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Abstract

Recently, 3D printing has been widely used to fabricate medical imaging phantoms. So far, various rigid 3D printable
materials have been investigated for their radiological properties and efficiency in imaging phantom fabrication. How-
ever, flexible, soft tissue materials are also needed for imaging phantoms for simulating several clinical scenarios where
anatomical deformations is important. Recently, various additive manufacturing technologies have been used to produce
anatomical models based on extrusion techniques that allow the fabrication of soft tissue materials. To date, there is no
systematic study in the literature investigating the radiological properties of silicone rubber materials/fluids for imaging
phantoms fabricated directly by extrusion using 3D printing techniques. The aim of this study was to investigate the radi-
ological properties of 3D printed phantoms made of silicone in CT imaging. To achieve this goal, the radiodensity as
described as Hounsfield Units (HUs) of several samples composed of three different silicone printing materials were eval-
uated by changing the infill density to adjust their radiological properties. A comparison of HU values with a Gammex
Tissue Characterization Phantom was performed. In addition, a reproducibility analysis was performed by creating sev-
eral replicas for specific infill densities. A scaled down anatomical model derived from an abdominal CT was also fab-
ricated and the resulting HU values were evaluated. For the three different silicone materials, a spectrum ranging from
�639 to +780 HU was obtained on CT at a scan setting of 120 kVp. In addition, using different infill densities, the printed
materials were able to achieve a similar radiodensity range as obtained in different tissue-equivalent inserts in the Gam-
mex phantom (238 HU to �673 HU). The reproducibility results showed good agreement between the HU values of the
replicas compared to the original samples, confirming the reproducibility of the printed materials. A good agreement was
observed between the HU target values in abdominal CT and the HU values of the 3D-printed anatomical phantom in all
tissues.
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1 Introduction

Additive manufacturing (AM), also known as three-
dimensional (3D)-printing, is increasingly used to fabricate
complex structures from physical models generated from
three-dimensional (3D) computer-aided design (CAD) data
[1]. Recently, 3D-printing has also become popular for the
development of medical imaging phantoms [2-4]. The mate-
rial used in such imaging phantoms should ideally mimic
physical and imaging characteristics as close as possible to
human tissue [5,6]. The radiological properties of any tissue
equivalent material can be characterized by Hounsfield Unit
(HU) which represents linear attenuation coefficient of X-
rays in CT [7]. Solid materials such as Polymethyl methacry-
late (PMMA) and resins [8-10] have been proposed to mimic
soft tissues HUs for a breathing thorax and pelvis CT phan-
toms. In addition, several rigid 3D printable materials have
been examined regarding to their radiological properties,
e.g. Acrylonitrile butadiene styrene (ABS), Polylactic acid
(PLA), Polyamid 12 (Nylon12 or PA12), Acrylonitrile styr-
ene acrylate (ASA Pro), Polyethylenterephthalat (PETG),
Vero PureWhite and VeroClear [3,11-13] and different infill
density (ratio of printing material and air) were used to
adjust different CT contrasts [10-12]. for these However,
flexible soft tissue materials are needed for imaging phan-
toms used for different scenarios where anatomical deforma-
tions should be simulated, for example motion-adaptive
radiotherapy treatments [14,15], phantoms with respiratory
motion for needle based liver interventions [16] and phan-
toms for different needle-based surgery training [17-19].

Several studies have proposed deformable imaging phan-
toms. Various types of non-printable flexible materials were
investigated with the goal of soft-tissue phantom construc-
tions, e.g. gelatin, silicone and urethane materials. Gelatin
materials have shown similar radiological properties to soft
tissue [20,21]. However, the drawback of such gelatin-
based phantoms is that the radiological properties usually
change over time, as they are losing water. Synthetic poly-
mers, for example polyvinyl chloride (PVC) and silicone
have generally more stable properties and also a longer shelf
life because they do not have water within the structure [22].
It was also shown that PVC with different softener ratios can
result in different HU, allowing the replication of many
organ densities [21,23,24]. Furthermore, silicone and
urethane materials have been used to study soft tissues, with
different types and mixtures providing the ability to adjust
concentrations to mimic the relevant HU [2,14,21,25].
1 www.orbi-tech.de/shop/3D-Filamente/Poro-Lay:::72_125.html
2 www.matterhackers.com/store/3d-printer-filament/poro-lay-lay-fomm-filame
3 https://colorfabb.com/varioshore-tpu-natural
4 www.cop-chimie.com/en/product-category/3d-printing/
5 www.elkem.com/markets/advanced-manufacturing-industrial/molding-printi
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Although the aforementioned flexible materials [2,20-25]
showed similar radiological properties to soft tissues and
organs, they are mainly used to fill phantoms developed
using molding techniques, so direct 3D printing of deform-
able phantoms was not possible.

