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Abstract: Iz vivo internal dosimetry can use a whole-body counter (WBC) to estimate
radionuclides' incorporated activity (Bq) in internally contaminated individuals. The WBC
must be calibrated to convert the count rate from the detector into activity incorporated
in the person. Active physical phantoms could be used for the calibration procedure.
Additive manufacturing allows the physical reproduction of ICRP computational models
with good geometric fidelity. This study aims to develop imaging manipulation techniques
to generate stereolithography (STL) parts for the 3D printing a male physical phantom
based on the Adult Male Reference Computational Phantom (RCP_AM) model provided
in the ICRP 110 publication. The Reference Male Phantom for Internal Dosimetry
(RMPID) was developed based on the model provided by the ICRP in text file format
containing the RCP_AM segmentation information. It was processed with an in-house
C++ program that generated images in RAW format (Unprocessed images). The images
were manipulated using freeware: Image], MeshLab, FreeCAD, and Meshmixer. A set of
22 hollow portions, 44 pieces including the lids, which fit together, were obtained. The
RMPID was printed in PLA (Polylactic Acid) on the Creality Ender 5 Plus 3D printer.
The 3D-printed phantom parts passed leak tests, proving that imaging manipulation
techniques resulted in well-sealed parts. That will allow the phantom to be safely filled
with tissue-equivalent material containing a calibrated activity of the selected radionuclide.
The design also makes the simulator easier to handle and to assemble during calibration
routines.

Keywords: Internal Dosimetry; Anthropomorphic Phantom; 3D Print; Whole-body
Countet.
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Fantoma de Referéncia Masculino
para Dosimetria Interna-RMPID:
modelo fisico em impressao 3D para
calibrag¢iao de contador de corpo
inteiro

Resumo: A dosimetria interna in vivo pode usar um contador de corpo inteiro (WBC)
para estimar a atividade incorporada (Bq) de radionuclideos em individuos internamente
contaminados. O WBC deve ser calibrado para converter a taxa de contagem do detector
em atividade incorporada na pessoa. Fantomas fisicos ativos podem ser usados para o
procedimento de calibragdao. A manufatura aditiva permite a reproducao fisica de modelos
computacionais do ICRP com boa fidelidade geométrica. Este estudo visa desenvolver
técnicas de manipulagdo de imagens para gerar pecgas de estereolitografia (STL) para a
impressao 3D de um fantoma fisico masculino baseado no Fantoma Computacional de
Referéncia do Adulto Masculino (RCP_AM) fornecido na publicagao ICRP 110. O
Reference Male Phantom for Internal Dosimetry (RMPID) foi desenvolvido com base no modelo
fornecido pelo ICRP em formato de arquivo de texto contendo as informagoes de
segmentacao do RCP_AM. Ele foi processado com um programa C™" que gerou imagens
em formato RAW. As imagens foram manipuladas usando freewares: Image], MeshLab,
FreeCAD e Meshmixer. Foi obtido um conjunto de 22 por¢des ocas, 44 pegas incluindo
as tampas, que se encaixavam. O RMPID foi impresso em PLA (acido polilatico) na
impressora 3D Creality Ender 5 Plus. As pe¢as do simulador impressas em 3D passaram
nos testes de estanqueidade, comprovando que as técnicas de manipulacdo de imagens
resultaram em pecas bem seladas. Isso permitira que o simulador seja preenchido com
seguranca com material equivalente ao tecido, contendo uma atividade calibrada do
radionuclideo selecionado. O design também facilita o manuseio e a montagem do
simulador durante as rotinas de calibracio.

Palavras-chave: Dosimetria interna; Fantoma antropomérfico; Impressao 3D; Contador
de corpo inteiro.

OPEN (0 Y ACCESS



https://crossmark.crossref.org/dialog/?doi=10.15392/2319-0612.2025.2843&domain=pdf&date_stamp=2025%2007%2002

=l
BJRS

Sales et al.

1. INTRODUCTION

Internal dosimetry combines tools and procedures to calculate the time-integrated
effective dose after the internal incorporation of radionuclides into an individual. It can be
applied to medical exposures (such as nuclear medicine), occupational exposures, and public
exposures (in case of radiological or nuclear accidents) [1], [2]. Occupationally, radionuclides
can be incorporated through several routes. The most significant are inhalation and ingestion.
Skin absorption or injury uptake are alternative routes [3], [4]. In vivo or in vitro bioassay
methods are used to quantify the incorporated activity, and the contamination scenario will

be taken in to consideration in these evaluations|2], [3], [5].

