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Post-Mastectomy Radiation Therapy (PMRT) requires optimal dose delivery to the
skin surface. However, the skin-sparing effect often leads to superficial
underdosage. Although the use of a bolus can increase the surface dose,
conventional boluses often have limitations in conforming to irregular surfaces,
such as the breast. The Three-Dimensional (3D) printing with High-Impact
Polystyrene (HIPS) offers a potential solution for fabricating patient-specific
boluses based on Computed Tomography (CT) images. This study aims to evaluate
the radiological and dosimetric characteristics of 3D-printed HIPS boluses at
different thicknesses and infill densities, and to investigate the conformity of breast-
shaped 3D-printed HIPS boluses on mannequin breasts. Plate-shaped 3D-printed
HIPS boluses with thicknesses of 6, 8, and 10 mm at 20%, 40%, 60%, and 80%
infill densities, as well as breast-shaped boluses with a thickness of 6 mm at 20%,
40%, 60%, and 80% infill densities, were fabricated using a 3D printer with HIPS
filament. The material characterizations encompassed Hounsfield Unit (HU),
Relative Electron Density (RED), Percentage Surface Dose (PSD), Stopping Power
(SP), and Continuous Slowing Down Approximation (CSDA) range. The results
indicated HU values of —539 to —248 and RED of 0.56 to 0.75. Surface dose
assessment indicated PSD levels of 92% to 97% of the prescribed dose. The total
stopping power was observed to vary from 0.143 to 0.167 MeV/mm, while the
corresponding CSDA range decreased from 42.8 to 36.7 mm. Increasing infill
density resulted in higher HU, RED, and PSD values, and improved bolus
homogeneity, but reduced CSDA value. The optimal configuration was identified
as an 8 mm thickness at 80% infill density. The breast-shaped boluses on
mannequin breast exhibited the air gap volumes ranging from 1.14 to 1.86 cm?.
The 3D-printed HIPS boluses show potential to be integrated into the existing
clinical workflow.

© 2026 Atom Indonesia.
Published by BRIN Publishing. Al is ESCI and Scopus indexed. This is an open access
article CC BY-NC-SA license (https://creativecommons.org/licenses/by-nc-sa/4.0/).

INTRODUCTION

Post-Mastectomy Radiation Therapy (PMRT)
is a radiation therapy delivered after the surgical

to the skin-sparing effect, which often results in
superficial underdosage [4-6].

The International Commission on Radiation
Units and Measurements (ICRU) Report 71

removal of the entire breast with a malignant tumour
(mastectomy) to eradicate any residual cancer cells.
This approach has shown promising results in
reducing the local recurrence rate and improving the
patient’s survival rate [1]. Mastectomy causes the
target volume of treatment to be shifted closer to the
skin surface [2,3]. However, delivering an optimal
radiation dose to the skin surface is challenging due
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recommends that the PTV should receive 95% - 100%
of the prescribed dose [7]. The Percentage Surface
Dose (PSD) has been reported to reach 70.8% of the
prescribed dose for a 6 MeV electron beam with a
field size of 10 X 10 cm?, produced by a Varian
2300 C/D linear accelerator [8]. This surface dose
can be increased by wusing a bolus during
radiotherapy [9].

Boluses are tissue-equivalent materials used
to increase the surface dose by shifting 95% - 100%
of the Percentage Depth Dose (PDD) closer to the
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skin surface [10]. A previous study recommended
High-Impact Polystyrene (HIPS) as a bolus material
due to the resemblance between the PDD distribution
of an electron beam within HIPS and that of a tissue-
equivalent material [11]. Previous studies also
reported that the HIPS filament exhibited both
physical and radiological characteristics similar to
those of adipose tissue [12,13].

