www.czasopisma.pan.pl P N www.journals.pan.pl
=

POLSKA AKADEMIA NAUK

BULLETIN OF THE POLISH ACADEMY OF SCIENCES
TECHNICAL SCIENCES, Vol. 64, No. 2, 2016
DOI: 10.1515/bpasts-2016-0036

Methods of reconstructing complex multi-structural anatomical
objects with RP techniques

T. KUDASIK* and S. MIECHOWICZ

Department of Mechanical Engineering, Faculty of Mechanical Engineering and Aeronautics,
Rzeszow University of Technology, 8 Powstancéw Warszawy Ave., 35-959 Rzeszow

Abstract. This article presents reconstruction methods applied to a (geometrically and physically) complex structural object with the use of RP
and RT techniques. The methods are innovative due to their hybrid — multi-model and multi-material — approach to reconstruction, as well as
the application of multiple technologies. An experimental analysis was conducted to verify the feasibility of rapid prototyping (RP) techniques
in the reconstruction of complex internal structures using materials of diverse properties. Some RP techniques offer the possibility of discrimi-
nating between diverse objects through the use of different colours. Such models are well-suited for diagnostic purposes, for better visualisation
of complex clinical problems, pathological alterations, etc. Nevertheless, they fail to fully reflect physical and mechanical properties of objects,
which renders them useful in experimental analysis only to a limited extent. Their basic drawback is that they merely reflect geometrical features
of the examined object. The methods discussed in the present article enable modelling multi-object structures in a single process based on the
PolyJet Matrix technology and materials of different physical properties by means of a hybrid method. The article also describes the process of
modelling complex anatomical structures of soft tissues and bones using models of the maxilla and the mandible as examples. The study is based
on data acquired through standard computed tomography (CT). In addition, the article addresses selected aspects of CT acquisition, generation

of numerical models composed of several anatomical structures (objects) and fabricating physical multi-object models.

Key words: medical modelling, rapid prototyping, computed tomography (CT), experimental tests.

1. Introduction

The increasingly expanding scope of modern medical imaging
technologies (computed tomography, magnetic resonance to-
mography, ultrasonic imaging) has opened new possibilities for
high-quality visualisation of clinical cases. Conventional X-ray
diagnostics is rather ineffective when imaging objects of com-
plex structure, especially with a large number of anatomical de-
tails, i.e. hard and soft tissues of the craniofacial. Conventional
methods offer low level of precision in visualising bone lesions
in periodontal conditions, functional disorders of temporoman-
dibular joints or pathological alterations in soft tissues of the
face and the oral cavity. The reason stems from the very nature
of the tests, which consist in projecting three-dimensional an-
atomical structures on the plane of an X-ray film. Anatomical
interpretation of data in the form of a flat projection of the im-
age is difficult and requires considerable experience. The most
significant shortcomings of X-ray imaging (2D) include the
superimposition of tissue structures, distortions due to single
projection and differences in the density of adjacent regions
occupied by various tissues (Fig. 1). For this reason, analyses
of more complex medical issues make increasing use of digital
diagnostic imaging techniques such as computed tomography
(CT) and magnetic resonance tomography (MRI) [1, 2].

Such techniques make it possible to obtain cross-sections of
tissue structures in any plane (MPR: multi-planar reconstruc-
tion). 3D models of the test object (or multiple test objects)
can be generated from a set of raster data (DICOM data). Vir-
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tual models (3D numerical models) can be developed with the
use of CT or MRI data. They can be useful in designing and
fabricating physical models of real tissues by means of rapid
prototyping techniques [3, 4]. 3D models generated by the au-
thors of the present study are shown in Fig. 2; they are based
on anatomical structures presented in Fig.1.
RP methods enable us to create physical models for medical

purposes [5] such as:

e maxillofacial and dental surgeries,

e orthopaedic and spinal surgeries,

e oncology and reconstruction surgeries,

e customised joint replacement prosthesis,

e patient-specific instrumentation (orthoses),

e implant design, testing and validation.

