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Abstract

Anthropomorphic breast phantoms are increasingly used for the development and evalu-
ation of breast imaging technologies. The aim of this study is to evaluate the impacts of
the material combination and stereolithography or Standard Tessellation Language (STL)
export methodology on the multimodal imaging performance of patient-derived breast
phantoms. A breast model derived from segmented magnetic resonance imaging (MRI)
data was used to fabricate four multi-material phantom sections representing adipose- and
glandular-equivalent regions. Two material combinations—acrylic styrene acrylonitrile
and high-impact polystyrene (ASA-HIPS) and acrylic styrene acrylonitrile and acrylonitrile
butadiene styrene (ASA-ABS)—and two STL export procedures were evaluated, includ-
ing a conventional mesh-based workflow and an in-house voxel-preserving approach
designed to eliminate interface gaps. The phantoms were imaged using clinical computed
tomography (CT), mammography, and digital breast tomosynthesis systems. Quantitative
evaluation included contrast-based image characteristics and region of interest-based in-
tensity distribution analysis. The results showed that ASA-HIPS phantoms demonstrated
higher inter-material contrast and greater attenuation separation than ASA-ABS across
all imaging modalities. The voxel-preserving STL export procedure improved physical
interface integrity and eliminated visible inter-material gaps, while producing only mi-
nor differences in global radiological metrics compared with the conventional workflow.
CT imaging of the breast samples acquired at 70 kVp showed attenuation characteristics
consistent with clinically reported Hounsfield unit ranges for low-density breast tissues
observed in clinical CT examinations.

Keywords: anthropomorphic phantom; breast phantom; 3D printing; computed tomography;
digital breast tomosynthesis; mammography

1. Introduction

Physical anthropomorphic breast models are increasingly vital for advancing novel
imaging techniques, refining reconstruction methods, and assessing prototypes and could
be exploited to check the performance of X-ray apparatuses [1-3]. However, manufacturing
these phantoms remains a significant challenge, particularly regarding the selection of 3D
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printing materials, hardware, and fabrication techniques. Current methods often rely on
fused filament fabrication (FFF) to translate DICOM datasets into physical objects [4-8].
One common strategy involves using a single material, such as polylactic acid (PLA), and
varying the infill density and patterns to mimic the computed tomography (CT) numbers
of human tissue.

Alternatively, some researchers propose using multiple materials at a 100% infill
density [9,10]. This method is often more intuitive for non-engineers, such as radiologists,
as it directly maps specific filaments to corresponding biological tissues. For breast imaging,
phantoms can be produced using two filaments with X-ray attenuation corresponding to
real adipose and glandular tissues. In this study, we specifically explore two “adipose—
gland” material combinations: acrylic styrene acrylonitrile and high-impact polystyrene
(ASA-HIPS) and Acrylic styrene acrylonitrile and acrylonitrile butadiene styrene (ASA-
ABS). Based on previously reported CT attenuation characteristics and energy-dependent
behavior, ASA was identified as a candidate for glandular tissue, whereas HIPS and ABS
were selected as candidates for adipose tissue [11-15].

The standard workflow involves segmenting tissues using commercial or custom
software to generate stereolithography or Standard Tessellation Language (STL) files for the
3D printer. However, this process often introduces structural defects, such as gaps between
different printed tissues [7]. A primary cause of these errors is the reliance on off-the-
shelf software or standard functions—most notably the Marching Cubes algorithm (often
used via the isocaps or isosurface functions in MATLAB)—to convert voxel matrices into
surface meshes. To avoid the drawbacks of inherent isosurface creation, we developed an
alternative MATLAB script that respects the prismatic shape of every individual voxel [16].
By preserving the original voxel geometry during the STL export process, we ensure a
seamless interface between different segmented tissues, eliminating the gaps typically
observed in mesh-based reconstructions.

The primary aim of this work was to evaluate four distinct methodologies for devel-
oping radiological breast phantoms by assessing their performance across various X-ray
imaging techniques. Utilizing a patient-derived MRI dataset, we fabricated four phantoms
based on the same digital model to determine the most effective fabrication workflow. A
central focus of this evaluation is the comparison between the standard, well-established
STL preparation method and our proposed voxel-preserving approach. To provide a com-
prehensive assessment, these two digital workflows were applied to our two material
combinations: ASA-HIPS and ASA-ABS. By subjecting the resulting models to a mul-
timodality analysis, we evaluated their structural fidelity and radiological performance,
providing a framework for the fabrication and assessment of high-fidelity anthropomorphic
breast phantoms.

2. Materials and Methods
2.1. Patient Data

All four phantoms were based on the same patient data. The data were derived from a
contrast-enhanced T1-weighted breast MRI examination performed on a Siemens Verio MRI
scanner (Siemens Healthineers, Erlangen, Germany), approved by the Ethics Committee of
the Medical University of Varna (Approval No. 102/22.04.2021).

The T1-weighted sequence was further processed, and each of the 187 image slices was
semi-automatically segmented into adipose and glandular tissue. The pixel size in each
slice was 1.04 mm x 1.04 mm, while the slice thickness was 1.3 mm. Post-processing was
also performed in MATLAB (R2022a) using morphological operations in order to improve
the overall segmentation. For this purpose, a cubic structuring element with dimensions of
2 x 2 x 2 voxels was used as the neighboring kernel. Specifically, a closing operation was
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performed in order to remove discontinuities and to fill minor holes within the segmented
tissues, while an opening operation was used to remove the isolated voxels.

