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PAPER

Design and Development of a 3D-Printed Tissue 
Equivalent Phantom for Cobalt-60 HDR Brachytherapy

ABSTRACT
The use of 3D phantoms represents patient anatomy, enabling more effective treatment 
planning optimization. This study aims to develop a tissue-equivalent 3D-printed phantom as a 
dosimetry application for the HDR-BT Cobalt-60 source. Polylactic Acid (PLA) with a single infill 
density of 85% was used to achieve tissue-equivalent characteristics. The phantom features 
a 200 mm diameter spherical structure composed of three distinct components, including an 
applicator channel and cavities in each layer to accommodate the HDR-BT source dose mea-
surement detector. The characteristics of the 3D-PLA phantom were analyzed and compared 
with soft tissue, muscle, and water based on ICRU-44 reports, as well as with the RW3 phantom 
(PTW, Germany) as a standard phantom. The resulting 3D-PLA phantom density of 1.05 g/cm3 
was in good agreement with muscle, RW3 phantom, soft tissue, and water, respectively. The lin-
ear attenuation coefficient of the 3D-PLA phantom at energies >0.1 MeV and its effective atomic 
number (Zeff) ≈ 8.26 closely resemble soft tissue properties. The HU value of the 3D-PLA phantom 
is −116.6 ± 7.5 HU, also within the soft tissue HU values range. These findings confirm that the 
developed 3D-PLA phantom exhibits the necessary characteristics for dosimetry applications.
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1	 INTRODUCTION

High Dose Rate Brachytherapy (HDR-BT) using a Cobalt-60 source has become the 
primary choice in treatment planning due to its efficiency in delivering an optimal 
dose distribution [1]–[3]. Accurate quality assurance and quality control (QA/QC) pro-
cedures for HDR-BT are essential to enhance the likelihood of achieving the desired 
treatment outcomes, minimize the risk of errors in clinical practice, and ensure the 
efficacy of clinical trials [4], [5]. QA/QC tests require a suitable phantom to improve 
accuracy and simplify and speed up the testing process [4], [6], [7]. However, QC in 
HDR-BT faces significant challenges due to the limitations of available phantoms, 
which often do not accurately represent human tissue characteristics. In addition, 
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most conventional phantoms lack flexibility in dose measurement for complex anat-
omy, necessitating a more adaptive approach for treatment planning validation [8], [9].

The use of phantoms is crucial for validating dose calculation algorithms and 
evaluating the accuracy of the treatment planning system [9], [10]. Several stud-
ies emphasized the importance of using water-equivalent phantoms in dosimetry 
QC. Additionally, some studies reported using polymethyl methacrylate (PMMA) 
and solid water phantoms in HDR-BT dosimetry studies following the TG-43 
approach [11]–[15]. However, this approach has limitations in simulating actual 
clinical conditions, especially for reviewing tissue heterogeneity. Rivard et al. [16] 
revealed that although TG-43 is the standard protocol for planning and quality con-
trol of brachytherapy dosimetry, this recommendation does not fully consider the 
effects of heterogeneity and inhomogeneous tissue absorption.

In recent years, advancements in 3D printing have facilitated the fabrication 
of phantoms with complex geometric properties and tissue equivalence [5], [8], 
[17], [18]. Several studies have comprehensively reviewed the precision of dosimetry 
across various tissues through the development of 3D-printed phantoms [10], [19]. 
A three-dimensional phantom was developed for stereotactic radiosurgery (SRS) 
to facilitate patient-specific quality assurance (QA) for multiple brain targets (MBT) 
and to support the commissioning of complex SRS procedures. The phantom 
demonstrated the capability to perform MBT patient-specific QA within a single 
delivery [9]. Polylactic acid (PLA) is one of the most extensively developed materi-
als for 3D phantom fabrication and has been thoroughly investigated to assess its 
suitability, particularly for applications in radiotherapy [17], [18], [20], [22].

