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Abstract: Purpose. This study aims to compare the dosimetric characteristics of 3D-printed bolus
materials acrylonitrile butadiene styrene (ABS), polylactic acid (PLA) with recently introduced natural
rubber (NR) bolus. Materials and Methods. We employed Monte Carlo simulation to evaluate ABS,
PLA, and NR boluses of thicknesses 0.5, 1.0, and 1.5 ¢m under 6, 9, and 16 MeV electron beam
irradiation. Percentage depth dose (PDD) data was analyzed to evaluate dosimetry parameters.
Dosimetric stability under varying air-gap conditions was assessed by analyzing PDD curves under
air-gap sizes of (0, 1, 3, 5 mm). Results. NR and ABS showed similar dosimetric profiles, whereas
PLA showed enhanced deeper-tissue protection and provided 0.7-10.2% higher surface dose (SD).
PLA also exhibited the highest stability, with SD and Roo deviations limited to 1% and 1.2%,
respectively, under varying air-gap sizes. At 6 and 9 MeV, a 0.5 cm bolus failed to provide a single
dose of 90% of maximum dose for nearly all tested materials Conclusion. NR demonstrated
comparable dosimetric performance to ABS, serving as a viable substitute. PLA was optimal for
maximizing SD and distal tissue sparing while exhibiting the lowest air-gap sensitivity. For tumors
located several centimeters deep from the surface, 16 MeV electron beams were suitable. Furthermore,
Dual hotspots were identified a substantial risk of localized normal tissue toxicity.

Keywords: ABS; bolus; electron bolus; electron radiotherapy; Monte Carlo simulation; natural rubber;
PLA

1. Introduction

Electron radiotherapy of cancer is widely used as one of the cancer treatment protocols for



superficial regions, accounting for in approximately 90% of cases [1]. Common treatment areas
include skin cancers, head and neck cancers, lymphoma, and breast cancer. For example, intraoperative
radiotherapy is highly recommended for breast cancer, allowing for the delivery of high-dose radiation
directly to the tumor bed immediately after surgical removal [1-4].

High-energy electron beams in the range of 6—20 MeV, as well as photons in the range of 100—250
KVp, are the most effective radiation in fighting superficial tumors [5—7]. Compared to photon beams,
electron beams deliver a higher dose to the surface and near-surface region, making them a superior
choice for these types of tumors [2].

Optimizing the electron beam by delivering a high dose into the tumor volume and sparing the
surrounding tissue is a primary goal in radiotherapy [5—8]. Electron bolus plays a crucial role in
achieving this goal for treating superficial tumors. Its clinical functions are to increase the surface dose,
compensate for anatomical irregularities to achieve homogeneous dose distribution, and selectively
reduce electron penetration in certain areas of the treatment field. Conventional bolus materials, such
as paraffin wax and synthetic polymers, are designed with an electron density close to 1 g/cm?>to ensure
tissue equivalence [3,9—12]. Supratman et al. demonstrated the potential of natural rubber (NR),
composed primarily of cis-polyisopernce, as a promising electron bolus material. Their finding
revealed that NR exhibits electron density and mass attenuation coefficients comparable to those of
water and soft tissue. These properties, coupled with NR’s nontoxicity, ease of fabrication, bubble-free
consistency, radiation stability, natural abundance, low cost, and environmental friendliness, align well
with the ideal characteristics of bolus materials [13,14].

Several studies have compared the dosimetry characteristics of NR bolus to commercially
available alternatives. Aisyah et al. investigated the dosimetry properties of NR bolus in comparison
to Poly-Doh and paraffin wax. They concluded that NR can effectively match the dose distribution of
clinical boluses, making it a promising substitute [15].

Additionally, Apipunyasopon et al. compared NR to Super flab and TE gel boluses. Their findings
suggest that NR is a promising bolus material for radiotherapy due to its density, ease of fabrication,
and widespread availability. Moreover, the relative electron density of the NR bolus was very close to
that of the Superflab, but different from that of the TE gel. NR demonstrated a more pronounced dose
enhancement at the surface compared to TE gel for equivalent thicknesses [13].

