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Novel combination of reverse
engineering and rapid prototyping

in medicine

R. Schenker’, D.J. de Beer', W.B. du Preez,

M.E. Thomas and P.W. Richter’

he technologies of reverse engineer-

ing and rapid prototyping are emerg-

ing as useful new tools in medicine.
One application is of particular interest in
orthopaedic, dental and reconstructive
surgery. It involves the imaging, modelling
and replication (as a physical model) of a
patient’s bone structure. The models can be
viewed and physically handled before
surgery, which is of great benefit in evalua-
tion of the procedure and implant fit in
difficult cases. The technology promises
lessened risk to the patient and reduced
cost through saving in theatre time. A case
study is presented, involving hip replace-
ment in a patient who had experienced
severe bone loss through osteoporosis.
Such applications are a further step
towards the development of a new genera-
tion of customized bone implants.

The technologies respectively labelled re-
verse engineering and rapid prototyping
have developed rapidly in recent years.'
While the major applications are found in
the fields of engineering and design,
these technologies are emerging as useful
new tools in medicine.”™ Reverse engi-
neering and rapid prototyping are of par-
ticular interest in skeletal repair, where
physical models of bone structure are
produced for planning surgical proce-
dure and evaluation of implant fit. The
process typically involves imaging bone
structure using computer axial tomogra-
phy (CAT) scans, conversion of the two-
dimensional slice data to three-dimen-
sional computer-aided design (CAD)
models and manufacture of physical
models using any of a number of rapid
prototyping (RP) technologies. The pri-
mary concerns at present include inter-
pretation of images, discrimination of
tissue types and dimensional accuracy.
This article describes current capability
through a case study involving hip
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replacement in a patient who had experi-
enced severe bone loss through osteo-
porosis.

Capturing 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-
digitising 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
Stereolithography 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 prototyping. The accuracy of
models generated from CAT or MRI data
is subject to the interpretation of images,
discrimination between tissue tvpes, di-
mensional accuracy and spacing of slices.

‘arious 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 capability, reduced 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-
plied 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 produce models in
ABS polymer. The RP process normally
starts with a three-dimensional solid or
surface CAD model, or in this 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.” Construction of the
model then proceeds according to these
criteria. Temporary structures 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 hip 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 patient 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 (slice) plane,
dimensional agreementbetween film and
images after scaling was approximately
1-2 %. Along the z-axis the uncertainty
was greater, 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.

were hardly recognizable in certain areas.
The data 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 auto- |
matic support generation in an SML
(machine control) file. The structure was
grown in ABS polymer at (.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 already envisaged. While present
work is focused on the replication of bone
structure as physical maodels, 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 forbone and tissue ingrowth.” The
achievement of external dimensional
accuracy is a matter of engineering.
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Ata more advanced level is the loading
of biologically active molecules such as
bone morphogenetic proteins onto
implants.” 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 modelsis a limitation at
present. The use of dense scan spacing, in
this case (.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 data retrieval
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 paossible 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.

We wish to acknowledge contributions from
the following: A.N. Kirkbride, I. Dymond, M.

ries an you so fast that you stagger beneath them

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

Fox, M. Botma, R. Beyer, B, Swaclens, F.
Mosweu, P.5. Maswanganye, L. Maphoso and
U. Ripamonti.

L. Jacobs 'F (1996). Stereolithoeraphy dnd other RP&EM
Technologies: from Rapid Prototyping to Rapid
Tooling. Society for Manufacturing Engineers,
Dearborn, Mich.

Chartoff R.I? and Lightman A.J. (1995). Applica-

tions of rapid prototyping to surgical planning: a

survey of global activities. Proceedings of the Sixth

Infernational Conference on Rapid Prototyping, pp.

43-50. University of Dayton, Ohio.

3. Chartoff R.P, Lightman A.], Schenk J.A., Adachi
I, Hara T, Kusu N. and Chivokura H. (1993)
Surgical simulation using rapid prototyping. Pro-
cevdings of the Fourth International Conference on
Rapid Prototyping, pp. 135-142. University of
Dayton, Ohio.

4. Chartoff R.P, Lightman AJ, Schenk LA, Jacob

AL, Hammer B, Niegle G., Lambrecht T, Schiel

FL, Steinbrich W, and Hunzicker M. (1993), First

experience in the use of stereo lithography in

medicine. Procecdings of the Fourth Internationa!

Conference on Rapid Prototyping, pp. 121-134,

University of Dayton, Ohio

Chartoff R.P, Lightman A.]., Schenk J.A.,

Swaelens B., Kruth [.I' (1993). Medical applica-

Lions of rapid prototyping techniques. Proceedings

of the Fowrth Internatronal Conference on Rapid

Prototyping, pp. 107-120. University of Dayton,

Ohio.

6. Richter PW,, Thomas M.E. and Van Deventer T.
(1999). Macroporous hvdroxyapatite bioceramics
by solid freeform fabrication: towards custom
implants. 5. Afr. | S¢i. 95, 325-326.

7. Thomas M.E., Richter P’W, Van Devenler T,
Crooks | and Ripamenti U. (1999}, Macroporous
hydroxyapatite bioceramics for bone substitute
applications. 5. Afr. . S¢i. 95, 359-362.

8. Ripamonti U., Crooks |, and Kirkbride AN, (1999).
Sintered porous hydroxyapatites with intrinsic
osteoinductive activity: geometric induction of
bone formation. S, Afr. . Sci. 95, 335-343,

9. Ripamonti U, Ma S. and Reddi A H. (1992). The
critical role of geometry of porous hydroxyvapatite
delivery system in induction of bone by
osleogening, a bone morphogenelic protein.
Matrix 12, 202-212.

=

o ]

lence ond excilement. No matter how hard you fry, you gef behind in the race. It's o strain to keep




Copyright of South African Journal of Science is the property of South African Assn.
for the Advancement of Science and its content may not be copied or emailed to
multiple sites or posted to a listserv without the copyright holder's express written
permission. However, users may print, download, or email articles for individual use.