Final refinement of the segmentations was performed manually in order to delineate
the overall breast shape, thus creating the skin. The glandular tissue properties were also
assigned to the skin layer, thus finalizing the phantom as a two-component (tissue) breast
computer model. No lesion was present in the patient data, and no such formation was
subsequently included in the resulting computer model.

2.2. Phantoms

Although all four phantoms were based on the same patient data, they differed in the
parameters and the approach used for STL file generation. Each phantom was 1 cm thick
and was based on the same breast section from the patient data. The combinations used to
generate the four phantoms are summarized in Table 1.

Table 1. Summary of the combinations of STL export procedures, material pairs, and 3D printers
used for the manufacturing of the four phantoms.

ASA-HIPS ASA-ABS
EP1 Raise3D/BP1 Bambu Lab/BP2
EP2 Raise3D/BP3 Bambu Lab/BP4

For STL generation, we made use of two export procedures, referred to as EP1 and EP2,
both implemented in MATLAB (R2022a). The EP1 approach uses a MATLAB script by Sven
Holocombe [17] to create the STL file from the segmented patient data. The EP2 approach
uses an in-house script developed to convert voxel-based models into STL files [16] and to
overcome the limitations of conventional isosurface-based mesh generation when applied
to multi-material 3D printing. Each voxel is treated as a rectangular prism. During the gen-
eration of meshes, the boundary faces separating a segmented region from the surrounding
background or from another tissue type are identified, while internal faces shared by adja-
cent voxels of the same segment are discarded. Each remaining rectangular boundary face
is then divided into two triangular facets, with outward-oriented normal vectors assigned
consistently. By directly converting voxel boundaries into triangular surface elements, the
generated STL model accurately reproduces the original segmentation and avoids the small
gaps and overlaps that may arise from conventional isosurface extraction methods. This
results in watertight surfaces with geometrically consistent interfaces between neighboring
tissues, particularly important for multi-material 3D printing.

Furthermore, two material combinations were explored, with the materials selected
based on their properties and their ability to mimic the corresponding breast tissue
types [12]. The first material combination consisted of ASA and HIPS for glandular and
adipose tissue, respectively. The second combination consisted of ASA for glandular tissue
and ABS for adipose tissue.

Finally, two FFF 3D printers were used to print the phantoms, and the STL files were
sliced using their dedicated slicing software. Namely, these were the Raise3D Pro3 Plus 3D
printer (Raise3D, Shanghai, China), used with the IdeaMaker (5.3.2.8640) slicing software,
and the Bambu Lab P1S (Bambu Lab, Shenzhen, China), used with the Bambu Studio
(v2.4.0) slicing software.

A 0.6 mm nozzle was used with the Bambu Lab P1S printer in order to improve
the extrusion stability during printing. Preliminary prints showed material build-up and
nozzle clogging. Therefore, a larger nozzle was selected to improve the extrusion reliability
and reduce the risk of clogging. A monotonic internal solid infill pattern with a 100% infill
density and a cross-hatch infill pattern were chosen. Other notable changes from the default
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settings included reducing the number of wall loops to one, selecting the Arachne wall
generator, and setting the infill/wall overlap to 50%. Printing speeds were also adjusted,
with the inner wall, internal solid infill, and top surface speeds set to 120 mm/s. The
temperature for the textured PEI plate was set to 90 °C. The nozzle temperature was set to
260 °C for the initial layers and 270 °C for the remaining layers in the case of ABS. The flow
ratio was set to 91%. For ASA, the nozzle temperatures for the initial layers and remaining
layers were set to 260 °C and 265 °C, respectively. The flow ratio was set to 89%. The layer
height was set to 0.30 mm.

Similarly, for the Raise3D printer, a 0.6 mm nozzle was used. The heated bed temper-
ature was maintained at 74 °C with cooling fans disabled. The ASA and HIPS materials
were printed using the dual extruder configuration. The extrusion temperature was set to
243 °C for ASA and 255 °C for HIPS. Flow rates were set to 91% and 93%, respectively. The
printing was performed using a rectilinear infill pattern and a single perimeter, with the
printing speed set to 50 mm/s. Furthermore, the printing settings included 100% infill with
25% infill overlap and a layer height of 0.25 mm.

2.3. Imaging Techniques

The evaluation of the fabricated phantoms was accomplished using two clinical
systems—a clinical CT scanner, namely the Siemens SOMATOM Force (Siemens Healthi-
neers, Erlangen, Germany), and a clinical mammography unit, the GE Senographe Pristina
(GE HealthCare, Chicago, IL, USA), which was used in both 2D mode (mammography)
and 3D mode (digital breast tomosynthesis). A summary of the imaging modalities and
their general acquisition parameters is provided in Table 2. All phantoms were imaged at
identical conditions for a given modality.

Table 2. Modalities and parameters used to image each of the fabricated phantoms.