Arianto et al. compared NR with silicon rubber (SR) as bolus materials. In their study, Monte
Carlo (MC) simulations revealed that the percentage surface dose (PSD) for both NR and SR boluses
was nearly identical at 98.4 % and 99.94%, respectively, for a 2 cm bolus thickness [16].

On the other hand, three-dimensional (3D) printing, or additive manufacturing, is an emerging
technology that creates structures by building up sequential layers of material. This technology creates
samples with high quality and accuracy and gives a solution for some clinical problems such as
minimizing the air gap between the bolus and skin to less than 4 mm [8,17-20].

Polylactic acid (PLA) and acrylonitrile butadiene styrene (ABS) are the most widely used
materials for 3D printing boluses via fused deposition modelling (FDM). Their well-documented
printing parameters and relative ease of use make them popular choices for achieving consistent and
reliable print results [2,10—12].

Although 3D-printing technologies, using rigid thermoplastic like ABS and PLA, have emerged
as a solution for creating patient- specific boluses, they introduce new challenges. The inherent rigidity
of these materials means that any inaccuracy in the 3D-scanning or printing process yields a device
that cannot be adjusted during patient setup, potentially leading to persistent air gaps and defeating the

AIMS Biophysics Volume 13, Issue 1, 1-20.



purpose of customization [11].

This study is motivated by the need to fundamentally evaluate how the core material property of
elasticity influences bolus performance. We propose a controlled, dosimetric comparison between
common rigid 3D-printing polymers (PLA and ABS) and a highly flexible, non-printed benchmark
material, NR. Although NR is not a standard 3D-printing filament, it serves as an exemplary model of
a traditional, high-conformability bolus material [13,14]. Its intrinsic and extreme flexibility represents
one end of the material property spectrum, providing a critical baseline against which to assess the 3D
printed rigid, geometrically precise alternatives.

This investigation aims to fill this knowledge gap by employing a systematic MC simulation
framework to compare the dosimetric performance of the novel NR bolus with the commonly used
3D-printed PLA and ABS boluses, focusing specifically on dosimetric properties and air gap sensitivity.
To complement this, a simulated study was conducted. A Solid water phantom covered with these
materials with different thicknesses (0.5, 1.0 and 1.5 cm) were irradiated using three megavoltage
electron beams (6, 9, and 16 MeV). Percentage depth dose (PDD) data and air gap sensitivity were
acquired and analyzed to assess the dosimetry characteristics of each bolus.

2. Materials and methods
2.1. Study plan

In this investigation, a solid water phantom was modelled using MC simulation. First, the
phantom without a bolus was irradiated with 6, 9, and 16 MeV beams to obtain baseline PDD data.
Subsequently, 0.5, 1.0, and 1.5 cm thick bolus layers of the specified materials were added to the
phantom. These configurations were irradiated with the same electron beams. PDD data were acquired
via MC simulation and visualized in PDD graphs using Origin software. Each graph compares central-
axis PDDs for the three bolus materials against the no-bolus reference under identical thickness and
energy conditions. To study the effect of air gap size on the stability of dose measurements for the
investigated materials, we irradiated 9 MeV beam the bolus- air gap- phantom configuration using four
different air-gap sizes (0, 1, 3, and 5 cm). The simulated PDD curves were evaluated by determining
the SD and the Roo values.

2.2. Materials

Three different bolus materials were investigated: ABS, PLA, and NR. NR was compared to PLA
and ABS to evaluate the dosimetric trade-offs between flexible and rigid bolus materials. While PLA
and ABS are widely used for patient-specific rigid boluses, their lack of elasticity can lead to air gaps
during setup. NR was investigated as a potential alternative offering high conformability. This study
aims to determine if NR maintains comparable dosimetric properties (e.g., SD, Roo, Rso and Rso) to
these standard 3D-printing filaments, alongside a comparative analysis of air gap sensitivity.