A recent study has shown that three-
dimensional (3D) printing technology enables
the fabrication of patient-specific boluses based
on Computed Tomography (CT) images [14].
This advancement improves the bolus conformity to
the irregular skin surfaces, thereby minimizing the
air gaps between the bolus and the skin surface [15].
The 3D-printed boluses are commonly printed at
100% infill density to minimize the internal pore
sizes [15,16]. Although using infill densities below
100% reduces printing duration and filament
consumption, it increases the internal pore size,
which compromises the bolus characteristics
[13,17,18]. A recent study has shown that the gyroid
infill pattern yields smaller internal pore sizes
compared to the grid, rectilinear, and cubic infill
patterns at the same infill densities ranging from
40% to 60% [19].

This study presents a novel optimization
of 3D-printed HIPS bolus thickness and infill
density by utilizing the gyroid infill pattern.
This optimized configuration is designed to
minimize the printing duration and filament
consumption  while  maintaining  acceptable
radiological ~and  dosimetric  characteristics.
Therefore, this study aims to evaluate the
radiological and dosimetric characteristics of
3D-printed HIPS at different thicknesses and infill
densities for radiotherapy bolus. The radiological
characteristics evaluated are the Hounsfield Unit
(HU) and Relative Electron Density (RED),
while the dosimetric characteristics evaluated are the
PSD, Stopping Power (SP), and Continuous Slowing
Down Approximation (CSDA). Furthermore, this
study investigates the conformity of breast-shaped
3D-printed HIPS boluses on mannequin breasts.

METHODS

Fabrication of plate-shaped 3D-printed
HIPS boluses

Plate-shaped HIPS boluses with a surface area
of 120 mm x 120 mm and thicknesses of 6 mm, 8
mm, and 10 mm were designed using Blender
software version 4.3.1 (Blender Foundation,
Amsterdam, Netherlands). The bolus thicknesses
were determined based on the depth of 95% of the
prescribed dose for a 6 MeV electron beam in a

water phantom, which was 8 mm. The plate-shaped
HIPS bolus designs were sliced using CreatWare
software version 7.2.0 (CreatBot, Zhengzhou,
China) with gyroid infill densities of 20%, 40%,
60%, and 80%, and subsequently fabricated using an
Inova3D 14030 3D printer (PT Proinnov Teknologi
Indonesia, Tangerang, Indonesia). The printing
parameters used to fabricate the plate-shaped
3D-printed HIPS boluses are summarized in Table 1.
The printing parameters in Table 1 were
determined through iterative trials of printing tests
using HIPS filament (Indofilam, Bandung,
Indonesia) on an Inova3D 14030 3D printer to
achieve high print quality while maintaining a short
printing duration. Post-processing was performed to
smooth the sharp edges of the plate-shaped
3D-printed HIPS boluses using sandpaper. Figure 1
shows the gyroid infill pattern at different infill
densities simulated using CreatWare software.

Table 1. The printing parameters used to fabricate the plate-
shaped and breast-shaped 3D-printed HIPS boluses.

3D-printed HIPS bolus
Plate-shaped Breast-shaped

Printing parameter

Nozzle temperature 240 °C 240 °C
Chamber temperature 65 °C 65 °C
Bed temperature 110 °C 110 °C
Perimeter wall 2 2
Top and bottom solid layers 5 5
Fill angle 45° 45°
Support materials - Organic
Nozzle diameter 0.4 mm 0.2 mm
Maximum nozzle diameter 0.8 mm 0.4 mm
Layer height 0.4 mm 0.2 mm
Inner perimeter speed 40 mm/s 12 mm/s
Infill speed 40 mm/s 35 mm/s
External perimeter speed 26 mm/s 12 mm/s
Support materials speed - 35 mm/s

(©) (d)

Fig. 1. Gyroid infill pattern at infill densities of
(a) 20%, (b) 40%, (c) 60%, and (d) 80%.
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In this study, gyroid infill densities above
80% were excluded because they caused
extreme vibrations on the 3D printer, compromising
the printing stability and leading to poor
dimensional accuracy of the printed object.
Conversely, gyroid infill densities below 20% were
excluded due to the formation of large overhanging
structures, causing the top layer to collapse onto
the bottom layer.