This study aims to design and fabricate a 3D-printed phantom for HDR-BT sources, 
enabling its use for QA procedures and dose measurements within the TG-43 rec-
ommended geometry while ensuring that the phantom exhibits tissue equivalence. 
A previous study developed a 3D-printed phantom using PLA with an infill den-
sity of approximately ±80%, resulting in HU values within the range of human soft 
tissue [5]. Okkalidis et al. [17] also demonstrated that 3D-printed phantoms with 
varying infill densities can effectively replicate human muscle, fat, and lung tis-
sues based on HU values derived from computed tomography (CT) images. In line 
with the above studies, this study focuses on developing a PLA-based 3D-printed 
tissue-equivalent phantom for HDR-BT source dose measurement.

Phantom characteristics for dosimetry application are designed considering geom-
etry, radiological properties, and material composition resembling biological tissue. 
These characteristics are evaluated based on physical parameters, including mass 
density, linear attenuation coefficient, effective atomic number (Zeff), and Hounsfield 
Unit (HU) value. These parameters represent the interaction of radiation with the 
material and play a role in ensuring the equivalence of the phantom to biological 
tissue, as the International Commission on Radiation Units and Measurements—
ICRU Report 44 recommends (ICRU-44) [19], [23], [24].

2	 MATERIALS AND METHODS

2.1	 Design and materials of the 3D-PLA Phantom

The phantom developed in this study is a 3D-printed phantom based on poly-
lactic acid (PLA), which is referred to as the 3D-PLA phantom. The phantom mate-
rial uses PLA with a filament density of 1.24 g/cm3. PLA is a thermoplastic polymer 
that is widely recognized as the most prevalent material utilized in fused deposition 
modelling (FDM) 3D printing applications [25]. In this study, PLA was selected due 
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to its biocompatibility, density, and radiation absorption properties, which closely 
resemble those of human tissue. Additionally, it offers ease of 3D printing, dimen-
sional stability, and cost-effectiveness [5], [17], [26]. Furthermore, modifying the 
infill density can easily adjust its material density.

The 3D-PLA phantom has a spherical geometry with a diameter of 200 mm, 
designed following the TG-43 protocol recommendations. In the preliminary fabri-
cation, the phantom design was developed using Tinkercad software and saved in 
STL file format for further fabrication processes. The 3D-PLA phantom is composed 
of three geometric structures: (1) a flat circular plate with a diameter of 200 mm and 
a thickness of 10 mm, featuring a semicylindrical channel with a 1.5 mm diameter 
extending from the center to the edge, serving as an applicator channel; (2) nine 
flat circular plates without an applicator channel, with progressively decreasing 
diameters forming a hemispherical structure, all maintaining a uniform thickness 
of 10 mm; and (3) ten bowl-shaped components, each with a thickness of 10 mm, 
ranging in diameter from 20 mm to a maximum of 200 mm. The applicator channel 
at the center of the phantom is designed to accommodate the LAA1400-GYN catheter 
with a diameter of 3 mm. A 0.3 mm gap between the plate layers is included to house 
the detector. The detailed design of the 3D-PLA phantom is illustrated in Figure 1.

Fig. 1. a) Schematic design of the phantom with an STL file; b) examples of each geometric input  
for 3D printing; and c) The 3D-PLA phantom produced using a 3D printer with PLA material,  

featuring a diameter of 200 mm with an applicator channel of 3 mm

Figure 1a illustrates the schematic design of the phantom in STL file format. 
Figure 1b displays representative examples of each geometric structure (labelled 
(1), (2), and (3)), which function as geometric inputs for the 3D printing of the three 
structural elements derived from the design in Figure 1a, and the fully assembled 
3D-PLA phantom is depicted in Figure 1c.

The 3D-PLA phantom features a layered design tailored for measuring dose dis-
tribution from an HDR-BT Co-60 source. Measurements include radial, horizontal, 
and anisotropic dose profiles. The upper section consists of ten detachable horizon-
tal layers with varying diameters, allowing the placement of detectors (EBT3 film) 
at specific positions to measure radial dose and dose along the horizontal axis. This 
structure is optimized to ensure precise detector orientation and consistent radia-
tion path within the medium, thereby supporting accurate verification of simulation 
results and experimental dosimetry measurements. Meanwhile, the lower section 
comprises detachable bowl-shaped layers for measuring the anisotropic dose profile.

