
some basic knowledge of image processing. A technical skill or knowledge of some other
image processing software will definitely help. Creating a segmentated object, in order to
produce an accurate physical medical model of a patient, can be very time consuming for
a beginner. This is yet another drawback.

There are several steps involved in formatting the image file format from the radiological
examination to the final physical medical model, (see Figure 3). It is important to
remember that in every step of the formatting, an approximation is made and a fraction of
the raw data is lost.

Figure 3, File formats from radiological examination to physical medical model.

In the medical world, the over all cost is of great concern. The present problem with
MIMICS, that limits its usage, is the price. The software system is expensive in relation to
the limited usage in the medical world. The present price is close to 150,000 SEK per
license.

3.4 Rapid Prototyping Processes
Rapid Prototyping Technology (RPT) automates the production of a prototype model
from 3D data. There exist several processes to produce physical medical models. The
choice of process depends on the application at hand [Pop98]. We will focus on the RP
techniques, which are currently commercially available. These are; Stereolithography,
Selective Laser Sintering, Laminated Object Manufacturing, Fused Deposition Modeling,
Solid Ground Curing and Ink Jet Printing techniques. The methods all have in common
that they produce physical models by adding and bonding materials in layerwise-fashion.
This is directly the opposite of what classical methods, such as milling or turning, do.
Those methods form models by mechanical removal of material [Castle02].

3.4.1 Stereolithography
Stereolithography (SLA) is the best known and the most widely used RPT [Pop98,
Castle02]. It was developed by 3D Systems of Valencia, California, USA, founded in 1986
[Efu02].
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SLA builds physical models layer-by-layer, from bottom to top. A laser scans a light
photosensitive resin in the area defined by the object’s cross-section, e.g. a patient’s bone
structure defined by CT data. The material originally developed for printing and packaging
industries, quickly solidifies wherever the laser beam strikes the surface of the liquid. Once
a layer is completely traced, it is lowered a small distance into the vat and a second layer is
traced on top of the first. The layers bond to one another due to the self-adhesive
property of the material. After forming several layers, a complete 3D physical medical
model has been manufactured [Castle02]. Due to the layered process, the model has a
surface composed of stair steps. The step surface can be removed by simple sanding
[Efu02].
Some models have external parts, overhangs or undercuts, which require support
structures during the fabrication process [Castle02, Efu02]. The support structures are
manually or automatically designed and fabricated simultaneously with the model. They
are only used during manufacturing [Efu02]. When the fabrication process is completed,
the object is elevated from the vat and the support structures are cut off [Castle02].

Stereolithography is considered to provide the greatest accuracy and best surface finish of
all RPT. The technology can also construct larger models [Castle02]. Moreover, the
models can easily be sterilized for medical use. Concerning the financial perspective, SLA
is inexpensive compared to other techniques [Pop98].

The SLA technique can produce models in different materials. Acrylate material, for
example, allows high transparency, fast building and possible medical grade models with
selective coloration of regions of interest.

But it is a disadvantage working with liquid materials, since it can be quite untidy. Since
lasers do not have power high enough to completely cure, models often require post-
curing in a separate UV oven for complete cure and stability [Castle02, Pop98].

3.4.2 Selective Laser Sintering
Selective Laser Sintering (SLS) is a process that was patented in 1989 by Carl Deckard
[Efu02]. SLS is a method based on bonding powders [Castle02]. An object is formed by
laser sintering selected areas of thin layers consisting of meltable powder [Pop98].

An SLS machine consists of two powder magazines on either side of a work surface. A
roller spreads thermoplastic powder from one magazine, crossing over the surface to the
other magazine [Efu02]. A laser beam is then traced, over the surface of the compacted
powder, to selectively melt and bond it. This will form a layer of the object [Castle02].
The work platform moves down with the distance of the thickness of a layer. It
accommodates the new layer of powder, where the roller moves in the opposite direction
[Efu02]. The fabrication chamber is maintained at a temperature just below the melting
point of the powder. In this way, the heat from the laser needs only raise the temperature
slightly to cause sintering [Castle02]. The process is repeated until the model is completed
[Efu02]. The piston is then raised and excess powder can be brushed away. In the end,
final manual finishing may be carried out [Castle02].

The main advantages over SLA revolve around material properties [Efu02]. A wide range
of materials can be used in SLS, such as polystyrene, nylon, glass-filled nylon, or wax
[Pop98, Efu02 and Castle02]. The SLA process is limited to photosensitive resins, which
are typically brittle. Consequently, the SLS model is therefore considerably stronger than
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an SLA model. Another advantage of SLS over SLA is that no support structures are
required. Since the solid powder bed supports overhangs and undercuts, they can be
disregarded [Castle02].

Surface quality and model details in SLS will be inferior to those in SLA [Pop98,
Castle02]. The surface of an SLS part is powdery due to the base material. The particles in
the SLS material are fused together without complete melting. When an appearance model
is desired, the smoother surface of an SLA models is more often preferred than an SLS
model. Moreover, if the temperature of uncured SLS powder reaches a certain limit,
excess fused material can gather on the part surface. This is an event difficult to control,
since there are numerous variables in the SLS process [Efu02].

Regarding the accuracy, SLA is more accurate immediately after completion of the model.
But SLS, on the other hand, is less sensitive to remaining stresses. Stresses which are
mainly caused by long-term curing and environmental stresses. Both SLS and SLA suffer
from inaccuracy in the z-direction, since neither of the techniques has a milling step. SLS
is less predictable of them both, because of the variety of materials and process
parameters [Efu02].

SLS is comparable in speed with SLA [Pop98], but the system is mechanically more
complex than SLA and most other technologies [Castle02]. In general, SLA is a better
process when fine, accurate details are required. However, a varnish-like coating can be
applied to SLS parts to seal and strengthen them. The technique is believed to be more
suitable for orthopedic type applications, rather than transparent models of the skull
[Efu02].

3.4.3 Laminated Object Manufacturing
The Laminated Object Manufacturing (LOM) technique forms objects by bonding and
cutting sheet materials. By using a laser, profiles and cross-sections of objects are cut from
paper, plastic or other web material. The technology favors foundry applications and large
models, since the complete volume does not have to be scanned [Pop98].

The material is usually a paper sheet, which is laminated with adhesive on one side.
However, plastic and metal laminates can also appear [Efu02]. The layer fabrication starts
by unwinding paper from a feed roll onto the stack. By using a heated roller, which melts
a plastic coating on the bottom side of the paper, the present layer is bonded to the
previous layer [Castle02]. After the fusion, a laser traces out the outline of the layers
[Efu02]. When cutting of the layer is complete, excess papers are cut away to separate the
layer from the web. Waste paper is wound up on a take-up roll. The excess material
supports overhangs, undercuts and other weak areas of the model fabrication. Areas of
cross sections, which are to be removed in the final object, are crosshatched with the laser
to facilitate removal [Castle02]. When the laser cutting is complete, the platform moves
down and out of the way in order to let fresh sheet material be rolled into position. Once
new material is in position, the platform moves back up to one layer below its previous
position and the process is repeated [Efu02].

Once completed, the model has a wood-like texture composed of paper layers. Moisture
can be absorbed from the paper, which tends to expand and compromise the dimensional
stability. Therefore, most models are sealed with paint or lacquer to block moisture
impacts [Efu02]. In general, the finish, accuracy and stability of paper objects are not as
good as for materials used with other RP methods. However, material costs are very low.
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Models resemble wood and can be handled and finished in the same manner [Castle02].
LOM continues to improve with sheets of stronger materials, such as plastic and metal
[Efu02].

3.4.4 Fused Deposition Modeling
Scott Crump developed the Fused Deposition Modeling (FDM) process in 1988 [Efu02].
After SLA, FDM is the most widely used RPT [Castle02].

A plastic filament is unwound from a coil and supplies material to a nozzle. The nozzle is
heated to melt the plastic. As the nozzle is moved over the work area in the required
geometry, it deposits a thin bead of plastic which form each layer. The plastic hardens
immediately after being squirted from the nozzle and bonds to the layer below. The entire
system is contained within a chamber, which is held at a temperature just below the
melting point of the plastic [Castle02].
Several materials are available for the process, including different color and polyester,
ABS, elastomers, and investment casting wax [Efu02, Castle02].

Compared with an SLA machine, an FDM machine is very well suited for hospital
environment. The FDM machine is a compact and quiet machine, with dehydrated
materials easy to handle in a hospital environment [Pop98].

The FDM process is fairly effective for small objects. The bottleneck of the process
occurs when producing models with wide cross-sections. The finish of FDM processed
models has been greatly improved over the years. However, they are not quite comparable
with SLA models. The closest challenger of the FDM process is the 3D printing process
[Castle02]. The 3D printing process is described in section 3.4.7.

3.4.5 Solid Ground Curing
Solid Ground Curing (SGC) is a process invented and developed by Cubital Inc. in Israel
[Efu02]. Similar to the SLA process, SGC produces models from light sensitive resin,
which is sprayed on a flat work surface [Pop98, Efu02]. But in contrast to the SLA
process, which uses laser scanning, the SGC process exposes each of the layers to an UV-
lamp with a mask. The mask is a photo mask uniquely produced for each layer. It is
positioned over the work surface and a powerful UV lamp hardens the exposed
photosensitive resin. The resin that has not been solidified is removed, and the gap is
filled with wax. The wax, that replaces the liquid resin in non-part areas, ensures the
model support. Every layer is milled to the correct size [Pop98]. This contributes to the
production of several parts at once, due to the fact that milling maintains vertical accuracy
of each layer and the total model. No post-cure is necessary [Efu02].

3.4.6 Ink Jet Printing techniques
Ink jet printing originates in the printer and plotter industry, where it consists of shooting
tiny droplets of ink on paper to produce graphical images. RP Ink Jet Printing techniques
utilize ink jet technology to shoot droplets of liquid-to-solid compounds. Consequently,
this will form layers of an RP model. Common Ink Jet Printing techniques are Z Corp
Sanders ModelMakerTM, Multi_Jet ModelingTM, Z402 Ink Jet SystemTM, and 3D Printing.
Although none of these techniques have become as established as the SLA or SLS
systems, several show promise [Efu02].