In medical imaging, 3D printing technology is now being
explored for directly creating phantoms from flexible, 3D-
printable tissue-like materials. While 3D-printing with ther-
moplastic filaments – also called fused deposition modeling
(FDM) – is a widely accessible technology, it is limited in
printing soft rubbers [3]. However, printing with soft rubbers
– like silicones – is beneficial in anatomic models where
mechanical realism is important. Such rubber models can
be directly printed by extruding liquid rubber with a suitable
extruder. In a previous study, 3D-printable rubber-
elastomeric polymer called PORO-LAY filaments were used
to develop tissue mimicking materials for MRI phantoms
[26]. In this case, an FDM printer with dual extruders was
used for printing. In another study [27] radiological charac-
teristics of PORO-LAY filament materials were investigated
by measuring their HU values at different infill structures,
infill densities and introduction of several kinds of fluids into
the infill structures. Such objects printed with porous fila-
ments (like PORO-LAY) first need to be soaked in water
for multiple days to achieve their final properties.1,2 In com-
parison, 3D-printable silicone rubbers cure upon deposition
and reach their final mechanical properties in some time after
curing, without needing further post-processing. Moreover,
one cannot achieve a hardness lower than approx. Shore A
40 with porous filaments.1,2 One further option to produce
soft 3D-printed objects with an extrusion-based process is
the use of various filaments loaded with thermoplastic poly-
urethane (TPU). These materials do not require post-
processing after printing, but they are even more limited in
hardness, with non-foaming versions having a Shore A hard-
ness above approx. 90, and foaming versions staying above
approx. Shore A 60.3 In contrast, silicone rubbers can be sig-
nificantly softer, with some 3D-printable silicones going as
low as Shore A 5 in hardness.4,5

Different silicone additive manufacturing technologies
have been used to fabricate anatomical models based on
extrusion processes [28-32]. These include the fabrication
of tissue-like aortic heart valves by combining spray and
extrusion processes [29], the fabrication of standard molded
silicone coupons as well as silicone meniscus implants using
a custom 3D silicone printer and two-part Ecoflex silicone
resins [30,31] and the printing of various objects and
nt-175mm3 https://colorfabb.com/varioshore-tpu-natural

ng/3d-printing-additive-manufacturing/
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anatomical models using a multi-material 3D extrusion prin-
ter capable of printing 1k silicone and an additional viscous
fluid, combined with a standard filament print head [33,34].
However, in the above studies [28-34], radiological proper-
ties of the 3D printed silicone materials were not
investigated.

The use of 3D-printed silicone materials in imaging phan-
toms can be very beneficial for scenarios where flexibility
and softness of materials is important [14-18,27,29-32]. In
addition, the influence of different infill densities (ratio of
material to air) on the resulting radiodensity in CT imaging
using different filament materials has been extensively stud-
ied [12,27,35], but no such study has been reported for print-
able silicon materials. Therefore, the aim of this study was to
evaluate the radiological properties of extrusion silicone 3D
printed phantoms in CT imaging. The HU values of three
different 3D printed silicone materials as well as their tun-
ability to mimic different soft tissues by varying the printed
infill density were analyzed. In addition, the reproducibility
of the method was checked and a comparison with the Gam-
mex Tissue Characterization Phantom was performed. Fur-
thermore, a first anatomical phantom is presented,
mimicking realistic radiodensity of a human abdominal CT
slice.

2 Materials and methods

2.1 Silicone 3D printing

In the current study, a custom-built silicone 3D-printer
(Railcore Labs LIC.), based on a commercially available
Railcore II 300 ZL filament printer was used (Fig. 1). The
moving carriage of this base printer was extended with a
Viscotec Vipro-HEAD 3/3 (Viscotec GmbH, Töging am
Inn, DE) fluid printhead, which consists of two indepen-
dently controllable extruders. This way, the printhead can
Figure 1. (Left image) the multi-material printer used in this study.
shown.
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deposit either two high-viscosity fluids independently, or
alternatively a two-component material. Further details
about this 3D-printer are found in [33,34]. In this study,
three single-component (1k) condensation-crosslinking liq-
uid silicone rubbers (supplied by Elkem Silicones SAS,
Lyon, France) were used with 0.41 mm nozzles on the fluid
extruders. The individual print runs were planned in the
open-source slicing software PrusaSlicer v2.3.0. The silicone
printhead was calibrated according to calibration method
described in [34].