Fabrication of breast-shaped 3D-printed
HIPS boluses

The female mannequin was scanned using a
SOMATOM go.Sim Computed Tomography (CT)
simulator ~ (Siemens  Healthineers,  Erlangen,
Germany) with a tube voltage of 120 kVp and a tube
current of 44 mAs. The CT image of the female
mannequin was converted into the stereolithography
(STL) format using Fiji software version 1.8.0 322
(The National Institutes of Health, Maryland, United
States). The surface mesh of the female mannequin
was smoothed using MeshLab software version
2023.12 (ISTI-CNR Research Center, Pisa, Italy)
by applying the Taubin filter
(u=—0.53,4 =0.5,and a smoothing step of 20).
The Taubin filter was selected due to its ability to
smooth curves and surfaces without shrinkage [20].

The breast-shaped HIPS bolus was designed
using Blender software by isolating the breast
mesh geometry from the female mannequin.
Subsequently, a lattice modifier was applied to a
6 mm thick plate-shaped HIPS design, followed by a
shrinkwrap modifier to conform the design to the
surface mesh of the mannequin breast. The breast-
shaped HIPS bolus design was sliced using
CreatWare software with gyroid infill densities of
20%, 40%, 60%, and 80%, and subsequently
fabricated using an Inova3D 4030 3D printer.
The printing parameters used to fabricate the breast-
shaped 3D-printed HIPS boluses are summarized in
Table 1. Post-processing was performed to remove
the support materials from the breast-shaped
3D-printed HIPS boluses.

CT number measurements

All plate-shaped 3D-printed HIPS boluses
were scanned using a SOMATOM go.Sim CT
simulator with a tube voltage of 120 kVp and a tube
current of 44 mAs [21]. The CT numbers in HU
were measured using MicroDicom software version
2025.1 (MicroDicom Ltd, Sofia, Bulgaria) at 27
Regions of Interest (ROIs). These ROIs were evenly
distributed among the top layer, infill layer, and
bottom layer, as shown in Fig. 2.

1 2 3

4 5 6

7 8 9
(2)

19 20 21

22 23 24

25 26 27

> A ©

Fig. 2. CT number measurement at the (a) top layer,
(b) infill layer, and (c) bottom layer.

The mean CT number was determined by averaging
the CT number measurements across 27 ROIs, while
the measurement uncertainty was expressed as the
standard deviation.

RED and ED calculations

The RED of each plate-shaped 3D-printed
HIPS bolus was calculated using Eq. (1) or Eq. (2),
depending on its corresponding CT number [21]:

RED = 1.052 + 0.00048Nr- 10050 (1)

RED = 1.000 + 0.001N 710000 )

Where RED is the relative electron density, Ner=100
and Ngre1po denote the CT number above and
below 100 HU, respectively [21]. The electron
density of each plate-shaped 3D-printed HIPS bolus
was calculated using Eq. (3) [22].

pe = RED * p,,, (3)

Where p, is the electron density (electrons/mm?)
and pew 1is the electron density of water
(electrons/mm?®) [22]. The electron density of
water used is 3.34 x 10720 electrons/mm?
[23]. The propagation of uncertainty for both
RED and ED values was derived from the
standard deviation of the CT number measurements.
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PSD measurement

The absorbed dose measurements were
conducted using an advanced Markus plane-parallel
electron chamber TM34045 (PTW, Freiburg,
Germany) and RW3 slab phantom (PTW, Freiburg,
Germany), following the International Atomic
Energy Agency (IAEA) Technical Reports
Series No. 398 (TRS-398) protocols [24]. The PSD
measurements were performed using a 6 MeV
electron beam produced by an Elekta Synergy
linear accelerator (Elekta, Stockholm, Sweden),
with a Source-to-Surface Distance (SSD) of
100 cm, an applicator of 10 X 10 cm?, and a field
size of 10 x 10 cm? [21,24]. The slab phantom
surface was defined as the PTV region. No chamber
positioning tolerance or effective point of
measurement correction was applied during the
measurements. The PSD measurement setup is
shown in Fig. 3.