Fig. 1. A2D example of grey-scale X-ray imaging of a section of the
maxilla and the mandible (with barely visible complex bone structures)
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Fig. 2. Virtual 3D multi-object models of the maxilla and mandible sections (complex internal bone structures partly visible)

The most common applications of RP models are: preop-
erative planning for surgery [6, 7, 8] and the preparation of
surgical guides, templates, soft appliances [9, 10]. The more
complicated models are used for custom prosthetics, implant
designing [11, 12, 13] and scaffolds generation [14, 15]. Med-
ical RP models can also be utilised in research and experimen-
tal tests [16, 17, 18]. Some RP techniques offer the possibili-
ty of discriminating between diverse objects through the use
of different colours of the printed material. Such models are
well-suited for diagnostic purposes, for better visualisation of
complex clinical problems, pathological alterations, etc. The
PolyJet Matrix technology [19] offers the possibility of fab-
ricating multi-part structures composed of various materials
within the same object. This fabrication method can be applied
in constructing hybrid models of bones and soft tissues in a sin-
gle technological process. In the case of medical objects, data
may be acquired via computed tomography, magnetic reso-
nance imaging and angiography. Commonly used spiral CT can
serve as a source of data for preparing multi-object anatomical
models [20, 21].

The research aim of the present work was to develop a meth-
od for the reconstruction of a (geometrically and physically)
complex structural object by means of RP and RT techniques.
The methods are innovative in their hybrid (multi-model and
multi-material) approach to reconstruction as well as the ap-
plication of multiple technologies. The method developed al-
lows us to apply materials of properties similar to those of
real anatomical structures. Potential application of reverse en-
gineering and rapid prototyping (RP) technologies in generat-
ing multi-structural medical models for experimental tests is
shown below.

2. Materials and methods

2.1. A method of reconstructing complex multi-object tis-
sue structures. In order to reconstruct geometrical features of
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soft tissues and bones, CT data were acquired. A segmentation
method for data from complex medical objects was designed.
Physical models were created using the RP technique (PolyJet
Matrix) on the basis of high-resolution tomographic data from
a patient.

CT data were obtained by scanning a 38-year old patient.
The area of interest included parts of the maxilla and the man-
dible with extensive dental defects. The scans were complet-
ed on a Siemens Somatom Sensation 16 CT scanner. Selected
dedicated measurement protocols were applied. The scan setup
was as follows:

e collimation 0.6 mm,
slice thickness 0.6 mm,
table increment 0.5 mm,
reconstruction kernel U80u,
matrix resolution 512 x 512 pixels,
test area containing selected sections of the maxilla and the
mandible.
Only a section of the region was selected so as to obtain the
highest possible spatial resolution with acceptable noise level
for reconstructing soft tissues. As air is the best contrasting
medium in CT imaging, the method applied involved stabiliz-
ing patient in a way that would enable uninhibited access of
air to all cavities in the surface of both soft tissues (mucous
membrane) and teeth. The advantage of the proposed method is
limiting the effect of artificial contrast media, the use of which
is not necessary in the experiment described. The drawback of
the approach involves difficulties in appropriately positioning
the patient on the CT scanning table. The positioning should be
very precise in order to achieve a stable and accurate position
relative to the CT gantry. As the positioning is very compli-
cated, the results of the acquisition rely partly on the patient’s
cooperation. Artificial elements, implants, fixing screws and
other objects may cause visual artefacts. Image distortions may
affect the quality of 3D model reconstruction.

CT images saved in the DICOM file format were imported
in the 3D Doctor application (4ble software) [22]. Three-di-
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Fig. 3. Multi-object anatomical models of the maxilla and the mandible

mensional models of the maxilla and the mandible were gen-
erated (Fig. 3) on the basis of the segmentation of three dif-
ferent regions: bones, teeth and soft tissues. Virtual (3D) mod-
els were utilised to generate Objet Connex 500 [23] machine
codes for separate tissue models. Different tissue areas were
built in a single production process from silicone and resin
materials. Soft tissue was reconstructed from TangoGray, bone
tissue from FullCure 720, and teeth from NeroWhite (Fig. 4)
materials.

