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5.3.2 Images 

Figure 5.5 
view. 

Gearbox housing, bottom Figure 5.6 Gearbox housing, 
elevated frontal view. 

Figure 5. 7 Gearbox housing, 
elevated rear view. 
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5.3.3 Gearbox Housing Data Sheet: 

Description Options (Default) Data 

CT Image Names 1s6L * 
Patient/Project Name 1 s61 
Number of First Input Image E6281S6Il.CT 
Number of Last Input Image E6281 S6179. CT 
Number ofFirst Output Image 1S611 1.000 
CT orMRI CT,MRI CT 
Horizontal No. oflmage Pixels 0 to 65535 (265,512,1024) 512 

Vertical No. oflmage Pixels 0 to 65535 (265,512,1024) 512 
Number of Images per File (1) 1 

0 File Swap Format (0,3) 0,3 CCGEADVA 
1 Pixel Type B,UB,S,US,L,UL,F -
2 Inter Image Header Size 0 -
..., 
.) Add Value 0 to 4095 -
4 Scale Value 0 to 4095 -
5 Table Position (mm) 0 

6 Distance Between Slices (rom) 1 

7 Slice thickness (rom) 1 
8 Pixel Size SQ. F.O.R./No. Hor. Pixels (mm) 0.47 
9 Gantry Tilt Angle Degrees 0 

0 Field of Reconstruction/View (rom) 240 
1 Number of Images 79 
2 File Size of CAT Image kb 270-280 
..., 
.) File Size of Converted Image kb 11-23 

4 . 3 dd file size Mb 3.2 *srf 
5 . S TL file size Mb 17 
6 RP Method (SLA,FDM,OTHER) SLA 
7 .IGS file size Mb -
8 RP Slice file size Mb 19 
9 RP Download File size Mb 16 

0 Grow Time Hour 6 
1 Tip size (Tl2, T25) -
2 Slice Thickness (0.01 ", 0.01 4") 0.01" 
..., 
.) Finishing Time Hour 3 
4 Processing Time Hour 2 
5 Data Retrieval Time Hour 2 
6 Total Cost Rand =8*250=2000 
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5.4 Aluminium Foam - Industrial 

This project was performed for a German engineering student who was completing his 

doctorate in engineering. The project was automotive-related. The aim of the project was 

to determine the geometry of the foam structure and relate it to the mechanical properties 

of the material. 

5.4.1 Background 

Exciting technological advances often first appear in the form of raw materials - the matter 

from which either components or entire future systems will be made. This is also true for a 

new type of rigid polyurethane foam developed at Sandia National Laboratories in 

Albuquerque, and it appears to be the case for the products of a new manufacturing 

process developed by scientists at the Office of Naval Research (ONR). In a programme 

sponsored by the ONR, researchers have come up with a low-cost method for 

manufacturing two types of ultra-light porous metals. The lightweight closed-cue and 

open-cue materials, which reportedly demonstrate excellent strength, heat dissipation, and 

blast-suppression properties, could end up some day be found in products ranging from 

critical aircraft components to bridges and buildings. 

Work on lightweight metals is not something new. German and Japanese automobile 

manufacturers, such as Audi, are already using them in components that add structural 

strength to those products, and concept cars with frames and fenders made from these 

exotic materials have been seen at automobile shows. However, ONR researchers are 
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probing new frontiers, both in the structural composition of their porous metals and in the 

range of their potential applications. 

The closed-cell porous metals resemble an ordinary sponge. The cells are evenly sized and 

holes are spaced at regular intervals. The open-cell materials have an appearance similar to 

the randomly sized and spaced holes found in a sponge. The size of the holes can be varied 

to suit the intended use of the material. They actually have very different properties. The 

closed-cue foams would be very good to use for thermal insulation; measurements have 

shown a 400°C drop across an inch of foam. Potential uses are protecting ammunition 

magazines or to act as a flame retardant. The open-cell foams are actually useful for heat 

dissipation. 

The Aluminium foam samples were prepared in Germany by the University of Erlangen. 