2.2 3D printed samples

To explore the connection between infill structure density
and radiological properties, several rectangular blocks
(called samples in this study) of 14 � 14 � 20 mm were
printed from the three silicone rubber materials, namely
Elkem AMSil 20101 (Material 1), 20102 (Material 2) and
20103 (Material 3). The various infill structure densities cov-
ered a range of 30% to 100% material volume fraction, with
10% increments between 30% and 60%, 5% increments
between 65% and 75%, and 3% increments between 79
and 100% yielding 15 levels in total. The corresponding
samples are called S1-S15 accordingly, with S1 belonging
to 100% infill and S15 to 30% infill (Fig. 2). The 100% infill
test phantom was printed with a rectilinear infill structure,
while all the other samples were printed with a gyroid infill
structure generated in PrusaSlicer software (Fig. 2). The
samples were printed in batches of approximately 7–10 sam-
ples in a single print run. The levels of 40%, 70% and 91%
were printed 6 times of each material to evaluate repro-
ducibility, while all other levels were printed once of each
material. All samples were printed with a 20 mm/s printing
speed, two solid closing layers on top and bottom, two con-
tour lines on the sides (solid shell), in ambient conditions of
20–30 �C and 65–85% relative humidity. The samples were
(Right image) both independently controllable fluid extruders are
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Figure 2. The gyroid infill structures generated in PrusaSlicer software for different infills including S1-S15 corresponding to 100% to 30%
material volume fraction, with 10% increments between 30% and 60%, 5% increments between 65% and 75%, and 3% increments between
79 and 100%.
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removed from the building platform 24 hours after printing
to allow sufficient crosslinking. PrusaSlicer estimates the
weight of an object to be printed based on the given material
mass density, and the material volume needed to print all the
required trajectories to form the desired object. Assessing the
accuracy of this estimation was not in the scope of this
study.
2.3 HU analysis

All the samples as well as the anatomical phantom were
scanned with the standard clinical CT protocol (SOMATOM
Definition AS, Siemens Healthineers, Erlangen Germany,
tube current time product 70 mAs for samples and
150 mAs for anatomical phantom, tube voltage 120 kVp,
slice thickness 0.60 mm, pixel spacing 0.77 mm, reconstruc-
tion kernel J30s) and the resulted radiodensities were com-
puted. Additional scans at 100 kVp and 80 kVp were also
performed from all phantoms in order to report the resulting
HU at different energy spectra. In case of the anatomical
phantom the obtained HU values were compared with those
of the original human CT data. Analyze 12.0 toolkit (Ana-
lyzeDirect, Over-land Park, United States) was used in order
to measure the HU value from the samples CT scans using
similar approach as in previous studies [11,12,35,38-40].
Different line profiles inside some regions of interests within
the phantom images were selected and the HU values were
computed by calculating the average and the standard devi-
ation over all points for the selections related to those line
profiles. In addition, for each test phantom. Signal-to-
noise-ratio (SNR) was also calculated by dividing the
achieved average of HU values to the standard deviation
of HU values, the absolute values were reported.
2.4 Comparison with standard Gammex tissue
equivalent phantom

The resulting HU values from the developed samples
were compared with a standard phantom, the Gammex
Tissue Characterization Phantom (Gammex Model 467,
Please cite this article as: S. Hatamikia, L. Jaksa, G. Kronreif et al., Silicone phantoms fabricated
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Middleton, USA). A CT scan from the standard Gammex
phantom was obtained with the same CT parameters (only
at 120 kVp) as for 3D printed samples (Section 2.3). The
average and standard deviation (SD) of the resulting HU
related to the Gammex tissue equivalent inserted cylinders
including bone mineral, inner bone, liver, brain, solid water,
breast, adipose and lung were calculated using Analyze 12.0
toolkit with the same method as in Section 2.3. The relation
between different tissue equivalent inserted cylinders and the
printed samples with different ratios was also investigated.

