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Abstract
According to previous research, shore 40 A casting silicone is currently one of the more suitable materials for simulating the
physical behavior of the airways in medicine simulation. This is essential to attain high-fidelity manikins that can perfectly
mimic the simulated anatomic region, not just geometrically, but also in terms of haptic feedback. Due to the geometrical
complexity of the tracheo-bronchial tree, mold design is a difficult and time-consuming process. An interactive modeling
procedure for modeling mold parts for tracheo-bronchial tree casting is proposed in this paper, with the purpose of reducing
modeling timewithout compromisingquality. Following the definitionof a standardmodelingprocedure, thiswas implemented
in the Matlab language by using an IGES and STL editing toolbox. By using the interactive procedure it is possible to reduce
the time required for virtual modeling from several hours to less than 1 min. Given this preliminary result, the proposed
procedure will be further tested and developed in the near future, with the possibility of automating other lower airway
modeling steps, such as vent generation and mounting holes/pins.

Keywords Airway simulation · 3D modelling · Mold casting · Interactive design

1 Introduction

In the last decade, the use of high-fidelity life-size simulation
manikins has grown exponentially in clinical practice, both
for training and for pre-surgery planning applications. The
benefits that can be achieved by using these technologies are
incredibly relevant in many ways. For what concerns train-
ing, the use of manikins proved to be much more effective
than the traditional technique, which consists of direct prac-
tice on real-world settings under expert supervision. In fact,
it has been observed that the everyday exercise of routine
procedures on realistic anatomical models, possibly with an
increasing difficulty level, ensures greater patient safety as
the risk of complications is reduced [1, 2].
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Referring to pre-surgery planning, the availability of
patient-specific simulators, which are 3D models developed
based on the anatomy of a single patient, enables skilled
surgeons to improve the surgery plan before entering the
operating room. As a result, this enables both simulation and
investigation of multiple surgical techniques with the goal of
determining the optimal one in terms of safety and effective-
ness, while significantly reducing surgical times [3].

A key factor in both training and planning is that the sim-
ulator’s properties closely mimic the ones of the actual body.
In particular, the main aspects to be carefully reproduced in
the manikin are geometric dimensions and haptic feedback
(i.e. the touch feeling of the mannequin must be close to that
of the real anatomy) [4, 5].

This is a critical factor in making the simulated experi-
ence truly realistic, despite its secondary relevance in many
commercial simulators and specific research in the scientific
literature [6–8]. As a matter of facts, anatomical structures
are indeed composed of multiple organic materials, some of
which are composed by fibres, with a consequent anisotropic
behaviour. For this reason, in the scientific literature the
mechanical characterization is generally referred to gen-
eral structures and “equivalent”materials, whosemechanical
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characteristics mimics the overall behaviour of the general
anatomical structure or for the main substructure [9–11].

There are several airway simulators on the market, but
the majority of them are intended for adult patients and are
not appropriate for paediatric medicine, with only a few
having a high degree of verosimilarity with real anatomy.
Only a small percentage of these replicate complex clinical
pictures (e.g. tracheomalacia), the Meyer Children Hospital
(Florence, Italy) anesthesiology team believes they are still
overly simplified in comparison to reality.

To partially confront with this issue, the typical work-
flow adopted by bioengineers starts from the retrieval and
virtual 3D model reconstruction of the internal anatomy by
analysing diagnostic images, mainly obtained by means of
Computed Tomography (CT) andMagnetic Resonance Imag-
ing (MRI). The accuracy of CT-based 3D reconstruction has
been validated in previous studies [12], in which an aver-
age accuracy error of 0.1mm has been measured in a set
of 3D reconstructions obtained from CT scans. Once the
virtual shape of the manikin is opportunely retrieved, the
next step is to realize the physical replica of the anatomic
region bymeans of advanced computer-basedmanufacturing
techniques, such as Additive Manufacturing (AM). Unfor-
tunately, despite the increasing variability of 3D-printable
materials, with several typologies of soluble support materi-
als and a list of rubber-like model materials with varying
hardness (which could be used to 3D-print to replicate
soft anatomical tissues), direct 3D-printing cannot always
achieve the desired haptic feedback, resulting too stiff and
hard to correctly mimic the real tissue. This issue is more
evident in case of paediatric patients, since tissues (and lower-
airways anatomies in particular) are softer then in adults.