Two types of samples were prepared; cubical type shown by Fig. 5. 10 and 5.11 and 

cylindrical type. The cylindrical foam samples were encased by 3mm thick, open-ended, 

Aluminium tube. 

It was envisaged that this reverse engineering technology could be used to inspect the inner 

structure of the samples. The size and geometry of the inner pores or holes needed to be 

established. This geometric data could then be referenced with the mechanical properties 

of the specific samples, as the various samples were prepared with different hole size foam. 

Images ofthe 3D reconstructed data are displayed in the following figures. Fig. 5.8 shows 

a section of three cylindrical samples with the difficulties experienced in this case study 
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regarding the varying wall thickness. Fig. 5.9 shows a 2D CAT scanned image of 18 

different cubical samples. 

All the samples were scanned using three different CAT scanners with varying results as 

discussed in section 5. 7. 

5.4.2 Images 

Figure 5.8 Aluminium foam 
suspended in a tube. 

Figure 5.10 Image of the cubical 
Aluminium foam. 

Figure 5.9 2D CAT-scanned image 
of Aluminium foam. 

Figure 5.11 Image of the cubical 
Aluminium foam. 
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5.4.3 Aluminium Foam Data Sheet: 

Description Options/Units Data 

CT Image Names Alfaom.OO 
Patient/Project Name Alfoam.pat 
Number of First Input Image 00 
Number of Last Input Image 50 
Number of First Output Image Alfoam.OO 

CT or :rvtRI CT,:MR.l CT 
Horizontal No. of Image Pixels 0 to 65535 (265,512,1024) 512 
Vertical No. of Image Pixels 0 to 65535 (265,512,1024) 512 
Number oflmages per File (1) 1 

0 File Swap Format (0,3) 0,3 Ccelcint 

1 Pixel Type B,UB,S,US,L,UL,F -
2 Inter Image Header Size 0 -
3 Add Value 0 to 4095 -
4 Scale Value 0 to 4095 -
5 Table Position (mm) 0 

6 Distance Between Slices (mm) 1 
7 Slice thickness (mm) 1 

8 Pixel Size SQ. F.O.R./No. Hor. Pixels (mm) 0.39 

9 Gantry Tilt Angle Degrees 0 

0 Field ofReconstruction/View (mm) 200 
1 Number of Images 50 

2 File Size of CAT Image Kb 265 

3 File Size of Converted Image Kb 215 

4 .3dd file size Mb 7, *.srf 

5 . STL file size Mb 75 
6 RP Method (SLA,FDM,OTHER) -
7 .IGS file size Mb -
8 RP Slice file size Mb -
9 RP Download File size Mb -
0 Grow Time Hour -
1 Tip size (T12, T25) -
2 Slice Thickness (0.01 ", 0.0] 4") -
..... 
.) Finishing Time Hour -
4 Processing Time Hour 16 
5 Data Retrieval Time Hour ..... 

..) 

6 Total Cost Rand =3500 
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5.5 Oxygen Face Mask - Industrial 

5.5.1 Background 

An industrial designer needed to design a new facemask with some features of an existing 

facemask. The aim of this study was to capture the geometry of an existing facemask and 

apply it in the design of a new oxygen face mask with additional features. 

Krugersdorp Private Hospital was again approached to perform the CAT scanning. A 

series of coronal sections was produced. The data was retrieved and converted according 

to the data conversion procedure. The next step was to supply the data to the designer so 

that it could be used during the design process of the oxygen facemask. 

This study shows a typical application of the technology where the geometry of an existing 

item can be used to produce a new superior product. 

Fig. 5.12 shows an isometric view ofthe CAT scanned slices in IGES format. Fig. 5.13 

shows an isometric view of the 3D reconstructed data but in STL format. Fig. 5.14 and 

5. 15 shows 2D CAT scanned images as the oxygen facemask was placed on the CAT 

scanner's table. Fig . 5.16 shows an auxiliary view to explain the type of undercut and thin 

sections in the nose region. The difficulties experienced are discussed in section 5.6. 
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5.5.2 Images 

Figure 5.12 Cross sections of the 
mask. 

