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INTRODUCTION

Rapid Prototyping (RP) is a technique used in industry for manufacturing prototypes. Its capability to physicaly reproduce geometrical complex shapes is getting increasing interest in many fields of medicine. In the field of vascular
surgery, replicas of artery lumen have utility in complex cases or when standard imaging is felt to be equivocal. Replicas can adso facilitate experimenta studies of computational vascular fluid-dynamics permitting in-vitro
reproductions of blood flow in living subjects before and after surgery.

The Virtua VAscular (VIVA) project & CRS4, developed a system able to process three-dimensional (3D) datasets extracted from a Computer Tomography (CT) gpparatus, visuaize them, reconstruct the geometry of arteries of
specific patients, and simulate blood flow in them. In our work, the applicability of RP techniques to VIVA's rea size replicas of an autoptic carotid vessel lumen is presented and an overview of the RP based system developed is
provided. The techniques used in our prototype are discussed and experimental results for the creation of ahuman carotid lumen replicaare analysed.

We discussin detail the pipeline of the manufacturing process: 3D geometric reconstruction from segmented points, geometry tessellation, STL (Stereo Lithography format) conversion. Moreover we illustrate some technical details
of the specific RP technique called Fused Deposition Modelling (FDM), used to build the lumen replicas, the materials used for prototypes, throughput time and costs of the FDM models realized.

The system is totally based on open-source software. This enables us to control each step of the pipeline, from data acquisition to STL export file. In this context, we present main sources of error encountered during al
manufacturing process stages.

I. MATERIALS AND METHODS

Data acquisition and segmentation

II. MATERIALS AND METHODS III. MATERIALS AND METHODS
Tessdllation

3D reconstruction

The CT data set acquired contains 24
images which represent transversal
sections, 3 mm thick, of an autoptic
carotid.

These images show the region of interest
cropped from the original CT image of the
dataset. The upper one is the top section,
the lower is the bottom section of the
dataset).

The software for CT image segmentation
of arteries (we use the package Contour,
developed at CRS4, based on gsnake open-
source software) is a semi-automatic tool,
for the extraction of points belonging to

Thistread is divided into three steps:

« the 128 points previously obtained are
interpolated with a B-spline curve which
approximates the lumen boundary. We
obtain 24 curves, one for each slide.

« each pair of adjacent curves generate a B-
spline surface. The 23 B-spline surfaces
are then joined together.

«an offset surface is performed in order to
obtain the necessary manufacturing
thickness.

We generate a mesh of triangles
approximating the 3D B-spline mo-
del previously reconstructed.

The tessellation task is performed
automatically by OpenCascade, after
setting the tolerance parameters. We
thus obtain a mesh of triangles that is
stored in a STL (STereoLitography)
format, the standard file format in all
RP techniques.

The upper figure shows the
triangular representation of a small
portion of the carotid, while the
lower one shows the whole carotide

segment under study.

the lumen boundary based on a gradient
agorithm and driven by the end-user.

The lumen (green line in lower image) is the boundary layer, which
separates dark pixels (in this case air inside lumen) from grey pixels
(intima). This segmentation module allows us to process the image
choosing a number of points, and consequently the tolerance in the
identification of the intima precise geometry. In our case, we obtain
an average of 24 points for each slide. These points are then
interpolated and reparametrized to obtain 128 points.

The main task of tessellation is to
construct an accurate approximation
of the original solid with minimum
numbers of triangles. The limit of
accuracy is the manufacturing tole-
rance of RP devices.

The figures show the result of the reconstruction step when only 2
slides are taken into account (the upper in wire-frame mode; the lower
in polygon shaded mode).

3D reconstruction steps are performed with the open-source library
Open-Cascade based on the Boundary representation.

This software allows us to control each process step, handling the B-
spline parameters (continuity, tolerance), both on the curve and on the
surface.

IV. MATERIALS AND METHODS
Rapid Prototyping

The RP device used to get a resin model of the carotid is a Stratasys
machine based on FDM technology. With FDM triangular surface
models are converted to models of resin or wax. The main steps of
FDM pipeline are:

CONCLUSIONS AND PLANNED WORKS

The main result of this work consists in establishing a manufacturing pipeline allowing
virtual and physical reconstructions of lumen parts starting from CT datasets, by means
of open source software and RP techniques.

The output of this pipeline is a resin model of human carotid. Replicas come from the
CT acquisition of an autoptic part and has been produced in two different ways: a
single piece and a two-parts piece. The original feature of this work is the open source
approach, which allows access to the software code and consequently control the
pipeline step of the process.

«acquiring the STL file and orienting it in the right position in order
to satisfy constructive needs. Horizontal position for the model split
into two parts is the best in order to have the highest manufacturing
resolution along the lumen axis;

Replicas features:

«slicing the STL geometry, obtaining a set of sections which can be
thought as level curves of the object (top figure); real dimension of the carotid lumen under study: the maximum inner diameter is about 6.3 mm, the total height of
the acquired lumen is about 69 mm.

«Acquisition: 24 CT image, 3 mm thick; size pixel (X-Y): 0.078mm;

*Reconstruction: B-spline tolerance: 10-* mm; B-splinecontinuity: C2; manufacturing offset thickness: 0.7 mm;

*Tessellation: number of triangles: 734; deflection parameter value: 0.1 mm;

*RP: slices thickness was 0.254 mm. Manufacturing tolerance for FDM technology on XY plane is +0.127 mm;

egenerating an appropriate support structure. The support structure
surrounding the object has the aim of preventing any movement and
vibration of the replica which could affect its final quality (top
figure on the right);

Simuitipgitheltoolpatiegtheachine; Upper figure shows the correspondence between the inner boundary of the CT image on the background, and the
red inner curves which represent the section of the triangulated model. The blue lines are the tool-paths to be
covered by the machine in order to fill the section with building material. Notice the inner blue line, it is positioned
0.25 mm away from the red line (0.5 is exactly the width of the the fused wire of ABS resin).

3D printing of the model. The moving head of the FDM machine is
driven on the XY plane. While moving, it extrudes a fused wire of
material which solidifies producing a thin layer of the object. When

a single slice of the object has been manufactured, the work plane 3D PRINTING WEIGHT | 3D PRINTING COST 3D PRINTING TIME
moves down along Z-axis by exactly the thickness size of the layer

just created, and another layer is built up over it. The process goes ONE PART MODEL 69 0€ 2h

on layer after layer, and creates a rather accurate solid resin model TWO PARTS MODEL 69 35€ 1h

(center image, one part model and lower image, two parts model);
PLANNED WORKS

This work can be considered as an intermediate step in the development of a pipeline which allows us to get:

« reconstructions of anatomic parts starting from CT datasets of living patients;

« replicas of anatomic human parts made using several materials;

« the development of an algorithm for the automatic reconstruction of the carotid lumen at the bifurcation region;

sremoving the support structure;

Work temperatures of the RP device are: 270 °C for the model tip,
265 °C for the support tip and 68 °C for the work room;