The in vitro method involves the determination of the activity concentrations of
radioactive materials in excreta (urine, feces) or other biological materials [6], [7]. The in vivo
method often uses whole-body counters (WBC) to evaluate the count rate (CPS) detected
from the monitored individual emissions. The WBC detector is typically Nal(TI) (thallium-
activated sodium iodide) or HPGe (hyper pure germanium). The count rate should be
converted into incorporated activity during monitoring based on the system's calibration
coefficient [3], [6], [8]. Figure 1 depicts the WBC of the internal dosimetry laboratory of the
Nuclear Technology Development Center (LDI/CDTN). The system comprises an 8’x4”
Nal(T1) detector and a shadow-shielded bed to reduce environmental background radiation's
impact on the detection system. Geometries different from WBC can be used to evaluate

specific organs, such as the lungs, liver, and thyroid.

Precise calibration of the in vivo system is essential to avoid uncertainties propagating
into the committed effective dose calculation [8]. The calibration procedure generally uses
anthropomorphic and anthropometric physical phantoms, such as the ones presented in the

ICRU report 48 [9], as active models for calibration. Such models are based on solid
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structures homogeneously filled with a known activity of a given radionuclide [8], [9], [10].
Alternatively, in vivo systems can be calibrated using computer simulators, mathematical

models, and Monte Carlo methods.

Figure 1: LDI/CDTN whole-body counter.

Source: Author’s collection

The efficiency calibration of the WBC consists of determining the relationship
between photon emission rates of a radioactive phantom and the count rate registered on
the detector for specific energy photopeaks [11]. It is also possible to obtain energy-
dependent calibration factors relating the measured count rate of a photopeak to the
radionuclide activity in the simulator [8]. Figure 2 illustrates a typical efficiency calibration

curve for the Nal(TI) detector.
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Figure 2: Efficiency versus Energy graph obtained for the LDI Whole-Body Counter (WBC), using the
physical phantom, PET BOMAB, containing known activities of Co-60, Ba-133, and Cs-137.
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Since the calibration coefficient (CC) is an essential parameter for determining the
incorporated activity and, consequently, the committed effective dose, it is necessary to study
methodologies to reduce the uncertainties associated with the CC obtained for in vivo
monitoring systems. In vivo monitoring uncertainties are categorized into Type A statistical
nature, related to counting statistics, and Type B errors associated with counting geometry,
positioning of the individual/simulator, and differences between the phantom and the
individual, including geometric features [2], [8], [12], [13]. Physical phantoms available on the
market, such as the BOMAB (BOttle Mannikin ABsorber Phantom) [14] or family phantoms
“Emma” [15], have simplified geometric shapes designed to approximate human geometry.

However, this configuration introduces Type B uncertainties into the system [16].
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The additive manufacturing (AM) allows the creation of anthropomorphic simulators
that can replicate complex geometries, overcoming the limitations of the geometrical shape
phantoms. These simulators are being developed for various applications, including quality

control of radiological equipment and dose distribution calculation in radiotherapy. [17], [18].

Physical phantoms based on additive manufacturing are being developed to calibrate
internal dosimetry in vivo monitoring systems. Among these models, a physical thyroid
phantom was developed by Moratelli (2021) for the calibration of in vivo monitoring systems
designed to evaluate I-131 incorporations. The phantom features anatomical realism and is
based on the female voxelized thyroid model of ICRP 110 (2009) [19]. Additionally, the liver
phantom was developed using 3D printing by Tran-Gia (2016) [20] for calibration in SPECT
and in vivo monitoring of occupationally exposed workers (OEW). Furthermore, the 3D
lung model developed by Capello (2024) is designed for calibration and performance testing

of pulmonary counting systems in Canada [21].