2.5 Mass density measurement

The nominal density for Material 1, Material 2 and Mate-
rial 3 according to their technical data sheets are 1.01 g/cm3,
1.30 g/cm3 and 1.04 g/cm3, respectively. We calculated the
mass density of the printed samples based on measured
weight and estimated volume from PrusaSlicer. The samples
were weighed on a KERN EMB 200-3 laboratory scale
(Kern&Sohn GmbH, Balingen, Germany). The measured
weight was compared to the nominal weight estimations of
PrusaSlicer to ensure that all printed specimens fall within
a relative weight error range of ±5%. The estimated weight
of the internal structure was calculated as the total measured
weight of a given phantom minus the estimated weight of
just the (empty) solid shell based on PrusaSlicer, which
was different for all three materials due to the different mate-
rial densities. The estimated volume of the internal structure
was calculated as the nominal total volume of the phantom
shape (approx. 3.903 cm3 for all samples) based on PrusaSli-
cer, minus the estimated volume of just the (empty) solid
shell based on PrusaSlicer (approx. 0.638 cm3 for all phan-
toms of all materials). These were used to calculate the mass
density of the internal structure of the phantoms, because the
HU results are only based on this internal gyroid structure,
not the solid shell of a given phantom. The mass density
of the internal structures (excluding the solid shell) of all
3D-printed samples was then calculated by dividing the esti-
mated weight (in g) of the internal structure by the estimated
volume of the internal structure.
with multi-material extrusion 3D printing technology mimicking imaging properties of soft
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2.6 Reproducibility of the silicone samples

A reproducibility analysis was also performed to ensure
the reproducibility of the radiation density of the proposed
phantoms. For this aim, different infill density levels (repli-
cas) of each material were printed (Section 2.2) to evaluate
reproducibility. The replicas were scanned using the same
CT parameters as for the 3D printed samples (Section 2.3)
and also HU values (in terms of average and standard devi-
ation) were calculated with the same HU analysis as
described in Section 2.3.

2.7 Anatomical phantom

As a first use case of the HU/infill density mapping
acquired through examining the samples, a radiological
phantom representing a simplified scaled down anatomical
model derived from an abdominal CT [11] was printed using
the Material 1 (translucent) and 20102 (white) silicones. The
CT data were anonymized (the available information
includes slice thickness 3 mm, pixel spacing 0.7 mm, expo-
sure time = 6644 ms). It was processed in order to obtain 3D
data using 3D Slicer software 4.11.2 (Boston, MA, USA).
Major anatomic structures were roughly segmented using
the region-growing algorithm, distinguishing the bone, kid-
ney and vessels, liver and spleen, muscle, connective tissue
as well as the air in lungs and abdomen (Fig. 3). The approx-
imate HU values within these structures were 759, 175, 96,
32, �65, and �794, respectively. One slice of the torso was
selected from this dataset and within this slice, segmentation
was manually refined. The segments were smoothened and
exported in STL format.

The exported segments were post-processed in Autodesk
Meshmixer v3.5 (Autodesk Inc., San Francisco, CA) to cor-
rect smaller meshing errors. Afterwards, they were reassem-
bled in PrusaSlicer (Fig. 3). According to the approximate
HU values determined for each tissue, the corresponding
air/material ratios were introduced as a gyroid infill volume
fraction to each segment, based on the prior radiodensity
analysis of the samples (described in 2.2). The resulting radi-
ological phantom slice was printed with a 45% layer-plane
scaling and a 7.5 mm thickness. Both halves of the fluid
printhead were used, one loaded with Material 2 to print
the bone segments and the other with Material 1 to print
all other segments with their corresponding gyroid infill den-
sities. The first and last (or bottom and top) layer of the
phantom had a 100% rectilinear infill for all the segments.
The phantom also had a single solid contour line surround-
ing its edge across all layers. These measures were taken to
make the phantom more robust overall, and to reduce the
risk of damage during detachment from the building plat-
form and transport. However, the individual segments inside
the phantom were not separated by any solid contour, to
Please cite this article as: S. Hatamikia, L. Jaksa, G. Kronreif et al., Silicone phantoms fabricate
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improve realism in CT. The resulted anatomical phantom
underwent CT scan (similar imaging parameters as in Sec-
tion 2.3 only for 120 kVp) and the average and standard
deviation over different segmentation was also computed
using similar approach as introduced in Section 2.3 (one
example of employed line profiles (Section 2.3) within each
segmentation area is shown in Fig. 3B). HU values the
obtained HU values were compared with those of the origi-
nal human CT data.
3 Results

3.1 3D printed samples results

The three materials printed with different infill densities
S1-S15 (Section 2.2) were printed successfully (Fig. 4)
and a CT scan was acquired (Fig. 5). The average HUs for
the scan with 120 kVp were calculated (Table 1), yielding
a range between �639 to 252 HUs, �485 to 770 HUs and
�612 to 316 for Material 1, Material 2 and Material 3,
respectively. The HU for samples printed with Materials 1
and 3 were lower than for samples of Material 2. For
decreasing X-ray energy (100kVp and 80kVp), an increase
in HU was observed (Fig. 6).