In this report, an Ink Jet Printing technique called 3D printing will be described. We have
chosen this technique since it is presently used by surgeons at KS.
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3.4.7 3D Printing
The 3D Printing technology is developed by MIT and Soligen, Inc. The process starts by
depositing a layer of powder material at the top of a fabrication chamber. A roller then
distributes and compresses the powder at the top of the fabrication chamber. The multi-
channel print head subsequently deposits a liquid adhesive in a two dimensional pattern
onto the layer of the powder. The powder becomes bonded in the areas where the
adhesive is deposited in order to form a layer of the model.
Once a layer is completed, the fabrication piston moves down by the thickness of a layer.
The process is repeated until the entire object is formed within the powder bed. After
completion, the object is elevated and the extra powder brushed away. No external
supports are required during fabrication since the powder bed supports overhangs.

The technology is compact, accurate and suitable for relatively small models that can be
built at a low cost [Pop98]. The technique has not been as recognized as the SLA process,
but indicates a promising future.

3D Printing offers the advantage of a rapid fabrication at low materials cost. Recently,
color output has also become available during production. However, there are still
limitations on resolution, surface finish, part fragility and available materials. The closest
competitor to this process is Fused Deposition Modeling, described earlier.

3.5 Use and Benefits of Physical Medical Models
RPT for medical model manufacturing are believed to improve and provide cost effective
medical diagnosis and surgical operative planning. The technologies are consequently
believed to decrease the time spent, and the cost of pre-, per-, and post-operative
procedures [Pop98].

The Phidias Newsletter published a validation study based on the effects of using physical
medical models in health care. The study presented a reported decrease of the mean
operation time by 62% of all surgeons [Erb02]. It also indicated the major reasons for
utilizing physical medical models. The arguments of using the models are the improved
communication between the doctors and the patients, the increased anatomical
orientation and the illustrative training of the planned intervention. Broadly, medical
teams can take advantage of physical medical models in four main purposes: Visualization,
Surgery Simulation, Prosthesis Generation [Pop98] and Communication.

Physical medical models improve the visualization of anatomical features, e.g. large
defects caused by trauma, tumors and infection. Due to the accuracy of the models, the
surgeons achieve very good understanding of the cranial defect of the patient. In some
complex cases radiologists and surgeons from various specialties can be involved. During
communication between the different surgical team members, the models serve as a
valuable aid. The models do not require any special knowledge or equipment to use
[Vaa98]. Since the deployment of physical medical models may contribute to faster
interventions, there can be a significant reduction in operation time and a reduced risk and
discomfort to the patient.

Moreover, training of surgical procedures, as cutting, drilling and repositioning of parts
for complex surgery, can be practiced on physical medical models. Since the model
present individual details of the actual patient, every training opportunity is unique.
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Consequently, every experience of the future operation affects the final result and may
reduce the operation time.

The design and production of implants and prototypes can be made using RP techniques.
Plates and pins needed for a reconstruction operation can be accurately fitted prior to
surgery. Consequently, the operation time can be reduced and the procedures optimized.
Precise fitting implants can even be fabricated directly from the model, easily in advance
[Hae98]. The accuracy of the implants can be investigated by comparisons with the
model.

When it comes to communication between the surgeon and the patient, the physical
medical models play an important role. By realizing the circumstances and understanding
the procedures of a future surgical operation, the mutual understanding will increase. This
will improve any decision making of a certain case.

Using RP medical models has so far shown significant benefits in the following specific
medical areas [Pop98]:

• maxillo-facial reconstruction
• cranio-synostosis
• skull and maxillo-facial tumor surgery
• skull plastics, orthodontic surgery
• deformities of long bone joints and knee surgery
• pelvic fractures
• hip dysphasia
• spinal trauma
• congenital and degenerative spinal diseases
• foot and hand malformations
• soft tissue structures such as cardiovascular systems
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4 Future Technology for
Physical Medical Models

In this chapter, the previous discussion concerning the achievement and development of
physical medical models is further developed. We will consider whether the use of virtual
medical models is an alternative solution or parallel development to Rapid Prototyping. The next
following sections will describe the basic conditions of virtual medical models.
Requirements consist of volume visualization, further developments of the workstations
and of new software systems and applications. Finally, we will summarize the chapter and
propose an approach that forms the foundation for the implementation described in
chapter 6. The chapter discusses Improvements of Physical Medical Models, Replacement of Physical
Medical Models, Medical Volume Visualization, Workstations, Development of new Programs and
Applications and Consequences for Physical Medical Models.

4.1 Improvements of Physical Medical Models
This section discusses improvements needed to gain a wide acceptance for physical
medical models. The main criteria for acceptance that we have identified are discussed.
We will also address the economy of medical model production and use, and its relation
to improved quality and cost savings.

4.1.1 Accuracy and Quality
In order to gain wide acceptance for physical medical models, the models first of all have
to be reliable. Currently, sinuses and intracranial bony surface cannot be precisely
recreated [Pop98]. In some cases, however, 100% accuracy of the models might not be
needed to understand the anatomy, even though it remains a future goal.
The most important aspects of the physical medical modeling process, in terms of
accuracy, are the choice of CT or MRI scan protocol and the segmentation of the data set
[Erb02]. A scan protocol with high spatial resolution should preferably be chosen. The
higher spatial resolution a scan protocol has, the more detailed image is produced. The
CT and MRI scan data are important during the image process, and consequently for the
final accuracy and quality of the physical medical model. However, the thinner the scan
slices are, the higher the radiation dose will be for the patient. This problem has recently
been debated in media [Dn02], and may delay the acceptance of medical models.

The segmentation process has to be improved by the introduction of more sophisticated
segmentation algorithms. If the segmentation is done by thresholding, the choice of
threshold value plays an essential role. Physical medical models that are based on CT
investigations will be reproduced inaccurately large if a low threshold value is chosen.
High thresholds, however, will cause fine structures to not be reproduced [Erb02].
The future will most certainly offer less complicated semi-automatic segmentations, which
may result in improved manufactured physical medical models.
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4.1.2 Financial Perspective and Future Time Savings
At first glance, the physical medical models may appear expensive. However, considering
the benefits for the surgeons and their patients, the models could in fact prove to be cost-
effective. Since they increase the understanding of the total procedure, the benefits
include improved care-quality and enhanced safe treatments for the patient [Pop98].
Further, the models offer an aid for diagnostic and treatment planning and training of
operations. Additionally, they optimize the treatment planning so that no additional
interventions might be needed. Realizing the advantages of physical medical models for
complex surgery might increase the number of manufactured models and could possibly
decrease the costs. Still, the overall expenses have to be reduced, including the cost of
model building and material.

The current production workflow is complicated, and consists of a number of steps
before the model is manufactured, delivered and deployed by the surgeons. The workflow
is time-consuming and causes increased costs for the hospitals. At the Department of
Radiology at KS, future visions of the possible use and production of RP models exist.
During the interviews, we found that there is a desire to let the complete management,
from scanning the data to the very production of the physical medical models, to be
located at the hospitals. The idea is based on adding a simple future module to the present
workstations. The module would enable direct model manufacturing at the hospitals. It
would handle the segmentation, preferably automatic or at least semiautomatic, and the
converting of image data files to STL files. An RP machine, located in the same building,
would manufacture the physical medical model. Consequently, the production of the
models would be located in the very same building as the collection of the data. The
proposed location for the RP machine is currently at the Department of Radiology. The
complete RP process would be carried out within the four walls of the hospital. Not only
time could be reduced, but also the circulation of confidential information.

When considering long-term cost savings, designing implants using a physical medical
model may be a superior solution. It is currently a more expensive way of producing
implants. However, the result will be more accurate, safer and result in a very well planned
operation. By using the models, the surgeon can be well prepared before the operation
and additional interventions might not be carried out. Medical models often results in one
single surgical operation with a low rate of returning patients, which may be a long-term
financial benefit for the hospital.

4.2 Replacement of Physical Medical Models
So far, we have discussed improvements of how to increase the acceptance of the medical
models in health care. Drawbacks of the physical medical models have not been
discussed, but there are some important issues to consider.

As mentioned earlier, the costs of manufacturing a physical medical model are rather high.
When using the model preoperatively, cuts can be performed on the physical medical
model. If these cuts are done in an incorrect way, there is no Regret or Undo function. The
model is at risk of being destroyed or consumed, and eventually has to be reproduced. It
is, however, always better to damage the model than the patient.

Further, the information related to a medical examination often has to be stored, which
means that a future archive for manufactured models will be needed. Producing several
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models leads to large storage spaces. This could be resembled to the older technique of
storing x-ray films from old investigations.

In the digital society of today, where no paper or traditional x-ray films exist. All material
produced in a digital society are stored in computers, in order to be reached by anyone
from anywhere. Instead of using a physical model for examination and planning, one
could foresee the use of a virtual model. All benefits of the physical medical models are
valid for the virtual medical models. The only difference is that the surgical team analyses
the model at a computer display, instead of looking at a physical model. The drawback is
the unfamiliar work procedure of a virtual model, compared to having a real physical
model in your hand. The physical model does not require any special equipment or
knowledge in order to understand and use. The virtual model requires a workstation with
stereoscopic display and haptic interaction, but should not require any additional special
technical skills. This possible development is the main focus of chapter 5.

4.3 Medical Volume Visualization
It is only during recent years the possibility of working with 3D volumes has been
integrated into the medical environment. 2D images, as x-ray images from CT or MRI
examinations, are used as base information to construct 3D models. 3D models may
reproduce a more realistic and actual existing view of the patient and a diagnosis may be
easier to make than by considering ordinary 2D images [Ctisus02]. Until recently, the
medical doctor and the radiologist had to mentally visualize a 3D volume in their head,
which the computer now automatically constructs and displays. The 3D volume may not
require a just as trained eye in order to discover abnormalities or deviant structures of the
patient. Another positive aspect of using a virtual medical model is that it is built on non-
invasive studies [Ctisus02]. Data is easily and rapidly gathered, even though there is a
negative aspect in exposing the patient to high radiation doses. However, one must notice
that if the investigation is justified, then so is the radiation dose.

