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Abstract: The application of the two technologies: reverse engineering and rapid
prototyping is emerging rapidly in the medical applications. These engineering methods ha-
ve especially shown fast advancement in the following applications: in very complex prepa-
ration of computer aided surgery, computer guided implantology, non-invasive diagnostic
from CT and MRI scans, design of customized implants, maxillofacial surgery, esthetic and
reconstructive plastic surgery, orthopedic surgery, etc. This research has a multidisciplinary
approach; it requires a team work of experts from various scientific fields such as CAD de-
sign and virtual engineering, digital image processing, medicine, implantology. Only a very
few applicative pioneer steps have been made so far in Republic of Srpska, Bosnia and SE
Europe in general.

The aim of this research is to make a contribution to the optimization of all three
phases: preprocessing, processing and post-processing in the process chain of reverse engi-
neering — rapid prototyping in the medical applications. The optimal process of rapid pro-
totyping has been defined for different medical input data and formats. The process inclu-
des internal 3d reconstruction of CT and MRI scanning in DICOM format, such as applica-
tions in orthopedic surgery, maxillofacial surgery, prosthetic dentistry, such as complex or
total prosthesis, as well as the external surface reconstruction by 3d scanning, such as est-
hetic surgery and reconstruction plastic surgery or dentistry based on 3d scanning from ela-

stic silicone impression.

Keywords: optimization, preprocessing and post-processing, reverse engineering,

computer guided implantology.

1. INTRODUCTION

The application of rapid prototyping techno-
logy is emerging rapidly in medical applications,
especially in implantology.

However, the rapid prototyping process in
medical applications has some specific features in
comparison with typical technical usage. For example,
pre-processing preparation with 3D scanning by vol-
umetric computer tomography is significantly diff-
erent than the one in machine industry, where the
engineers use usually CAD parametric software or
the reverse engineering with surface scanners. Fur-
thermore, surface of medical bodies modeled by RP,
also shows significant difference in surface rough-
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ness and the degree of curvature is so variable. Also,
every medical body is unique, and in every case, it is
necessary to process a new 3D scanning. In addition,
there are many internal features like various and
complex cavities, gaps and channels.

So, all major aspects of rapid prototyping sho-
uld be considered: nature of application, features of
methods, input models of data, material variations
for processing of prototype models.

Then, it is important to identify, analyze and
optimize the rapid prototyping process in accordance
with applications.

In the following figure, one can see the major
aspects necessary to be considered in rapid pro-

totyping.
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MAJOR ASPECTS OF RAPID PROTOTYPING

|. APPLICATIONS Il. METHOD
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- - Curing Beams
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Masked Lamp
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2. Cutting and Glueing/Joining
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Fusing

4. Joining/Binding

Il INPUT IV. MATERIAL

1. Computer model — CAD
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model, Surface or Solid

2. Physical Object — data ‘ 2. Powder ‘

acquisition as Reverse
Engineering by Point Data
from Digitizer (CMM, laser
digitizer, etc.)

‘ 3. Liquid ‘
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Meshing — STL files ‘ ,
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Slicing/Layer Information — SLI
files

Figure 1. Major aspects of rapid prototyping

As already mentioned, medical applications
have some specific aspects to be considered. For me-
dical applications with more cavities, it is recom-
mendable to use the RP methods without support
structures like 3D Printing and SLS, as opposed to
SLA and some MultiJet methods. The problem is
presented by very difficult post-processing of inter-
nal surfaces of models. For example, a similar pro-
blem does not exist with 3D printing, as it uses the
powder as material, which is cured by liquid binding
material. So the rest of the surrounding powder is
very easily removed by using a special cleaning de-
vice.

On the other hand, preprocessing steps should
also be considered concerning the input data. Input
in medical applications is provided by the CT - com-
puter tomography or MRI — magnetic resonance
imaging. So, the input data is of the kind of 2,5 volu-
metric data, processed in equidistant slices. That is
why it is necessary. This data should be converted
from the “voxels” into the 3D surface-type meshes
by reverse engineering methodology.

The rapid prototyping process is identified in
the process chain, and then analyzed in the following
chapter, taking into consideration the above mentio-
ned features of medical applications,

2. PROCESS CHAIN OF RAPID
PROTOTYPING

In general, the rapid prototyping process com-
prises 3 groups of actions: preprocessing, processing
and post-processing. According to the mentioned di-
vision there are 3 kinds of generated errors: prepro-
cessing errors, processing errors and post-processing
errors.

The figure below presents the complete struc-
ture of process chain.
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Figure 2. Major aspects of rapid prototyping

The rapid prototyping process in medical ap-
plications has specific features related to the provi-
sion of data on samples.