Modality Characteristics

70 kV, slice thickness 0.5 mm, pixel size
0.46 x 0.46 mm
26 kV in automatic mode, slice thickness 1 mm,
pixel size 0.1 x 0.1 mm
26 kV in automatic exposure mode, pixel size
0.1 x 0.1 mm

Computed Tomography
Digital Breast Tomosynthesis

Mammography

2.4. Evaluation

The phantoms were evaluated through both visual and quantitative comparisons of
the images obtained using each modality. For the quantitative analysis, histograms of breast
region intensities were generated and compared using custom software [18]. This process
utilized regions of interest (ROIs) of 50 x 50 pixels with 50% overlap across the entire breast
area for the mammography and digital breast tomosynthesis (DBT) acquisitions. In the
case of CT, the ROIs were 11 x 11 pixels with 50% overlap across the entire breast area.
Since the pixel size in CT is larger than in mammography and DBT, the number of pixels
per ROI was recalculated. This ensured that the ROIs represented the same physical area of
the object across all imaging modalities, despite the smaller pixel sizes in mammography
and DBT necessitating a higher pixel count for the same region. Additionally, the contrast,
contrast-to-noise ratio (CNR), and signal-to-noise ratio (SNR) were calculated using single
ROIs placed within representative regions corresponding to adipose and glandular tissues
for each phantom and compared among the phantoms within each modality. Examples for
the different ROIs are shown in Figure 1.
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Figure 1. Examples of ROI placement on images from each imaging modality included in the study:
(a) ROIs with 50% overlap across the entire breast area, used to calculate mean intensity values; and
(b) single ROIs in representative regions of adipose and glandular tissue, used to calculate Weber
contrast, CNR, and SNR.

The contrast was calculated following the formula:

Mean g9 — Mean gy

Weber Contrast = Meart (1)
The contrast-to-noise ratio was calculated using the following formula:
Mean g — Mean gy
CNR = £ 2)
SD 4y
Finally, the signal-to-noise ratio was calculated using the following formula:
Mean g4
SNR = > 3)
SD g4y

For CT images, the HU values were shifted by +1000 in order to account for 0 HU,
which does not represent zero attenuation. Thus, the Weber contrast (1) was calculated
using Meang;,g + 1000 and Mean,; + 1000, while the SNR (3) was calculated using Meargq,4
+1000. The CNR calculation (2) was not affected by this offset, as adding a constant does
not change the difference between their mean values.

3. Results

Figure 2 shows the computer models created with EP1 (right) and EP2 (left) from
the top (Figure 2a) and from the bottom (Figure 2b). Selected slices printed from these
computer breast models are shown in Figure 3.
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Figure 2. Screenshots of the computer breast models from (a) the top side, exported with EP1 (right)
and exported with EP2 (left), and (b) the bottom side, exported with EP1 (right) and exported with
EP2 (left). Adipose tissue is shown in white, whereas glandular tissue and skin are shown in gray.

Figure 3. Pictures of the 3D-printed breast phantoms: (a) BP3 (ASA-HIPS, EP2) from the top side
and (b) BP2 (ASA-ABS, EP1) from the bottom side. In (a) the adipose tissue (HIPS) is shown in red,
whereas the glandular tissue and skin (ASA) are shown in white. In (b) the adipose tissue (ABS) is
shown in white, whereas the glandular tissue and skin (ASA) are shown in gray.

Representative images of the four phantoms, acquired with CT, DBT, and mammogra-
phy, are shown in Figures 4-6, respectively.
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(a) (b)
(0 (d)

Figure 4. Selected images from the CT scans (middle slices) of the four phantoms: (a) BP1 (ASA-HIPS,
EP1); (b) BP2 (ASA-ABS, EP1); (c) BP3 (ASA-HIPS, EP2); (d) BP4 (ASA-ABS, EP2). The bright white
object is the fixture used for securing the phantom during the scan procedure.

(b)
(d)

Figure 5. Selected images from the DBT (middle slices) of the four phantoms: (a) BP1 (ASA-HIPS,
EP1); (b) BP2 (ASA-ABS, EP1); (c) BP3 (ASA-HIPS, EP2); (d) BP4 (ASA-ABS, EP2).

https://doi.org/10.3390/technologies14070426


https://doi.org/10.3390/technologies14070426

Technologies 2026, 14, 426 8 of 16

(b)

(c) (d)

Figure 6. Selected images from the mammography of the four phantoms: (a) BP1 (ASA-HIPS, EP1);
(b) BP2 (ASA-ABS, EP1); (c) BP3 (ASA-HIPS, EP2); (d) BP4 (ASA-ABS, EP2).

The calculated values for the Weber contrast, CNR, and SNR for the three imaging
modalities used to image the four phantoms are summarized in Table 3.

Table 3. Calculated values for Weber contrast, CNR, and SNR for phantoms BP1, BP2, BP3, and BP4
for mammography, DBT, and CT. Gray color indicates the highest calculated values.