4.4 Workstations
The introduction of virtual medical models is not always considered positive among the
employees. It has not before been a part of the everyday workflow and will certainly
generate fundamental changes of the current workflow [Ctisus02]. For wide acceptance
among the medical staff the demand is that the workstations should not require any
technical knowledge or computer experience.

The virtual medical models must be imported into well-adapted workstations. Important
issues to take into consideration are the interaction and the control of the displayed 3D
volumes. As 3D volumes are applied, the importance of fast rendering and well
functioning real-time imaging of the medical data increases. The user interaction with the
model must be concurrent with the movements of the displayed volume. The interaction
can be accomplished either by a mouse, a haptic device or by any other input device. The
input and output movements have to be absolutely correlated, or else the user will
experience less use of the model. If 3D volumes are to be widely recognized as a medical
aid, the workflow must contain extremely rapid computer processes. It is a challenge for
technical developers to achieve the demands, as medical volumes often consist of large-
scale data sets [Ctisus02].
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The most favorable workstation should be based on simple procedures, thus allowing a
fast workflow. There should not be too many choices in the 3D interface. The software
should provide a few large buttons, for intuitive and simple use. It is better to improve a
few important functions, than to provide a large number of possibilities. Future advanced
technologies will be more and more integrated into areas where technical knowledge is
not of central interest. This is yet another reason why workstations should not demand
any special technical skill of the user.

Another issue that has to be considered, is the question of management of the patient
information. Who will perform the future processing of data? Is it the surgeon, the
technician or the radiologist? In many cases, this will be determined by the location of the
3D system. There exists a vision of moving the 3D systems into the medical offices and
investigation rooms as soon as the hardware and software decreases in price [Ctisus02].

When it comes to future 3D imaging at hospitals, virtual medical models may become
mainstream application for reviewing all kinds of CT scanner data [Ctisus02].

4.5 Development of new Programs and Applications
The currently used software systems, for constructing and manipulating physical and
virtual medical models, are not completely sufficient. There are several functions that
should be modified or included, maybe in cooperation with other techniques, in order to
better follow and explore the development of medical models.

Concerning physical medical models, the future requires software systems with improved
image processing capabilities. The user should be able to perform examinations and
planning in both soft tissues and bone structures of the manufactured model. Currently,
most anatomical models are based on data from bone structures. However, soft tissue
data is needed to enhance the accuracy of the surgical simulation. For example, careful
planning of the position of the skin, in relation to a bone transplant, is necessary [Vaa98].
Hence, a program that can perform image-fusion, i.e. merge 3D volume models based on
both CT and MRI data, would be of value.

Regarding the virtual medical models, the future requires software systems where the user
can interact with a realistic virtual model in an intuitive way. It is important that the virtual
interaction with the model reminds the user of the natural interaction. The user should be
able to perform examinations, planning and operation in both soft tissues and bone
structures, as with the physical medical model. When manipulating a 3D volume in order
to plan and prepare a maxillo-facial intervention, the surgeon should be able to visualize
the final appearance of the patient.

Image Guided Surgery is the common name of all surgery that uses constructed images or 3D
volumes as an aid during operation or investigation. The technique is a natural
consequence of the present and forthcoming digitalization.

4.6 Consequences for Physical Medical Models
In the following section we will summarize potential future modifications of the process
of physical medical models in order to gain acceptance in the medical community.



Future Technology for Physical Medical Models

Haptic Force Feedback Interaction for Planning in Maxillo-Facial Surgery
25

Quality, Accuracy and Safety
The physical medical models must provide a high level of quality and accuracy if they are
to be validated. The input of CT or MRI scan data must be perfectly represented by the
model, or the model will not fulfill its purposes. No mistakes are allowed if the model is
to improve and enhance the safety of a forthcoming operation and the quality of the
medical services.

Production Process
In order to obtain a more efficient workflow, the production of the models is suggested
to be located inside the four walls of the hospital. Unfortunately, there are negative
aspects of relocating the entire production. The current RP machines are ungainly and
expensive in operation costs. Furthermore, they often use toxic materials and chemical
substances, which are not suitable in a medical environment. If the manufacturing of
physical medical models are to be located inside the hospital building, the RP techniques
have to be developed and improved. One has to keep in mind that the RP techniques
were originally developed to deployed in an industrial environment.

Requirements of Storage
Moreover, one has to consider the future storage problem caused by the increased
production and use of physical medical models. The physicians may, in the future, be
forced to select which ones of the physical medical models that should be preserved and
stored. The total number of models will increase with time, until it has reached an
unmanageable amount.

Future Outlook
As mentioned earlier, there are several negative future prospects concerning the physical
medical models. The idea of letting virtual medical models replace the physical medical
models may be considered. The virtual medical models could solve the above mentioned
problems.

We made the conclusion that haptic technology could be an answer when trying to find a
technique which could improve the management of medical models. The technology
might be an aid, both for the production of physical models as well as for virtual models.
We found three different ways of implementing haptics in maxillo-facial surgery:

• A haptic system could be developed in order to only manage virtual medical
models. The system would then include every functionality that currently exists in
MIMICS. Moreover, functions like cutting and designing of implants, which
currently require a physical medical model, have to be implemented in the haptic
software. Hence, the system needs to contain every possible operation that is
currently applied on the physical medical model in order to be an alternative
solution to the complete RP process.

• A haptic system could serve as an alternative software to MIMICS, handling the
image processing and interfacing from a medical scanner to an RP system.

• A haptic system could, moreover, be developed as an alternative interaction tool,
which could be implemented as an extra eligible function in MIMICS, in order to
improve the management of virtual medical models before the RP process.

This is the reason why we have chosen to investigate and dedicate the next chapter to
haptics, as a forthcoming and possible technology to be deployed in maxillo-facial surgery.
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5 Haptic Technology for
Medical Models

Haptics, the technology of touch, has the potential to become an interesting aid for
development of medical models. The sense of touch is one of our most important
instruments when it comes to learning [Hap98]. The use of haptic devices allows
computer users to use their sense of touch to feel virtual objects with a high degree of
realism [Bre01]. This chapter will introduce the reader to haptic technology and give an
overview of the current medical use of haptics. It will focus on diagnostic and treatment
planning in combination with 3D visualization and haptic interaction. It consists of History
and Background, Use of Haptics in Medicine and Benefits of using Haptics in Maxillo-Facial Surgery.

5.1 History and Background
Haptics was surprisingly not developed simultaneously with 3D graphics or virtual worlds.
The first haptic applications were developed during the seventies. At that time, it was the
need of working with dangerous materials that caused a growing interest of haptics. The
industrial market wished to perform risky operations with human hands, but as safely as
possible. Robots were therefore created to perform the job as a prolongation of the hand.
To maintain the realistic feeling for the user, haptic feedback was implemented and
correlated with the robot. These mechanical motors could in other words perform the
tasks and at the same time, through electrical signals, give the user a force feedback of the
performance. The first haptic interface existed therefore long before one could realize
real-time 3D graphics [Sch98].

The complete evolution of haptic feedback interaction occurred as scientists presented a
computer program which generated electrical signals. The signals produced and returned
the correct haptic feedback to the user. By combining the program with the latest
computer graphics, scientists had joined a virtual visual experience and a tactile feeling.
Still, hardware and software were very expensive [Sch98]. It is only recently, that the
technology is able to deliver believable stimuli at a reasonable cost [Sto00].

The development had a breakthrough in 1993, as Laboratories for Artificial Intelligence at
Massachusetts Institute of Technology (MIT) designed a tool that gave the user very exact
and precise stimuli. The inventors named the tool PHANTOM Haptic Interface, which is
short for Personal HAptic iNTerface Mechanism [Sch98], (see Figure 4). The PHANTOM
consists of three motors and three sensors that provide a realistic fingertip feeling during
contact with computer generated objects. Regardless what kind of object the computer is
generating, for example a simple sphere or a complicated spaceship, the user can feel and
explore the surface of the object. The PHANTOM gives a strong feeling of contact. The
user is able to virtually feel the object they have encountered [Sch98]. The PHANTOM
product is of great importance on the market today.
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Figure 4, The PHANTOM Haptic Interface

Dangerous operations are still closely associated with haptic tasks. When dealing with
situations that cannot be trained in reality due to high risks, haptic technologies are useful
tools. The assignments can stretch from airplane situations and surgery operations to oil
drilling [Reachb02] and operations in space. Haptics has also been used in other
industries. For example in art design, in education for blind people [Ram00, Bre02] and in
medical rehabilitation.

There are two different ways of generating haptic feedback from medical data depending
on the data representation. One is called surface haptic and the other is named volume haptic.
Surface haptics offers the user to virtually feel structures of a surface. Volume haptic is
more or less directly based on the volume data given from a medical scan system. Volume
haptics has recently been given increasing attentions, see e.g. Lun02.

As hospitals are introducing digital procedures and the medical examination data is being
displayed as 3D volumes, advanced VR technologies, like haptics, is getting more and
more interesting for everyday medical use.

5.2 Use of Haptics in Medicine
Haptic technology and VR are currently being used in different medical areas and
provides alternative solutions and aid in daily work. There are several companies working
with both hardware and software solutions for medical use. Several of them can be found
in Scandinavia (SimSurgery, ReachIn, Mentice Medical Simulation AB, Melerit Medical AB, etc.).
Today, the focus is mainly on the area of Medical Training Simulators. Next section will give
a description of what can be found at the hospitals today, concerning haptic technology
for medical training purposes. An area with increasing potential, where haptic technology
can be of important future use, is the area of Diagnostic and Treatment Planning. This thesis
will investigate and concentrate on the latter part of the technology, (see Figure 5).