Previously, the research group at the LDI-CDTN (Internal Dosimetry Laboratory of
the Nuclear Technology Development Center) developed the Reference Female Phantom
tor Internal Dosimetry (RFPID) illustrated in Figure 3, part of the series of voxelized
phantoms from ICRP 110, based on the ICRP-110 Adult Female Computational Reference
Phantom (RCP_AF) [10], [22]. The RFPID is a hollow structure 3D-printed using Polylactic
Acid (PLA) filament, designed as a whole-body phantom to calibrate the in vivo system at
LDI-CDTN [10]. The printed RFPID model was divided into 16 parts with lids (Figure 3
b and c), allowing for the filling and sealing of the structure. However, it presents design
limitations that hinder its handling, requiring shrink-wrap plastic to position the simulator

components propetly [10].
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Figure 3: A) Whole-body phantom Reference Female Phantom for Internal Dosimetry (RFPID). B-
C) Parts with lids.

Source: Adapted from [10]

To improve the AM production of physical phantoms initiated in our group with the
development of REFPID, this study aims to develop new image manipulation techniques and
further refine the simulator's geometry, now utilizing the ICRP Adult Male Reference
Computational Phantom (RCP_AM) [22]. The simulator developed in this research will be
called Reference Male Phantom for Internal Dosimetry (RMPID).

1.1 Male reference voxel phantom from ICRP 110.

The model selected for this study was the Adult Male Reference Computational
Phantom (RCP_AM), defined by ICRP-110 [22]. The male computer phantom was produced
from a set of whole-body clinical computed tomography images of a 38-year-old man 176
cm in height and 70 kg in weight. The computational model has the same height, and the
weight was reduced to 73 kg to match the reference man's weight [23]. The RCP_AM
computational phantom was segmented into distinct organs and tissues with their
corresponding densities and elemental compositions, as illustrated in Figure 4. Nevertheless,

this study focuses only on the external shape of the model [22].
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Figure 4: The front view of the ICRP-AM is a voxel model representing the ICRP adult reference male.

Source: Adapted from [24]

During the CT scan, the reference man was positioned supine, with his arms parallel
to his body. The data set consisted of 220 256x256 pixel slices. The original voxel size was 8
mm high, with an in-plane resolution of 2.08 mm, resulting in a voxel volume of 34.6 mm?.

Table 1 describes the main physical characteristics of the AM [22].

Table 1: Characteristics of the RCP_AM/ICRP Phantom.

Characteristic Male Phantom
Height (m)) 1.76
Mass (kg) 73.0
Number of tissue voxels 1.946.375
Slice thickness (voxel height, mm) 8.0
In-plane voxel resolution (mm) 2.137
Voxel volume (mm?) 36.54
Number of columns 254
Number of rows 127
Number of slices 220 (+2)*

*Additional slices of skin at the top and bottom.

Source: adapted from [22]
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2. MATERIALS AND METHODS

The ICRP provides the reference male phantom in text format (RCP_AM) with the
DAT extension [22]. This ASCII file contains a set of tissue codes representing all segmented
organs of RCP_AM. The initial step was transforming the RCP_AM ASCII file into a three-
dimensional image using an in-house C™" program. It processes the ASCII file and generates
a three-dimensional voxel matrix, with each voxel “filled” with the corresponding tissue
code. To perform this task, the code uses the CImg library, which is used to create and

manipulate RAW-type images.

The RAW axial image sequence was extracted and binarized using the Image]®
software [25]. Thus, the heterogeneous tissue structures of the computational phantom were
converted into a uniform solid piece, preserving the phantom's original external shape and
geometry. To enhance the visual quality of the simulator for 3D printing, the Smooth
Laplacian filter was utilized in the MeshLab software [26] to mitigate the pixelated

appearance of the model. The result of this process is illustrated in Figure 5.

Figure 5: ICRP-110 reference male phantom after the binarization process and geometry surface smoothing

Source: Authot’s collection.
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The binarized images (solid and homogeneous) were imported into the FreeCAD
software. [27]. At this stage, the simulator was divided into two sides (right and left). Later,
each side was split into 20 cm high portions to fit the 3D printer's printable volume (Figure
6 a). These portions were manipulated on the FreeCAD to create fittings similar to puzzle
pieces. These fittings were positioned between the divisions of the pieces, both in horizontal
and vertical lines, as shown in Figure 6 a. The fittings sizes varied, with 8 mm diameter
designated for smaller areas, such as the hands, and 10 mm diameter for larger parts, such as
the chest. The design of the fittings was transformed into a solid body, which permitted their
extraction from the geometry of the phantom, thereby forming 22 discrete objects. Figure
6 a, b and c illustrate the process of separating and creating the individual parts, which allows

them to be adapted to the size of the printing volume of the 3D printer used.