M. Sljivié, et al., Optimization of rapid prototyping technology for advanced. ..

Contemporary Materials I1-1 (2011)

Page 78 of 83

Firstly, preprocessing steps should be conside-
red referring to the input data like DICOM files,
scanning data, image filtering and image reconstruc-
tion, edge detection, extraction of components, con-
version from 2D into 3D data and smoothing of sur-
faces. This processing segment is in focus of the cur-
rent stage of research. Input in medical applications
is provided by the CT - computer tomography or
MRI — magnetic resonance. It is analyzed in details
in chapter 3.

3. ANALYSIS OF RP PROCESS CHAIN
RELATING TO THE ERROR GENERA-
TION

RP process chain comprises numerous and
complex phases; in the current stage of research, the
focus is on preprocessing group of activities and the-
ir major errors.

3.1. MPR — multi planar reconstruction

Multi planar reconstruction is based on the
standardized CT data, which consists of a series of
raster (bitmap) images as slices/sections of the ob-
served human body. These images are distributed in
equidistant series on the CT axis direction.

Distance between 2 slices determines the vo-
lumetric resolution. Selection of resolution and other
standards are reviewed in ASTM E1441 -00(2005)
Standard Guide for Computed Tomography.

Smaller resolution enables better 3D reco-
nstruction, but the scanning time is increased and as
a consequence, the patient is exposed to higher radi-
ation, the amount of data is increased as well as the
necessary time for data processing and analysis, etc.

MPR data is very simple in comparison with
the other file formats, because it is just a common s-
eries of raster images. Consequently, there is a pr-
oblem of visualization of the third dimension. This i-
ssue is very serious for the body tissues with high t-
opographic complexity.

By MPR reconstruction it is possible only to
measure and make some diagnostic work in the pl-
ane of slices (2D approach).

According to the practical experience and CT
standards with detail level of various body tissues,
CT collimation and resolution range (common val-
ues 0,5mm, Imm, 1,5 mm, 3mm and 6mm) are sele-
cted in relation to roughness of surfaces and volum-
etric density of observed body.

Figure 3. Classical CT data in DICOM format

Dimensional information of CT data is preser-
ved by using DICOM file format in header part.
Common series of raster images without calibration
parameters of CT system lose this very important
data.

3.2. Image processing and edge extraction

One can see in the figures 4 and 5 samples of
edge segmentation and formation of parametric clo-
sed contours that are used later for conversion of 2.5
D into 3D models.

Figure 4. Top view of image processing and edge
detection
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Before the edge detection, image processing is
necessary. Usually, high pass and low pass filtering
are used to adapt the images according to the soft
and hard body tissues. With heuristic results as prac-
tical experience, certain thresholds for filtering are
selected for certain kind tissues: bones, cardiovascu-
lar system, lungs, etc.

Expert systems implemented in some software
like MIMICS by Materialize Co., have predefined
thresholds for various body tissues.

Figure 5. Isometric view of image processing and edge
detection

3.3. Conversion phase from 2d to 3d by cad
tools

Following the edge extraction and formation
of closed contours in any corresponding slices, it is
necessary to distribute them in 3d space in the same
way that this process was done by CT system (see
the figure 6.).

Figure 6. Isometric view of image processing and edge
detection (before polishing/smoothing)

So, there is a generation of planes in parallel
series at the same distance like the value of CT colli-
mation. In this way, the same dimension transfer
from CT data to the 3D model in z-axis is preserved.

The next step is the generation of 3D model
by some of CAD applications by extrusion tools.
Major challenge after extrusion of 2 dimensional
contours is presented by smoothing the external and
internal surfaces of odd tissues, caused by various
noise produced during CT generation of data and fil-
tering in image processing phase. The next phase is
tessellation determined by allowed maximum “sag”
and the length of triangles which approximate the
surface.

Figure 7. Tessellation and smoothing of body’s surfaces

Tessellation is one of the key phases for time
consumption, if one makes a mistake in preparation
of tessellation parameters.

Major parameters include: “sag” and length of
triangle (see figure 8.). The mentioned parameters
are in the focus of the results in the chapter 4. of this
research stage. It is shown that, if one makes serious
errors in parameters setting, sometimes it is imposs-
ible to finish 3D conversion.

SAG

LENGTH

N

h Y

Figure 8. Tessellation parameters
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Sag represents the maximum distance betwe-
en the real contour of the body and neighboring edge
of tessellated triangle, which approximate the body
surface. Lower sag means the closer edge of triangle
to the real surface in normal direction.

Length defines the maximum nodal distance
on tessellated triangle. The lower the length, the bet-
ter the resolution, but the problem is presented by
preprocessing time, size of stl file and time for slice
preparation in RP processing.