The 3D-PLA phantom was fabricated using an Elegoo Neptune 4 Pro printer with 
the fused deposition modeling (FDM) technique [23], [25]–[26]. The input parameters 
for 3D printing are presented in Table 1. The phantom was fabricated using a single 
infill density of 85% to achieve the desired density of 1.05 g/cm3, ensuring similar-
ity to soft tissue density. An infill density of 85% was selected based on previous 
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studies, which demonstrated that PLA with an infill of approximately ±80% exhibits 
HU values and density within the range of soft tissue [5], [17], [20], [27]–[29].

Table 1. Specifications of the 3D-printing setup used for 3D-PLA phantom fabrication

Parameters Value

Material PLA+

Build Volume 225 × 225 × 265 mm3

Layer Height 0.28 mm

No walls 3

Material diameter 1.75 mm

Nozzle diameter 0.4 mm

Print temperature 220 oC

Type file .Stl

Infill 85%

Bed Temp 65 oC

2.2	 Determination of 3D-PLA Phantom characteristics

The characterization of the 3D-PLA phantom was conducted by evaluating sev-
eral fundamental parameters to ensure its equivalence to human tissue. According 
to phantom characteristics for dosimetry studies, an ideal phantom should have 
mass density, a linear attenuation coefficient, an effective atomic number (Zeff), and 
uniform HU values to those of human tissue.

Mass density: The density of the 3D-PLA phantom was calculated based on the 
percentage of infill density value of the PLA material used. Previously, the mass den-
sities of soft tissue, muscle, and water in the human body were studied according 
to ICRU-44 publications [30]. The density of the 3D-PLA phantom was determined 
using the following equation 1:

	 density(g/cm3) = Infill density(%) × 1.24 g/cm3	 (1)

Where the infill density used is 85%, and the value of 1.24 g/cm3 represents the 
density of the PLA filament. Subsequently, the density of the 3D-PLA phantom was 
analyzed and compared with the densities of soft tissue, muscle, and water, which had 
been previously studied. This analysis aimed to determine the percentage difference 
in density to assess the capability of the 3D-PLA phantom in simulating the physical 
characteristics of human tissue. The density difference between the 3D-PLA phantom 
and soft tissue, muscle, and water was calculated using the following equation 2:

	 %� %
_diff tissue D PLA

tissue

�
�

�
� �

�
3

100 	 (2)

Where rtissue represents the density of soft tissue, muscle, and water (g/cm3) based 
on ICRU-44, and r3D_PLA represents the density of the 3D-PLA phantom 3D-PLA (g/cm3).

The effective atomic number and Linear Attenuation Coefficient: The effec-
tive atomic number (Zeff) and linear attenuation coefficient of the 3D-PLA phantom 
are determined based on its elemental composition. This composition is critical in 
defining the phantom’s interaction with radiation, particularly in photon absorption 
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and scattering processes. The elemental composition was analyzed using scanning 
electron microscopy (SEM) – energy dispersive X-ray (EDX) with a Jeol JCM-7000 type. 
The scanning process was conducted at an input voltage of 15 kV. This analysis was 
based on the EDX spectrum, identifying characteristic peaks corresponding to each 
element in the 3D-PLA phantom material.

Based on the elemental composition of the 3D-PLA phantom, soft tissue, muscle, 
and water were used to determine Zeff using Mayneord’s Formula. This method has 
been widely applied in various dosimetry applications and studies on radiation 
interactions with biological tissues. Mayneord’s Formula has been proven to be a 
reliable approach for determining Zeff, as its calculations are based on the elemental 
composition of a given material [31][32], using the equation 3:

	 Z w Z
eff

i

n

i i

pp�
�
�

1

( ) 	 (3)

Where wi represents the mass fraction of the ith element, Zi is the atomic number 
of the ith element, and p is the exponent, with a value of 2.94 photon interactions in 
the medium-energy range.

Based on the elemental composition of the 3D-PLA phantom, soft tissue, muscle, 
and water, these components were also used to determine their respective linear 
attenuation coefficients. This calculation was performed using the XCOM program 
with elemental/compound composition. The comparison aims to assess the extent 
to which the 3D-PLA phantom can mimic the linear attenuation characteristics of 
biological tissue regarding radiation absorption [33].