Figure 5.14 2D CAT-scanned Slice 
119 of the face mask (yellow section) 

Figure 5.16 Face mask undercut 
section. 

152 

Figure 5.13 CAT-scanned 3D 
reconstruction. 

Figure 5.15 2D CAT-scanned Slice 89 
of the face mask (yellow section) 
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5.5.3 Oxygen Face Mask Data Sheet: 

Description Options/Units Data 

CT Image Names CT1-60 
Patient/Project Name mask. pat 
Number ofFirst Input Image 1 
Number ofLast Input Image 60 
Number of First Output Image 000 

CT orMRI CT, MRI CT 
Horizontal No. oflmage Pixels 0 to 65535 (265,512,1024) 512 
Vertical No. oflmage Pixels 0 to 65535 (265,512,1024) 512 
Number of Images per File (1) 1 

J File Swap_ Format (0,3) 0,3 0 

1 Pixel Type B, UB,S, US,L, UL,F Ccelcint 

2 Inter Image Header Size 0 -
3 Add Value 0 to 4095 -
4 Scale Value 0 to 4095 -
5 Table Position (mm) 0 

6 Distance Between Slices (mm) 3 
7 Slice thickness (mm) 3 
8 Pixel Size SQ. F.O.R./No. Hor. Pixels (mm) 0.3 

9 Gantry Tilt Angle Degrees 0 
.0 Field ofReconstruction/View (mm) 150 
.1 Number oflmages 60 

:2 File Size of CAT Image Kb 55-60 
:3 File Size of Converted Image Kb 16 
:4 .3dd file size Mb 0.645 
~5 .STL file size Mb 4.6 
~6 RP Method (SLA,FDM,OTHER) -
~7 .IGS file size Mb -
~8 RP Slice file size Mb -
~9 RP Download File size Mb -
10 Grow Time Hour -
n Tip size (T12, T25) -
32 Slice Thickness (0 .01", 0.014") -
33 Finishing Time Hour -
34 Processing Time Hour 5 
35 Data Retrieval Time Hour 2 
36 Total Cost Rand =7*100+2500=3200 
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5.6 Discussion of Industrial Case Studies 

5.6.1 Advantages 

5.6.1 .1 Geometric Complexity 

This reverse engineering (RE) method was successfully applied, in the case of the oxygen 

facemask, to supply the industrial designer with unique results. Again, this method proved 

to be the only RE method to capture the particular geometry. The mask was made of 

Silicon elastomer. No contact type reverse engineering method could be used to capture 

the mask's geometry without compromising spatial accuracy due to the surface 

displacement. The mask would have deformed under the touch probe during sampling of 

3D co-ordinate points. 3- and 4-axis laser-scanning devices could also not be used due the 

facemask's geometry. The facemask geometry featured a deep undercut where the laser 

would not be able to enter. Accuracy again did not prove to play a critical role in the 

project, which made the CAT- scanning method the ideal method for reverse engineering. 

The ICE piston geometry was also of such a nature that the normal touch probe or laser 

scanning methods could not be used. A flexible elastomer core was made of the internal 

geometry to simplify the reverse engineering process. 

In the case of the Aluminium foam, the CAT scanning reverse engineering technique is the 

only non-destructive method that can easily capture the internal geometry. Another 

method is by using acoustic sound techniques, but this process poses complications of its 
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own where the internal and external surface geometry should preferably be similar to be 

successful. 

5.6.2 Process Limitations 

5.6.2.1 RE Process Selection 

Proper project planning is required for successful reverse engineering. Proper planning 

could make the difference between the possibility of capturing data and actually making the 

data work. Planning allows one to capture the correct data required for the applicable 

downstream process. 

Various reverse engineering methods exist as described in section 2.5. It is very important 

to determine the full requirements in order to select the appropriate RE method. Another 

important factor is the type and form of input and output that is required. The old cliche 

can be applied in this case, namely "Horses for Courses". 