Also, besides CAD 3D formats, there is also a
format called SSD — shaded surface display based on
voxels, which is also often used, but only for diagno-
stic work. SSD data still has binary structure like pi-
xels in 2D images. SSD format comprises photorea-
listic virtual form.

If one compares MPR, SSD and CAD data, it
may be noticed that MPR data has only 2D structure,
while SSD has “virtual 3D” form, and it is possible
to view 3D structure. But with real CAD data, it is
possible to measure 3D distances, angles, surface va-
lue and volumes, or to make rapid prototyping mo-
dels for implantology and computer aided surgery.

CAD models are parameterized and it is pos-
sible to customize them in virtual space for the pur-
pose of implantology or to add the other parameteri-
zed CAD models as implants, with the aim to check
the dimensions and position of implant (like Surgery
Guide software tools in dentistry).

This characteristic of CAD data is very useful
for design and production of individually customi-
zed implants. Also, it gives an opportunity to make
kinematic and dynamic analysis of bodily move-
ments, and also to do the FEM analysis (Finite Ele-
ment methods) for stress and deformation analysis,
of both implants and body tissues.

4. THE RESULTS OF CURRENT
RESEARCH

As mentioned above, the current research is
dealing with the preprocessing phases, because RP
chain in medical applications is very extensive. The
second or follow-up research will be focusing on
processing for adaptive methods and post-processing
for typical methods in medical applications.

The major problems in preprocessing phase
are, as follows:

1. fusion of separate body tissues in contact,
causing overlapping of extracted edges,

2. roughness of extruded surfaces, which can
be smoothed during tessellation,

3. proper selection of parameters for tessella-
tion.

The first problem with projection amalgama-
tion of two bodies in contact cannot be avoided, but
it can be significantly decreased by higher resolution
of CT scanning, and adjusting of filter thresholds be-
fore edge extraction. Also, during edge extraction it
is possible to correct some of the most complex con-
tours according to the previous experience and good
knowledge of anatomy prediction of logical contou-
ring.

The second problem is the roughness of extru-
ded surfaces generated from extracted contours. This
issue is caused by various noise produced in CT
scanning, and throughout the preprocessing phase,
the error from CT scanning ensues. It is important
not to emphasize these errors but to keep them close
to some average values of measures on observed
components. This can be done by good filtering in
image reconstruction phase. Also by good selection
of low-pass filtering of image processing, some un-
wanted and not observed particles can be removed
by smoothing. In the next step — tessellation, there is
a special tool, called “mesh smoothing” that can po-
lish the residual peaks from noised roughness.

The third problem is presented by proper se-
lection of tessellation parameters. Certain similariti-
es, but also significant differences, between the tec-
hnical parts with many regular surfaces and human
parts of body with very complex surfaces can be no-
ticed there.

During research, it was determined that sag
should be in accordance with the maximum perfor-
mance of RP system and at the same time the CT re-
solution linked with CT collimation. The minimum
collimation for typical scanning is 0,5 mm to 1 mm,
which is acceptable for very complex tissues like in
maxillofacial area. On the other hand, the produced
roughness of RP systems varies between 8-16 pum,
and accuracy between 100-500 um for all systems
(see table 1.)

Table 1. Performance comparison of RP systems

Accuracy Roughness Part cost
Methods | um) (um) ®)
SLA 500 100-120 8 300
SLS 200 125-150 12 300
FDM 150 28 250
LOM 200 30 200
3D print 400-500 16 50

So, it is acceptable to accept some sag betwe-
en 0,05 — 0,2 mm for the most applications.

Also the length can vary between 0,2 mm to 1
mm for fine structures and Imm-3mm for coarse
structures and bones like femur.
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Table 2. Computation results of sample cylinder triangu-
lation (pre-assumption: maximum of sag is 0,1
mm, according to the allowed roughness error)

Length | Number of triangles Size of stl files
50 404 16 KB
20 820 41 KB
10 1780 87 KB
6 2804 137 KB
3 10972 536 KB

1 189980 9277 KB
0,5 505588 24687 KB
1000000 .
., looooo t
o F
£ 10000 4
:; 1000
% 100 -~
2
10 .
1
0 10 0 a0 10 50 60
Length of triangles (mm)

Figure 9. Relation between length of triangles and
number of triangles

One can see in the table 2. and corresponding
figure 9., that it is very important to select the proper
set of tessellation parameters. For the testing, the
cylinder was used as a sample to show the relation
between length of triangles and number of triangles.
The number of triangles increases drastically with
the lengths less than 1 mm (see the figures 10, 11,
12.). But it is necessary to use these resolutions for
very complex tissues.