Determination of Hounsfield Unit (HU) of the 3D-PLA Phantom: The deter-
mination of HU values for the 3D-PLA phantom was conducted based on CT scan 
imaging using a PHILIPS Brilliance CT Big Bore Scanner with a slice thickness of 
2 mm. The scanning was performed under 120 kV and 316 mAs per slice. This HU 
value calculation aims to evaluate the uniformity of phantom density, indicating 
how closely the phantom structure mimics human tissue. Additionally, the unifor-
mity of HU values across the entire phantom was analyzed to assess the homogene-
ity of the 3D-PLA phantom’s density.

The CT scan images of the 3D-PLA phantom generated 100 slices, each with a 
thickness of 2 mm. The analysis of HU values in the phantom was performed using 
the region of interest (ROI) restriction method with the aid of DICOM viewer software. 
A total of 20 slices were selected for analysis, with a systematic interval of every five 
slices to ensure a comprehensive representation of the entire 3D-PLA phantom.

Fig. 2. Determination of Hounsfield Unit (HU) values using the Region of Interest (ROI)  
method on CT scan images of the 3D-PLA phantom
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Hounsfield Unit values were determined for each selected slice by manually 
defining five ROIs at random locations, prioritizing regions with similar grayscale 
intensity. The ROI selection process accounted for homogeneous density regions 
within the phantom while excluding the wall areas, which exhibit higher density 
due to the structural configuration of the 3D-printing process. The ROIs were cir-
cular, with an approximate area of ±10 mm2, shown in Figure 2. The HU values 
for each ROI were then calculated to obtain the average HU for each slice, which 
was subsequently used to determine the overall average HU of the phantom. This 
approach aimed to achieve a more accurate representation of the HU distribution 
throughout the phantom CT images.

3	 RESULTS AND DISCUSSION

3.1	 Characteristics of the 3D-PLA Phantom

Mass Density Analysis: The 3D-printed PLA phantom, fabricated with a uni-
form infill density of 85% and a PLA filament density of 1.24 g/cm3, achieved a final 
density of 1.05 g/cm3, obtained through calculations using Equation (1). The den-
sity of the 3D-PLA phantom was compared to the densities of soft tissue, muscle, 
and water, as reported in ICRU-44, to assess its suitability for simulating specific 
biological tissues. The percentage density differences between the 3D-PLA phantom 
and each reference are presented in Table 2. The absolute percentage differences 
between the 3D-PLA phantom and soft tissue, muscle, and water densities, as calcu-
lated using Equation (2), were 0.94%, 0.0%, and 5.00%, respectively. A lower percent-
age difference in density signifies a greater correspondence with the mass density 
of biological tissues. In this context, the 3D-printed PLA phantom demonstrates the 
highest density conformity with muscle, followed by soft tissue and water.

Table 2. Percentage difference in density between the 3D-PLA phantom and soft tissue,  
muscle, and water based on the ICRU-44 report

Parameters
Phantom/Human Organ

3D-PLA Phantom Soft-Tissue Muscle Water

Mass Density (g/cm3) 1.05 1.06 1.05 1.00

Different (%) (3D-PLA Phantom/human organ) – 0.94 0.00 5.00

The Effective Atomic Number and Linear Attenuation Coefficient: Energy 
dispersive X-ray characterization reveals the spectrum of the 3D-PLA phantom with 
eight detected elemental peaks at an acceleration voltage of 15 kV. The elemental 
composition of the phantom consists of Carbon (C), Oxygen (O), Sodium (Na), Silicon 
(Si), Sulfur (S), Chlorine (Cl), Potassium (K), and Calcium (Ca). Carbon and Oxygen 
dominate the composition, comprising over 80% of the total mass, with respective 
mass fractions of 37.87% and 58.34%, while the other six elements exhibit mini-
mal intensity. The comparative analysis of elemental mass composition between the 
3D-PLA phantom and soft tissue, muscle, and water is presented in Table 3. Most 
of the identified elements are also present in biological tissues, except for hydro-
gen, which is absent in the 3D-PLA phantom. Based on its elemental composi-
tion, the 3D-PLA phantom is quantitatively similar to the main elements found in 
human organs.
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Table 3. Element composition (mass percentage) of the 3D-printed phantom and the elemental  
composition of human organs based on the ICRU-44 report