If data manipulation is required for a certain part, a different route and method may be 

followed, compared to the normal data-capturing method. The two main applications of 

reverse engineering are direct copy-related work or a modified copy of the original. Other 

downstream applications of the results of RE could be a finite-element modelling (FEM) 

analysis, a casting or manufacturing process simulation, an identical scaled prototype, 

tooling or a modified copy of the original. 
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It may be better to scan the manufacturing tool, if it is available and if it is the final product 

required. If the tool itself is not available, proper planning is required to achieve the final 

product. Tooling often incorporates fine and subtle detail required for successful 

manufacturing, which may be critical to capture. 

5.6.2.2 Material Properties 

The material densities and atomic numbers are important factors that could affect the 

CAT -scanning process. During the image processing stage, the grey scale tolerance band, 

or threshold, can be adjusted. In this instance, the threshold setting, type of material and 

material cross-sectional wall thickness play a cardinal role. The threshold can easily be 

adjusted to vary the wall or cross section during the image-conversion process. The 

threshold can be increased to such an extent that the 3,5 mm wall thickness can be reduced 

to 2 mm. It is therefore important that some form of reference or verification is 

implemented. 

Any imperfection in the sample will also be captured with this method. A fair amount of 

editing can be applied to solve this problem. If the material cross section is too thin or if 

the material density is too low, a poor CAT image will be generated. To improve poorly 

captured data, the threshold could be increased. 

It is again clear that the material used to make the part plays a major role. The SLA 

gearbox prototype was made of an epoxy polyester. Measurements were taken of the 

part' s wall thickness and these were compared to measurements taken from the CAT scan 

images. In general, the CAT scan images proved to be 0,4 to 2 mm thinn~r than the actual 
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part. Again, the threshold was set to the optimum. Clearly, the CAT scanner settings 

(kVA & rnA) were not optimised for the gearbox prototype, being made of SLA material. 

A lot of detail can be lost at the thinner wall sections, as can be seen from the generated 

3D images during the gearbox case study. Sections of the part being scanned can become 

invisible to the CAT scanner if the (rnA) setting is too high, especially when the part's 

material density is low. The motorcar mirror rubber seal study confirms this. 

The Aluminium foam materials were prepared in cubes and cylindrical volumetric shapes. 

The cylindrical shapes were suspended in a cylindrical tube. The tube thickness was about 

3 mm. Some of the foam sections were less than 0,3 mm thick. Due to the great variation 

in wall thickness, the cylindrical sections could not be processed successfully. 

5.6.2.3 Software & Hardware 

STL data manipulation tools are required that can perform Boolean operations, section 3D 

STL geometry, fix and verify STL data, as well as tools that can generate machine tool 

paths from STL data. STL format is the most common data format obtainable from RE, 

and it is therefore important to have the correct software programs that can manipulate 

STL format files. 

The STL file size was again not manageable by lower-level PC hardware. Only a Smm 

thick section of one cubic Aluminium foam sample was used to generate a STL file size of 

25Mb. 
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5.6.2.4 CAT-scanning Settings 

The CAT-scanrung settings play a critical role in the generation of successful results. The 

Aluminium foam was scanned at three different venues, with varying results. 2D CAT 

images were checked during scanning. The window settings were optimised on the CT 

computer. The kVA and rnA settings play an even larger role with regard to penetration 

and differentiation. The CAT scanner's type of sensors also affects the image quality 

during the scanning process. 

During the Alurrtinium foam study, the CAT scanner settings were satisfactorily set to 

penetrate the thicker tube, but were too high to capture the thinner internal thin walled 

sections. It appeared almost like an over-exposed photograph. Fig. 5.8 shows this clearly. 

The cubical sections were scanned and processed successfully. One cube was selected and 

a STL file was generated. 

CAT scanner settings should be considered with regards to the material properties and 

geometry. Methods of determining the optimal scanning settings are not always possible 

with medical CAT scanners as with industrial CAT scanners. 
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6 BIOLOGICAL CASE STUDIES 

6.1 Avocados -Industrial/Biological 

6.1.1 Background 

This case study was performed for a group of C. S.I.R. food technologists. The study was 

based on a similar case that had been performed with nuts in the USA. The aim of this 

study was to separate the fat-rich areas from the water-rich areas within the avocado, as an 

indication of the stage of the ripening process. The separation is normally done by 

destroying the avocado in order to determine the stage of ripeness. The C.S.l.R.'s food 

technologists hoped to develop a non-destructive evaluation method to determine the 

ripeness of the avocado. This same technique would then be used to analyse other fruit 

such as mangos. The avocados were marked and placed in a fixture. Three ripe avocados 

were placed in the right hand column. Twelve avocados at different stages of ripeness 

were selected. Refer to Fig. 6.1 and 6.2. 

