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ABSTRACT

The main goal of a 3D printed imaging phantom is to attenuate the radiation in order to differentiate tissues of
the human body. This paper aims to verify the infill printing parameter in relation to its final homogeneity in
printed samples. Sixteen 8 cm3 cubes with 15% to 90% infill variation, with 5% increments, were printed on
PLA + Copper (Cu) and pure ABS. The samples were irradiated using a CT scan at 120 kV, 200 mA, 0.4 mm
sections and reconstructed with standard filter. For each cube the mean values of Hounsfield Units (HU) and
standard deviation (SD) in a Region of Interest (ROI) were determined. Visually, the internal lattice of each cube
was assessed by counting line pairs per millimeter (Ip/mm) using a DICOM viewer. Infill values above 50% for
PLA + Cu and 55% for ABS showed a high homogeneity that does not allow line pair differentiation. In
conclusion, values above and including the found percentages are recommended for use in construction of
imaging phantoms.
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1. INTRODUCTION

The process of 3D printing consists in creating three-dimensional objects by successively
depositing 2D layered materials [1]. Created by Charles Hull in 1986 [2], 3D printers were adopted
by the automotive and aerospace industry to create test prototypes before proceeding with mass
production. In the 2000s, 3D printers gained ground in the medical field with prototyping of dental
implants, anatomical models and bolus radiotherapy [3,4].

There are currently several 3D printers models and technologies on the market and the most

commonly used is Fused Filament Fabrication (FFF) technology, that often uses thermoplastic
materials such as ABS (acrylonitrile butadiene styrene) and PLA (polylactic acid) in layer-by-layer
deposition [5]. Also, 3D printing technology is able to create objects with complex internal
structures, with greater versatility and customization [6] and when combined with medical images,
produces anatomical models from patient data to enable visualization of complicated pathologies or
even enable the creation of custom prostheses and implants [7]. The 3D printing of anatomical
models from medical images is being used in the manufacture of organs, living tissues, as well as in
the pharmaceutical area [8,9], however, the cost and time required to produce products by this
technology still limit its wide use in hospitals and research [10,11].
In radiology, 3D printing can be presented as an alternative for the development of radiographic
phantoms, to be used in the optimization of techniques and images [12], quality control of
radiographs and equipments, in the aid of teaching and research and in radiological protection
programs [13-15], by simulating radiation attenuation and mimicking the different tissues of the
human body.

Quality control of radiological equipment commonly uses imaging phantoms to ensure quality
and performance excellence [16]. Phantoms are also used in medicine and related areas because
they represent the human body, from simpler forms such as water simulators, to complex ones, such
as anthropomorphic ones, and have become essential in both imaging and dosimetric areas [17], as
the literature reports use of 3D printing to develop phantoms for this purpose [18-20].
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The 3D printed anthropomorphic phantoms are constructed based on computed tomography or
magnetic resonance imaging, so that organs and tissues are segmented according to different density
levels depicted in the HU values or signal strength.

Based on the premise that 3D printing technology can contribute to the production of imaging
phantoms, this study seeks to verify the influence of the infill printing parameter on the final
homogeneity of printed samples [22], which can be verified by the visual perception of lines or
patterns when producing a medical image. In the use of 3D printing technology, it is common to
vary the fill patterns and densities, thus reducing printing time and material consumption [23] and,

in radiological uses, changing the linear attenuation of the printed sample [24].

2. MATERIALS AND METHODS

In order to carry out the visual homogeneity assessment, the line pair count per millimeter
(Ip/mm) was used to determine the spatial resolution, also being a comparison parameter to assess
the feasibility of using the studied materials [14, 21]. Sixteen 8 cm3 cubes with internal rectilinear
infill pattern (+45° and -45°) were printed using two different materials, being PLA (polylactic
acid) with 27.5 + 2.5% copper (Cu) manufactured by UP3D® and pure ABS (acrylonitrile butadiene
styrene) manufactured by 3DON®, totaling 32 cubes. These materials were chosen for their ability
to mimic different types of soft tissue, such as skin, adipose tissue, among others, depending on the
percentage of filling [25]. The infill variation range was defined between 15% to 90%, with 5%
increments. The extrusion diameter used was 0.4 mm and the height of each print layer is about 0.2
mm on a FFF technology Flashforge Creator Pro 3D printer.
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Figure 1:Arrangement of samples on tomography examination table.