Element Composition 3D-PLA
Phantom

ICRU’s Human Organ

Soft-Tissue Muscle Water

H – 10.20% 10.20% 11.19%

C 37.87% 14.30% 14.30% –

N – 3.40% 3.40% –

O 58.34% 70.80% 71.00% 88.81%

F – – – –

Na 0.97% 0.20% 0.10% –

Si 0.59% – – –

P – 0.30% 0.20% –

S 0.15% 0.30% 0.30% –

Cl 0.20% 0.20% 0.10% –

K 0.34% 0.30% 0.40% –

Ca 1.52% – – –

Fe – – – –

Zeff 8.26 7.71 7.70 7.68

The effective atomic number (Zeff) presented in Table 3 was determined using 
Mayneord’s formula. The calculation results show that the Zeff of the 3D-PLA phan-
tom is 8.26, which is higher than that of soft tissue (7.71), muscle (7.70), and water 
(7.68). This discrepancy arises from the presence of higher atomic number elements 
in the 3D-PLA phantom, including silicon (Si, Z = 14), chlorine (Cl, Z = 17), potassium 
(K, Z = 19), and calcium (Ca, Z = 20), which collectively contribute to the increased Zeff.

Based on the elemental composition listed in Table 3, the linear attenuation coef-
ficient was obtained using the XCom software within the energy range of 30 keV to 
150 keV, which is commonly used in diagnostic radiology practice [34]. The linear atten-
uation coefficient characterizes the interaction between radiation penetration and the 
absorbing medium. Figure 3 presents a comparative analysis of the linear attenuation 
coefficients of the 3D-PLA phantom and previously investigated biological tissues.

Fig. 3. Linear attenuation coefficient of the 3D-PLA phantom and human tissue  
(soft tissue, muscle, and water)
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Based on Figure 3, the linear attenuation coefficient of the 3D-PLA phantom exhib-
its a similar pattern to that of soft tissue, muscle, and water. The 3D-PLA phantom 
shows a higher linear attenuation coefficient at low energies, whereas, at energies 
above 0.1 MeV, it demonstrates good agreement with soft tissue, muscle, and water. 
Based on elemental distribution, the PLA-based 3D-PLA phantom can replicate the 
linear attenuation properties of biological tissues over a broad energy range, with 
more noticeable differences at lower energies.

Hounsfield Unit (HU) Value: The HU values of the 3D-printed PLA phantom 
were extracted from a DICOM-format CT scan comprising 100 slices, each with a 
thickness of 2 mm. The uniform distribution of HU values indicates consistent den-
sity and structural homogeneity across the phantom. Figure 4 illustrates 20 represen-
tative CT scan slices of the 3D-PLA phantom, while Table 4 presents the distribution 
of HU values across these slices as analyzed using a DICOM viewer.

Fig. 4. CT scan images of the 3D-PLA phantom across 20 slices, taken at 5-slice intervals  
to represent the entire phantom image

Table 4. HU value distribution across 20 slices of the 3D-PLA phantom based on DICOM viewer

No Slice
HU Value

Roi 1 Roi 2 Roi 3 Roi 4 Roi 5 Mean ± SD

Slice 5 −146.1 ± 4.4 −116.5 ± 7.0 −134 ± 9.8 −130.2 ± 3.0 −110.9 ± 9.9 −127.5 ± 6.8

Slice 10 −118.8 ± 4.4 −116.3 ± 6.9 −123.8 ± 8.8 −120.7 ± 4.8 −133.8 ± 5.6 −122.7 ± 6.1

Slice 15 −123.4 ± 7.6 −136.4 ± 6.8 −126.8 ± 5.1 −113.3 ± 4.5 −126.9 ± 9.4 −125.4 ± 6.7

Slice 20 −130.6 ± 6.5 −126.3 ± 6.4 −119.8 ± 9.0 −134.0 ± 8.2 −129.1 ± 6.6 −128.0 ± 7.3

Slice 25 −116.5 ± 7.7 −115.4 ± 6.1 −120 ± 9.7 −122.7 ± 6.0 −123.8 ± 8.7 −119.7 ± 7.6