Not by chance, in a previous investigation [13], several
materials have been tested with the help of a team of physi-
cians ofMeyer Children Hospital (Florence, Italy) in order to
detect which one better reproduces the actual anatomic feed-
back of lower airways anatomies. Shore 40A silicone [14]
proved to be the most suitable for creating the replicas, while
all 3D printed materials were considered excessively hard
and stiff. In particular, a specific investigation on paediatric
tracheal stiffness has been carried out in the aforementioned
literature paper, taking into consideration the lowest values
for adult tracheal cartilage retrieved in other works (i.e. vary-
ing in the range 1−3.3 MPa). The choice of considering
cartilage stiffness is motivated by the fact that cartilage rings
are the structure responsible tomaintain the trachea open dur-
ing respiration, preventing collapse. Such values are hardly
obtainable using direct 3D printing. Quite the reverse, 40
Shore A silicone has an adequate stiffness (approximately
equal to 3 MPa). As mentioned before, the possibility of
realising the airways’ replica by means of direct 3D print-
ing is therefore not recommended. Such a method should be
replaced by an appositely devised mould casting production

techniques, despite the fact that mould design is not simple
and requires longermodelling timings. This sums upwith the
fact that the expected successive manufacturing is typically
limited to few replicas but characterized by several items
(i.e. different airways’ geometry). It has, indeed, to be taken
into account that ideally 20 replicas for 10–15 different items
are required to build a consistent dataset of case studies for
training and pre-planning.

As stated by the aforementioned concerns, the optimiza-
tion of the modelling phase of the mould-based production
of lower airways is still a key issue in paediatric medicine
and the main drawbacks related to the replica manufactur-
ing, hinted above, should be confronted with. Accordingly,
the main aim of the present paper is to provide a preliminary
interactive method capable of carrying out a semi-automated
mould manufacturing to be used for creating replicas, which
reliably resemble the actual anatomy of interest. Such repli-
cas are modelled and produced with the intention of embed-
ding them in an under continuous development manikin,
utilized for training and surgery planning of procedures on
lower airways in the paediatric field.

The paper is structured as follows: in Sect. 2, a brief
introduction to lower airway anatomy is given together with
the main required characteristics for the manikin. In Sect.
3 a standard modelling process is proposed with the aim
of translating it into an interactive procedure according to
the workflow proposed in Sect. 4. Finally, the first results
obtained with the implemented procedure and future devel-
opment are discussed in the conclusion.

2 Lower airway’s anatomy andmanikin
characteristics

As mentioned before, before proceeding with the descrip-
tion of the mould’s standard modelling process and its
automation, this Section provides a brief introduction to the
characteristics of the anatomical districts of interest. Succes-
sively, a description of the lower airways manikin’s layout is
provided and the principal issues related to its manufacturing
are briefly introduced and discussed.

2.1 Lower airways’ anatomy

As widely recognized, the respiratory tract consists of two
distinct sections: upper and lower airways. The upper air-
ways, or upper respiratory tract, starts from the nose and
ends in the upper portion of the larynx, above the vocal folds
(cords). The lower airways or lower respiratory tract includes
the portion of the larynx below the vocal folds, trachea,
bronchi and bronchioles. In this work, the lungs region is
not taken into account for modelling and prototyping, there-
fore it is not included in the manikin development.
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Fig. 1 Schematic anterior view
of lower airways: trachea
(green), primary bronchi
(pink/dark pink), secondary
bronchi (blue), tertiary bronchi
(yellow), bronchioles (purple)

The main structure of the lower airways (see Fig. 1) is the
tracheobronchial tree (successively referred as TBT), which
comprises trachea (i.e. the main vertical trait), main bronchi
(left and right), lobar bronchi (or secondary, three on the right
and two on the left), segmental bronchi (or tertiary) [15].