Pretoria East Hospital was again approached to perform the CAT scanning. A series of 

axial sections were produced. The data were retrieved and converted. The next step was 

to separate the fat-rich areas from the water-rich areas. The water-rich areas were the 

regions of interest. 

Digital images produced as a result of CAT scannmg consist of pixels. Each pixel 

represents a part of the component that is scanned. The pixels are also made up of 
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different Grey scale values, better known as a Hounsfield Unit (HU). This phenomenon 

was used to separate the water-rich areas from the fat-rich areas. The Hounsfield Unit for 

pure water is 0, while that of air is -1000. The Hounsfield theory is described in section 

2. 6. 5. Isolation of the water -rich area was achieved by setting the threshold bandwidth to 

only include pixels with approximately 990 to 1010 Materialise Units, listed in Table 6.1. 

The Materialise software's units are 1000 units more than the normal Hounsfield Unit. A 

20-units tolerance band was used. The avocado's total volumes were determined when the 

threshold setting was 957 units. 

6.1 .2 Conclusion 

This unique method was successfully applied to supply the food technolof,rists with the 

required results. The method proved to be the only non-destructive method known to 

perform the analysis. 

The volumes and areas of dispersion of the water-rich areas, as well as of the entire 

avocado were determined for every avocado. The food technologists further manipu lated 

the data that showed a clear trend. This process proved to be helpful towards solving the 

prediction regarding the avocado's ripeness stage. Avocados could be scanned on a 

routine basis in order to predict the ideal ripeness stage. Environmental conditions 

influence the ripening process and complicate the ripening prediction. This case study 

opened a brand new fi eld of application for this unique combination of technologies. 

Biological applications can now be added to the medical, industrial and fossil-related fields 

of applications. 
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In the following table the mass and volumetric data are listed: 

Table 6.1 Avocado Mass & Volumetric Data 

Avocado Reference Original Mass Total Volume Water-rich Volume 
(Gram) (mm3

) (mm3
) 

2 (green) row 2 column 1 299.13 285196 32736 
3 (green) row 3 column 1 303.65 283934 22351 
4 (green) row 1 column 2 277.85 280365 17893 
5 (green) row 2 column 2 290.17 278140 14342 
6 (green) row 3 column 2 311.41 293161 27504 
8 (green) row 1 column 1 336.50 355902 12883 

10 (green) row 1 column 3 256.02 282911 21972 
12 (green) row 2 column 3 272.72 257097 14684 
13 (green) row 3 column 3 217.72 207626 8024 

14 (ripe) row 1 column 4 265.02 230853 26589 
15 {ri_pe} row 2 column 4 272.72 230994 21502 
16 (ripe) row 3 column 4 217.72 278660 72146 

6.1.3 Images 

. ~~ e · v 

Figure 6.1 Isometric view of several Figure 6.2 Front view of several 
avocados' water-rich areas. avocados' water-rich areas. 
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6.1.4 Avocado Data Sheet: 

Description Options/Units Data 

CT Image Names Avos.OO 
' Patient/Project Name Avos. pat 
; Number of First Input Image 212 
~ Number ofLast Input Image -254 
; Number ofFirst Output Image 000 
) CT or.MRl CT,MRI CT 
7 Horizontal No. of Image Pixels 0 to 65535 (265,512,1024) 512 
~ Vertical No. oflmage Pixels 0 to 65535 (265,512,1024) 512 
~ Number of Images per File (1) 1 
10 File Swa_p Format (0,3) 0,3 0 
11 Pixel Type B,UB,S,US,L,UL,F Toshiba 
12 Inter Image Header Size 0 -
13 Add Value 0 to 4095 -
14 Scale Value 0 to 4095 -
15 Table Position (mm) -254 
16 Distance Between Slices (mm) 3 
17 Slice thickness (mm) "' ..) 