Slice 30 −126.9 ± 8.7 −121.5 ± 7.9 −121 ± 3.9 −126.3 ± 9.8 −117.1 ± 9.7 −122.6 ± 8.0

(Continued)
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No Slice
HU Value

Roi 1 Roi 2 Roi 3 Roi 4 Roi 5 Mean ± SD

Slice 35 −118.7 ± 9.5 −126.9 ± 8.4 −125.7 ± 6.3 −123.4 ± 8.9 −117.0 ± 8.9 −122.3 ± 8.4

Slice 40 −103.6 ± 6.2 −106.2 ± 8.4 −100.0 ± 7.2 −105.9 ± 5.3 −123.2 ± 7.3 −107.8 ± 6.9

Slice 45 −119.7 ± 9.0 −110.0 ± 6.8 −127.9 ± 9.4 −104.8 ± 7.2 −124.2 ± 8.2 −117.32 ± 8.1

Slice 50 −105.4 ± 8.4 −123.1 ± 8.5 −109.1 ± 9.8 −133.6 ± 7.3 −107.5 ± 6.0 −115.7 ± 8.0

Slice 51 −132.9 ± 7.9 −134.7 ± 6.6 −131.1 ± 9.8 −105.0 ± 6.0 −96.8 ± 4.7 −120.1 ± 7.0

Slice 55 −131.9 ± 6.0 −98.7 ± 9.3 −131.3 ± 9.3 −113.9 ± 7.7 −104.0 ± 8.0 −116.0 ± 8.1

Slice 60 −99.2 ± 8.1 −98.1 ± 9.9 −131.3 ± 8.2 −105.4 ± 9.6 −117.1 ± 6.3 −110.2 ± 8.4

Slice 65 −96.2 ± 7.8 −107.5 ± 8.9 −129.5 ± 8.8 −107.0 ± 8.9 −135.0 ± 9.7 −115.0 ± 8.8

Slice 70 −104.0 ± 6.2 −133.2 ± 5.3 −103.5 ± 6.7 −104.0 ± 4.8 −108.0 ± 6.3 −110.5 ± 5.9

Slice 75 −128.4 ± 8.4 −102.2 ± 7.3 −114.1 ± 9.3 −102.1 ± 5.5 −128.5 ± 8.9 −115.1 ± 7.9

Slice 80 −136.8 ± 7.0 −106.2 ± 8.4 −82.8 ± 5.8 −122.7 ± 9.7 −127.2 ± 9.5 −115.1 ± 8.1

Slice 85 −127.8 ± 8.7 −140.6 ± 4.1 −92.5 ± 6.4 −82.7 ± 9.8 −95.7 ± 6.9 −107.9 ± 7.2

Slice 90 −133.9 ± 9.6 −136.0 ± 7.9 −134.9 ± 8.0 −78.1 ± 7.1 −76.3 ± 8.4 −111.8 ± 8.2

Slice 95 −133.5 ± 8.6 −87.9 ± 4.6 −133.8 ± 8.3 −74.4 ± 9.6 −78.4 ± 3.3 −101.6 ± 6.9

Mean ± SD 116.6 ± 7.5

Based on the ROI from 20 CT scan slices of the phantom, the average HU value 
of the 3D-PLA phantom was −116.6 ± 7.5 HU (refer to Table 4). This average HU 
value indicates that the 3D-PLA phantom is more compatible with the HU range of 
soft tissue than muscle and water. The outer region of the phantom exhibits higher 
HU values due to the increased density of the phantom walls, resulting from the 
3D printing settings using the “No wall 3” option. Therefore, this outer region was 
excluded from determining the average HU value.

3.2	 Discussion

This study uses the FDM technique to present the design and fabrication of a 
3D-printed PLA phantom. The geometry and characteristics of the 3D-PLA phantom 
were explicitly designed for dosimetry of the HDR-BT Co-60 source. The physical 
characteristics of the 3D-PLA phantom were analyzed in terms of mass density, lin-
ear attenuation coefficient, Zeff, and HU value. The density of the 3D-PLA phantom 
was 1.05 g/cm3, equivalent to the density of muscle and soft tissue.