The absorbed dose on the slab phantom
surface was measured with and without the plate-
shaped 3D-printed HIPS bolus, while the
absorbed dose at the depth of maximum dose was
measured without the bolus. The PSD was
calculated using Eq. (4) [9].

5

PSD =

x 100% 4

max

Where PSD is the percentage surface dose (%), Ds is
the absorbed dose on the slab phantom surface,
and Dpq, 1s the absorbed dose at the depth of
maximum dose [9].

Fig. 3. PSD measurements setup.

SP and CSDA calculations

The SP and CSDA of a 6 MeV electron beam
in a plate-shaped 3D-printed HIPS bolus at different
infill densities were calculated using the National
Institute of Standards and Technology (NIST)
database using the Electron Stopping-Power and
Range Tables (ESTAR) program (National Institute
of Standards and Technology, Gaithersburg, USA)
[25]. mass fraction percentages of polystyrene,
polybutadiene, and air within the bolus.

The bulk densities of the HIPS filament and
the 3D-printed boluses at different infill densities
were calculated by dividing their mass by their
bulk volume [26]. The polystyrene and
polybutadiene content within the HIPS filament was
analyzed using Fourier Transform Infrared
Spectroscopy (FTIR). The concentrations of these
contents were calculated by applying the Beer-
Lambert Law to the aromatic and non-aromatic C=C
bond peaks, respectively [27], utilizing the molar
absorption coefficients reported in [28]. The mass
fraction percentages of polystyrene and polybutadiene
within the HIPS filament were derived from their
concentration values.

The mass fraction percentages of the HIPS
filament and air within the 3D-printed boluses
were calculated based on the volume fraction
percentages derived from the corresponding infill
density [13]. The mass fraction percentage of the
HIPS filament was expanded into the mass fraction
percentages of polystyrene and polybutadiene.
The air composition and corresponding mass
fraction percentages from the standard atmospheric
composition reported in [29] and the air density
reported in [30] were wused in this study.
These values were input into the ESTAR program
to compute the SP and CSDA of the bolus. The SP
and CSDA for adipose tissue were calculated
following the same procedure used for the boluses.
The atomic composition of the adipose tissue
reported in [31] was used in this study.

Air gap volume measurements

The breast-shaped 3D-printed HIPS bolus was
positioned on the mannequin breast and scanned
using a SOMATOM go.Sim CT simulator with a
tube voltage of 120 kVp, a tube current of 44 mAs,
and a slice thickness of 2 mm. The air gap area
between the bolus and the mannequin breast across
all slices of the CT image was measured using Fiji
software. The total air gap volume was calculated by
multiplying the air gap area by the slice thickness for
each slice, and then summing these values across the
entire slice of the CT image.



F. A. Rizaldi et al. / Atom Indonesia Vol. 52 No..... (2026) ... - ...

RESULTS AND DISCUSSION

The CT images of the infill layer within
the plate-shaped 3D-printed HIPS boluses are
presented in Fig. 4.

Figure 4 shows that the boluses at infill
densities of 20% and 40% exhibited a heterogeneous
appearance composed of dark and bright pixels,
where the dark pixels represent internal pores
and the bright pixels represent the HIPS material.
Conversely, the boluses at infill densities of
60% and 80% exhibited a homogeneous
appearance composed of uniformly bright pixels.
However, this homogeneous appearance does not
imply the absence of internal pores, but rather
indicates that the internal pore sizes were smaller
than the CT simulator spatial resolution of 1 mm.
Consequently, each pixel in the CT image
contained a mixture of both HIPS material and
air, which resulted in a mean HU value. Since a
higher infill density increases the volume
fraction of HIPS material relative to air, the CT
images of the bolus appear brighter as the infill
density increases. This result aligns with a previous
study that reported the presence of internal
pores with sizes of less than 1 mm within the infill
layer of 3D-printed HIPS with gyroid infill
densities of 60% and 80%, as observed using a
digital microscope [13]. The HU, ED, and RED
values of plate-shaped 3D-printed HIPS boluses
are summarized in Table 2.