Figure 5, Haptic Technology in medicine.
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5.2.1 Medical Training Simulators
Today, medical simulator centers are established at several hospitals all over Europe and
the US. The US is in the lead with 145 centers, followed by Japan with 23 centers. In
Europe, Germany is the leading country with 8 centers [Fag02].

First generation of simulators could only display anatomical graphics, without any force
feedback of the medical task. But with advanced haptic technology, a more accurate
feeling can be achieved. A medical training simulator with haptic force feedback helps the
medical students to learn more properly.

The number of medical training simulators has rapidly increased during the past few years.
One reason may be the shortage of cadavers for training on. The cadaver’s condition is in
addition almost always different from a natural human’s. But it is still needed in the
medical education. A simulator can in many ways replace the necessity of cadavers.

In the US, medical students can be educated at a completely “simulated” hospital. Since
1999, Uniformed Services University of the Health Science (USUHS), situated in the Washington
area, has been training students in clinical situations in an environment based on training
simulators, haptic force feedback devices and patients with makeup. The medical
simulation center consists of four functional areas; the clinical assessment laboratory, the
computer laboratory, the surgical simulation laboratory and the administrative
department. The surgical simulation laboratory uses virtual reality and a fully equipped
operating room in order to give a highly realistic scenario for surgical training. The main
idea is to use computer-based simulators and humanlike models instead of cadavers or
anesthetized animals. The laboratory consists of an operating room, an operating control
room and a virtual reality laboratory. The latter is partly founded by the Association of
Military Surgeons of the United States. It is equipped with simulators for Vascular
Anastomosis, Pericardiocentesis, a Diagnostic Peritoneal Lavage Unit and a hand-
immersive environment for ongoing research. Students have the possibility to view
medical object in 2D or 3D and to manipulate them through a haptic interface. The
interface allows the user to recreate the tactile sense and to touch, feel and alter 3D
anatomic structures in a virtual environment. The main purpose with the lab is to let the
students learn and practice themselves at their own pace and without the pressure and
fear of making mistakes. Two of the simulators in the lab are developed by researchers at
the center, and are the first one of their kind. In this way the lab serves as an important
technical research institution as well [Usuhs].

As recently as the 20th of March 2002, Sweden’s first simulator center opened at Huddinge
Hospital. They have invested both in an advanced simulated patient mannequin and in a
haptic simulator for endoscopic surgery [Hs02]. Simulators for endoscopic surgery is the
area where haptic technology is currently most widespread. Every accomplished virtual
operation can be filmed and used as complementary feedback. Several investigations have
been done, which prove the positive aspects of training with simulators [Hs01].

Further investigations have been done that proclaim the use and aid of VR and haptic
technologies in similar tasks. For example, it is shown that a person, who is being trained
by using VR and haptics in certain exercises, will perform the same task faster in reality
and with greater self-confidence. Even compared to carrying out the same exercise with
simply VR, the first mixed VR/haptic task was proved to be better [Ada01]. The article
consequently indicates that a surgeon, who has been trained in operation assignments with
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VR and haptics, may perform a better job when he or she faces the same task later on in
reality.

Important, concerning simulators, is that they currently are based on static data. The
simulator provides a graphical model, which represent an average patient. The graphical
model is not changeable, meaning that the medical task never changes. Consequently, a
simulation of something deviant from the standard case may not be carried out. It is not
possible to provide unique medical cases. Moreover, haptic technology and graphics are
most often built on surface data. The real challenge is to build a model that is based on
real patient data for both planning and surgical training.

5.2.2 Diagnostic and Treatment Planning
Advanced VR, including haptic technology, has not yet been developed to sufficiently
handle diagnostics and treatment planning at the hospitals. We have examined the
development of haptic technology as an aid for diagnosis and examinations in maxillo-
facial surgery.

As mentioned earlier, the difference between a medical training simulator of today and a
tool for diagnostic and treatment planning is that the latter is based on individual unique
patient data. Currently, the market is visioning one single system working both as a
medical training simulator as well as an aid in diagnostic and treatment planning. for
individual patients based on unique data. However, both hardware and software need to
be improved, before this kind of system may be introduced to the market.

Moreover, there is a global interest in the area of investigating image-guided surgical
planning. As an example, one can read about an EU project [Ier02], which will provide a
novel approach to computerized image-guided surgical planning. The goal is to deliver a
visual environment, where interaction with the anatomy and pathology is made possible
with advanced imaging methods and VR techniques. Furthermore, the project will allow
rehearsal of procedures by interacting with unique individual patient data. Hence, the
systems will be based on the individual variations in anatomy and pathology of unique
patients. Consequently, both surgical planning and simulation will be addressed by
providing an essential surgical training tool, which can be used prior to operation [Ier02].

5.3 Benefits of using Haptics in Maxillo-Facial Surgery
The use, of both physical and virtual medical models in the health care area, emphasizes
the need of a technique that simplifies the process of producing the models. When we
consider possible benefits of using haptics in maxillo-facial surgery, issues like “Where and
how could haptics improve the development of the medical model production in Maxillo-Facial Surgery?”
and “Where is the bottleneck of the production of medical models?” are essential to resolve.

After investigating the manufacturing of physical medical models and their future use, we
realized that the models could be improved in several ways. They might even be replaced
by virtual medical models. During the analysis of the software system MIMICS, both
benefits and drawbacks of the system were noted.

In section 4.6, Consequences for Physical Medical Models, we came to the conclusion that haptic
technology might be a possible technique and improve the management of both physical
and virtual medical models. We suggested the following developed approaches of a future
haptic system:
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• A haptic system, including all functionality of MIMICS and every possible
operation that can be made on a physical medical model, as an alternative solution
to the complete RP process.

• A haptic system, interfacing from a medical scanner to an RP system, including all
functionality of MIMICS in order to provide an alternative image processing
software.

• A haptic system, working as an alternative interaction tool and implemented as an
extra eligible function in MIMICS, in order to improve the management of the
virtual medical models.

In this report, we will concentrate on the two last-mentioned ideas.

The effort and time needed to construct a valid model should not exceed the interest and
necessity of the model for planning and diagnosing. In MIMICS, the required time for
image processing varies depending on the type and quality of the CT or the MRI
examination. Moreover, the required time varies depending on the previous mentioned
drawbacks of the software system.

A haptic interaction tool may improve the segmentation step and other image-processing
functions currently defined in MIMICS. Moreover, haptics could be integrated to simplify
and improve the navigation, segmentation and visualization of 3D volumes.

5.3.1 Cooperative and Complementary Effects of Haptics
There are two different approaches to using and combining haptic technology with a
graphical representation of a 3D volume. Either, haptics is added to support and reinforce
the visual information or, haptics is implemented as a complement to the graphical
presentation to provide data features that are difficult to convey visually [Pao98].

Cooperative haptics
Haptic technology can be used in order to provide any perceptual information or feeling
of presence to the medical expert. Hence, a reinforced feeling and understanding of the
information may be obtained. Consequently, the management of 3D models using haptic
feedback may be experienced very intuitive and natural, as if investigating the patient in
reality.

Complementary Haptics
The second approach offers an interesting understanding of the patient data. Gradients or
other mathematical expressions may provide further non-visual information of the
volume, which haptic technology can illustrate. Hence, the technology may offer the user
a further input channel of information, based on the volume data. The information, in
addition to the information provided by the visual input, may add perceptual value to the
investigation. An example of complementary haptics could be vibration. For example,
when a pixel is marked, vibration could be used in order to provide additional information
of the adjacent region.

At first, the idea of using complementary haptics in our implementation was discarded.
Since we do not have a completely describing transfer-function, it is quite unlikely that the
use of haptics, as a complement to the graphical appearance, will provide any additional
information to the user. Furthermore, we will use the same information source for both
graphic and haptic displays, which probably will not result in any further information
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flow. However, during the development of the implementation, we found that
complementary haptics may be used in order to guide the user when marking a pixel of a
segmentated surface. This is described more in detail in the next chapter, Implementation.

5.3.2 Timesaving Solution
As a result of using virtual medical models and haptic technology in maxillo-facial surgery,
medical surgery can be made more reliable. This may lead to fewer returning patients. If
the surgeon could prepare and train for a certain operation by manipulating with the
actual patient data in a virtual environment, the number of additional interventions and
complications for patients may decrease. The virtual pre-operation, using haptics, may
lead to a greater recognition of the individual anatomy of the patient, which in turn may
produce a faster performance during the operation.

5.3.3 Usability of Haptics
Another important issue to take into account, is the potential user group of the system. In
order to make the best use of the segmentation functions in MIMICS, we believe that the
user must posses some kind of image analysis software experience. We consider this to be
a drawback, since most surgeons and radiologists using the software are generally not
educated technicians. The level of knowledge of computers and programs cannot be too
demanding. Hence, haptic installations can be an excellent aid, since the user often
intuitively understands how to work and interact with 3D volumes, and consequently may
achieve good results. Since 3D virtual reality environments resemble the reality up to a
certain extent, a very low level of technical know-how is required of the user. This is a
general requirement for any integration of advanced VR technologies in the medical
sector.

5.3.4 Network and Collaborative Haptic Applications
Another positive aspect of using haptic technology in combination with medical models,
is the fact that sharing information with other surgeons over certain medical networks
may be improved. Haptics and collaborative virtual environment applications have already
been developed and are in use in Australia [Gun02]. Thanks to haptic technology, the
communication between surgeons all over the world may expand, from just watching, to
actually feeling someone else’s movements or suggested interventions of a certain surgery-
case.

5.3.5 The Beginning of a Medical Revolution
We believe that haptic technology may be a technology of the future. Simulators with
haptic plug-ins have already proven to be useful in medicine. Moreover, haptics is a very
intuitive technique, which generally does not require any special technical knowledge of
the user. It simulates tasks and environments that may be considered very similar to the
daily work of a surgeon.