Their mass fractions and densities are shown in Table 1. Data for ABS and PLA were generated
using ESTAR database of the National Institute of Standards and Technology [21], while data for
NR were defined by the International Commission on Radiation Units and Measurements (ICRU
Report 44) [22]. To ensure a controlled dosimetric comparison, the simulated boluses (i.e., PLA and
ABS) were modeled as solid materials with 100% internal infill. In clinical 3D printing, the density of
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a bolus can be intentionally reduced by lowering the infill percentage; however, to maximize bolus
effect and minimize internal heterogeneity, 100% infill is generally preferred for radiotherapy
applications. The material properties (density and elemental composition) used in the MC environment
were adopted from established literature values, as detailed in Table 1, and were not derived from new
measurements or calculations.

Table 1. Elemental compositions and densities for materials employed in MC simulations.

Element PLA[11] mass % ABS [1] mass % NR [22] mass %
C 50 84.68 88.16
o 44.46 - -
H 5.54 7.93 11.84
N - 7.39 -
Density (g/cm?) 1.24 0.9 0.92
2.3. Methods

2.3.1. MC beam model

In this study, the simulations were conducted by MC simulation using the Electron Gamma
Showers (EGSnrc) code toolkit developed by Kawrakow and Rogers [23]. The electron beams
employed were selected to have nominal energies of 6, 9, and 16 MeV. Two linear accelerators were
simulated using BEAMnrc code [24,25]. Varian Clinac 2100C for 6 and 9 MeV beams and Philips
S175-20 for 16 MeV beam, the cross-sectional schematics of the simulated accelerator configurations
are illustrated in Figure 1. Both units were mimicked through the assigned specifications by
manufacturers and by referencing articles demonstrating strong agreement between simulation and
experimental data [24—26].

The Philips S175-20 machine model was utilized due to the unavailability of a validated 16 MeV
IAEA phase-space file for the Varian Clinac 2100C. To ensure that this inconsistency did not confound
the results, a sensitivity analysis was conducted at 9 MeV for both models to compare the two source
modeling approaches. The results showed that the choice of machine model had a negligible impact
on the relative dose distribution and material-specific trends, confirming the robustness of the
comparative analysis across different energies.

The field size for all incident electron beams was 10 x 10 cm? and the source-to-surface distance
(SSD) was set to 100 cm. In the Philips S175-20 parallel beam of electrons with a 0.1 cm radius was
directed along the z-axis at a nominal energy of 16 MeV while phase space (phsp) files obtained from
the International Atomic Energy Agency (IAEA) database were used as incident beams for the Varian
Clinac 2100C at nominal energies of 6 and 9 MeV [27].

To generate phase-space source files for each simulated beam in both models, 2 x 10® histories
were released. In the EGSnrc parameters, the EXACT and PREST-II algorithms were selected for
boundary crossing and electron step, respectively. The variance reduction techniques employed for
modeling the irradiation beams are summarized in Table 2.
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Figure 1. Two-dimensional representations of the simulated Linac heads: (a) Varian Clinac

2100C and (b) Philips SL75-20.
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The measurements were determined for beam quality according to criteria derived from the IAEA
TRS 398 protocol [28]. These specifications included the half-value depth (Rso0), defined as the water
depth (in cm) where the dose is half the maximum of the absorbed value, the peak energy in MeV, and
the full width of half maximum (FWHM) in MeV. The simulation measurements were performed using
Dosxyznrc code [29] and Beamdp [30] and are presented in Table 3.