@ (b)

(©) (d)

Fig. 4. CT images of infill layer within the plate-shaped
3D-printed HIPS boluses at infil densities of
(a) 20%, (b) 40%, (c) 60%, and (d) 80%.

Table 2. HU, ED, and RED of plate-shaped 3D-printed HIPS
boluses at different thicknesses and infill densities.

- a 20
Th(lrfll:rlll)ess (I“]/?)) HU elecﬁ‘lzlf:/omm3) RED

20 —423+ 193 1.93 + 0.65 0.58 + 0.19

40 —392 1+ 167 2.03 + 0.57 0.61+ 0.17

6 60 —348 1+ 176 2.18 + 0.59 0.65 + 0.18

80 —248+ 939 2,51+ 031 0.75 + 0.09

20 —439 + 265 1.87 + 0.88 0.56 + 0.26

40 —394+ 214 202+ 071 0.61+ 021

8 60 —348 + 152 2.18+ 0.51 0.65 + 0.15

80 —2631+904 246+ 0.30 0.74 + 0.09

20 —426 + 267 1.92 4+ 0.65 0.58 + 0.19

40 —383 1+ 201 2.06 + 0.67 0.62 1+ 0.20

10 60 —334 1+ 149 222+ 0.51 0.67 + 0.15

80 —255+ 101 248+ 0.34 0.74 + 0.10

4 Infill Density (ID)

These HU values were obtained directly
from CT images reconstructed using the Q40 kernel
and Sinogram-Affirmed Iterative Reconstruction
(SAFIRE), without any additional post-processing or
external filtering. Table 2 shows that the 3D-printed
HIPS boluses exhibited negative HU values and RED
values of less than one. These results indicate that the
3D-printed HIPS boluses are less dense than water.
In addition, Table 2 demonstrates that higher infill
densities increased the HU, ED, and RED values,
resulting in a whiter appearance on the CT images of
the bolus, as presented in Fig. 4. This phenomenon
arises because a higher infill density results in
increased HIPS filament deposition within the bolus,
which corresponds to a greater number of bound
electrons present within the bolus [32]. The ED and
RED values of the 3D-printed HIPS boluses in Table
2 align with those reported in [13], even though the
methods used for calculating RED were different.

Table 2 shows that the HU values of the bolus
exhibited significant standard deviations, which
increased as the infill density decreased. This is
attributed to the entrapped air within the internal
pores of the infill layers. Due to the substantial
contrast between the HU values of HIPS and air, the
distribution of HU values became less uniform and
exhibited greater variation, particularly at lower infill
densities where the internal pore sizes were larger.

The RED values of tissue-mimicking
reference materials for adipose tissue and lung tissue
were 0.93 and 0.43, respectively [33]. Among the
tested samples, the 3D-printed HIPS bolus at 80%
infill density exhibited RED values closest to the
tissue-mimicking reference material for adipose
tissue. Nevertheless, its RED value remained lower
than that of the tissue-mimicking reference material
for adipose tissue. In contrast, the 3D-printed HIPS
bolus at 20% infill density was closest to the tissue-
mimicking reference material for lung tissue.
This result reflects the internal structure of the bolus.
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Fig. 5. The PSD of a 6 MeV electron beam on a slab
phantom surface with and without the plate-shaped
3D-printed HIPS bolus.