. . Phantom

Modality Metric BP1 BP2 BP3 BP4
Weber 0.110 0.029 0.031

Contrast
Mammography CNR 7.149 1.862 1.892
SNR | 71916 | 65.154 71.425 63.181
Weber 0.042 0.364 0.057

Contrast
DBT CNR 1.020 8.743 1.552
SNR 32.077 25339 | 82770 | 28.807

Weber

Contrast 0.021 0.116 0.027

T CNR 9.020 1947 2763
SNR 85.357 96.932 107.024
Overall, the comparison of the phantoms fabricated using the EP1 STL export proce-

dure (BP1 and BP2) and the EP2 (custom) STL export procedure (BP3 and BP4) demon-
strated limited effects across all imaging modalities.
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On the other hand, the printer and material combination produced substantial dif-
ferences across the contrast-based imaging metrics. Phantoms printed using the Raise3D
device with the ASA-HIPS materials (BP1 and BP3) consistently demonstrated higher
values than those printed using the Bambu Lab printer with the ASA-ABS materials (BP2
and BP4). Specifically, the Bambu-produced phantoms showed a 73% reduction in Weber
contrast for mammography, an approximately 87% reduction in Weber contrast for DBT,
and an approximately 74% reduction in the mammography CNR. These results indicate
that the printer—material configuration influences the imaging performance. This finding
is in agreement with the work of Belarra et al. [19], who reported that ABS more closely
matches the attenuation properties of CIRS fat material than HIPS under mammographic
imaging conditions.

The results from the mean intensity calculations with multiple ROIs with a size
of 50 x 50 pixels for the mammography and DBT images and ROIs with a size of
11 x 11 pixels for the CT images are shown as histograms in Figures 7, 8 and 9, respec-
tively. The resulting histograms reveal visual similarity between phantoms BP1 and BP3,
which are ASA-HIPS-based and were printed with the Raise3D printer. Likewise, the his-
tograms of the ASA-ABS-based phantoms printed with the Bambu Lab printer—BP2 and
BP4—exhibit visual similarities. There are some noticeable variations between the
histograms of the two phantom pairs, which may suggest an influence of the STL

export procedure.
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Figure 7. Histograms of the mean intensity values from the 50 x 50-pixel ROIs for the four phantoms,
(a) BP1, (b) BP2, (c) BP3, and (d) BP4, imaged at a clinical mammography unit.

https://doi.org/10.3390/technologies14070426


https://doi.org/10.3390/technologies14070426

Technologies 2026, 14, 426

10 of 16

350 1
300
250
o
2200 -
o
3
g
S 150

100 +

50 -

Frequency
= N
w o
o o
| !

600 650 700 750 800 850 900 950 1000
Gray Value

(a)

300
250
200
300 1
[
3
o
g
£

1001

50 q

Frequency
=
w
o o
T .

600 650 700 750 800 850 900 950
Gray Value

()

300 4
2504
100 A

50

725 750 775 800 825
Gray Value

(b)

N

(=]

S
L

500 -
400 A
100 A

800 900
Gray Value

(d)

Figure 8. Histograms of the mean intensity values from the 50 x 50-pixel ROIs for the four phantoms,
(a) BP1, (b) BP2, (c) BP3, and (d) BP4, imaged at a clinical mammography unit in DBT mode.
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Figure 9. Histograms of the mean HUs from the 11 x 11-pixel ROIs for the four phantoms, (a) BP1,
(b) BP2, (c) BP3, and (d) BP4, imaged at a CT facility.
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4. Discussion

This study presents a multimodality evaluation of four 3D-printed breast phantom
sections fabricated from the same patient-derived computer model. Two key production
parameters were varied: the FFF printing platform with its associated tissue substitute
materials and the STL export procedure.

The fabrication approach used two distinct thermoplastic filaments to represent the
two dominant breast tissue types—glandular and adipose—within a single FFF print job,
showing the most accessible strategy available for producing anthropomorphic phantoms
from patient data with consumer-grade equipment. In this study, ASA was assigned to
represent glandular tissue and skin across all four phantoms, while the adipose tissue was
represented by HIPS in BP1 and BP3 and by ABS in BP2 and BP4. Two capable FFF platforms
with dual-material printing capabilities were used, the Raise3D Pro3 Plus with the Hyper
Speed upgrade and the Bambu Lab P1S. This dual-material FFF approach to breast phantom
fabrication builds on previous work demonstrating the feasibility of filament-based 3D
printing for multi-tissue (material) phantom production. Varallo et al. [9] fabricated fused
deposition modeling (FDM)-based compressed breast phantoms derived from patient-
based breast CT scans using ABS as a substitute for adipose tissue, together with PLA or
PET for glandular tissue. Their study demonstrated that dual-material FDM/FFF phantoms
imaged with clinical mammography and DBT systems produced anatomically realistic
textures and showed promise for quality assurance and dosimetry applications. The current
study extends this approach by evaluating two different tissue substitute combinations:
HIPS-ASA and HIPS-ABS. The study of He et al. [20] emphasized the importance of tissue-
equivalent material selection for achieving consistent multimodal phantom performance,
which was examined in the current study as well by utilizing the three imaging modalities.

The increased attention to and popularity of 3D printing for radiological phantoms
naturally increases the attention paid to the various FFF filament materials and their ra-
diological tissue equivalence. Several systematic studies have examined commercial FFF
filaments [12,21,22]. In [10], ASA was specifically identified as a candidate substitute for
glandular breast tissue, while ABS-based materials, together with HIPS, were outlined
as candidates for adipose tissue substitutes based on their CT numbers across a range
of tube voltages. Both ABS and HIPS were also evaluated by Belarra et al. [19] as poten-
tial substitutes for adipose tissue. The current study examines these two materials and
their combination with ASA for the production of inter-tissue contrast across imaging
modalities—an investigation not previously performed in this context.