Trachea wall has many layers: mucosa, submucosa and
adventitia, plus a layer of hyaline cartilage. Mucosa is the
inner layer, surrounded by submucosa and a number of C-
shaped rings of hyaline cartilage. The outermost layer is
composed by connective tissue (adventia). The internal cav-
ity of the TBT is called lumen. Trachea begins right below
vocal chords and bifurcates into the right and left main stem
bronchi. The downward and backward projection of the last
tracheal cartilage is the carina, which marks the bifurcation
point.

2.2 Lower airways’manikin characteristics

Referring to the classification expressed in the previous sub-
section, the lower airways’ section of the manikin, which
must be designed, has to include trachea, main bronchi and
secondary bronchi. Tertiary bronchi will be partially realized
in their initial section. The lower airways’ part is attached to
the head of the manikin bymeans of a locking system, whose
details are not discussed in this paper (see Fig. 2).

The initial part of the TBT consists (on the outside) of a
5mm thick disk (“connection disk”) that matches with the
inner geometry of the locking system.

For what concerns the modelling process of the TBT part,
this is carried out by means of the following six steps proce-
dure, described in the following paragraphs:

Fig. 2 Layout of the lower airways’ manikin, including tracheo-
bronchial tree and locking system

1. Lumen 3D geometry reconstruction
2. TBT part definition
3. Connection disk definition and alignment
4. Boolean merge TBT part + connection disk = TBT gross-

shape
5. Lumen loft = complete lumen
6. Boolean subtraction (TBT gross-shape - complete lumen)
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The lumen geometry is obtained from diagnostic images
(generally by means of CT), by using Mimics® software.
A common procedure starts with the 3D segmentation of the
region of interest on each slice of the DICOM file. In our
case study, the medical images has been obtained by means
of Philips Brilliance 64 CT spiral scanner, with 0,8mm slice
thickness 100 kV tube potential and 200 mAs tube current
(for privacy reasons, no further information canbedisclosed).
The obtained 3Dmask is defined in the discrete voxel domain
(volume pixel) and coincides with a first 3D model of the
anatomy. Successively, the 3D polygonal model is obtained
by applying marching cube algorithm (or one of its varia-
tions).

Once the lumen 3D polygonal geometry has been defined,
it is possible to proceed with the TBT part design. This mod-
eling phase is performed by means of Geomagic Design X
software. TBT part is obtained as the 2mm outer offset of
the lumen. This specific offset value will ensure 2mm TBT
walls thickness in the final piece, which has been defined
according to physicians staff of Meyer Children Hospital.
The connection disk is a standard interface for this specific
manikin, which allows to attach different TBT models to the
manikin’s head by means of a specifically designed lock-
ing system. Disk’s shape and dimensions are then defined
a-priori, and its position coincides with the upper end of the
tracheal trait of TBT. Once connection disk and TBT are
aligned, they are merged and TBT gross shape is obtained.
Successively, lumen is extended in the upper part (i.e. on the
tracheal trait) with a 5mm loft, which has been previously
discussed and the complete lumen is obtained. Finally, TBT
gross-shape is subtracted by the complete lumen, resulting
into the definitive TBT part.

2.3 Mold casting tracheo-bronchial tree

As mentioned in the introductory section, all the most suit-
able material to create the manikin airways’ parts is silicone.
To this purpose, the elective manufacturing process is mold
casting. Due to the particular geometry of the anatomical part
to be cast, AM technologies are the best option to create the
mold. This is a tricky task, due to the complexity of branched
geometry. In fact, such a geometry prevents the extraction of
the core used to realize the lumen once the silicone has solid-
ified, even by considering the possibility of either breaking
away each core’s branch or sub-dividing the core in multiple
separable components. In the first case, the extraction of core
fragments is practically unfeasible since several of themmay
result stuck into the siliconemass. In the second case, there is
a high probability of silicone seeping into the gaps between
components, making extraction impossible and obstructing
the lumen. These issues have been solved by realizing the
core in a dissolvable material, available for 3D printing. One
of the most common is PVA (Poly-Vinyl-Alcohol), which

dissolves in water and it is used both as model and sup-
port material in FDM 3D printers. An alternative, which is
the preferred solution in this work, is the use of Stratasys®

SR30TM, a support material available for Fortus® Stratasys
FDM 3D printers.