18 Pixel Size SQ. F.O.R/No. Hor. Pixels (mm) 0.7 
19 Gantry Tilt Angle Degrees 0 
20 Field ofReconstruction/View (mm) 380 
21 Number oflmages 150 
22 File Size of CAT Image Kb 521 
23 File Size of Converted Image Kb 10-40 
24 .3dd file size Mb 2.5 ea . 
25 . S TL file size Mb -
26 RP Method (SLA,FDM, OTHER) -
27 .IGS file size Mb -
28 RP Slice file size Mb -
29 RP Download File size Mb -
30 Grow Time Hour -
31 Tip size (T12, T25) -
32 Slice Thickness (0.01 ", 0.014") -
"'"' ..).) Finishing Time Hour -
34 Processing Time Hour 5 
35 Data Retrieval Time Hour 4 
36 Total Cost Rand =9*100+300=1200 
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7 FUTURE APPLICATIONS AND RECOMMENDATIONS 

7.1 Technology Transfer to Industry 

The reaction of all the people involved in the project was overwhelming. National and 

Transvaal Museums, Krugersdorp Private Hospital, Southern Implants, SGI 

representatives and visitors to C.S.l.R., TCT Centre showed great interest in this 

technology. 

South Africa has about 122 CAT- and 39 MRI-scanning devices. The scanning 

infrastructure is therefore already in place and some are accessible. The market must 

-
however still realise the need for and benefits of this technology. The benefit of this 

technology is obvious, but the market must still be educated for this first-world product. 

The market target area will be anthropology- and mostly medical-oriented. 

The results ofthis project open brand new market opportunities in South Africa: 

1 . The application of this product will reduce the risk factor related to the planning of 

surgical operations and other medical procedures. 

2. The application of this product will be to replicate valuable fossils to be used for 

educational purposes. Another output of this project was to establish a nation-wide 

network and to set up scanners to effectively convert the scanned data. This network 

will be crucial for the successful exploitation and application of the technology. 
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7.2 Commercialisation 

A four-pronged approach should be followed. 

1. Firstly, the approval of bodies such as the Representative Association of Medical 

Schemes (RAMS), SANLAM, Old Mutual and the Medical Research Council (MRC) 

would be of great value. 

2 . The second part of the approach should be to form alliances with the major medical 

product or equipment manufacturers such as TEC:N.lED, GE, Siemens and Toshiba. 

Support from their side can lead to the establishment of a full-time medical servtce 

centre. 

3. The third part of the approach should be to obtain the support and recommendations of 

the various medical specialists and their professional bodies. Specialist input is highly 

regarded by the bodies mentioned in Point 1. and they often drive the decision-making 

process. 

4. The fourth part of the approach should be to present this technology to the various 

educational institutions. This technology will very quickly and easily be accepted by 

the newer generation. 

5. The following factors will play a large role m the technology transfer and 

commercialisation phases: 

• MRC backing and process approval. 

• RAMS coding for the procedure called pre-operation hard modelling for surgical 

planning or simply pre-operation hard modelling scanning. 

• Presentations at related departments at technikon and university level. 

• Local and international publications in various magazines and media. 
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t\tovel combination of reverse 
engineering and rapid prototyping 
in medicine 

~. Schenkera·, D.J. de Beerb, W.B. du Preezc, 
ln.E. Thomasc and P.W. Richterc 

The technologies of reverse engineer­
ing and rapid prototyping are emerg­
ing as useful new tools in medicine. 

>ne application is of particular interest in 
orthopaedic, dental and reconstructive 
.urgery. It involves the imaging, modelling 
1nd replication (as a physical model) of a 
oatient's bone structure. The models can be 
·iewed and physically handled before 
.urgery, which is of great benefit in evalua­
ion of the procedure and implant fit in 
lifficult cases. The technology promises 
~ssened risk to the patient and reduct:ld 
ost through saving in theatre time. A case 
tudy is presented, involving hip replace­
o1ent in a patient who had experienced 
evere bone loss through osteoporosis. 
iuch applications are a further step 
:>wards the development of a new genera­
iOn of customized bone implants. 