The ASA-HIPS combination (BP1 and BP3) produced better visual and quantitative
contrast between the glandular and adipose tissue components than the ASA-ABS combina-
tion (BP2 and BP4). In the CT evaluation, all four phantoms exhibited median HU values in
the negative range, consistent with low-density soft tissue. However, BP2 and BP4 showed
less negative and more tightly distributed HU values compared to BP1 and BP3, indicating
closer attenuation properties for the ASA and ABS materials, and consequently reduced
tissue contrast. In contrast, HIPS exhibits lower X-ray attenuation than ABS, resulting in
a greater attenuation difference relative to ASA and, therefore, improved discrimination
between the simulated tissue types. The same trend was observed in mammography and
DBT, where BP2 and BP4 produced higher overall gray values but lower tissue contrast
than BP1 and BP3.

In the review of anthropomorphic breast phantom development by Glick et al. [23],
the authors emphasize the need for the realistic rendering of tissue contrast. The higher
contrast obtained with the ASA-HIPS combination is therefore primarily due to the lower
attenuation of HIPS compared with ABS. These observations highlight the importance of
selecting phantom materials not only based on their individual attenuation properties but
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also based on their relative attenuation separation across different X-ray energy ranges.
For CT applications, both material combinations produced mean HU values that correctly
reflected the HUs in real patients” CT images. For the mammographic energy range,
reference data have been reported by Delogu et al. [24]; however, their study was based on
analytical simulations using a simplified cylindrical breast phantom. Therefore, these data
are not directly comparable with the present anthropomorphic, patient-derived phantoms
imaged on a clinical system.

Furthermore, Homolka et al. [25] noted the challenge with commercially available 3D
printing materials, which are optimized for mechanical performance and not for radiologi-
cal tissue equivalence, and the lack of availability of such materials remains a constraint
in phantom production. Therefore, phantom design efforts should include multi-material
contrast characterization and combinational suitability as well, rather than evaluating
candidate materials in isolation.

However, in the multi-material FFF printing of complex anatomical objects such as
breast phantoms, the digital model must be decomposed into separate STL files for each
tissue type, which are then combined in the slicing software and assigned to different
extruders/materials. The algorithm used to generate the STL mesh from the volumetric
image data determines the geometric accuracy and specifically the quality of the shared
boundary between adjacent tissue volumes.

A common approach used in STL export tools is to generate the mesh using isosurface
algorithms such as Marching Cubes, which approximate curved and irregular surfaces
as tessellations of triangular faces [26]. The isosurface representation of each tissue is
computed independently, and the resulting meshes do not perfectly interlock at the shared
interface. As demonstrated in the current study, as well as in other investigations [16,27],
this can lead to the formation of unwanted cavities and gaps in the combined multi-material
object. This type of artifact is visible in the image of BP2 (Figure 3b), where the adipose
(white ABS) and glandular structures (gray ASA) on the surface layer meet. In contrast,
the firm, gap-free interfaces achieved with the in-house STL export procedure can be
seen in BP3 (Figure 3a). The procedure addresses this problem by generating a prismatic
representation of the tissue boundaries while preserving the original voxel geometry [16].
Rather than fitting smooth triangulated surfaces to the segmented volumes, the script
preserves the shapes of the individual voxels at the interface, creating a stepped but
geometrically exact boundary that fully closes the gap between adjacent volumes. This
results in a continuous interface with no cavities and indentations. However, previous
investigations [16,27] showed that the indentations from the standard export procedure are
mainly confined and prominent in the top and bottom layers, which explains why the bulk
radiological metrics, such as the HU values and gray value distributions measured within
the ROIs, do not show a strong systematic difference between STL procedures.

Nevertheless, for applications where the phantom surface or the structural integrity
of the printed object matters, or any application where the phantom is physically sec-
tioned, the in-house-developed STL export procedure will produce substantially superior
results. Kamio et al. [28] demonstrated that different STL export software packages produce
measurably different model geometries from the same DICOM input data, with shape
differences correlated with algorithmic choices in segmentation and mesh generation. They
concluded that the quality of the 3D-printed model is directly related to the quality of the
STL data.

Furthermore, Fogarasi et al. [29] categorized the geometric variability in image-to-
model transformation into segmentation and editing errors and noted that smoothing and
mesh refinement can reduce staircase artifacts but may also inadvertently alter anatomical
geometries. The in-house STL export procedure (EP2) accepts the staircase appearance
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of voxel boundaries as a geometric trade-off in exchange for eliminating the interface
gap problem. Future work could explore hybrid approaches that combine the benefits of
both approaches. Juergensen et al. [30] further demonstrated that STL files can contain
artifacts, mesh gaps, and vector misalignment and that digital editing is crucial for printing
quality. The presented in-house procedure (EP2) addresses this issue through an automated
solution that avoids manual mesh adjustments.