3.2 Comparison of the resulting HU with the Gammex
phantom

The axial slice of the CT scan of the Gammex phantom is
shown in Fig. 5. HU values for different tissue equivalent
inserts inside the Gammex phantom including bone mineral,
inner bone, liver, brain, solid water, breast, adipose and lung
were calculated using the same method as described in
Section 2.3 (Table 2). For all three printed materials, the
closest achieved HU to the Gammex phantom inserts and
the corresponding infill density is reported in Table 3.
According to the results, the samples could achieve similar
radiodensity range as achieved in the Gammex phantom
including 238 HU to �673 HU (bone mineral to lung) when
using different infill densities. In addition, lower standard
deviation and higher absolute value of SNR was observed
in the samples compared to the different tissue equivalent
inserts inside the Gammex phantom.

3.3 Resulting mass densities of samples

The mass density values (g/cm3) (Section 2.5) were cal-
culated for all 3D printed samples at different infill densities
(Table 3). The relation between the mass density and HU of
the samples (at 120 kV) with respect to different infill den-
sities for material 2 is also shown (Fig. 7). Both mass density
and HU values showed an almost similar trend of increasing
values when increasing infill density.
d with multi-material extrusion 3D printing technology mimicking imaging properties of soft
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Figure 3. (A), (B): Segmented abdominal slice and one example of the selected line profile for HU analysis, separating the (1) bone
(yellow), (2) kidney and vessels (pink), (3) liver and spleen (orange), (4) connective tissue (purple), (5) muscle, skin and abdomen (green)
as well as the (6) air in the lungs and abdomen (brown). The segments were reassembled in Prusa Slicer (C) and their corresponding gyroid
infill percent was assigned to them (D). The red and blue structures in (C) and (D) are printed with Material 1 and Material 2, respectively.
Note: several line profiles within each region were selected and the standard deviation over all points for the selections related to those line
profiles were calculated for each region, but we only visualize one line profile per region in (B) for simplicity).

Figure 4. The 3D printed samples related to the three printed materials (down: Material 1, middle: Material 2, up: Material 3) at different
infill densities (S1-S15) and the corresponding cross sections at S4, S10 and S14.
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Figure 5. (Left): The axial view of the CT scan at 120 kV from all samples related to Material1, Material 2 and Material 3 at different infill
densities S1-S15. (Right): Axial slice of the CT scan of the Gammex phantom including different tissue equivalent inserts. The display
window shows linear attenuation coefficient and is set to the range [-270–1900].

Table 1
Hounsfield Unit (HU) and standard deviation (SD) and signal-to-noise (SNR) ratio related all three materials at different infill densities at
120 kV.

Infill density (%) Material 1 Material 2 Material 3

HU SD SNR HU SD SNR HU SD SNR

100 (S1) 252 1.87 135 771 2.66 290 316 1.05 301
97 (S2) 196 2.47 79 699 2.77 252 313 1.13 277
94 (S3) 158 2.61 61 591 2.74 216 291 2.03 143
91 (S4) 158 2.91 54 586 3.33 176 212 2.26 94
88 (S5) 142 3.02 44 604 3.24 186 202 3.65 55
85 (S6) 45 3.30 14 500 3.20 227 70 2.20 32
82 (S7) 27 1.86 14 505 3.95 128 59 2.64 22
79 (S8) 12 2.11 2 441 3.17 139 30 2.19 14
75 (S9) �40 2.21 18 357 2.54 141 19 2.01 10
70 (S10) �153 1.82 84 202 1.95 104 �95 1.29 74
65 (S11) �212 1.52 140 68 1.86 37 �207 1.50 138
60 (S12) �223 1.49 150 00 2.05 00 �198 1.46 136
50 (S13) �354 1.66 213 �166 2.14 78 �354 1.65 214
40 (S14) �499 1.68 297 �298 2.13 140 �496 1.68 295
30 (S15) �639 2.06 310 �485 2.56 190 �612 2.16 284
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3.4 Resulting radiodensity for the replicas

The average HU and standard deviation over the CT scan
from the 6 replicas related to the three materials at 40%, 70%
and 91% infill densities were calculated (Table 4). The mean
HU values found over the replicas for all materials and infill
densities revealed a good reproduction of the original densi-
ties (Table 1).
Please cite this article as: S. Hatamikia, L. Jaksa, G. Kronreif et al., Silicone phantoms fabricate
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3.5 3D printed anatomical phantom results

The anatomical phantom was printed successfully
(Fig. 8A). According to the HU values achieved in Sec-
tion 3.1, we assigned the materials and the infill densities
which corresponded to the organs/tissues radiodensity for
the anatomical phantom (Table 5). The axial slice of the
resulting CT scan from the anatomical phantom is shown
d with multi-material extrusion 3D printing technology mimicking imaging properties of soft
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Figure 6. Resulting HU values for three materials for the three different scan settings including 120 kVp, 100 kVp and 80 kVp.