Conventional methods applied in reconstructing the maxilla
and the mandible entail a time-consuming process performed
in several steps: 1-2 data acquisition (s) and fabrication in 2
or 3 stages. The proposed approach is less complicated due to
its single-stage character. No additional impressions or further
processing are necessary. The model is constructed using a sin-

gle machine in a single production process. The limitations of
the method include strict requirements in terms of the accurate
placement and positioning of the patient on the CT table.

2.2. A method of reconstructing medical objects with inter-
nal structure from materials of diverse properties. The cre-
ation of a medical model is a complex process. Its broad scope
of application requires selecting suitable production technolo-
gies in order to achieve the desired functionality of the model.
The hybrid method is set out to fabricate a medical model of
structure, properties and features which cannot be obtained by
means of the direct method in a single production process, e.g.
with RP techniques. The range of application includes recon-
structing objects from materials of different baseline properties,
modelling complex geometrical features, e.g. hollow internal
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Fig. 5. A visualisation of a mandible silicone mould with components fixed in the silicone mould prior to the introduction of the bonding material:
1) a wax model of the nerve canal, 2) tooth models, 3) a silicone model of soft tissue
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Fig. 6. Stages of model fabrication with the hybrid method
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structures, multi-structure objects etc. The approach assumes
the possibility of making a model composed of several objects
of different required material properties and internal structure.
The approach may make use of objects constructed by means
of RP and RT techniques. Figure 5 contains a visualisation of
sample objects of the hybrid model.

The hybrid method enables us to fabricate an object of
properties different from those obtainable with RP techniques.
Another significant characteristic of the hybrid method is the
possibility of re-using certain objects, e.g. moulds. This is of
special importance in experimental studies in view of the re-
duction of the costs of fabricating models for experiments.
Figure 6 is a flowchart detailing the process of fabricating a hy-
brid model of the mandible. Individual steps of the process
are selected depending on the requirements to be met by the
medical model.

Modelling the mandibular nerve canal was described below
as a sample application of the hybrid method for reconstructing
an object from a material of different initial properties and re-
constructing complex internal geometrical features.

2.3. Reconstructing complex geometrical structures from
materials of different properties. In experimental studies in
which medical models are used, it is crucial to accurately recre-
ate anatomical structures. This concerns not only their external
shape, but also exactly copying the internal structure of tissues.
For photoelasticity studies using reflected light, where stress
distribution on the surface of the model is analysed, precise
reconstruction of internal structure does not significantly af-
fect measurement accuracy [24]. In photoelasticity tests using
transmitted light, in particular with stress-freezing techniques
[25], physical reconstruction of the model’s internal structure is
necessary. As the adopted approach makes it possible to analyse
stress distribution within the model, the accuracy of copying
the internal structure is very important. Methods which enable
fabricating spatial models with internal structure on the basis of
a virtual (3D) model include rapid prototyping (RP) techniques,
especially SLA[16, 17] and JS — PolyJet [18, 19]. Experiments
reveal that materials used in such methods have inferior photo-
elastic properties than typical epoxy resins used in photoelas-
ticity studies, i.e. Epidian 51. Although the photoelastic effect
is clearly visible, in some cases it may prove insufficient [26].
Epidian 51 is applied in moulding methods in which there is
no possibility of recreating such intricate internal structure as
that of e.g. bone tissue. This problem may be partly solved by
wax casting. An accurate wax model including internal structure
may be built by means of the JS — ProJet method. A sample
section of the cranial suture in 4:1 scale fabricated on the CPX
ProJet 3000 machine is shown in Fig. 7. A model of the suture
fabricated with this approach reconstructs the internal structure
of bones together with a fragment of the joint.

The wax model provides a basis for building a model from
a biocompatible material or a material with properties suitable
for experimental studies.