The internal visual evaluation of the cubes was performed on a 6-channel Philips Brilliance CT
scanner using 120 kVp, 200 mA, helicoidal mode with 0.8 mm slices and standard reconstruction
algorithm. For this assay, the samples were organized in two groups on the examination table,
separated by filament type and arranged in two 4 by 4 matrices, with approximate spacing of 1 cm
between cubes.

The mean values of Hounsfield Units (HU) and standard deviation (SD) were determined in a
Region of Interest (ROI) of 113.4 mm? and the internal lattice of each cube was evaluated in terms

of Ip/mm using the viewer DICOM Weasis.

3. RESULTS AND DISCUSSION

Figures 2 and 3 show that visual homogeneity of printed samples is achieved with infill values
above 50% for PLA + Cu and 55% for ABS, since higher values do not allow line pair
differentiation. The resolution value for PLA + Cu ranged from 0.233 Ip/mm at 15% infill and
0.714 Ip/mm at 45% infill. For the samples produced in ABS, the variation was between 0.233
Ip/mm for 15% and 0.769 Ip/mm for 50% infill. It was also possible to confirm, as shown in Figure

4, that the HU values present a behavior that evolves with the increase in the infill value, due to the
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increase of samples density. It is important to highlight the growth of standard deviation as the infill
diminishes, especially for values below 45%. This growth can be explained by the raising of air
filled spaces, which leads to a larger distribution of HU of the pixels.

Figure 2: Measurements on 15% to 50% infill, PLA+Cu.

PLA +Cu

It was also noticed that the result of Ip/mm in the rectilinear infill pattern is fixed for each fill
percentage, regardless of the material to be used. Thus, the 15% fill percentage provides internal
lines 4.3 mm apart, equivalent to 0.233 Ip/mm, because the printing software that plans the path

taken by the extruder estimates that such a value is sufficient to physically fill the part at a 1 to
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6.666 ratio (15%). As the infill value increases the rectilinear lines get closer to each other, and due
to resolution limitations of the CT equipment and intrinsic aspects of the material used, they
become less discernible.

Figure 4: HU values evolution in relation to the infill percentages.
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Characteristic HU values for air are around -1000, for lung from -500 to -200, adipose tissue -
200 to -20, water O, blood 25, muscle 25 to 40, liver 45 to 65, soft tissue between 20 and 100,
trabecular bone tissue between 200 and 400 and compact bone from 401 to 1000 [26, 27].
According to the HU values found in the assays, the PLA + Cu material is capable of representing
homogeneous lung tissue (HU-173.5) with at least 50% infill, and trabecular bone tissue (HU
428.2) with at least 90% infill. For ABS material, the tissues that can be represented range between
the lung tissue (HU -420.6) with a 55% infill and adipose tissue (HU -54.4) with a 90% infill.

The infill’s homogeneity of materials used in imaging phantoms is essential for the
differentiation of tissues and organs of the human body, enabling the production of patient-specific
phantoms for use in dosimetry or radiotherapy treatments, where the phantom may require
geometry accuracy and sufficient tissue equivalent to provide realistic measurements of radiation
effects [28].
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4, CONCLUSION

Infill percentage is one of the most important parameters that can be chosen when a 3D printed
object is made. This paper brings to light the limitation behind infill percentage selection to
homogeneity in a CT image, defining the lowest value that can be used to 3D print a phantom using
two materials. It was visually noticed that PLA + Cu filament with infill percentages above 50%
and 55% for ABS are indicated to produce 3D printing imaging phantoms. Values below of the
presented may produce noticeable line pairs, causing the sample to lose visual homogeneity and
consequent tissue mimicry. Within this homogeneous infill percentages, it is possible to simulate
different soft tissues types in the construction of imaging phantoms. Despite the relatively small
variation between materials observed in the results, more studies should be conducted aiming to
evaluate other filaments, with different compositions, to increase the range of body tissues that can
be mimicked using 3D printing FFF technology.
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