Another important issue for mold design phase is related
to branches’ directions. If all branches are approximated to
straight traits, they did not lay on the same plane. More-
over, the most extended branches (trachea and main bronchi)
are far from being straight in some cases, especially in case
of malformation. Consequently, multiple extraction planes
must be retrieved, and the mold has to be subdivided in more
than two parts. For this reason, one of the main aims of this
work is to provide a standard procedure to design eachmold’s
part in CAD environment, starting from the lumen geometry.
This manual procedure lays the foundation for a subsequent
interactive automation, as described in the reminder of the
paper. Finally, each terminal branch’s cavity must be blind,
to avoid the environmental light to enter the manikin’s air-
ways. This means that the mold’s core will be surrounded by
silicone during the casting, except for the trachea side. There-
fore, casting must be performed with the trachea in vertical
position and the core must be equipped with a plate on the
trachea side to allow correct positioning in the mold.

3 Mold design: definition of a standard
modelling procedure

3.1 Input data and procedure workflow

Focusing the attention on mold design, the idea is to
exploit auxiliary parts that have been defined to model TBT
manikin’s part, gross shape and complete lumen in particular.
The first one will be used to model mold’s cavity to obtain
the external shape of the TBT. The second will be used to
model the internal core, to obtain the lumen, i.e. the internal
cavity of the TBT.

For what concerns extraction planes definition, the idea is
to use information about branches’ directions. In this way,
it would be possible to “‘follow” branches with the planes
set and obtain a proper sub-division of the mold. This can
be done using the lumen centerline, i.e. the curve that passes
though the center of each airways’ cross-section. In the con-
tinuous domain, centerline retrieval can result tricky while
results may be affected by unwanted phenomena (e.g. loops
formation). Skeletoning algorithms, which are used to reduce
a volume (or a 2D shape) to its skeleton and - in the case
presented in this work - to reduce airways’ volume to its
centerline, are optimized to operate in discrete domain (2D
raster images, in particular). Luckily,Mimics® includesCen-
terline Tool, a tool dedicated to the automatically centerline

123



International Journal on Interactive Design and Manufacturing (IJIDeM)

Fig. 3 Mold’s and core’s parts
modelling procedure workflow

retrieval of tubular anatomical regions in the voxel domain
of the DICOM file.

The input data set is now complete, and it is possible to
move on to the definition of the standardmodeling technique.
The general idea is to obtain each mold’s part geometry by
means of cut operation on a main body. The modelling pro-
cedure is depicted in Fig. 3.

The workflow consists of two preliminary steps used for
defining the main plane and the main body, which will be
used for both core and mold modelling. Then, the design
of mold and core follows different parallel steps, which are
described in the next subsections.

3.2 Main plane andmain body definition

The first two steps of the procedure summarized in Fig. 3 are
suitable to design both mold’s parts and core. The relevant
steps for the definition of main plane and main body are
described in the following sections.

3.2.1 Main plane definition

The first step consists of the definition of the main plane,
which approximately coincides with xz plane according to
[16]. This plane is the one that ideally approximates the single
extraction plane and coincides with the plane that best-fit the
centerline. This plane is used as a reference for both main
body and cutting planes definition.

3.2.2 Main body definition

The main body is obtained as the extrusion of a sketch drawn
on the main plane. Its overall volume must include TBT part

and should be large enough to offer the possibility of hosting
pins and holes for mold’s parts positioning (these features
will be realized in the finishing phase). In this paper, this
sketch can be simplified to a rectangle.