Some notable limitations of the present study should be acknowledged. The printer
and material variables were confounded by design. The Raise3D Pro3 Plus was used with
ASA-HIPS and the Bambu Lab P1S with ASA-ABS, meaning that the observed differences
between the phantom groups cannot be attributed exclusively to the material or printer
selection. The two platforms differ in their dual-material handling architectures. The
Raise3D Pro3 Plus utilizes two printing heads, each dedicated to a specific printing material,
while the Bambu Lab P1S uses a single printing head with Automatic Material System
(AMS) material switching. Although both are high-end commercial FFF printers, differences
in kinematics, thermal management, and motion system design remain important for part
quality, even among such 3D printers [31]. However, such platform differences are expected
to be secondary to the effects of material selection on radiological fidelity, since the observed
contrast differences are more plausibly explained by the substantially different attenuation
properties of HIPS and ABS than by mechanical differences between the two printers. A
fully crossed printer-material design was beyond the scope of the present study; however,
in a future study, such an approach would allow the contributions of the printer hardware
and material selection to be formally separated.

Further limitations concern the tissue substitute materials” attenuation properties.
Material selection in the present study relied on characterization across CT tube voltages.
A material’s relative attenuation to tissue is energy-dependent, and equivalence at CT
energies does not guarantee equivalent behavior under the lower-energy spectra used
in mammography. The reported values for the Weber contrast, CNR, and SNR reflect
the empirical performance of the phantoms on the imaging systems used, not indepen-
dent spectral verification. The dedicated characterization of the specific materials and
combinations using the mammography system is planned as the next stage of this work.

5. Conclusions

This study presented a multimodal evaluation of four patient-derived multi-material
breast phantoms fabricated using different material combinations and STL export proce-
dures. The results demonstrated that the STL generation methodology did not have a
large influence on the imaging characteristics of the fabricated phantoms. The ASA-HIPS
combination demonstrated higher inter-material contrast and attenuation separation across
CT, mammography, and DBT compared with ASA-ABS, while all phantoms remained
successfully imageable across the evaluated modalities. The presented results suggest that
the ASA-HIPS material combination, implemented on the Raise3D printer, may represent
a promising candidate for future multimodal breast phantom development. However,
dedicated verification of its attenuation and energy-dependent properties under clinical
mammography spectra is required. A comparison with measurements obtained using a
mammography unit is planned and will be carefully evaluated in future work.
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Abbreviations

The following abbreviations are used in this manuscript:

ABS Acrylonitrile butadiene styrene

ASA Acrylonitrile styrene acrylate

AMS Automatic Material System

BP Breast phantom

CNR Contrast-to-noise ratio

CT Computed tomography

DICOM  Digital Imaging and Communications in Medicine
DBT Digital breast tomosynthesis

EP Export procedure

FDM Fused deposition modeling

FFF Fused filament fabrication

HIPS High-impact polystyrene

HU Hounsfield unit

ROI Region of interest

SD Standard deviation

STL Stereolithography or Standard Tessellation Language
SNR Signal-to-noise ratio

References

1.

Carton, A.K,; Bakic, P.; Ullberg, C.; Derand, H.; Maidment, A.D.A. Development of a physical 3D anthropomorphic breast
phantom. Med. Phys. 2011, 38, 891-896. [CrossRef] [PubMed]

Dukov, N.; Valkova, V.M.; Yordanova, M.; Tsapaki, V.; Bliznakova, K. Design and Use of a Custom Phantom for Regular Tests of
Radiography Apparatus: A Feasibility Study. J. Imaging 2024, 10, 258. [CrossRef] [PubMed]

Vasilev, Y.A.; Omelyanskaya, O.V.; Nasibullina, A.A.; Leonov, D.V.; Bulgakova, J.V.; Akhmedzyanova, D.A.; Shumskaya, Y.E;
Reshetnikov, R.V. Anthropomorphic breast phantoms for radiology imaging: A review. Digit. Diagn. 2023, 4, 569-592. [CrossRef]
Okkalidis, N.; Giakoumettis, G.; Bliznakova, K.; Dukov, N.; Bliznakov, Z.; Plataniotis, G.; Bamidis, P.; Papanastasiou, E. An
Enhanced Voxel-by-Voxel Filament Extrusion-Based Method for Realistic Radiological Phantoms: A Breast Phantom Case.
Polymers 2026, 18, 395. [CrossRef] [PubMed]

https://doi.org/10.3390/technologies14070426


https://doi.org/10.1118/1.3533896
https://www.ncbi.nlm.nih.gov/pubmed/21452726
https://doi.org/10.3390/jimaging10100258
https://www.ncbi.nlm.nih.gov/pubmed/39452421
https://doi.org/10.17816/dd623341
https://doi.org/10.3390/polym18030395
https://www.ncbi.nlm.nih.gov/pubmed/41682103
https://doi.org/10.3390/technologies14070426

Technologies 2026, 14, 426 15 of 16

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Okkalidis, N. A novel 3D printing method for accurate anatomy replication in patient-specific phantoms. Med. Phys. 2018, 45,
4600-4606. [CrossRef] [PubMed]

Wang, Z.; Millet, D.; Zhang, Y. Using 2D CT images to directly design and print 3D parametric porous medical models. CIRP Ann.
2023, 72, 117-120. [CrossRef]