By applying Equation (2), the percentage density deviation of PLA filament 
(1.24 g/cm3) without infill density modification was calculated. The differences 
obtained were up to 16.98% for soft tissue, 18.09% for muscle, and 24.00% for water. 
A substantial reduction in density deviation was observed when the 3D-printed 
PLA phantom was fabricated with an 85% infill density. The density discrepancy 
between 100% and 85% infill densities reached 19.00%. Therefore, adjusting the 
infill density in the 3D printing process is highly effective in achieving the desired 
phantom density [29], [34].

Table 4. HU value distribution across 20 slices of the 3D-PLA phantom based on DICOM viewer (Continued)
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A comparative analysis was performed between the 3D-printed PLA phantom 
and standard dosimetry phantoms, such as the RW3 phantom (PTW, Freiburg, 
Germany). This evaluation aims to assess the compatibility of the 3D-PLA phan-
tom with the RW3 phantom and to validate that the developed phantom meets 
the standard characteristics required for radiation dosimetry applications. The 
RW3 phantom is a standard phantom used in radiation dosimetry for dose cali-
bration and verification in radiotherapy. The characteristics of the RW3 phantom 
resemble those of water and consist of the elements H, C, O, and Ti, with mass 
percentages of 7.59%, 90.41%, 0.80%, and 1.20%. The RW3 phantom exhibits an 
Zeff of approximately 6.58 and a density of 1.045 g/cm3 [7], [35], [36]. Based on the 
characteristics of the RW3 phantom, the 3D-PLA phantom exhibits a high degree 
of compatibility. The dominant element in the 3D-PLA phantom is carbon, fur-
ther supporting the similarity in material properties between the two phantoms. 
Schneider et al. [37] identified carbon and oxygen composition as the most criti-
cal factors influencing material equivalency, primarily due to their varying water 
content. In this study, the fabricated 3D-PLA phantom exhibited a predominant 
elemental composition of carbon (37.86%) and oxygen (58.20%). Furthermore, its 
linear attenuation coefficient demonstrated strong agreement with that of soft 
tissue, muscle, and water (Figure 3).

Although the RW3 phantom is commonly used in external radiotherapy 
dosimetry, it has limitations when applied to brachytherapy studies. One of the 
limitations of the RW3 phantom is its inability to accurately replicate secondary 
scattering effects within the patient, potentially impacting dose calculation pre-
cision. Furthermore, as a solid and homogeneous material, the RW3 phantom is 
less capable of simulating tissue heterogeneity, such as bone and air cavities. Its 
limitations in accommodating applicators or radioactive sources make it less ideal 
for verifying dose distribution in brachytherapy applications. Due to these limita-
tions, water-equivalent or synthetic soft tissue phantoms are commonly favored in 
brachytherapy studies to represent clinical conditions accurately. In contrast, the 
3D-PLA phantom (Zeff ≈ 8.26) exhibits more significant similarity to soft tissue prop-
erties than PMMA (Zeff ≈ 6.49), making it a more suitable candidate for phantoms in 
dosimetry applications.

In calibration and validation of dosimetry systems, conventional phantoms 
such as PMMA, solid water, and RW3 remain the standard due to their homoge-
neous composition and radiation attenuation characteristics, which closely approx-
imate human tissue [38], [39]. However, their limited ability to replicate complex 
anatomical structures and low flexibility pose challenges in specific applications. 
To overcome these limitations, 3D-printing technology has been introduced as a 
promising alternative, enabling the fabrication of phantoms with intricate geom-
etries tailored to specific clinical requirements [5], [24], [26]. Among the various 
materials employed for tissue-equivalent phantom construction, PLA has gained 
significant attention and is further explored in this study. Despite enhancing geo-
metric flexibility, challenges persist, particularly regarding radiological property 
mismatches and density variations arising from the printing process. Therefore, 
selecting appropriate phantom materials for dosimetry applications requires care-
fully evaluating their advantages and limitations to ensure precise radiation dose 
measurements. Table 5 presents a comparative analysis of the physical proper-
ties of the 3D-PLA phantom, water, and standard phantoms frequently utilized in 
dosimetry research.
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Table 5. Physical properties of the 3D-PLA phantom, PLA, water, and standard phantoms used in dosimetry