Table 2
Table showing the mean Hounsfield Unit (HU) at 120 kV, standard deviation (SD) and signal-to-noise ratio (SNR) of the resulting HU
related to the Gammex tissue equivalent inserted cylinders including bone mineral, inner bone, liver, brain, solid water, breast, adipose and
lung and the corresponding materials and infill densities with the closest HUs from the printed samples. Mat.1: Material 1, Mat.2: Material
2, Mat.3: Material 3.

Gammex phantom HU+SD, SNR Printed Material (Infill density (%)) HU+SD, SNR

Bone mineral 238 ± 17, 14 Mat.1 (100) 252 ± 1.87, 135
Mat.2 (70) 202 ± 1.95, 104
Mat.3 (91) 212 ± 2.26, 94

Inner bone 210 ± 12, 18 Mat.1 (97) 196 ± 2.47, 79
Mat.2 (70) 202 ± 1.95, 157
Mat.3 (88) 202 ± 3.65, 55

Liver 66 ± 10, 7 Mat.1 (85) 45 ± 3.30, 14
Mat.2 (65) 68 ± 1.86, 37
Mat.3 (82) 59 ± 2.64, 22

Brain 25 ± 6, 4 Mat.1 (82) 27 ± 1.86, 14
Mat.2 (60) 0 ± 2.05, 00
Mat.3 (79) 30 ± 2.19, 14

Solid Water �1 ± 3, 0 Mat.1 (79) 12 ± 2.11, 3
Mat.2 (60) 0 ± 2.05, 0
Mat.3 (75) 19 ± 2.01, 10

Breast �72 ± 10, 7 Mat.1 (75) �40 ± 2.21, 18
Mat.2 (60) 0 ± 2.05, 0
Mat.3 (70) �95 ± 1.29, 72

Adipose �109 ± 13, 8 Mat.1 (70) �153 ± 1.82, 84
Mat.2 (50) �166 ± 2.14, 78
Mat.3 (70) �95 ± 1.29, 72

Lung-450 �476 ± 12, 40 Mat.1 (40) �499 ± 1.68, 297
Mat.2 (30) �485 ± 2.56, 190
Mat.3 (40) �496 ± 1.68, 295

Lung-300 �673 ± 15, 45 Mat.1 (30) �639 ± 2.06, 310
Mat.2 (30) �485 ± 2.56, 190
Mat.3 (30) �613 ± 2.16, 284
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in Fig. 8B and compared with patient CT (Fig. 8C). The
resulting HU values were calculated (same method as in Sec-
tion 2.3) from the CT scan from this phantom (Table 5). The
approximate HU values within the phantom for correspond-
ing structures of bone, kidney and vessels, liver and spleen,
muscle, connective tissue and lung tissues (Fig. 3) were
Please cite this article as: S. Hatamikia, L. Jaksa, G. Kronreif et al., Silicone phantoms fabricated
tissues in CT, Z Med Phys, https://doi.org/10.1016/j.zemedi.2023.05.007
achieved 727, 151, 102, �17, �92, �680, respectively.
With the exception of the lung, a good agreement was
obtained between the target HU values (approximate HU
values from abdominal CT) and the HU values of the fabri-
cated phantom in all tissues of the phantom. The HU values
related to different line profiles indicated in Fig. 3B for the
with multi-material extrusion 3D printing technology mimicking imaging properties of soft
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Table 3
Mass density values (g/cm3) for all samples.

Infill density (%) Material 1 (g/cm3) Material 2 (g/cm3) Material 3 (g/cm3)

100% (S1) 1.050 1.389 1.084
97% (S2) 0.961 1.273 1.034
94% (S3) 0.966 1.202 0.995
91% (S4) 0.926 1.177 0.936
88% (S5) 0.919 1.190 0.935
85% (S6) 0.836 1.057 0.833
82% (S7) 0.821 1.104 0.857
79% (S8) 0.827 1.067 0.847
75% (S9) 0.785 1.003 0.835
70% (S10) 0.712 0.931 0.750
65% (S11) 0.670 0.818 0.717
60% (S12) 0.650 0.750 0.683
50% (S13) 0.552 0.642 0.556
40% (S14) 0.439 0.673 0.443
30% (S15) 0.325 0.570 0.350

Figure 7. The relation between the mass density and HU of the samples (at 120 kV) with respect to different infill densities used for
material 2.
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patient CT compared to the fabricated anatomical phantom
are shown in Fig. 9.