Bliznakova, K.; Dukov, N.; Bliznakov, Z.; Petkova, V.; Nastev, V.; Eleftheriadis, V.; Papadimitroulas, P.; Okkalidis, N.; Ivanova,
E.; Teneva, T,; et al. Assessment of physical phantoms produced in the PHENOMENO project utilizing three fused filament
fabrication approaches. Phys. Med. 2025, 136, 105061. [CrossRef] [PubMed]

Mei, K.; Geagan, M.; Roshkovan, L.; Litt, H.I,; Gang, G.J.; Shapira, N.; Stayman, ].W.; Noél, P.B. Three-dimensional printing of
patient-specific lung phantoms for CT imaging: Emulating lung tissue with accurate attenuation profiles and textures. Med. Phys.
2022, 49, 825-835. [PubMed]

Varallo, A.; Sarno, A.; Castriconi, R.; Mazzilli, A.; Loria, A.; del Vecchio, A.; Orientale, A.; Pilotti, .A.M.; D’ Andria, P,; Bliznakova,
K.; et al. Fabrication of 3D printed patient-derived anthropomorphic breast phantoms for mammography and digital breast
tomosynthesis: Imaging assessment with clinical X-ray spectra. Phys. Medica-Eur. |. Med. Phys. 2022, 98, 88-97. [CrossRef]

di Franco, F; Mettivier, G.; Sarno, A.; Varallo, A.; Russo, P. Manufacturing of physical breast phantoms with 3D printing
technology for X-ray breast imaging. In Proceedings of the 2019 IEEE Nuclear Science Symposium and Medical Imaging Conference
(NSS/MIC); IEEE: Piscataway, NJ, USA, 2019; pp. 1-5.

Ahmed, A.M.M.; Buschmann, M.; Breyer, L.; Kuntner, C.; Homolka, P. Tailoring the Mass Density of 3D Printing Materials for
Accurate X-ray Imaging Simulation by Controlled Underfilling for Radiographic Phantoms. Polymers 2024, 16, 1116. [CrossRef]
[PubMed]

Okkalidis, F.; Chatzigeorgiou, C.; Okkalidis, N.; Dukov, N.; Milev, M.; Bliznakov, Z.; Mettivier, G.; Russo, P; Bliznakova,
K. Characterization of Commercial and Custom-Made Printing Filament Materials for Computed Tomography Imaging of
Radiological Phantoms. Technologies 2024, 12, 139. [CrossRef]

Ivanov, D.; Bliznakova, K.; Buliev, I.; Popov, P.; Mettivier, G.; Russo, P.; Di Lillo, F; Sarno, A.; Vignero, J.; Bosmans, H.; et al.
Suitability of low density materials for 3D printing of physical breast phantoms. Phys. Med. Biol. 2018, 63, 175020. [CrossRef]
[PubMed]

Ma, X.J.; Figl, M.; Unger, E.; Buschmann, M.; Homolka, P. X-ray attenuation of bone, soft and adipose tissue in CT from 70 to 140
kV and comparison with 3D printable additive manufacturing materials. Sci. Rep. 2022, 12, 14580. [CrossRef] [PubMed]
Mettivier, G.; Sarno, A.; Varallo, A.; Russo, P. Attenuation coefficient in the energy range 14-36 keV of 3D printing materials for
physical breast phantoms. Phys. Med. Biol. 2022, 67, 175012. [CrossRef]

Buliev, I.; Dukov, N.; Bliznakov, Z.; Bliznakova, K. Improved STL Export for 3D Printing of Physical Phantoms. In Proceedings
of the International Conference on e-Health and Bioengineering (EHB 2025); Advances in Digital Health and Medical Bioengineering II;
IFMBE Proceedings; Springer: Cham, Switzerland, 2026; Volume 144.

Holcombe, S. Stlwrite—Write ASCII or Binary STL Files; MATLAB Central File Exchange; MathWorks: Natick, MA, USA, 2018.
Marinov, S.; Buliev, I.; Cockmartin, L.; Bosmans, H.; Bliznakov, Z.; Mettivier, G.; Russo, P.; Bliznakova, K. Radiomics software for
breast imaging optimization and simulation studies. Phys. Medica 2021, 89, 114-128. [CrossRef]

Belarra, A.; Chevalier, M.; Garayoa, J.; Herndndez-Girén, I.; Valverde, J. Measuring effective attenuation coefficients of 3D printing
materials for anthropomorphic breast phantoms. In Proceedings of the 17th International Workshop on Breast Imaging (IWBI 2024);
SPIE: Bellingham, WA, USA, 2024; Volume 13174.

He, Y.Y,; Liu, Y.L.; Dyer, B.A.; Boone, ].M,; Liu, S.S.; Chen, T.; Zheng, FL.; Zhu, Y.; Sun, Y.; Rong, Y.; et al. 3D-printed breast
phantom for multi-purpose and multi-modality imaging. Quant. Imag. Med. Surg. 2019, 9, 63-74. [CrossRef]

Ma, X.J.; Buschmann, M.; Unger, E.; Homolka, P. Classification of X-Ray Attenuation Properties of Additive Manufacturing and
3D Printing Materials Using Computed Tomography From 70 to 140 kVp. Front. Bioeng. Biotech. 2021, 9, 763960. [CrossRef]
Hofmann, T.; Buschmann, M.; Homolka, P. X-Ray Attenuation Properties of Additive Manufacturing and 3D Printing Materials
for Mimicking Tissues in Radiographic Phantoms Measured by CT from 70 to 140 kV: 2025 Update. Biomimetics 2026, 11, 202.
[CrossRef] [PubMed]