Our test implementation should be regarded to as a first step towards a full
implementation, in which medical surgeons visualize real patient volume data and use
haptic displays as a common aid in everyday work. The final goal is to be able to perform
the complete work procedure, from investigation and diagnosing to planning and training
of individual operations, in collaboration with a haptic device.
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6 Implementation

Based on prior investigation and literature study, we have created an implementation for
planning and examination in maxillo-facial surgery using haptic force feedback interaction.
Increasing demands of facilitating and enhancing the segmentation process in medical
model production were the initial conditions of our implementation. The implementation
is based on cooperative haptics, i.e. haptics is added in order to support and reinforce the
visual information. However, there is one example of complementary haptics in the
function called Select Region. The chapter consists of the following sections; Related work,
Reachin Haptics, Design Considerations, Implemented Functions, Evaluation and Future Development
of Implementation.

6.1 Related work
To the knowledge of the authors no previous work have been conducted in the area. Only
one article, concerning the improvements of medical segmentation with haptic
interaction, was found with relevance to the subject [Har02]. However, several studies
concerning the medical image process area in combination with 3D visualization have
been written [Xia00, Tro02, Sei98]. Moreover, one of the currently latest product on the
market is a software system which provides manufacturing of unique implants [Bib02,
Sen02]. The implants are designed, with support of haptic technology, on a computer
displayed 3D virtual model based on scanned data of the concerned patient. The haptic
force feedback technology in combination with 3D visualization offer a solution of
producing unique implants in a time-reduced approach. The method illuminates the rapid
development and the future of haptic technology in medicine.

6.2 Reachin Haptics
During the development of the implementation, haptic hardware and software from
Reachin Technologies AB were used.

Reachin Display
The Reachin display consists of a monitor and a semi-transparent mirror. As a haptic
device, a PHANTOM mechanical arm from SensAble Technologies is integrated. Moreover, a
LogiCad3D Magellan/SpaceMouse and a pair of StereoEyes shutter glasses from
StereoGraphics Corporation are used [Reachp02], (see Figure 6).
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Figure 6, An example of a Reachin Display.

The monitor is mounted at a 45-degree angle, in order to project its image onto the mirror
below. The displayed graphics, in combination with the shutter glasses, create an illusion
of a 3D volume located under the mirror. The shutter stereo glasses are synchronized
with the screen by an emitter connected to the graphics card. The mechanical arm
simulates the feeling of actually touching a virtual object below the mirror. The semi-
transparent mirror and the mechanical arm enables an interface where haptics and
graphics are co-located.

Reachin API
The Reachin API is a C++ application programming interface. The user can create haptic
applications by integrating C++, Python, VRML and OpenGL with the Reachin force
rendering technology. The Reachin API is also extensible from within C++. The existing
library of shape nodes and surface nodes can be expanded to include user defined
geometry types or haptic surface effects. By using a VRML-based scenegraph and
PythonScript code, the developer can describe the behavior of the application. A
scenegraph is a hierarchical data structure, which describes the spatial relations between
the different objects in the displayed scene [Reachp02].

No communication system between graphics and haptics have to be implemented, since
the Reachin API handles the synchronization between the two update loops [Lun02]. The
rendering process is divided into two different loops. The graphical rendering loop, which
runs at a frame rate of 120 Hz, and the haptic rendering loop, which require an update
rate of 1000 Hz.
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6.3 Design Considerations
Our design considerations are based on benefits and drawbacks recognized during the
investigation of the currently used software system at KS, MIMICS. These were the
observed problems:

• MIMICS does not allow any image processing in 3D. Visualization of more than
two dimensions is not possible until at the very end of the process. At that time,
rotation, translation and zooming are the only operations provided. Modifications
of the segmentated model can not be directly performed on the 3D virtual model.
In this case, the user has to return to basic 2D.

• The segmentation is rather complicated and time-consuming. It ought to be easier
and more intuitive to select and mask different organs, tissues or regions of the
model.

• The program is not capable of handling medical images containing various tissues
or organs of similar gray values. They are considered as one region during the
segmentation process, and can be hard to discern.

• MIMICS does not provide any undo button, which causes problems especially
when constructing and refining the segmentation masks.

• Only one examination at a time can be displayed in MIMICS. This prevents any
simultaneously investigations or comparisons of examinations.

However, there are several benefits in MIMICS. For example, as long as the medical
images consist of pixels constrained to clearly defined regions or regions of distinct gray
value, the segmentation functions are easy to use and apply. It is important to consider the
benefits of MIMICS and retain the simplicity.

We investigated if one could solve the previous mentioned problems, retain the benefits
and simplify the work procedure by implementing haptic interaction and 3D visualization
using 2D stereo glasses. The main function of the implementation focused on improving
the segmentation process. It is important to keep in mind that the system must be simple
and functional, and that no technical knowledge should be required of the user.

During the implementation we noticed that using the penbutton7 in several functions caused
problem. We solved the problem by implementing a Python script. When activating any
function using the penbutton, the script deactivates all of the other functions that also
utilize the state value of the penbutton. This was the major design consideration that had
to be considered. We believe that the problem could have been avoided by designing the
functions in another way. However, our solution to the problem is most compatible with
our implemented functions.

6.4 Implemented Functions
The following mentioned operations were implemented in the application. Each
paragraph gives a short description of how to use the current functions and the

                                                
7 Penbutton is the button located on the pen of the haptic device.
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functionality. Moreover, a concise explanation of the technical solution, which requires
knowledge of VRML and the Reachin API, is presented.

Dr. Anders Westermark at KS provided us with patient data from CT scan investigations.
These are the most commonly used for investigations in maxillo-facial surgery, since bone
structures are of interest in this division of surgery. Hence, our implementation is based
on CT volume data.

An in-housed produced package for volume haptics and rendering of 3D textures,
designed by Karljohan Lundin [Ynn02], has been used. In the Volume Haptic Toolkit the
following nodes has been used; VolumeHaptics node including ForceRule and HapticMode
nodes, VolumeRenderer node including TransferFunction node and VolumeContainer node
including ScalarVolume and ScalarVolumeReader8 nodes.

The most central node in our implementation is the VolumeSegmentator node. The
VolumeSegmentator node handles the management of the segmentated volume, which is
binary.

The graphical representation of the implementation is given in Figure 7. An overview of
the most important nodes in the implemented VRML scenegraph can be seen in Figure 8.

Figure 7, The graphical representation of the implementation.
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Figure 8, The most important nodes in our VRML scenegraph.

2D Slices Panel Menu
The 2D Slices Panel Menu is positioned in the upper left corner, (see Figure 7). The panel
provides a 2D cross-sectional image of the current 3D volume, (see Figure 9). The image
activates when the button Slice Panel Active is active and the user activates the penbutton,
and moves the pen through the volume. Rotation and translation of the images are
simultaneously modified according to the movement of the pen. The 2D Slices Panel also
identifies any possible segmentated parts of the volume, (see the blue regions in Figure 9).

Figure 9, 2D Slices Panel Menu

The Slices Panel Menu is implemented by a ToggleBar node and a Menu node. The Menu
node contains a PopupFrame node, which in turn contains two Bar nodes, one ToggleBar
node and one SlicesPanel node. The Bar nodes are only used as graphical framework of the
menus.

Every node in the Slices Panel Menu is defined in the Reachin User Interface Toolkit
(UIT), except the SlicesPanel node. This node is implemented in C++, in order to extend
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the primary VRML-tree and to enable 3D textures to be projected on the 2D panel. The
SlicesPanel node is based on one Transform node, “PANEL”, which in turn contains two
Transform nodes. One node manages the segmentated volume and the other controls the
CT volume. Both Transform nodes consist of a Shape node, which contains an Appearance
node and an IndexedTriangleSet node. Both Appearance nodes are based on a
TextureTransform3D node and an ImageTexture node. The IndexedTriangleSet node contains a
TextureCoordinate3D node and a Coordinate node. The Appearance node
“APPEARANCE_SEG” is additionally based on a Material node, which has a diffuseColor field.
The information in the field decides the color of the segmentated volume.

The graphical representation of the routed values in the SlicesPanel node is presented in
Figure 10. The node receives textures from the segmentated volume and the CT volume,
in order to display cross-sectional images of both volumes. The textures are routed from
the VolumeSegmentator node and the VolumeRenderer node to the texture_seg and the texture_ct
fields. The texture_seg value is routed to the texture field in the Appearance node called
“APPEARANCE_SEG”. The texture_ct value is routed to the texture field in the Appearance
node called “APPEARANCE_CT”. The values of the center, translation and rotation fields are
routed to both TextureTransform3D nodes.

Figure 10, Graphical representation of routed values in the SlicesPanel node.

Moreover, the textures should either follow the pen movements or the global coordinate
system. In order to control the behavior, we implemented a Python script, (see Figure 11).
The script is based on two functions that control the rotation and the translation of the
textures. Both of the functions receive variables from the VRML-tree. First, the ToggleBar
node, connected to the 2D Slices Panel button, routes a state value to the script in order
to indicate if it is active or not. Secondly, the ToggleBar node, connected to the 2D panel,
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routes a state value in order to prevent any complications during the use of the penbutton.
Since the penbutton is used in several functions, the routing has to be combined with
other routed values to perform the right action. Thirdly, the penbutton has to report its
state, which is done by routing the Display node value to the script. To enable the textures
to be effected by either the global or the local coordinate system, both the Display node
and the Transform node of the complete scene has to route their values. Concerning the
rotation function, the trackerOrientation field in the Display node is used. The translation
function additionally uses one more field, namely the trackerPosition field. Finally, the
scripts routes the result to the rotation respectively the translation field in the SlicesPanel
node. The SlicesPanel node displays the texture on the 2D panel.

Figure 11, The routed values to activate the 2D Slices Panel.

Segmentation Menu
The Segmentation Menu is located below the Slices Panel Menu (see Figure 7). It currently
provides three different kinds of segmentation operations on the model, Threshold, Select
Region and Region Grow, (see Figure 12). Unfortunately, the segmentated volume, which is
used by the Select Region and Region Grow functions, is not produced until the
thresholding is performed. Hence, the Threshold operation has to be performed before
the other two functions are usable.