Figure 6: A-B) Division of the RCP_AM 3D image using FreeCAD software. Division in Right and Left
sides, and the obtention of 22 parts with puzzle-like fittings. C) Separated right head portion. D) Division
of the part right head part into a lid and a hollow part. E) Hollow piece of the right head part. F) Lid of
the right head hollow part, note the presence of the puzzle-like fitting.

Software FreeCAD
A B C

Puzzlg-like fitting

Hollow
piece.

20cm

Puzzle-like fitting

7 mm thick wall.

Source: Authot’s collection.
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All the phantom parts will be filled with equivalent tissue material containing a
calibrated radionuclide activity. Thus, the parts must have a hollow interior. Once the fittings
have been created, it is necessary to export the parts separately to facilitate individual
manipulation in the Meshmixer software [28]. As illustrated in Figure 6 d, the hollow
tunction was applied at this stage, thus transforming the solid part into a hollow portion with
a wall thickness of 7 mm. Subsequently, the hollow portion was divided into two distinct
components: a lid and a hollow part, as illustrated in Figure 6 e and f. It is important to

note that all 22 parts underwent the same process, creating a lid and a hollow portion.

Two potential methods were tested to produce the fitting between the lid and the
hollow part. In the first, using FreeCAD software, pins were designed and then attached to
the edge of the lid. The geometry of the pins was then subtracted from the 7 mm wall of the
hollow part to create the recess. Figure 7 shows the result of this process. The scale of the
pins attached to the lid was adjusted to ensure a proper fit. The part was then printed at full
scale to evaluate the fit. In the second method, the geometry of the lid was redrawn,
generating a raised area 5 mm away from the external edge of the lid. As shown in Figure 8
a, in the Meshmixer software, the edge of the lid was cut off, producing a Slice that was
separated from the rest of the geometry. In FreeCAD software, the Slice was resized,
equalizing the XYZ axes with 1 mm, thus allowing the structure to be scaled down, resulting
in a piece smaller than the external edge of the lid. The next step was to position the Slice
centrally (Figure 8 a) on the lid and apply the union of the two geometries. The result is
shown in Figure 8 b. Still, in the FreeCAD software, the new lid geometry must be
subtracted from the structure of the hollow part; this will form a 7 mm wall recess, as shown
in Figures 8 ¢ and d. The 5 mm edge was altered by reducing 0.2 mm on the X-Y axes and
attached to the lid. This reduction process was necessary so that the structure could fit

appropriately into the space created in the hollow part by subtracting the previous scale.
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Figure 7: . The first method of pins fitting in the lid and in the hollow part. A) Pins positioned in the lid
B) Subtraction of the pins in the 7 mm wall of the hollow part.

A

Radius 51,9 mm

Radius=2 mm

Source: Authot’s collection.

Figure 8: Creating the step-shaped fitting in the lid and the hollow part. A) Slice taken from the geometry
of the lid and positioned with new scale. B) Final product lid with 5 mm protrusion. C-D) Result of
subtracting the 5 mm fitting from the 7 mm wall of the hollow piece.

A B

Old 7 mm wall. Height=5 mm

Fit lid and
hollow part.

Source: Authot’s collection.

Mechanisms have been implemented to mitigate the risk of spillage and leakage when
filling the parts with radioactive tissue-equivalent material. The main lid of the hollow
portions was given a hole and a secondary lid to seal the part without excess air after filling.
The hole was created using FreeCAD software, where two cylinders were generated, with 10
mm and 8 mm radius for most of the primary lids. However, due to the different shapes and
sizes of the primary lids, some parts received holes with smaller dimensions to adapt to the
available space (Figure 9). The cylinders were joined to form a single solid, then positioned

and subtracted from the primary lid.
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Figure 9: Illustration of the methodology for creating the aperture in the lid. A) The dimensions and
position of the mold for the hole. B) Lid with hole. C) Lid reduced to fit the hole.

A B C

Source : Author’s collection.

The parts were printed on two Creality Ender 5 Plus 3D printers manufactured by
Shenzhen Creality 3D Technology CO., LTD, in China. These printers use filament
deposition fusion (FDM) technology with a printable volume of 35x35x40 cm?® PLA
(polylactic acid) filament was used for printing due to its attenuation characteristics, which
are similar to soft tissue, and because it is a material that is easy to handle in open 3D printers
[10], [29]. The parts were sliced using the Creality Slicer software. The printing parameters
were the same as those used to develop the REFPID [10].