Referring to Fig. 4, centerline is projected into the main
plane (Projected Centerline - PCL). A and B points are
defined as the first and last point of PCL corresponding to
trachea. Successively, the bounding box of PCL whose side
is parallel to AB is retrieved. The rectangle is obtained as the
outer 5mm offset of this bounding box.

To define the depth of the extrusion upwards and inwards
versus the main plane, the maximum distance of the center-
line versus themain plane is evaluated in both directions, and
it is extended by 5mm. Eventually, by following the above
steps, the main body is completely defined.

3.3 Mold’s parts design

3.3.1 Cutting planes definition and cutting operations

The first step of the mold’s part design aims at defining a set
of cutting planes to subdivide the main body in a series of
parts to allow the final piece extraction. As previously dis-
cussed, the idea is to exploit information coming from the
centerline. In particular, by approximating the centerline to
simplified tree graph it is possible to define a series of planes
(or a polygonal surface) with the proper characteristics. One
possible strategy is to triangulate these points together with
the rectangle vertices on the main plane, maintaining tree
graph edges. In this way, each triangle in the 3D space cor-
responds to a planar surface, while all the triangles compose
a polygonal mesh. This mesh fits the requirements since it
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Fig. 4 Centerline’s bounding-box and offset rectangle for mold’s
dimensions definition

follows the centerline (and so the TBT) and cuts the main
body in two parts (see Fig. 5).

This strategy is generally effective for trachea and main
bronchi. Unfortunately, this is not sufficient for successive
branches. Themain issue is related to the fact that 1) branches
(and bifurcations) become denser and closer each other as
they get smaller and 2) their directions become (highly) out-
ward or inward pointing w.r.t. the main plane. This means
that the angle between two adjacent triangles of the mesh
becomes sharper, and this may result in the formation of
undercuts along the direction of part extraction. To better
understand this issue, some definitions must be taken. Let’s
call e an edge belonging to both cutting mesh and centerline
and ep it’s projection into the main plane. Let’s now define
� plane, which is orthogonal to ep and passes through emid-
point (its position is not strictly necessary). At this point, it is
possible to detect the intersection of both elements that share
e with � plane: ϑ is the angle between them and it needs to
be checked to determine the part’s extractability (see Fig. 6).

Approximating lumen cross-section to a r-radius circle
and considering a maximum acceptable compression on sil-
icone walls of 40%, since the thickness of the walls is 2mm
the minimum ϑ angle (see Fig. 7) that ensures the extraction
from the mold is defined by the following equation:

θ > π − 2 arccos

(
r + 0.8

r + 2

)
(1)

As a consequence, ϑ decreases, whereas lumen approxi-
mate radius increases. Excluding trachea and main bronchi,

which can be considered free from this issue, inner “radius”
never exceeds 4mm, corresponding to ϑ =106◦. Therefore
this value can be considered as a general threshold, which
is valid regardless of the inner radius. A careful examina-
tion of the mesh is necessary before moving on in sight of
this observation, and certain countermeasures are required to
solve this problem.

A straightforward solution is to subdivide the critical
mold’s part (part B, referring to Fig. 7) with a plane per-
pendicular to the main plane, passing through the centerline
branch in which ϑ angle is below the threshold. This passage
has to be repeated for each criticality. This operation, which
has to be repeated for all critical branches/angles, resolves
the issue in its entirety (Fig. 7).

In order to limit the number of mold’s parts, the subdi-
vision is applied only to the part that has ϑ-criticality (e.g.,
part B in Fig. 7). For a sake of clarity, let’s make an example.
Supposing that mold is divided by the mesh in part A and
part B, and make this last affected by three ϑ-criticalities, as
shown in red in Fig. 8A.