Figure 12, Segmentation Menu

The Segmentation Menu is based on a ToggleBar node and a Menu node. The Menu node
contains a PopupFrame node, which in turn contains three Bar nodes, one Frame node, one
ToggleBar node and one Button node. The three last mentioned nodes represent the
different operations; Threshold, Select Region and Region Grow. The Frame node,
Threshold, contains a SliderBar node and a Button node. All of the mentioned nodes are
defined in the Reachin UIT. The Bar nodes are only used as graphical framework of the
menus.
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Threshold
The Threshold operation consists of a segmentation algorithm based on a
threshold value. The user indicates a value in the threshold sliderbar. By pressing
the Threshold button, the segmentated volume is created from the CT volume,
based on the value. Moreover, the new volume is displayed with a different color in
order to distinguish from the original CT volume.

Every time a new value is set in the SliderBar, it is routed to the VolumeSegmentator
node. The node produces the segmentated volume using the value as a threshold of
the original CT volume. Segmentated objects are represented in the binary
segmentated volume by ones. However, the node does not produce the volume
until the Threshold button has been activated. This action is additionally routed
from the Threshold Button node to the VolumeSegmentator node, using the
performSegmentation field, (see Figure 13). The same field in the VolumeSegmentator node
activates the isosurface production, by routing a boolean value to the volumeObsolete
field in the Isosurface node. The Isosurface node is programmed in C++, written to
produce isosurfaces using the previous mentioned volume rendering package. This
is an event which occurs every time any of the three functions in the Segmentation
Menu is called.

Select Region
The Select Region operation demands the user to select a pixel with the pen by
pressing the penbutton. Every pixel connected to the selected pixel is colored in
order to form an isosurface. The operation is used for eliminating flying pixels and
indicating separate organs or tissues.

In order to perform the Select Region function, the Select Region button must be
activated. The user must furthermore select a pixel by pressing the penbutton when
the tip of the pen is located in the segmentated volume. In order to simplify and
guide the user when selecting a pixel we implemented complementary haptics in
form of gradient based haptics The segmentated objects are represented by ones.
The gradient vector will point in the direction of the segmentated object, since the
gradient increases towards higher data values. Using the positive gradient as the
control force pulls the tip of the pen towards areas of higher data values, areas that
in our case represent segmentated objects.

The force can be calculated as:

F(x, y, z) = C • ∇ V(x, y, z)

where F(x, y, z) is the force, C is a constant and ∇ is the gradient operating on the
segmentated volume value V(x, y, z).

When clicking the button, an activation value is routed from the ToggleBar node to
the performSegmentation field in the VolumeSegmentator node, (see Figure 13). The
boolean value of the penbutton is sent from the button field in the Display node. The
trackerPosition field in the Display node is sent to the penPosition field in the
VolumeSegmentator node, presenting a pixel location value. The Display node is a
node defined in the Reachin API, which contains information about the virtual pen.
Finally, the VolumeSegmentator node recreates the isosurface by sending a boolean to
the volumeObsolete field in the Isosurface node, as mentioned previously.
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Region Grow
The Region Grow operation forces the volume to shrink and grow in order to
eliminate flying pixels.

Since the Region Grow function only requires one single operation in order to
operate, only one value is routed. The boolean value confirming that the button has
been activated is routed from the Button node to the VolumeSegmentator node, which
in turn creates the new isosurface, (see Figure 13).

Figure 13, The routed values to activate the different Segmentation functions.

Clipplanes Menu
The Clipplanes Menu is located below the previous function, (see Figure 7). The function
activates one of two planes, “Clipplane 1” and “Clipplane 2” (see Figure 14), which are
orientated and translated according to the user’s interaction with the pen and the
penbutton. As soon as the penbutton is deactivated, the planes are attached to the
volume. The planes disable the visibility of selected areas of the model, depending on
where they are placed. As a result, the user can easily investigate any possible cross-section
of the volume and produce cross-sectional slices of varying size.

Figure 14, Clipplanes Menu

The Clipplanes Menu is implemented by a ToggleBar node and a Menu node. The latter
node contains a PopupFrame node, which in turn contains two Bar nodes and a RadioFrame
node. The RadioFrame node contains two ToggleBar nodes, representing the two different
clipplanes. Every mentioned node is defined in the Reachin API.
In order to construct a clipplane, three different points have to be identified and routed to
a PointDefClipPlane node, defined in the Reachin API.

In order to make the clipplane move according to the pen, when the penbutton is active,
or according to the global coordinate system, several variables have to be routed to a
Python script, (see Figure 15). The script receives eight different variables in order to
produce the correct behavior of the clipplanes. By routing the value of the
trackerOrientation field and the trackerPosition field in the Display node, the local coordinate
system of the pen is found. When ever the penbutton is not active, the global system,
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which is retrieved by routing the rotation field of the Transform node, should be the
functional system. The Transform node is a part of the Reachin API, and handles all
information about the global transforms. Further, the Button node in the Clipplane Menu
routes a boolean to a Python script, confirming if it is activated or not. A value defining
which plane has been activated is additionally sent from the activeWiget field in the
Radioframe node. Moreover, a boolean value verifying if the penbutton has been activated
is sent from the Display node. The last two variables not yet mentioned are the two state
fields from the ToggleBar nodes in the Select Region Menu and the 2D Slices Panel Menu.
The values are needed to verify that the other two menus are not already active and in use
of the pen. The script receives eight variables in order to manage each of the three points,
and routes the result to the pointA, pointB or pointC field in the PointDefClipPlane node.

Figure 15, The routed values to activate the Clipplanes.

SEG volume ON/OFF
This button is placed over the Clipplane Menu (see Figure 7), and determines the visibility
of the segmentated volume. When activating the button “SEG volume ON” (see Figure
16), the segmentated volume will we invisible and the text of the button change to “SEG
volume OFF”. When the button is activated, the segmentated volume will be visible
again.

Figure 16, Button Segmentated volume on/off.

The button is based on a simple ToggleBar node, which sends a state value to a Python
script. The script processes the value, and routes the result to the whichChoice field in a
Switch node. The Switch node decides whether the segmentated volume should be visible
or not, depending on the received value. The ToggleBar state value is also routed to another
function in the same script. The function changes the “ON/OFF”-text, and routes the
result to the text field in the ToggleBar node. All of the mentioned nodes are implemented
in the Reachin API.

CT volume ON/OFF
The button “CT volume ON/OFF” is located below the previous button (see Figure 7),
and determines if the CT volume should be visible or not. When pushing at the button
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saying “CT volume ON” (see Figure 17), the CT volume will we invisible and the text of
the button will change to “CT volume OFF”.

Figure 17, Button CT volume on/off.

This button is, like the “SEG volume ON/OFF”-button, based on a ToggleBar node. The
difference is that instead of using a Switch node, the result of the script is routed directly to
the slices field in the VolumeRenderer node. The VolumeRenderer node is a node defined in the
previous mentioned Volume Haptic Toolkit. The alteration of the text is managed in the
same way as for the previous button.

Quality
The button below “CT volume ON/OFF” is the “Quality”-button (see Figure 7), which
makes it possible to arrange the quality of the CT volume. The user indicates a quality
value in a sliderbar situated to the right of the button, (see Figure 18).

Figure 18, Quality Menu.

The “Quality”-button is implemented by a ToggleBar node and a Menu node. The Menu
node contains a PopupFrame node, based on three Bar nodes and one SliderBar node. Two
values are sent to a Python script in order to control the function. The first value is sent
from the ToggleBar node, confirming that the button is active. The second value is sent
from the SliderBar node, indicating the user defined quality value of the CT volume.
Finally, the script routes the result to the slices field in the VolumeRenderer node.

Quit
The Quit-button provides an alternative way to quit the program besides using the Esc-
button (see Figure 19). It is located in the lower left corner (see Figure 7). When clicking the
button, the implementation will shut down.

Figure 19, Button Quit.

The button is simply based on a Button node, which makes use of a Python script. The
activate_changed field in the Button node routes a value to the script, which ends the
application.

6.5 Evaluation
The evaluation of the implementation took place on the 11th of March 2003, at Campus
Norrköping. Dr. Anders Westermark, maxillo-facial surgeon at the Department of
Maxillo-Facial Surgery at KS, and Dr. Hanne Witt, radiologist at the Department of
Neuro-Radiology at KS, were present. Both of the guests possess fundamental
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experiences of MIMICS. Concerning haptic force feedback technology, Dr. Westermark
was the only one familiar with the technology.

The evaluation started with a review of the implementation. Questions and a screen dump
of the implementation had been prepared earlier, see Appendix B. The screen dump was
presented, and buttons and menus were explained. The evaluation continued, further, in
the VR lab, where hardware and software is located. The guests had the opportunity to
test the implementation during approximately one hour. During the testing, spontaneous
comments and questions arose. Some prepared questions, concerning our implementation
and the future of haptic technology in medicine, were brought up and discussed
afterwards. The comments and observations of the implementation, according the invited
medical doctors, are as follows.

The Equipment

The pen calibration – Unfortunately, the graphical representation of the pen was not
perfectly calibrated according to the movements of the PHANTOM mechanical arm. Dr.
Westermark made a remark mentioning that the pen calibration is the most important
factor when using haptic equipments. The direct contact is very important in order to
receive instantaneous force feedback. If the graphical representation of the pen is delayed,
the force feedback can be bothersome instead of beneficial.

Magellan – Both users find it difficult to interact with the volume using the Magellan. It is
not intuitive or easy, according to the doctors.

User Interface

User Interface – The users were pleased with the appearance of the graphical user interface.
Due to the disadvantages of the pen calibration, the users were not able to interact with
the interface in a completely appropriate way. Dr. Witt had more difficulties of interacting
with the interface, since she had less prior knowledge of haptics.

3D visualization – According to the users, the 3D perception is advantageous. It provides
an image worth keeping in mind, especially for a surgeon, throughout operation or
investigation.