2.3.2. Beam model validation

The MC model was validated by comparing the simulated PDD curves in a water phantom against
established benchmarks. For the 6 MeV and 9 MeV beams, the simulations were compared with the
IAEA phase-space data for the Varian Clinac 2100C [31]. The validation of 9 MeV is shown in Figure 2.
Validation of the 16 MeV beam was conducted by comparing simulated depth-dose parameters with
clinical reference values from the IAEA TRS-398 protocol [28]. Key dosimetric parameters showed
excellent agreement; specifically, the simulated Rso values demonstrated a deviation of less than 0.7%
relative to the calculated clinical values. This high level of correspondence across all energy levels
confirms the accuracy of the beam modelling.

Table 2. The main input parameters in Beamnrc simulation for both model Clinac 2100C
and Philips S175-20.

Parameter Setting/Value Parameter Setting/Value

IBRSPL none PCUT (MeV) 0.01

BCSE off IREJECT _GIOBAL On with  varying
ECUTTER

ICM_SPLIT none Range Rejection 2,40r6*

ECUT (MeV) 0.7 IFORCE off

* 2,4, and 6 MeV for 6, 9, and 16 MeV, respectively

Table 3. Electron beam specifications for the used radiation.

Energy (MeV) Peak (MeV) FWHM (MeV) Rso (cm) Unit model

6 6.67 0.17 2.56 Varian 2100C
9 9.23 0.30 3.70 Varian 2100C
16 14.60 0.57 5.60 Philips S175-20

2.3.3.  MC phantom specifications

In this investigation, the phantom case study was defined as a 30 x 30 x 30 cm? solid water cube
with voxel size of (0.1 x 0.1 x 0.1 cm?®) associated with positional uncertainty margin of (2—3) voxels.
The phantom configuration was simulated using Dosxyznrc and analyzed using Statdose code and
origin software. The simulation parameters for Dosxyznrc are provided in Table 4.
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Figure 2. Comparison of simulated and reference normalized PDD curves. Reference
data obtained from the Varian IAEA phase-space database to validate model accuracy.

Table 4. EGSnrc transport parameter used in Dosxyz simulation.

Parameter Setting/Value Parameter Setting/Value

SMAX lel0 IPCMP On

ESTEPE 0.25 comp_xsection default
XImax 0.5 IPRDST Simple
Bca_algorithm Exact pair_nrc BH
Skindepth _for bca 0 IPHTER Off
Transport_algorithm PRESTA-II IRAYLR On
Spin_effect ON IEDGFL On
Eli_flag Off Photon_xsections xcom
IBRDST Simple Xsec_out OFF
Brems cross section BH

To approximate clinical conditions more realistically, an air gap of 0.3 cm was introduced between
the bolus and phantom. This gap size was selected due to the widespread use of 3D printing to fabricate
boluses, especially for ABS and PLA. This technology typically limits the air gap to less than 0.4 cm.
A scheme of simulated configurations with and without bolus is shown in Figure 3.
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Figure 3. A scheme of the simulated model: (a) without bolus, (b) with bolus.
2.4. Air gap sensitivity

To quantify the dosimetric sensitivity of the three materials, NR, ABS, and PLA, MC simulations
were conducted using a 9 MeV electron beam. The setup involved a 1 cm bolus thick and varying air
gaps of 0, 1, 3, and 5 mm. The resulting dose for a comparative assessment of material performance
under non-ideal contact conditions distributions were analyzed based in the variations in SD and the
depth of the 90% isodose line, allowing for a comparative assessment of material performance under
non-ideal contact conditions.

3. Results

Figures 4—6 show the PDD curves for the defined phantom under various conditions. Each figure
presents the PDDs for the phantom covered with three different bolus materials (ABS, PLA, and NR),
as well as for the control phantom (without cover). The PDDs in each figure correspond to the same
irradiation energy: 6 MeV (Figure 4), 9 MeV (Figure 5), and 16 MeV (Figure 6). Each material was
tested with three bolus thicknesses: 0.5, 1.0, and 1.5 cm.