If the division operated by means of each one of the three
resulting planes is applied to the whole part B, as a result
a total of 7 subdivisions are obtained (see Fig. 8B). Other-
wise, if the cut operation is applied only to the subdivision of
interest, the total of parts is limited to 4, with a simplification
in the successive designing step. In fact (see Fig. 8C), the
first plane (red line) cuts part B in subdivisions 1 and 2, the
second one (green line) cuts subdivision 2 in subdivisions
2 and 4 and the third one (blue line) cuts subdivision 3 in
subdivisions 3 and 4.

3.3.2 Boolean operation and finishing

Once the mold’s parts are retrieved, it is possible to move
on with the Boolean subtraction of the lower airways part,
in order to obtain the cavity for the silicone casting. This
operation is quite straightforward since all parts are in the
correct position (hence, no alignment is required). For what
concerns finishing operations, three main tasks must be pur-
sued: 1. Assembly check; 2. realization of a set of references
for the correct positioning of mold’s parts; 3. realization of
vents.

Assembly check is carried out in order to verify a-priori if
it the assembly of mold’s parts happens flawless. Two main
aspects are investigated to this aim: absence of undercuts and
correct clearance between parts. The first check aims at ana-
lyzing if the mold’s part geometry design has been correctly
retrieved. This is performed by visually analysing and (if
required) measuring the 3D geometry and therefore requires
an interaction with the user. The second aspect is related to
contact surfaces, especially in the case of pin/hole coupling
and convex edges. For pin/hole coupling, an allowance must
be considered, depending on AMmachine accuracy and pre-
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Fig. 5 Main cutting mesh
(green), centerline (dash line),
mold’s part A (orange) and part
B (purple)

cision. In the case of using the Statasys Fortus 450mc FDM
printer, a 0.1mm gap can be a good compromise to obtain
a precise coupling. Convex edges must be chamfered or fil-
leted (0.5 ×45Â◦ is the selected value). Further, in order to
lock mold’s part in the correct position, a set of references
(e.g. pins/holes) are needed. When possible, pins should be
integrated in the parts’ bodies. Moreover, through holes are
preferable since support removal results easier and faster
(also in the case of soluble support materials). Finally, vents
are designed to allow air to easily escape from the mold.

3.4 Core design

Core design requires less modelling operations, compared
to mold, and its principal phases are only briefly described,
since theywill be not object of the successive interactive auto-
mated phase. The main phase of the modelling, since lumen
geometry is known, is the realization of the plate through
which the core is coupled to the mold. It’s shape is rectangu-
lar and its dimensions are defined referring to the main body.
Basically, it is the result of a 5mm extrusion of the −5mm
offset of the main body upper face. This is called core’s plate
gross shape.

Since casting operation will be performed with trachea in
vertical position, the pouring basin must be located inside
the core’s plate. Its position and shape is defined on the basis
of the lower airways part geometry. In particular, it must
be in correspondence with the cavity corresponding to the
disk of the lower airways part and it must not be coincident
with the lumen (see Fig. 9). In order to maximise its dimen-
sion, to facilitate casting, it should be C-shaped. Finally, four
through holes must be realized near the corners of the plate,
to allow bolts connection between core and mold. Once all

Fig. 6 Definition of e, ep, � plane and ϑ angle

these operation are carried out, it is possible to proceed with
the Boolean merge of the lumen and plate bodies.

4 Interactive procedure

In this chapter, the automated of the mold’s parts design is
introduced and described. All the procedure has been imple-
mented in Matlab® coding environment. The automated is
focused on four modelling steps, which are the definition
of main plane, main body and cutting planes, and cutting
operations.Asmentioned above, finishing operation and core
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Fig. 7 Critical angle in the main
cutting mesh and proposed
solution. Mold’s parts (white),
mold’s core (orange), silicone
part (yellow)

Fig. 8 Mold part subdivision due to ϑ criticalities

design are still meant to be carried out manually. In order to
handle and edit STL files, geom3d toolbox is the used tool
[17].