The wax model can be used to make silicone moulds by
vacuum casting (VC). When the wax model has been cast,
a structure reflecting both external shape and hollow cavi-
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Fig. 7. A sample section of a cranial suture: a) RP model scale fab-
ricated on the CPX ProJet 3000 machine, b) experimental model
(photoelastic tests)

ties inside the bone is created inside the mould. A mould pre-
pared in this manner can then be filled with e.g. epoxy resin
in order to obtain the target model. As part of the moulding
compound (silicone) forming the internal structure remains
inside the model, it is necessary to cut off fragments of the
internal structure when separating the model from the mould.
Therefore, the method does not allow us to re-use the silicone
mould. The wax casting approach makes it possible to obtain
a model of the suture which is geometrically similar to the
input model, and, more importantly, has better photoelastic
properties. Figure 8 contains an image of a finished model of
a section of the cranial suture fabricated by moulding from
the Epidian 51 resin.

Fig. 8. A model of a section of the cranial suture fabricated by mould-
ing from the Epidian 51 resin
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Fig. 9. Sample slices from a 3D model of a cranial suture a) RP (1. PolyJet technique) and VC (2. Epidian51) models, b) experimental tests
(stress pattern)

The present model may be used in photoelastic test based
on the reflected light approach. In the case of the transmitted
light method, it is necessary to make section samples from the
selected area. Figure 9 shows an example of sections of the
bone structure in the form of thin-walled slices obtained by
bisecting the cranial suture model fabricated with the PolyJet
method and casting method. One can notice a high degree of
similarity in reconstructing both external shape and internal
structure of the item [21].

2.4. Reconstructing hollow internal structure (the case of
the mandibular nerve canal). An important advantage of the
hybrid method is the capability to fabricate anatomical models
with internal structure from materials which are unobtainable
by RP techniques.

Steps involved in the production of a model of the mandible
containing an internal nerve canal with the application of the
hybrid method are shown below. The 3D model of the mandible
and the nerve canal was obtained from the acquisition of CT
data. The model of the nerve canal (Fig. 10) reconstructs hollow
space inside the mandible bones. The remaining components
required to build the model are shown in Fig. 5.

The first stage of the process is constructing a silicone mould
for the coat containing components of the hybrid model of the
reconstructed object (object container). In order to obtain a sili-
cone mould, an RP model was used, recreating external surfaces
of the object — in this case, bones of the mandible (Fig. 11). The
RP model does not need to map the internal structures or be
transparent. However, for better visualisation of the process we
used a model built with the SLA (Stereolitography) technique.

The silicone mould (Fig. 12) provides a temporary fixa-
tion for the components of the hybrid model. Internal surfac-
es of the model are obtainable by means of the ProJet wax
modelling method. Sections of internal geometrical structures
(nerve canals, sinuses, etc.) formed in wax are placed in the
silicone mould.
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Fig. 11. An RP model of the mandible together with the mould set-up,
prepared for filling with silicone
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Fig. 12. An RP model of the mandible in a silicone mould

Another key step following the fabrication of internal struc-
tures is the correct placement of the supports in the mould. The
supports should enable the inclusion of process allowances and
casting the wax from the finished model (Fig. 13) later on.

wax model of the nerve canal

Fig. 13. A model of a section of the mandible fabricated by vacuum
casting the Epidian 51 resin

A model of a section of the mandible with a cast mandib-
ular nerve canal is presented in Fig. 14. The Epidian 51 res-
in has good photoelastic properties. Reconstructing a hollow
nerve canal in the experimental model enables us to allow for
the effect of internal structures in experimental studies on an-
atomical structures.

3. Summary
As in many other areas of scientific research, the information

obtained in different experimental conditions can lead to uncer-
tainty in the correct clinical interpretation and approach to be
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nerve canal formed by casting the wax model

Fig. 14. A complete model of a section of the mandible fabricated by
vacuum casting Epidian 51

taken. The results of numerical analyses on virtual 3D models
of medical objects may be questionable, as the implementation
of in vivo data obtained from humans can be challenging. For
the analysis of complex medical issues, beside numerical meth-
ods, one can simultaneously make use of experimental tests to
verify the obtained results. In the case of the experimental test,
it is necessary to make physical models and to verify them by
carrying out relevant tests. A physical model of the examined
object can be fabricated with Rapid Prototyping technology
from a 3D-CAD virtual model. Physical Rapid Prototyping
model enables us to effectively identify the medical problem
and clearly reconstruct pathological alterations [1, 7].