4 Discussion and conclusion

3D-printing technology is widely used in producing med-
ical imaging phantoms. Anthropomorphic 3D printed imag-
ing phantoms mimicking tissues and contrasts in real
patients with regard to X-ray attenuation can be very valu-
able to produce phantoms for image quality optimization,
comparison of image quality between different imaging sys-
tems, dosimetry, quality control and imaging protocol defini-
tion. In this study, the radiological properties of extrusion
Please cite this article as: S. Hatamikia, L. Jaksa, G. Kronreif et al., Silicone phantoms fabricate
tissues in CT, Z Med Phys, https://doi.org/10.1016/j.zemedi.2023.05.007
silicone 3D printed phantoms in CT imaging were investi-
gated. The HU values of three different silicone printing
materials at different infill densities were assessed in order
to modify their radiological properties and to achieve a spec-
trum of radiodensity that mimics different soft tissues and
organs. The 3D printed samples made of three different
materials were able to produce a HU spectrum in the range
of �639 to +780 HU in CT at a scan setting of 120 kVp,
which corresponds not only to the radiation attenuation of
human soft tissue, but also of bones and lungs. We also
investigated the performance of our approach using an
anatomical phantom (generated from a human abdominal
CT) containing complex structures and combinations of
d with multi-material extrusion 3D printing technology mimicking imaging properties of soft
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different infill density structures and materials within the
same phantom. We observed good agreement between the
HU target values in the abdominal CT of the reference
patient and the HU of the 3D printed anatomical phantom
in all tissues (except for lung) confirming the successful
replication of several contrasts in patient dataset using the
multiple different infill densities. Printing materials with
infill densities lower than 30% could lead to HU of the
lungs, but this is accompanied by printing instability and
collapse in the printed sample due to the high air content.

So far, several phantoms mimicking soft tissue radioden-
sities in CT imaging have been reported in the literature and
their radiological properties were evaluated; however, these
phantoms were mainly made of rigid materials [3,11-13].
Deformable 3D-printed imaging phantoms can be very ben-
eficial for various scenarios [14-19]. Recently, different sil-
icone additive manufacturing technologies have already
been proposed to manufacture flexible and soft anatomical
models based on extrusion techniques [28-34]. To our
knowledge, there is no systematic study reported in the liter-
ature that explores the radiological properties of 3D direct
printing of silicone materials/fluids for imaging phantoms
manufactured using extrusion-based printer. Furthermore,
the impact of different infill densities to adjust radiodensity
in CT imaging on such printable silicon materials has not
been investigated. Our study investigated the radiological
properties of the 3D printed silicone phantoms directly
printed based on extrusion technique. A good similarity
was also observed between the radiodensity of the silicone
samples and different tissue-equivalent Gammex phantom
inserts. However, a further tuning of radiodensity values is
also feasible by adjusting the HU values using smaller infill
density steps, e.g., using step size of 1% for infill density. In
total, lower standard deviation and higher absolute value of
SNR was observed in the samples compared to the different
tissue equivalent inserts inside the Gammex phantom. This
suggests the efficiency of the 3D printed silicone materials
in producing CT imaging phantoms. Reproducibility test
results also showed a good agreement between the HU val-
ues of the replicas compared to the initial samples, confirm-
ing reproducibility of the printed materials. The mass density
of all 3D printed samples was computed and evaluated at
different infill densities. As can be seen from the results of
Table 4, the samples with the infill densities that contained
a higher percentage of air had lower density values, which
was due to a lower weight.

A scaled down anatomical model derived from an
abdominal CT was fabricated. Reducing printing time and
material costs were two important considerations for reduc-
ing the size of the anatomical phantom in this study. How-
ever, we acknowledge the limitation imposed by the
printer size. We downsized the phantom to
116.2 � 131.3 � 7.5 mm, but the maximum size of our
with multi-material extrusion 3D printing technology mimicking imaging properties of soft
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Figure 8. A) the 3D printed anatomical phantom, B) axial slice of the CT scan from the 3D printed anatomical phantom, C) axial slice of
the abdominal CT scan. The phantom was printed with a 45% layer-plane scaling compared to real patient scan. The display window shows
linear attenuation coefficient and is set to the range [-270–1600].

Table 5
The mean and standard deviation (SD) of the resulting HU at 120 kV of the anatomical phantom compared to target HU values
(approximate HU from abdomen CT) as well as corresponding test phantom materials and infill densities used for different tissues.