4.1 Preliminary operations

Before proceeding with the implementation of the modelling
steps, some preliminary operations on centerlinemust be car-
ried out in order to make it usable. Being exported as IGES
file, the centerline can be imported in Matlab® workspace
by using IGES Toolbox [18]. IGES files, and in particular
curves, are approximated by a polynomial chain, which is
expressed as an adjacent points couple list. In the case of a
tree, all information about the starting point (i.e. the upper
point of the tracheal trait), branches organization and the
overall structure are not available and has to be retrieved
in order to proceed with modelling operations. This step is
carried out according to the method provided in [16]. In par-
ticular, starting point, ending points and bifurcation points
are retrieved by analysing the point list, while the organized
and sorted structure is retrieved by means of a Matlab® pro-
cedure specifically developed in the referenced paper. Such
procedure also provide a simplified centerline, in which the

main points (i.e. starting point, ending points and bifurcation
points) are preserved while the remaining part of the cen-
terline is simplified by means of Douglas-Peucker algorithm
[19] (a threshold value equal to 0.5 has been set, allowing
an overall points reduction of about 90%). The simplified
centerline is preferred, since it approximates the original
geometry with a more-than sufficient accuracy for this appli-
cation and it leads to a several advantages. The main one
is that points are more distant each other, which leads to a
more simple and clean main cutting mesh, since its elements
will be less and larger. This makes finishing operations easier
and faster. In the following, the simplified centerline will be
simply referred to as centerline. In Matlab®workspace, cen-
terline is a matrix in double precision format, in which the
first 3 columns store x, y and z coordinates of its points while
column 4 stores an id that indicates to which TBT branch it
belongs.

4.2 Main plane andmain body

Main plane is retrieved as the plane that best fits the cen-
treline i.e. the one that better approximates its points, which
are already stored in a matrix. To this purpose, the fitPlane
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Fig. 9 Lateral and Top view of mold (green), core (pink) and cast
silicone (blue), which includes the pouring basin

function is used. For what concerns main body design, some
preliminary operations are required prior to retrieve its geom-
etry. First, centerlinepoints are rotated to align themain plane
to the reference system’s xz-plane. Let’s call this transforma-
tion R1. Successively, centerline points are rotated to obtain
tracheal direction parallel (i.e. the axis traced between the
first and last tracheal points) to z-axis. Let’s call this trans-
formation R2. In this configuration, the 3D bounding box is
retrieved by means of boundingBox3d function, in the form
of:

[xmax , xmin, ymax , ymin, zmax , zmin] (2)

Consequently, the 5mmoffset is obtained by adding 5 tomax
components and subtracting 5mm to min components:

[xmax + 5, xmin − 5, ymax + 5, ymin − 5, zmax

+5, zmin − 5] (3)

Since successive operation are performed with polygonal
geometry, the bounding box is converted into the STL format.
This has been directly obtained by using boxToMesh func-
tion, which is included in geom3d toolbox. Themesh vertices

Fig. 10 Main body after Boolean subtraction of core’s plate gross shape
and TBT gross shape

are finally counter transformed by applying R2’ and R1’,
which are respectively the counter rotations of R2 and R1.
In this way, polygonal model’s original orientation is reset.
Finally, it is possible to proceed with Boolean operations, in
which the core’s plate gross shape and TBT gross-shape are
subtracted from the main body (see Figs. 10 and 11).

4.3 Cutting planes definition

This section is dedicated to the definition of the cutting mesh
and the (possible) cutting planes to avoid issues that have
been previously discussed. The cutting mesh is obtained by
means of Delaunay triangulation of a properly designed
points grid and the centerline points [20].

A 5mm spaced points grid is defined in the main plane
as large as the main body cross-section on the main plane.
Also centerline points are projected into the main plane, by
using projPointOnPlane function. At this point, a threshold
distance is defined as the median distance between adjacent
projected centerline points. All grid points that falls within
a distance from the projected centerline that is below the
threshold, are deleted. The remaining grid points and pro-
jected centerline points are then triangulated. In the obtained
mesh, the coordinates of the projected centerline are substi-
tuted by the centerline ones. In this way, the cutting mesh is
completely defined (see Fig. 12).