Multi-object and multi-material hybrid models may facil-
itate planning surgical procedures and allow patients to better
understand the nature of the condition and the adopted course
of treatment [6, 7, 8]. Based on CT and MRI data of real ana-
tomical structures, it is possible to manufacture physical models
which reconstruct complex inner structures very precisely [2,
20, 27]. It allows us to avoid simplified assumptions in experi-
mental analysis. When making hybrid models, the selection of
a suitable reconstruction protocol from the CT image is crucial
for obtaining the desired results.

Experimental research may use real objects or their models.
The photoelastic method can be used to verify the numerical
analysis of the stress distribution in 3D models.

Material selection criteria are dependent on the type of
experimental tests. In the case of photoelasticity studies (e.g.
transmitted light studies) it is necessary to use transparent ma-
terials which guarantee the occurrence of forced birefringence,
resulting in the appearance of isochromes indicating areas of
stress. The materials used in experimental analysis were veri-
fied in terms of their photoelastic properties. The experiments
allowed us to conclude that casting resin Epidian 51 offers the
best photoelastic properties [26]. The necessity of using casting
resin implied the preparation of the present hybrid method. In
the experiments it was reported that the inclusion of internal
structures made of various materials has a significant effect on
the stress pattern (Fig. 9).
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The developed hybrid approach produces anatomical models
with internal structure from materials of suitable photoelastic
properties (transparency, birefringence) required in the transmit-
ted-light photoelastic method, which are absent from materials
used in RP techniques.

The methodology of fabricating multi-object models by
combining RP and vacuum casting (VC) techniques was suc-
cessfully verified using an experimental model of the mandible.

Due to the nature of the VC technology, it is essential to
carefully select the physical properties of component materials
(e.g. melting point, or softening point in the case of thermoplas-
tic materials). Casting a bone model from the Epidian 51 resin
triggers a chemical reaction during the polymerisation process,
which may damage the model’s components.

In most cases, the VC technique offers the possibility of
re-using silicon moulds. However, this depends heavily on the
correct planning of the dividing lines of the moulds as well as
the way in which the model’s component objects are located
within the mould. In turn, the way in which the mould is divid-
ed and the arrangement of component elements depend on the
geometrical features of the model being fabricated.

Because of the complex shapes of medical objects, it is
important to appropriately select and plan the placement of the
gating system, i.e. inflow and bleed lines, to ensure access of
the casting material to all spaces in the model.

A casting defect (like a cavity) e.g. near the dental root area
may result in an improper connection to adjacent components.
This phenomenon may lead to dislocation of components, and
even to disassembly of the model.

The hybrid method described in this article enabled us to
fabricate a multi-object model of properties different from those
obtainable with RP techniques. When applied in experimen-
tal studies, the discussed methods may reduce costs of model
fabrication [28]. Models built with the use of the proposed ap-
proaches featured a reliable reconstruction of both internal and
external anatomical structures.

The designed approach, under the name “Method of recon-
structing medical models with internal structure and the use
of materials of diverse properties,” was submitted for patent
protection (No. P.398644).

4. Conclusions

1. The Polyjet Matrix seems to be a very effective technology
in reconstructing complex, multi-object anatomical struc-
tures. A drawback of the method is the relatively high cost
of fabricating a physical model.

2. The presented hybrid method allows us to recreate multi-ob-
ject and multi-material structures. The application of the
method may reduce costs of fabricating models for experi-
mental studies and offers the possibility of using materials
of desired properties.

3. The methodology of fabricating multi-object models by
combining RP and vacuum casting (VC) techniques was
successfully verified using an experimental model of the
mandible.
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4. The reconstruction of complex multi-object models on the
basis of CT data requires the appropriate set-up of acquisi-
tion, segmentation and image data processing parameters in
order to eliminate artefacts which affect the quality of the
generated multi-object model.

5. Materials available in the PolyJet Matrix method impose
a restriction on the application of the method in transmit-
ted-light photoelasticity tests. Materials used in the PolyJet
Matrix technique can be used in reflected-light photoelas-
ticity tests.
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