'he technologies respectively labelled re­
erse engineering and rapid prototyping 
1ave developed rapidly in recent years.' 
Vhile the major applications are found in 
he fields of engineering and design, 
hese technologies are emerging as useful 
tew tools in medicine.:-6 Reverse engi­
teering and rapid proto typing are of par­
lcular interest in skeletal repair, where 
•hysical models of bone structure are 
•roduced for planning surgical proce­
.ure and evaluation of implant fit. The 
•rocess typically involves imaging bone 
tructure using computer axial tomogr·a­
·hy (CAT) scans, conversion of the two­
imensional slice data to three-dimen­
ional computer-aided design (CAD) 
1odels and manufacture of physical 
10dels using any of a number of rapid 
rototyping (RP) technologies. The pri-
1ary concerns at present include inter­
retation of images, discrimination of 
ssue types and d imensional accuracy. 
his article describes current capability 
uough a case study involving hip 
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replacement in a patient who had experi­
enced severe bone loss through osteo­
porosis. 

Cap turing geometric shapes of existing 
physical parts or components in a format 
that can be used for further engineering is 
the basis of reverse engineering. Two- or 
three-dimensional data are subsequently 
used with some form of post-processing. 
There are at present some 30 shape­
d igitising methods that can be broadly 
grouped as contact or non-contact. The 
contact group includes touch probe and 
destructive methods, whereas the non­
contact group includes laser, computer 
axial tomography, optical and ultrasonic 
methods. For medical applications, CAT 
(X-ray) and magnetic resonance imaging 
(MRI) are particularly important as data 
acquisition methods for reverse engineer­
ing. 

The two-dimensional CAT or MRI slice 
images are converted to three-dimensio­
nal data, in the case described here as 
Stereoli thography type (STL) files for 
rapid prototyping purposes. The STL file 
is a triangulate surface wire mesh of the 
CAD model and is the basis of subsequent 
rapid prototypin g. Th e accuracy of 
models generated from CAT or MRI data 
is subject to the interpretation of images, 
discrimination between tissue types, di­
mensional accuracy and spacing of slices. 

Various rapid prototyping systems have 
been developed in recent years, with 
regular improvements in quality and 
production speed. Most systems involve 
deposition or machining of material in 
sequential, patterned layers gradually to 
build a structure. The benefits of rapid 
prototyping include enhanced visualiza­
tion capabil ity, r educed development 
cost, early detection of design flaws and 
limited part testing prior to conventional 
prototyping. In the medical field, early 
applications centred on models of bone or 
other tissue which are used by surgeons 
to plan and perform complex procedures 
before actual surgery. Apart from obvious 
benefits to the patient, the approach 
promises significant savings through re-
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duced theatre time and risk. Areas where 
this technology has been successfully ap­
p lied include maxillofacial reconstruc­
tion, pelvic fractures, spinal trauma, 
orthodontic surgery, nose reconstruction 
and models of soft tissue structures such 
as cardiovascular systems. 

For the work reported here, a commer­
cial Stratasys fused deposition modelling 
machine was used to p roduce models in 
ABS polymer. The RP p rocess normally 
starts with a three-dimensional solid or 
sur face CAD model, or in th is case 
two-dimensional CAT or MRI images, 
converted to STL type format. The STL 
model is sliced into horizontal layers and 
parameterized. Parameters include road 
width, slice thickness, fill type, and start 
and end positions.1 Construction of the 
model then proceeds according to these 
criteria. Temporary s tructure s are 
sometimes added to the model during 
manufacture to allow deposition of un­
supported or suspended sections. These 
are removed on completion of the model. 

Case study: hip replacement 
A patient required replacement of the 

left h ip joint. The procedure was compli­
cated by the fact that the bone had deteri­
orated badly as a result of osteoporosis. A 
study was conducted with the orthopae­
dic surgeon to capture the bone structure 
of the hip region to facilitate assessment 
of the viability of the procedure. 