To define the cutting planes, a cutting mesh analysis is
performed to identify which couples of elements cause ϑ-
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Fig. 11 Preliminary operations,
main plane and main body
definition flowchart

Fig. 12 Cutting mesh definition
flowchart

criticality in correspondence with a centerline edge. This
research is extended to all centerline branches, and it is per-
formed by defining the � plane for each branch, retrieve
elements’ intersections and evaluating the angle between
them. If the resulting angle exceeds 106◦ threshold, the rel-
ative edge is considered critical and the lower part needs to
be divided by a cutting plane. Conversely, if the angle results
to be equal or above 254◦ (i.e. the complementary angle of
106◦), the upper part needs to be divided.

The cutting plane definition is straightforward, since it
will be the plane that is orthogonal to both the relative �

plane and the main plane, and that passes through the critical
edge.

4.4 Boolean operations and cut

Cutting operations are performed sequentially and are limited
to the subdivision of interest. At first, main plane is divided
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Fig. 13 Cutting plane that intersects a critical edge: this situation will
lead to an over-subdivision of the mold

into A and B parts. Successive cutting-by-plane operations
are arranged in A-part and B-part operations, according to ϑ

angle analysis (performed in the previous step): in this way,
cut will be done only where required. The same criteria are
used, in accordance with what was previously described, to
determine if a subsequent subdivision has to be reduced. In
Matlab® environment, this is obtained by checking critical
edges’ positions. Starting from A-part, the first randomly
selected cut will divide it into A1 and A2 parts. Since all
critical edges’ vertices are known, it is possible to select one
of them and check its vertices’ position. Two scenarios are
possible: all vertices belong to the same subdivision or they
belong to different ones. This last operation is not desirable
since it would cause the division of two sub-parts instead of
one (thus final sub-parts would bemore in number). Actually,
this situation only happens in a specific condition. Calling C
andD twocritical edges, this option takes place only ifCcut is
prior to D and if C-cut-plane and D critical edge are incident
(see Fig. 13). To avoid it, an a-priori analysis is performed
and, if this criticality emerges, the cutting order is changed.

Finally, cut operations are realized by means of specif-
ically devised Matlab® functions, which are included in
geom3d toolbox.

5 Conclusion

In this paper, it is proposed to automate a set of modeling
steps for defining the mold’s part geometry for casting a
tracheo-bronchial tree manikin. The complete process still

Fig. 14 Shape of mold’s parts and mold’s core, obtained with the pro-
posed procedure in the case study

needs manual adjustments and refining, due to the complex-
ity of the overall procedure and to the high variability in shape
of real (and maybe malacic) lower airways. The interactive
procedure has been implemented in Matlab®environment
by using function toolboxes specifically devised to model
and edit 3D polygonal geometries. The implemented pro-
cedure has been tested on a first case study, relative to a
tracheo-bronchial tree of a patient in pediatric age affected
by tracheomalacia (i.e. a collapse of the tracheal cartilage
structure). The entire procedure took about 34” to analyse the
input data (tracheal STL geometry and tracheal centerline)
and to complete the modelling steps. This represent a signif-
icant improvement respect to the manual modelling process,
which requires much longer times (more then 1 h, depend-
ing on the complexity of the airways). Despite some minor
adjustments on the mold’s parts (e.g. the introduction of fil-
lets on sharp edges to avoid “peaks” that could potentially
cause interference between parts) the obtained result (visi-
ble in Fig. 14) is more than encouraging. In terms of model
accuracy, this is influenced only by the cavity’s geometry
of the mold, which is not altered by the procedure and is
modelled starting from medical images. As a result, whether
the process is manual or follows the proposed procedure,
the accuracy of the model (mold’s cavity or final silicone
tracheo-bronchial tree) is the same.

For this reason, the procedure will be deeper analyzed and
tested on several case studies in the near future. In addition, it
will be contemplated the possibility of enriching the imple-
mented procedure, allowing user to design core part, fixtures
and vents in a semi-automatic way.
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