Comments on Implemented Functions and Suggested Improvements

The Clipplanes – The implemented clipplanes were regarded by the users as a completely
new way of interacting with 3D medical volumes. They had never been working with
completely free-movable clipplanes before, and found it very positive. Still, the users
suggested the following changes:

• A graphical representation of the clipplanes, indicating the planes location and
position in space. They are currently non-visible.

• Three initial planes located in the 3D volume, with information about the axial,
sagittal and coronal directions. By activating some kind of button, the 3D volume
should immediately be displayed in any of the initial positions.

• A possibility to place fixed vertical or horizontal clipplanes in the 3D model, in
order to avoid confusion of how the planes have been placed and rotated in local
coordinates compared to the global coordinates.
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• A function, which selects both of the clipplanes, positioned with a user defined
fixed distance next to each other. The whole plane package should further be
movable through the volume.

Isosurface – The segmentated volume is represented and enclosed by an isosurface, where
only the pixels on the surface are colored. The users wish that every pixel within the
segmentated volume would be colored. It would improve the comprehension of the
segmentated volume, especially when utilizing the clipplanes.

Suggested Future Functions

Colored masks – The necessity of working with more than one mask was recognized by the
users. They believe that it is important to be able to set different segmentated regions to
different colored masks, like in MIMICS. Providing this function would enable several
other important operations. During manufacturing of the final STL model, employing
several masks in one model can provide a multiple colored physical medical model. For
example, tumors can be presented in one color and bone structure in another. Moreover,
implant production can be based directly on the design and shape of a user defined mask,
according to the users.

Undo button – The user should be able to make mistakes and regret at least one operation.
This should be fundamental in every image process program, according to the users.

High Resolution Volumes – Dr. Westermark has a future vision of working with 3D volumes
of high resolution with a great richness of details. In this future model, the user should be
able to follow, for example, the vessels. This could be realized by using the currently
implemented movable clipplanes, according to Dr. Westermark. It would be a great aid
and improve the understanding of the unique anatomy of a patient, according to the
doctors.

Opinions on the Future of 3D and Haptics

3D models – Both physical and virtual medical models are valuable for surgical teams,
especially for planning and guiding of an operation. Both of the medical doctors agree on
the future importance of the models.

Haptics – The doctors believe that there is a considerable development to fulfil before
haptic technology will be pragmatically useable. They, once again, mentioned the
importance of a correct calibrated pen in order to attain the complete use of the
technology. Their opinions and suggestions considering haptic technology are as follows:

• Haptics offers large profits for education and training in surgery.

• Haptics could be of great aid for pre-operative surgery preparation and planning.

• Manufacturing and designing of implants can be accomplished with haptic
technology.

• The PHANTOM arm should be used as a drill, or other medical instrument, in
order to practice operations, where the model replaces the accurate virtual medical
model of the concerned patient. Haptics could enable reconstruction and cutting
of the 3D volume. Moreover, it would be advantageous to additionally be able to
witness the changes of the soft tissues after the surgical operation.
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6.6 Future Development of Implementation
Any suggestions, made by the authors, considering improvements of the implementation
or future work are summarized as follows:

Improvements of Existing Functions

Isosurface – The graphical representation of the isosurface should be displayed in a better
way. Applying a triangle decimation algorithm would improve the appearance of the
isosurface and the speed of the graphical rendering.

Graphical representation of the cross-sectional plane – The cross-sectional plane, displayed in the
2D Slices Panel, should be represented graphically when activated.

Graphical presentation of the clipplanes – A subject discussed during the evaluation was the
need of an indicator of the clipplanes. In order to work with the clipplanes in an
appropriate way, they should be graphically represented.

Automatic disappearance of the clipplanes – Every time the user exits the Clipplanes Menu,
after have been using the clipplanes, the planes should automatically disappear.

User defined distance between the clipplanes – In order to improve the cross-sectional ability of
the implementation, the user should be able to select both of the two clipplanes with a
fixed user defined distance between them. This operation would enable the plane package
to travel through the volume and expose, for example, the unique nerve system of the
patient. This is an issue which was additionally brought up during the evaluation.

Enable the user interaction of the 2D texture at the 2D Slices Panel – The user should be able to
select regions and pixels directly with the pen in the 2D texture at the 2D Panel.

Reading of Volume Data – Reading volume data from different type of scan investigations
may cause problems. Variations in pixel size and in file formats currently cause difficulties
when displaying different volumes. Depending on the volume data set, parameters need
to be adjusted in the VRML-code. These adjustments should be able to user define
directly in the running application.

Future Functions

Undo Button – The need of an undo button has been discussed previously in the report.
Implementing the function was an important aim in our design consideration. However,
we have not been able to implement this due to the lack of hardware capacity. Saving the
last performed operation, demands for yet another volume to be rendered and operated.
The second volume will always lay a step behind. The two volumes will consequently shift
if an operation is undone.

Zoom – Currently, the user cannot zoom the volume. Zooming is an important function
when working with detailed data, where small structures are of great importance.

Direction Indicator – An indicator indicating the rotation of the current coordinate-system
of the 3D medical volume should be implemented. The user should be able to force the
model back to an initial position by interacting with the indicator. The indicator should be
illustrated by a graphical figure which rotates according to the 3D volume. It could
preferably be positioned in the lower right corner of the window. Three initial plane
positions of the model should be available trough the indicator. These are the sagittal,
coronal and axial planes (see Figure 20).
Segmentated regions of different colors – As suggested during the evaluation, we agree on that
the user should be able to set different colors in different regions. But, we would suggest
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that the user should be able to select a region and then color it, from a virtual palette,
instead of using several segmentation masks. This is an alternative solution, which leaves
the user to handle only one mask.

Export to STL – The final goal is to convert the processed image data to an STL file, in
order to produce a physical medical model. Therefore, there should be an export function,
which converts from processed VRML to STL. This function does currently not yet exist.

Merge CT and MRI – The application should be able to combine data from CT and MRI
investigations during image processing. The merging is currently not yet possible, and is
regarded a common problem in the technical medical industry.

Two Volumes – Since the merging of CT and MRI images are currently not possible, it
would be of great interest to be able to work with two volumes at once. One volume
based on CT scan data and another on MRI scan data, for example. This is definitely a
function that would be of value if implemented, according to the authors.

Photo of the patient – In order to obtain a good picture of the patient before and after being
operated, a photo of the patient could be implemented. The photo should work as a
texture, which could be placed over the initial CT volume. As changes and reconstruction
are performed on the volume, the soft tissues in the photographic texture should change
and give a suggestion of the final result.

Figure 20, An example of a future direction indicator.
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7 Discussion

Based on literature study and interviews, we have been carrying out an investigation of the
current workflow at the hospitals, including techniques in use and opinions among
radiologists and maxillo-facial surgeons. We have been concentrating on the existing and
future use of medical models in maxillo-facial surgery. The production chain of physical
medical models, including the different manufacturing RP processes, has been explored.
The future of physical and virtual medical models have been outlined and compared. We
have considered whether they can take advantage of or replace each other. Further, we
have been investigating if a haptic force feedback device could improve diagnostic
planning in maxillo-facial surgery. As a result of the latter mentioned issue, we have
developed a haptic test implementation for image processing of medical scan
investigations. The implementation constitutes as a basis when exemplifying the possible
future use of haptic technology in maxillo-facial surgery.

Interviews
The results of the interviews showed that even though the deployment of physical
medical models did not appear to be very well established among the employees at the
hospitals, several of them had been in contact with the models before. Furthermore, the
results indicated a low awareness of haptic technology. Some may consider the limited
experience a drawback for developments of future integration of haptics in the medical
world. Having in mind that several technologies, prior to haptics, have experienced
doubts before recognition, we consider the issue not to cause a problem. Technologies as
MRI and CT, which are now well established, constitutes as good examples.

Medical models
Physical medical models are, according to literature study and interviews, a very positive
and helpful tool in maxillo-facial surgery. However, there are still problems to solve until
they may be considered as a well established aid for the surgeons. Mentioned problems
are, for example, accuracy and quality.

The result of the comparison between physical and virtual medical models pointed out
two possible future developments. Either one of them will replace the other, or surgeons
will use them parallel. We do not proclaim either of the developments to be more
advantageous than the other. Today, both virtual and physical models may be of
important aid during investigation and planning in maxillo-facial surgery. However, we
have noticed the possible future storage problem and the problem of a production
location for physical medical models. Hence, there may be a possible increase of the
deployment of virtual medical models. Some may consider these models to be dependent
of high qualitative computer equipment and systems can be unstable, unpredictable and
expensive. We believe that this will change, as the development of computer software will
continue. Another aspect that some may consider, is the requirement of workstations
wherever the virtual medical models are being considered. During a limited period of
time, surgeons might be forced to use both virtual and physical models. However, as the
number of adapted workstations at the hospital increases, the need of physical medical
models might decrease.



Discussion

Haptic Force Feedback Interaction for Planning in Maxillo-Facial Surgery
50

Haptics
The result of the implementation demonstrates the possible use of a haptic interaction
tool during planning and diagnosing of a maxillo-facial patient. Some people may consider
the integration of a new VR technique, when exploring patient data in 3D, unnecessary
and time consuming. We believe that the deployment of haptic technology is a way to
improve the understanding and interaction for a non-technical user. By combining the
sense of touch and the sense of vision, the virtual model appear more authentic to the
user.

People may point out the negative economical aspects of integrating haptical platforms at
the hospitals, since they are quite expensive and demand a powerful graphics card.
However, we believe that the prices will decrease within a short future, due to the rapid
development of computers and the increasing interest in haptic technology.

The development will also improve any calibration problems between the haptic and
graphical interface, which for example occurred during the evaluation of our
implementation. Moreover, some people may have opinions regarding the reduced speed
of the graphical representation. We believe that this is yet another issue that will be
solved, as the technical development of computers will proceed.

Further negative opinions may include the limited API provided by Reachin, which
reduces the choice of operations and functions in future haptic software. Then again, we
assume that Reachin will develop and expand their current products in a near future.