Tissue type Material, infill density Patient HU Anatomical phantom HU

Bone Mat 2, 100% 759 ± 54.12 727 ± 3.27
Kidney and vessels Mat 1, 97% 175 ± 34.31 151 ± 2.78
Liver and spleen Mat 1, 88% 96 ± 30.56 102 ± 4.28
Muscle Mat 1, 82 % 32 ± 27.52 �17 ± 3.35
Connective tissue Mat 1, 75 % �65 ± 38.46 �92 ± 4.15
Lung Mat 1, 30% �794 ± 29.84 �680 ± 3.18
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printer that can be printed at one time is higher
(200 � 250 � 250 mm), so printing a larger phantom was
feasible, but it was not possible to print the entire patient-
sized phantom at once. We would like to mention that we
can print in parts and glue them together (similar to our pre-
vious work [35]) if a real anatomy size phantom is the goal,
but that was not the focus of this study. The main reason to
print an anatomical phantom here was to show whether the
Please cite this article as: S. Hatamikia, L. Jaksa, G. Kronreif et al., Silicone phantoms fabricate
tissues in CT, Z Med Phys, https://doi.org/10.1016/j.zemedi.2023.05.007
idea of contrast matching to achieve target contrasts can be
applied to the anatomical phantom.

Some non-linearity could be observed in increasing HU
(and also the measured mass density) when increasing infill
densities (e.g., for HU values related to infill densities of 82–
94% for material 2 (Table 1 and Fig. 8)). Concerning the
accuracy of the infill structure generation and printing pro-
cess, certain limitations may have influenced the density
d with multi-material extrusion 3D printing technology mimicking imaging properties of soft
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Figure 9. The HU values related to line profiles as indicated in Fig. 3B for the patient scan in comparison to the fabricated anatomical
phantom. Blue and red plots represent patient and phantom line profiles, respectively.
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and HU results. First, assessing the algorithm behind the
gyroid infill pattern generation in Prusa Slicer was not in
the scope of this study, even though there may be rounding
errors depending on layer thickness and extrusion width in
case of small infill percentage increments (like 3–5%) differ-
ences specimens. Second, the dosing accuracy of the print-
ing process – expressed as relative weight errors of printed
specimens – was in the same order of magnitude as the infill
percentage increments which have also likely affected the
results. Third, both the printer calibration and the density
estimations were using the densities of the printing materials
as reported in their technical datasheets, which may slightly
deviate from physical reality. Furthermore, the observed
nonlinearity behavior can also be related to the achieved
standard deviation in reproducibility results. In the case of
material 2 and the 91% infill, the reported standard deviation
of reproducibility is 32, which is larger than the HU differ-
ence between the 91% infill and its immediate neighbors
(HU at 91% = 586, HU at 94% = 591, HU at 88% = 604),
therefore it may contribute to the nonlinearity pattern of
HU values.

We observed lower standard deviation in samples com-
pared to Gammex phantom. The reason may be that for
the printed silicone phantoms, the image resolution was
lower (coarser) than the resolution of the printed structure
(infill structures), so we have the averaged HU and therefore
Please cite this article as: S. Hatamikia, L. Jaksa, G. Kronreif et al., Silicone phantoms fabricated
tissues in CT, Z Med Phys, https://doi.org/10.1016/j.zemedi.2023.05.007
we do not see pixels with unique gray values, resulting in a
low standard deviation.

By changing the beam energies, an inverse relationship
between the attenuation coefficient and beam hardness
was observed for all samples which is typical for bone tis-
sue but is in contrast to soft tissues which exhibit constant
HU over different beam energies [36,37]. This indicates a
higher effective atomic number of the phantoms compared
to water. In addition, for higher infill-densities the increase
in HU values with decreasing beam energy was more
distinct. Future developments will investigate other types
of flexible printable materials/liquids which mimic the
attenuation of tissues over a large X-ray energy range.
Injection of fluid in the printed structure may also be used
to adjust for different radiodensity values. This could be
done by either injecting fluid into the infill structure
layer-wise during printing or injecting it into the whole
phantom manually after printing. Such a strategy is con-
sidered as the future perspective of this study. In addition,
investigating of the mechanical properties of samples with
different infill densities is also a promising future direction
of this research. Certain infill structures may provide both
matching HUs and matching mechanical properties at the
same time for certain tissues. Such cases may be used to
create radiologically and mechanically realistic models,
which may be especially useful in surgical training or
with multi-material extrusion 3D printing technology mimicking imaging properties of soft
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image guided procedures where flexible phantoms are
needed.
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