The patien t was examined using a 
Toshiba Spiral X-Vision/GX CAT scanner. 
The clinic then prepared a three-dimen­
sional rendering of the scanned area. The 
information was prepared in two forms, 
as 3-mm-thick slices at 3 mm and 0.5 mm 
spacing, respectively, to evaluate the 
difference. The surgeon was particularly 
interested in the left side of the pelvis. For 
a successful hip replacement, sufficient 
bone structure is required at the posterior 
side of the acetabulum. It was clear from 
the CAT scan that the anterior side of the 
pelvis did not have sufficient bone struc­
ture. 

The two-dimensional slice information, 
three-dimensional rendering and film 
images were supplied to verify mutual 
consistency. In the x-y (sl ice) plane, 
dimensional agreement between film and 
images after scaling was approximately 
1-2 %. Along the z-axis the uncertainty 
was greate1~ approaching the slice thick­
ness in magnitude. 

Bone particles were incorporated in the 
soft tissue at the site and discrimination 
between viable and suspended bone was 
difficult, even using a cadaver left side 
pelvis as reference. The pelvis ·and femur 
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Fig. 1. Rendering of viable bone structure of the damaged pelvis 
following data reduction. 

Fig. 2. Completed model with acetabular cup and femoral component to 
give scale. 

were hardly recognizable in certain areas. 
The da ta were processed and subse­
quently reviewed with the surgeon prior 
to replica production. A rendering of the 
viable bone structure is shown in Fig. 1, 
indicating the extent of osteoporotic bone 
loss. 

Data were converted to STL format and 
used with Stratasys QuickSlice "' software 
to generate horizontal slices with au to­
matic support generation in an SML 
(machine control) file. The structure was 
grown in ABS polymer at 0.25-mm layer 
thickness and finished by removing sup­
ports (Fig. 2). The model was delivered to 
the orthopaedic surgeon, who used it for 
detailed planning and verification of the 
surgical procedure. 

Implication for new generation 
implants 

Applications beyond bone modelling 
are al ready envisaged. While present 
work is focused on the replication of bone 
structure as physical models, it is possible 
to produce not only such models but also 
custom implants to fit the modelled 
defects. This requires incorporation of a 
further new technology, that of proto­
typing directly in bioceramic material. 
Early work in this regard is described in a 
companion article.• The primary concern 
here is the internal design of the bio­
ceramic structure, which has to meet bio­
logical rather than dimensional require­
ments for bone and tissue ingrowth.'.sThe 
achievement of external dimensional 
accuracy is a matter of engineering. 

At a more advanced level is the loading 
of biologically active molecules such as 
bone morphogenetic proteins onto 
implants.9 This technology is not yet com­
mercially available but holds the promise 
of greatly promoting healing of skeletal 
defects. In combination, the various 
technologies described here represent a 
comprehensive advance in bone tissue 
engineering. 

The accuracy of conversion of two­
dimensional image slices to three­
dimensional CAD models is a limitation at 
present. The use of dense scan spacing, in 
this case 0.5 mm as opposed to 3 mm 
spacing, was considered beneficial in this 
regard. Film images were captured along 
with digital scan data and these were 
used to verify the accuracy and dimen­
sions of rendered images. Access to scan­
ning equipment for d ata retr ieval 
requires careful management, as these 
instruments are in great demand, and 
data should ideally be captured in a paral­
lel system or retrieved during off-peak 
hours. The turnaround time and cost are 
still high, due mainly to the absence of 
automated procedures, but a significant 
reduction in both turnaround time (about 
three days) and cost appears possible in 
routine application. 

The studies reported to date indicate 
that although the application of rapid 
prototyping technology in medicine is 
relatively underdeveloped, it is already 
justified in certain cases. 
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The world is too big for us. Too much rs going on, too many cnmes, too much violence and exCitement. No mafler how hard you try, you get behind in the race. If's o strom to keep 
pace. Scrence empires irs discoveries on you so lost that you stagger beneath them. 
Atlantic Journal (June 1833) 
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