Table 3. Total SP and CSDA of a 6 MeV electron beam within
the 3D-printed HIPS boluses and their relative difference
compared to those of adipose tissue.

Total SP (MeV/mm) Relative difference

ID* (%) "
3D-printed HIPS bolus At(iislsl?:e (%)
20 0.143 23.2
40 0.152 0.186 18.3
60 0.158 ' 14.9
80 0.167 10.5
ID* (%) CSDA (mm) Relative difference
0 .
3D-printed HIPS bolus “‘t‘iis‘g‘l’:e (%)
20 42.8 30.6
40 40.2 1.8 22.7
60 38.6 ’ 17.7
80 36.7 12.0

2 Infill Density (ID)

At 20% infill density, the presence of internal
pores mimics the alveolar structure of lung tissue.
As the heterogeneous structure of lung tissue
enhances the lateral scattering effects of the
electron beam [32,34], the 3D-printed HIPS at
20% infill density may be more suitable for use as a
lung phantom rather than as a bolus. Figure 5 shows
the PSD of a 6 MeV electron beam on a slab
phantom surface with and without the plate-shaped
3D-printed HIPS bolus.

The increase in PSD with higher infill
density is attributed to the higher ED within the
bolus. The greater number of bound electrons within
the bolus, indicated by a higher ED, increases the
probability of Coulomb force interactions between
the electron beam and the bolus materials [32].
This increases the number of charged particles
reaching the bolus-phantom interface, thereby
increasing the PSD. A higher infill density also
minimizes air perturbation within the bolus, as it
results in smaller pore sizes. The presence of air
cavities within the internal pores enhances the

lateral scattering effects of the electron beam
[32,34]. This reduces the number of charged
particles reaching the bolus-phantom interface,
thereby decreasing the PSD.

The bolus thickness determines the electron
beam trajectory length within the bolus. A longer
electron path increases the probability of Coulomb
force interactions between the electron beam and the
bolus material [32]. This increases the number of
charged particles reaching the bolus-phantom
interface, causing an increase in the PSD. These
findings are consistent with previous studies that
reported similar effects of bolus thickness [35] and
infill density [36] on PSD, despite the use of
different bolus materials and infill patterns.

Figure 5 shows that at lower infill densities,
increasing the bolus thickness has a less significant
impact on increasing PSD. This is evident in the
plate-shaped 3D-printed HIPS boluses at 20%
infill density, which showed minimal variation in
PSD across different thicknesses. This occurs
because lower infill densities result in a larger
internal pore volume, which reduces the effective
material thickness encountered by the electron beam.
This is because increasing the bolus thickness also
increases the number of internal pores [13].
Consequently, the added physical thickness is
compensated for by the increasing number of
internal pores within the bolus. As a result, the
effective material thickness exhibits minimal
variation despite the increase in physical thickness.

Given that the slab phantom surface was
defined as the PTV region, Fig. 5 shows that the
PSD of a 6 MeV electron beam without a bolus was
81%, which failed to meet the PTV dose range
recommended by ICRU Report 71. However, the use
of a bolus with configurations of 10 mm thickness at
60% infill density, and both the 8 mm and 10 mm
thicknesses at 80% infill density, each increased the
PSD to at least 95%, which met the PTV dose range
recommended by ICRU Report 71. Table 3 shows
the total SP and CSDA of a 6 MeV electron beam
within the plate-shaped 3D-printed HIPS boluses.

As infill density increases, the total SP
increases, which in turn decreases the CSDA.
This occurs because the higher ED at increased infill
percentages raises the probability of Coulomb force
interactions between incident electrons and the bolus
material. As a result, the amount of electron beam
energy lost per unit thickness increases, causing the
energy to be depleted faster, thereby reducing the
average penetration depth [32]. Consistent with
these principles, the plate-shaped 3D-printed HIPS
bolus at 80% infill density exhibited the smallest
relative differences for both total SP and CSDA
compared to those of adipose tissue. This aligns
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with the radiological characterization results, which
demonstrated that the bolus at 80% infill density
most closely mimicked adipose tissue compared to
other infill densities.