It is evident that the problem of exponential
increasing of stl files is something that will present
certain challenges for the following phases. Even
more, for body tissues with very irregular surfaces, it
may multiply the size of stl files 3-20 times on the
same volume of regular surface compared to techni-
cal parts. So, it is important to control these parame-
ters in medical applications much more than in tec-
hnical applications.

On the other hand, a convenient sag error
which is feasible for RP processing is easier to se-
lect. So, for the fine body structures; the values 0,05
to 0,2 mm will not increase the number of triangles
so fast in adaptive meshing models (see the figure
13.).
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Figure 10. Meshing for sag 0,1mm and leng
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Figure 12. Meshing for sag 0,1mm and length
10mm — big tessellation triangles
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Figure 13. Meshing without adaptation of structure —
larger number of triangles

Figure 14. Meshing with adaptive structure — lower
number of triangles and kept sag

5. CONCLUSION AND FOLLOWING
RESEARCH

By this research, we succeeded in applying
the Reverse Engineering and Rapid Prototyping for
the practical purposes for Computer Aided Surgery
in orthopedic applications in Banja Luka.

Practical using in medical applications of this
research, provides some recommendations for pre-
processing phase to prepare the models with optimi-
zed parameters.

The next stage of research will focus on pro-
cessing and especially post processing phase with
the aim to develop new methods for strengthening of
RP models, by controlled coating of outer surfaces.

The next figure is a concrete presentation of
computer aided surgery and measuring some impor-
tant parameters for implantation.
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Figure 15. Measuring of important parameters for
surgery preparation and implantation

Figure 16. RP model of femur
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OINTUMU3ALIUIA TEXHOJIOTHUJA BP3E U3PAIE
3A HAITPEJHE MEJJUITUHCKE AITJIMKAITUJE

Casxkerak: Ammukanmja nse TexHonoruje Reverse Engineering u Rapid Prototyping,
WHTEH3HUBHO Ce pa3Bhja y MenuuaA. OBe WHXXKEHEPCKe METOIe MMajy ToceOHO Op3 pa3Boj
y crenehnm ammkaipjama: KOMIjyTepcKy BoljeHe orepaliije, KOMI[jyTepcKy BohjeHa HMII-
JaHTonoruja, HenHsasusHa aujarnoctuka u3 CT u MRI nonaraka, Au3ajH MHAWBUIYaTHO

npuiarol)eHuX UMIUIAHTATA.

OBO HCTpaXHBamkbe MMa MYJITHANCHUIUIMHAPAH MPUCTYI M 3aXTHjeBa TUMCKH pajl
eKcIepara M3 pa3IMYuTHX HaydHuX oOsactu kao mro cy CAD au3ajH, BUPTYyeIIHH WHIXKe-
HEPHUHT, TUTUTaTHA 00paja civke, MeIULIMHA, UMILIaHToioruja. Jlo cana, y PemyOmuun
Cprckoj, bocan n Jyroucrounoj EBponu resepanHo, 4iHE ce BPIO PHjETKH MHOHHPCKU

AIJIMKATUBHU KOPpaIy.

[Twb oBOT HCTpaKMBama je 1a ce YYMHU JONPHUHOC Y ONTUMHU3ALM]H: IPETIIPOIIECH-
pama, mpolecupama U MOCTIponecHpama y nporecHoM naHiy Rapid Prototyping y memu-
MUHCKUM arumKandjama. OnTUMaliaH mporec je Ae(UHUCAH 3a pa3iInduTe MEIWINHCKE
ynazHe nojaTke u BuxoBe Gopmate. [Iporec uae ox matepanx 3D pekoncTpykuuja u3z CT
u MRI caumka y DICOM ¢opmarty, kao amivkanuje y OpToneacKoj U MakCHiIo(halujaiHoj
XHPYPTHjH, IPOTETHYKO] CTOMATOJIOTHjH KOJl KOMIUIEKCHUX TOTAIHHUX IPOTE3a, ajlk Takolhe
1 KOJT eKCTEPHHUX PEKOHCTPYKITHja moBpimHa momohy 3 /] ckeHnpama, Kao eCTeTCKa XUpyp-
rHja ¥ PEeKOHCTPYKLTHBHE XUPYPruja, T€ CTOMATOJOTHjH 0a3upaHy Ha €JaCTUYHUM CHIIH-

KOHCKHM OTHCIMMaA, UT.

Kbyune peun: ontumusanyja, IpeTnpolecupame U IOCTIPOLECHPame, peBEP3HH
WHKEHEPUHT, KOMITjyTEPCKH BOl)eHa MMIUIaHTOJIOTHja.

(C22:9)