Implementation
Regarding our implementation, it is important to have in mind that the application only
statues an example of a future software. The functions may not be considered fully
satisfying, but they illustrate the future use of a medical haptic interaction tool. During the
evaluation, some implemented functions were regarded very positive and had a novel
approach according to the test-users.

Some people may believe that our implementation does not provide any supplementary
aid during the image process, compared to MIMICS. However, we consider the
combination of 3D visualization and haptic force feedback interaction to be superior to
the workflow in MIMICS. The overall functionality of the application is satisfying, even
though the functions must be improved.

Moreover, we have to mention that a medical haptic interaction tool may be a more
interesting future aid for some users compared to other. For example, it may be more
fascinating for a maxillo-facial surgeon than for a radiologist. Since a haptic device
reproduce a virtual feeling of an operation, a surgeon is the one benefiting the most from
this kind of complementary aid. However, haptics might still improve the management of
a virtual medical model even for a radiologist.
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8 Recommendation

Research has proven that physical medical models have a beneficial effect in maxillo-facial
surgery and provide good care quality at the hospitals. We recommend Dr. Anders
Westermark, at the Karolinska Hospital, to continue his work of establishing the models
in health care. If the production of physical medical models expands, the use of the
models might consequently be financial beneficial.

We believe that an establishment of physical medical models in the medical world may be
of great worth. However, we additionally recommend considering the use of virtual
medical models, and already today begin to consider reorganizing the workflow towards a
daily use of these models. We believe that both of the techniques are currently of valuable
aid, but virtual medical models may have to be investigated as a probable single future
solution. By introducing virtual medical models, the earlier mentioned problems of
physical medical models will most probably be avoided.

When using virtual medical models, we consider that the best way of visualizing and
interacting with the model is in combination with a VR technique. The purpose of using a
VR technique is to improve the understanding of the data by additionally enabling another
sense, in order to enhance the feeling of presence.

We suggested using haptic force feedback as an interaction tool of virtual medical models,
since it enables the sense of touch, a sense which represents one of the most important
aid in medicine. Moreover, haptics may be a problem solving technique regarding the
previous mentioned problems of image processing.

We recommend Dr. Anders Westermark to further investigate the potentials of using
haptic technology in maxillo-facial surgery, and to be open-minded to what the
technology can offer in order to improve diagnostic and treatment planning in maxillo-
facial surgery.

We have proven that haptics might be of important use for understanding complicated or
damaged anatomical structures of patients. Moreover, it is done in a very comprehensive
way, where no special technical skills are required. With some modifications, we believe
that our implementation could work as an image processing software of medical data and
a producer of virtual medical models. We recommend Dr. Anders Westermark to
consider further developments and improvements of our implementation, in order to
expand the current medical deployment of haptics. A deployment which we consider may
be obvious in the near future.
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10 Appendix A - Questionnaire

Frågeformulär Kirurg
Datum: ___________________________________________
Sjukhus: __________________________________________
Namn & Arbetsroll: _________________________________

Frågor om arbete i praktiken
Kan Ni beskriva hur arbetssättet ser ut under röntgenundersökning?
Hur tittar Ni på bilderna från undersökningen?
Hur mycket kontakt med radiolog? Informationsutbyte?
Röntgenrond?

Frågor om tekniken
Vilken är dagens teknik? Gårdagens, dagens och framtidens?
Hur upplevs dagens teknik?
Vad skulle Ni vilja ha för förändringar?
Om det inte fanns tekniska hinder, hur skulle Ni vilja arbeta då?
När Ni ska göra ett komplicerat ingrepp, hur går planeringen till?
Skulle det underlätta att kunna välja ut delar och få känslan av vad som är mjukt och hårt?
För att få en riktigt bra bilder (och en bra modell) krävs röntgenundersökning med tunna skikt.
Tunna skikt leder till att patient utsätts för mer strålning. Hur ser du på frågan om stråldoser?
Har du några förslag på hur dagens röntgenundersökning skulle kunna ersättas med
undersökning av samma typ men med ickejoniserad strålning?
Använder Ni fysiska modeller?

Frågor om manipulation av volymen
Vilket program används för att titta på/manipulera med bilderna?
(Används VRT? Och i så fall i vilka fall?)
Hur upplevs arbetsstationerna?
Hur lätt är det att navigera i volymen?
Kan volymen roteras (i 3 dimensioner?)
Hade det varit bättre att se den i 3-dimensioner? Skulle det ge något extra?
Vilka extra funktioner skulle Ni önska?
Genomför Ni någon segmentering/behandling av bilderna?

Frågor om medicinsk modell används
Används modell för att planera operation?
Om modell används, brukar detta leda till minskad operationstid? Hur mycket i procent?
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Kan man genom att använda modellen göra mindre snitt och på sätt ge patienten ett mindre sår?
Kan patienten genomgå mindre bedövningstid då modell används? Med hur många procent?
Inom vilka områden känner Ni att modellen har varit användbar?

• Diagnos
• Behandlingsplanering
• Träna operation
• Visualisering under operation
• Kommunikation
• Patient utbildning
• Implantat design

Känner du att patienten har återhämtat sig snabbare genom användning av medicinsk modell?
Förbättrar modellen Er möjlighet att på ett bättre och lättare sätt ställa diagnos?
Kan Ni erbjuda mer komplex behandling, eller behandling som inte tidigare var möjlig genom att
använda modellen?

Frågeformulär Röntgenläkare
Datum: ___________________________________________
Sjukhus: __________________________________________
Namn & Arbetsroll: _________________________________

Frågor om arbete i praktiken
Kan Ni beskriva hur arbetssättet ser ut under en röntgenundersökning?
Hur mycket kontakt har ni med läkaren? Informationsutbyte?
När/hur tittar läkaren på bilderna?
Röntgenrond?

Frågor om tekniken
Vilken är dagens teknik? Gårdagens, dagens och framtidens?
Hur upplevs dagens teknik?
Vad skulle Ni vilja ha för förändringar?
Om det inte fanns tekniska hinder, hur skulle du vilja arbeta då?
Idag används i vissa fall medicinska fysiska modeller som hjälp för att planera operation. För att
få en riktigt bra modell krävs röntgenundersökning med tunna skikt. Tunna skikt leder till att
patient utsätts för mer strålning. Hur ser du på frågan om stråldoser?
Har du några förslag på hur dagens röntgenundersökning skulle kunna ersättas med
undersökning av samma typ men med ickejoniserad strålning?

Frågor om manipulation av volymen
Vilket program används för att titta på/manipulera med bilderna?
(Används VRT? Och i så fall i vilka fall?)
Hur upplevs arbetsstationerna, vad kan man göra på dessa?
Hur lätt är det att navigera i volymen?
Kan volymen roteras (i 3 dimensioner?)
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Hade det varit bättre att se den i 3-dimensioner? Skulle det ge något extra?
Vilka extra funktioner skulle Ni önska?
Genomför Ni någon segmentering/behandling av bilderna?

Frågor om använt Mimics eller liknande program
Varför intresserades Ni av Mimics?
Vad är de stora fördelarna resp. nackdelarna med programmet?
Hur skulle liknande program kunna utnyttjas i Ert arbete?

Frågor om Haptik
Skulle Ni ha någon användning av haptik? Välja ut delar/ känna på organ, ben och vävnader.
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11 Appendix B - Evaluation

Utvärdering den 11 mars 2003
Närvarande:
Anders Westermark
Hanne Wittt
Frida Petersson
Charlotte Åkerlund
Karljohan Lundin

Dagsschema
• Gå igenom screen dump

- Förklara varje meny och dess undermenyer
- Vilka knappar aktiverar vad? Pen-button?

• Förklara bakgrund
Reachin API programmeras med:
- VRML

Ett filmormat för 3D miljö. Bestämmer vilka objekt som skall visas, var de skall ligga,
vilka färger, storlekar och material de ska ha. Bygger samman block skrivna i C++.

- C++
Bestämmer komponenter på låg nivå, t.ex. sfär, box, transform, haptisk yta eller
textur.

- Python
Ett skript-språk som används för att styra beteendet hos objekten. Ett exempel är
fjädern i Dynamic Box.

- Open GL
Ett grafiskt API för 2D eller 3D grafiska representationer. Det kan användas framför
allt för rendering, textur mapping och visualisering. I vårat fall har använt det för att
möjliggöra 3D texturer.

• Starta 2 haptikstationer och låta dem gå igenom själva

• Frågor:
- Hur känns interaktion med något som inte finns?
- 2D vs. 3D, vad är skillnaden?
- Hur fungerar det att jobba med Magellan?
-  Hur fungerar vårat användargränssnitt? Är det intuitivt? Kan man göra några

förbättringar?
- Vad tycker de om vårat val av funktioner? Uppfyller de kraven? Saknas någon funktion?

Finns det några förbättringar att göra?
- Har de några förslag på framtida funktioner?
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• Våra förslag på framtid förändringar:
- Export to STL av den färdiga virtuella modellen.
- Zoom av 3D modellen.
- Undo knapp
- Att kunna ta in och jämföra två volymer av olika slag (CT och MRI), i alla fall tills image

fusion problemet är löst.
- Tilldela olika färger på olika organ eller vävnader
- Att kunna välja ut områden i 2D Slices Panel, som är kopplad till den stora volymen.

Användaren kommer kunna genomföra Select Region på detta sätt.
- Tillämpa Triangel Decimerings algoritm för att få isoytan att se bättre ut. Det grafiska är

idag för tungt för att man ska vara nöjd med användarinteraktionen (user interaction).
- Ta in sjukhusets volymdata ger idag problem p.g.a. problem med pixel-storleken.
- Quality-knappen borde även påverka sen segmenterade volymen
- Ta med fotoliknande funktion av patienten

• Hur ser framtiden ut vad gäller 3D och VR tekniker, som haptik, inom medicin?

• Sammanfattning: Vad var bra respektive dåligt med implementationen? Vad vägde tyngsta
bland de positiva respektive negativa åsikterna?