The radiological and dosimetric characteristics
of the 3D-printed HIPS boluses were evaluated
comprehensively, as both characteristics must be
satisfied simultaneously. Specifically, the three
configurations that achieved a PSD of at least 95%
of the prescribed dose were the 10 mm thickness at
60% infill density, and both the 8§ mm and 10 mm
thicknesses at 80% infill density. The 80% infill
density is preferred over the 60% density because its
homogeneity, RED, SP, and CSDA values more
closely mimic adipose tissue. Additionally, as shown
in Table 4, at the same infill density, the bolus with a
thickness of 8 mm requires a shorter printing
duration and consumes less HIPS filament compared
to the bolus with a thickness of 10 mm.

Therefore, the bolus with an 8 mm thickness
at 80% infill density is considered the optimal
configuration. Figure 6 shows the CT images of the
breast-shaped 3D-printed HIPS boluses placed on
the mannequin breasts.

Figure 6 shows that air gaps were still
present between the bolus and the mannequin
breast, even though the bolus was fabricated based
on CT images of the mannequin breast itself.
This likely occurred due to the lack of transparency
of the bolus material, which made it difficult to
position the bolus accurately on the mannequin
breast surface. Despite the limitations regarding
the bolus material opacity, the observed air gap
volumes presented in Table 5 are consistent with
those reported in previous studies on nose-shaped
3D-printed Thermoplastic Polyurethane (TPU)
and Polylactic Acid (PLA) boluses [19], and pelvic-
shaped 3D-printed Polyethylene Terephthalate
Glycol (PETG) bolus [37].

Table 4. Total HIPS filament consumption and printing duration
for fabricating the plate-shaped 3D-printed HIPS boluses at
different thicknesses and infill densities.

Thicknesg nfil HIPS filament Printing
(mm) density consumption (gram) duration
(%) (minutes)

20 64.4 108

6 40 69.4 119

60 73.6 130

80 78.4 142

20 70.7 119

40 80.5 142

’ 60 89.2 164

80 99.4 191

20 77.1 131

10 40 91.7 165

60 105.4 199

80 119.9 241

Air Gap

Top layers

= et e
Bottom layers —\\lmgmal Pores
- -, Breast

Infill |avc.-_\-/ \ mannequin
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Air Gap
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Breast
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Infill layers

munncquin

(d)
Fig. 6. CT image of the breast-shaped 3D-printed HIPS boluses
at infill densities of (a) 20%, (b) 40%, (c) 60%, and (d) 80%
placed on the mannequin breasts.

Table 5. Air gap volumes between the mannequin breast
surface and the breast-shaped 3D-printed HIPS bolus at
different infill densities.

Infill density (%) Air gap volume (cm®)
20 1.14
40 1.49
60 1.86
80 1.63

As presented in Table 5, the air gap volume
became larger as the infill density increased up
to 60%, but subsequently decreased at 80%.
Theoretically, altering the infill density changes the
amount of filament deposited within the infill layers
while the external geometric volume remains
constant [13]. Consequently, this should not impact
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the bolus conformity, and the air gap volumes
should theoretically not be influenced by the infill
density. Therefore, the observed variations in air gap
volumes are likely attributed to positioning
inconsistencies caused by the lack of transparency of
the bolus material, which made it difficult to ensure
precise positioning for each bolus on the breast
mannequin.

There are several limitations in this study that
should be noted. The HU values are inherently
dependent on the specific CT simulator parameter
settings [38] and the reconstruction kernel used [39].
Consequently, these quantitative values may exhibit
slight variations across different CT simulators.
The physical characteristics of the bolus are subject
to variability based on the printing parameters used
[13]. This study maintained the constant printing
parameters as detailed in Table 1. Additionally,
the dosimetric characterization was limited to the
use of planar bolus geometry under a 6 MeV
electron beam. The air gap measurements utilized
the mannequin breasts, which represent simplified
breast geometry and possess rigid surfaces.
This differs significantly from the deformable
nature of breast tissue.