Glick, S.J.; Ikejimba, L.C. Advances in digital and physical anthropomorphic breast phantoms for x-ray imaging. Med. Phys. 2018,
45, E870-E885. [CrossRef] [PubMed]

Delogu, P.; Di Trapani, V.; Brombal, L.; Mettivier, G.; Taibi, A.; Oliva, P. Optimization of the energy for Breast monochromatic
absorption X-ray Computed Tomography. Sci. Rep. 2019, 9, 13135. [CrossRef] [PubMed]

Homolka, P; Breyer, L.; Semturs, F. 3D Printing Materials Mimicking Human Tissues after Uptake of Iodinated Contrast Agents
for Anthropomorphic Radiology Phantoms. Biomimetics 2024, 9, 606. [CrossRef] [PubMed]

Lorensen, W.E.; Cline, H.E. Marching cubes: A high resolution 3D surface construction algorithm. In Proceedings of the 14th Annual
Conference on Computer Graphics and Interactive Techniques; Association for Computing Machinery (ACM): New York, NY, USA,
1987; pp. 163-169.

https://doi.org/10.3390/technologies14070426


https://doi.org/10.1002/mp.13154
https://www.ncbi.nlm.nih.gov/pubmed/30144100
https://doi.org/10.1016/j.cirp.2023.04.029
https://doi.org/10.1016/j.ejmp.2025.105061
https://www.ncbi.nlm.nih.gov/pubmed/40714685
https://www.ncbi.nlm.nih.gov/pubmed/34910309
https://doi.org/10.1016/j.ejmp.2022.04.006
https://doi.org/10.3390/polym16081116
https://www.ncbi.nlm.nih.gov/pubmed/38675035
https://doi.org/10.3390/technologies12080139
https://doi.org/10.1088/1361-6560/aad315
https://www.ncbi.nlm.nih.gov/pubmed/29999497
https://doi.org/10.1038/s41598-022-18741-4
https://www.ncbi.nlm.nih.gov/pubmed/36028638
https://doi.org/10.1088/1361-6560/ac8966
https://doi.org/10.1016/j.ejmp.2021.07.014
https://doi.org/10.21037/qims.2019.01.05
https://doi.org/10.3389/fbioe.2021.763960
https://doi.org/10.3390/biomimetics11030202
https://www.ncbi.nlm.nih.gov/pubmed/41892125
https://doi.org/10.1002/mp.13110
https://www.ncbi.nlm.nih.gov/pubmed/30058117
https://doi.org/10.1038/s41598-019-49351-2
https://www.ncbi.nlm.nih.gov/pubmed/31511550
https://doi.org/10.3390/biomimetics9100606
https://www.ncbi.nlm.nih.gov/pubmed/39451811
https://doi.org/10.3390/technologies14070426

Technologies 2026, 14, 426 16 of 16

27.

28.

29.

30.

31.

Dukov, N.; Buliev, I; Bliznakova, K.; Nastev, V.; Bliznakov, Z. Validation of a New Segmentation-to-STL Conversion Method
for High-Fidelity Breast Models: Preliminary Subjective Results. In Proceedings of the International Conference on e-Health and
Bioengineering (EHB 2025); Advances in Digital Health and Medical Bioengineering II; IFMBE Proceedings; Springer: Cham, Switzerland,
2026; Volume 142.

Kamio, T.; Suzuki, M.; Asaumi, R.; Kawai, T. DICOM segmentation and STL creation for 3D printing: A process and software
package comparison for osseous anatomy. 3D Print. Med. 2020, 6, 17. [CrossRef] [PubMed]

Fogarasi, M.; Coburn, ].C.; Ripley, B. Algorithms used in medical image segmentation for 3D printing and how to understand
and quantify their performance. 3D Print. Med. 2022, 8, 18. [CrossRef] [PubMed]

Juergensen, L.; Rischen, R.; Hasselmann, J.; Toennemann, M.; Pollmanns, A.; Gosheger, G.; Schulze, M. Insights into geometric
deviations of medical 3d-printing: A phantom study utilizing error propagation analysis. 3D Print. Med. 2024, 10, 38. [CrossRef]
[PubMed]

Equbal, A.; Murmu, R.; Kumar, V.; Equbal, M.A. A recent review on advancements in dimensional accuracy in fused deposition
modeling (FDM) 3D printing. Aims Mater. Sci. 2024, 11, 950-990. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/technologies14070426


https://doi.org/10.1186/s41205-020-00069-2
https://www.ncbi.nlm.nih.gov/pubmed/32737703
https://doi.org/10.1186/s41205-022-00145-9
https://www.ncbi.nlm.nih.gov/pubmed/35748984
https://doi.org/10.1186/s41205-024-00242-x
https://www.ncbi.nlm.nih.gov/pubmed/39576468
https://doi.org/10.3934/matersci.2024046
https://doi.org/10.3390/technologies14070426

	Introduction 
	Materials and Methods 
	Patient Data 
	Phantoms 
	Imaging Techniques 
	Evaluation 

	Results 
	Discussion 
	Conclusions 
	References