2.1. Application of epoxy resin and leak test.

The printed parts were painted with epoxy resin (Real Epoxi) to avoid leakage of the
tissue-equivalent material containing the radioactive material. Three layers of resin mixed
with green pigment were applied inside all the hollow pieces and the respective lids. The
pigment will serve as a marker to identify the resin-filled areas. Acetic silicone glue (Tekbond
- Saint-Gobain) was used to bind and seal the lids and the hollow parts. After applying the
three layers of epoxy resin, a leakage test was applied to observe possible infiltrations and

leaks in the parts.
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3. RESULTS AND DISCUSSIONS

The puzzle-like fitting was tested on a miniature version (Figure 10 a) and
demonstrated improvement in handling of the pieces and a more precise alignment between
the structures when compared with RFPID [9]. However, the full-scale printed components
(Figure 10 b) did not achieve the intended goal of securely attaching one piece to another,
indicating the need to fine-tune the fitting elements' alignhment to ensure proper locking. The
pieces were then reprinted with the adjusted positioning of the fittings, resulting in an

effective locking mechanism, even after applying three external layers of epoxy resin.

Figure 10: Validation of the puzzle-like fit. A-) A miniature of the phantom head was produced to
evaluate the puzzle-like fit. B) The life-size part was printed to check the geometry and test the fit between
the lid and the hollow part.

A

Source: Author’s collection.

The first method, using pins fitting in the lid and in the hollow part, resulted in void
spaces within the primary lid and the hollow part. Thus, this method was considered
inappropriate to fit these pieces together. Figure 11 illustrates the result of the second

method of internal fitting of the primary lid. It is a feature that adds safety when filling the
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part with radioactive material, preventing leakage. As the final result of the manipulation, a

lid was obtained that allowed for the internal sealing of the phantom.

Figure 11: Result of the internal fitting. A) Note the step's presence on the lid's inside edge, which
fits into the hollow part. B) The groove was obtained by subtracting the step from the 7mm edge of the
hollow part.

b

Source: Author’s collection.

The new methodology of inserting puzzle-like fittings between the parts in the
RMPID allowed for better assembly of the phantom and its subsequent better positioning
in the WBC, eliminating the need for any other apparatus for this. In addition, the safety of
the lid and hollow part fittings was improved, ensuring that the newly designed parts facilitate

more efficient sealing of the phantom.

Figure 12 illustrates the RMPID full-sized printed torso painted with three layers of
epoxy resin mixed with green pigment. Figure 12 a and b show the external view of the
fitting parts and Figure 12 ¢ and d the internal view of one the pieces. The green pigment
makes it possible to see that the entire piece has been properly painted, avoiding possible
infiltration points. Leakage tests proved the technique's effectiveness, with no leaks or

infiltrations identified.
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Figure 12: Full-size RMPID torso. A) External frontal view; B) External lateral view; C) Internal view of
the hollow part; and D) Internal view of the lid.

Source: Authot’s collection.

The next step is to complete the 3D printing of the RMPID model. Subsequently, the
phantom will be filled with tissue-equivalent material containing a known activity from a

radioactive nuclide.

4. CONCLUSIONS

The anthropomorphic phantom will be entirely 3D printed, measuring 176 cm and
weighing 73 kg, complying with the ICRP guidelines for the reference male. This fidelity to
the standards guarantees better accuracy in the calibration of 7# vzvo monitoring systems,
especially for male internal contamination scenarios. The methodology developed allows for
the creation of customized models adaptable to the specific needs of each monitoring service.
The new physical phantom will validate simulations using the ICRP-110 reference male

computational model [22] for calibrating WBC virtual systems.

All the software used to generate the RMPID can be publicly accessed via the Internet,
which guarantees the reproducibility of this process by other internal dosimetry groups. In

addition, a brief analysis of the financial aspects of producing the RFPID [10] indicates that
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additive manufacturing creates phantoms with low costs and superior geometric precision
compared to current commercial simulator models. In addition, the simulator will help
reduce type B uncertainties, such as the subject's positioning related to the detector and the

differences between the phantom and the male subject.
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