To address these limitations, further studies
are required to evaluate bolus performance
across a wider range of printing parameters and
beam energies, while exploring transparent
filaments to address positioning challenges. It is also
recommended to verify HU consistency across
various CT simulators and to validate air gap
measurements through clinical implementation to
account for the deformable nature of breast tissue.
Despite these limitations, the study demonstrates
that the 3D-printed HIPS bolus holds significant
potential for radiotherapy applications and could
integrate well into the existing clinical workflow, as
shown in Fig 7.

The proposed clinical workflow begins by
utilizing the patient's diagnostic CT images.
These images are processed to extract the external
body contour, which serves as the template for
designing the breast-shaped 3D-printed HIPS bolus.
Once fabricated, the bolus is positioned on the
patient’s breast surface during the CT simulation
procedure to capture the actual setup and electron
density information. Subsequently, a treatment plan
is generated based on this setup. Prior to the
final treatment delivery, a Patient-Specific Quality
Assurance (PSQA) is conducted to verify the
dose distribution and ensure concordance between
the calculated and measured doses. Finally, upon
successful verification, the radiation treatment is
delivered to the patient.

| Proposed clinical workflow

Data Acquisition
Input: the patient's diagnostic CT image

|

|

|

|

: Designing 3D Bolus

| DICOMP to STL conversion

| STL processing (smoothing filter & segmentation)
| 3D modeling of the HIPS bolus (lattice modifier &
| shrinkwrap modifier)

|

|

|

|

|

|

Automated Fabrication
3D printing of the HIPS bolus using HIPS filament

CT Simulation
Physical setup: positioning the 3D-printed HIPS bolus
on the patient
Acquiring the electron density and setup information

|

Treatment Planning
Dose calculation and distribution planning

Criteria not met

Patient-Specific Quality
Assurance (PSQA)

Criteria met

Treatment Delivery
Radiation therapy delivery to the patient

Fig. 7. Proposed clinical workflow with the 3D-printed
HIPS bolus.

The proposed clinical workflow shows
many similarities with the existing clinical workflow
using conventional boluses. When a commercial
sheet bolus is unavailable, the existing workflow
relies on a manually fabricated bolus made of
plasticine, playdoh, natural rubber, or paraffin wax
[9]. The primary distinction lies in the fabrication
process, where the 3D-printing method utilizes the
CT image for designing the 3D bolus, followed by
automated fabrication using a 3D printer.

This shift from manual to automated
fabrication process reduces the physical workload
for medical physicists. The current process of
designing the 3D bolus requires time for
DICOM to STL conversion, smoothing filtering,

segmentation, and 3D modeling. However,
this proposed clinical workflow demonstrates
potential for future integration with Artificial

Intelligence (Al) to automate the 3D bolus design
process [40]. Thus, the integration of 3D-printed
boluses requires minimal adaptation to the existing
clinical workflow while offering improved bolus
conformity for irregular geometries.
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CONCLUSION

This study demonstrated that increasing the
gyroid infill density resulted in higher HU,
ED, RED, PSD, and SP values, along with a
reduced CSDA, and improved bolus homogeneity.
Consequently, the higher infill densities improved
both the radiological and dosimetric characteristics
of the 3D-printed HIPS boluses, thereby enabling
them to closely mimic the characteristics of adipose
tissue. Among the tested samples, the plate-shaped
3D-printed HIPS bolus with a thickness of 8§ mm at
80% infill density was identified as the optimal
configuration. Furthermore, the breast-shaped HIPS
boluses exhibited acceptable conformity with
minimal air gap volumes between the bolus and the
mannequin breast surface.
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