References Materials Density (g/cm3) Zeff
Chemical Composition (Percentage by Mass)

H C N O Ca Ti Etc

This study 3D-PLA 1.05 8.26 – 37.87 – 58.34 1.52 – 2.27

[35] RW3 1.045 7.59 90.41 – 0.80 – 1.20 –

[36] RW3 – 6.58 – – – – – – –

[40] PLA 1.25 – 5.29 51.86 – 42.61 – – 0.23

[41] Water 0.998 7.42 11.2 – – 88.8 – –

Solid water 1.015 7.29 8.1 67.2 2.4 19.9 2.3 0.1

PMMA 1.19 6.096 8.1 60.0 32.0 – – –

The application of PLA filament utilizing the FDM printing technique is highly 
recommended for the fabrication of radiotherapy dosimetry phantoms, as it min-
imizes geometric errors and demonstrates a high level of compatibility with 
standard dosimetry phantoms [19], [23]. The primary factor in the fabrication of 
tissue-equivalent dosimetry phantoms using 3D printing is the infill density of the 
filament used [20], [28], [29]. The precise selection of infill density is a critical factor 
in determining the characteristics of the dosimetry phantom, including HU values, 
attenuation coefficient, and Zeff . The study by [19] reported a correlation between 
infill density and the resulting phantom density across different 3D printing mate-
rials. Their study indicated that a 90% infill density setting for a PLA filament 
(1.23 g/cm3) produced an average density of 1.04 g/cm3, demonstrating its potential 
for application in patient-specific phantom development [19]. This value is slightly 
lower than the results of this study, which demonstrated a density of 1.05 g/cm3 for 
PLA filament with a density of 1.24 g/cm3 and an infill density of 85%.

A 3D-printed Rando phantom was developed using PLA powder and plaster, 
revealing a strong correlation between infill density and Hounsfield Unit (HU) val-
ues, with a determination coefficient (R2) of 0.999. Their findings indicated lower 
infill densities resulted in more significant structural non-uniformity within the 
phantom, whereas higher infill densities improved homogeneity. Furthermore, soft 
tissue equivalence was achieved with an HU value of −20 by employing an infill den-
sity of 82% [5]. Several studies investigated the influence of infill density on the HU 
values of PLA-based materials [20], [24]. Oh et al. [20] reporting HU values of −130 
at an infill density of 85%. A comparable study investigating the influence of infill 
density on the HU values of PLA-based phantoms reported an HU value of −161.24 
for a 3D-printed phantom fabricated using the conventional FDM technique with an 
infill density of 85% [17]. This study demonstrated a good agreement in HU values, 
with an average HU of −116.6 ± 7.5 HU using an infill density of 85%.

Several factors contribute to differences in the characteristics of the resulting phan-
tom, even when the same type of material is used. These factors include the printing 
method, printer type, and manufacturer-specific material characteristics [17], [23]. 
Meanwhile, the primary factor to consider in fabricating tissue-equivalent phan-
toms using 3D printing is the infill density of the filament [19], [23]. Additionally, 
parameters such as extrusion rate and temperature control enable the printing 
of objects with more precise physical characteristics to meet specific application 
needs [20], [22], [42]. The 3D-PLA phantom developed in this study demonstrates its 
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suitability as a phantom for dosimetry studies and its potential for application in QA 
for HDR brachytherapy sources.

4	 CONCLUSION

The 3D-PLA phantom with an 85% infill density exhibits strong potential as a 
dosimetry phantom for brachytherapy source applications. Characterization results 
indicate a density of 1.05 g/cm3, an average HU of −116.6 ± 7.5 HU, and a linear 
attenuation coefficient comparable to that of water, with a Zeff ≈ 8.26), generally indi-
cating good compatibility with soft tissue. Another advantage of the 3D-PLA phan-
tom is its flexible geometric design, allowing for dose distribution measurements for 
brachytherapy sources. The results of this study indicate that the 3D-PLA phantom 
is suitable as an alternative soft tissue phantom for brachytherapy dosimetry and 
can be effectively applied in dosimetry QA for both treatment planning and clinical 
verification in High Dose Rate Brachytherapy (HDR-BT).
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