From the PDD curves obtained for ABS, PLA, and NR boluses, the PSD and key dosimetry
parameters were evaluated and are presented in Tables. Table 5 for PSD values followed with Table 6
for a related comparative analysis of PSD. Table 7 for the dosimetric parameters included the depths
at 100%, 90%, 80%, and 50% of the maximum dose (Rioo, Roo, Rso, and Rso, respectively). The
statistical uncertainty of MC simulation in the present study was lower than 1.5 %, confirming the
accuracy and clinical utility of these parameters for quality assurance.

3.1. Surface dose

Compared to the no-bolus condition, all bolus configurations resulted in increased surface doses.
This increase correlated with increasing bolus thickness. Specifically, as shown in Table 5, PLA
demonstrated a higher surface dose than both ABS and NR when boluses of 0.5 cm and 1 cm thickness
were used, for all irradiation energies. Table 6 showed an enhancement in the difference in PSD
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between PLA and ABS ranged from 0.7% to 10.2% across all investigated energies. Similarly, the
difference between PLA and NR showed enhancement ranged from 2.1% to 9.7%.

Table 5. The PSD measurements (%) for ABS, PLA and NR across three energy levels (6,
9, and 16 MeV).

PSD%

Energy | ABS PLA NR

(MeV)
Thicknes 6 9 16 6 9 16 6 9 16
(cm)
0.5 82.5 | 83.9 95.4 87.1 | 84.9 97.2 81.4 81.8 |96.1
1 89.1 | 86.3 99.2 99.3 |92.5 98.2 89.2 85.6 |95.1
1.5 95.8 1 90.9 98.6 86.3 | 98.6 98.2 96.9 [90.5 |979

Table 6. Comparative analysis of PSD percentage differences between PLA, ABS, and NR
for 0.5 and 1 cm thick bolus materials across 6, 9, and 16 MeV electron beams.

A (%) = SD ppa — SDyps A (%) = SD ppa — SDyr
Energy (Mev)
. 6 9 16 6 9 16
Thickness (cm)
0.5 +6.1 +0.7 +1.8 +6.3 +2.1 +2.6
1 +10.2 +5.9 +2 +9.7 +6.9 +2.5

3.2. Dose profile comparison

Across all simulated scenarios, a comparison of PDD curves showed a closer dose distribution
profiles for ABS and NR, while PLA delivered a lower dose to deeper tissues compared to the other
bolus materials under identical conditions. For example, the investigated energies and thicknesses,
PLA boluses consistently yielded lower Rso and Rp values compared to ABS and NR, e.g., Fora 16
MeV beam with a 1 cm bolus, the Rso and Rp for PLA were 45.3 mm and 66.6 mm, respectively. In
contrast, NR exhibited higher values of 48.7 mm for Rso and 68.6 mm for Ry, representing a shift in
the practical range of 2.0 mm.
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Table 7. Dosimetry parameters for ABS, PLA, and NR boluses at different thicknesses

irradiated by 6, 9 and 16 MeV, the values of R are in (mm).

6 MeV
](30211;)18 thickness Rio Reo Reo Rs R,
ABS 11.0 3.54,15.7 * 17.4 21.3 26.3
0.5 PLA 78.9 1.02,13.7 * 15.2 19.4 25.6
NR 10.1 4.15 17.4 20.9 26.5
ABS 54 6.8,11.2 % 13.1 16.6 22.3
1 PLA 2.11 6.47,15.3* 8.85 13.1 19.6
NR 6.53 0.82,10.6* 12.7 16.5 22.1
ABS 4.15 7.10 8.98 12.5 18.4
1.5 PLA ok ok 1.36 6.39 13.5
NR ok 6.46 8.23 11.9 17.7
9 MeV
Rioo Roo Rso Rso Rp
ABS 16.8 6.87,25.5 * 28.6 33.6 41.4
0.5 PLA 15.3 5.58,23.7 * 26.8 31.9 40.1
NR 16.1 8.03,25.5* 28.0 333 41.4
ABS 12.4 3.19,21.9 * 24 29.3 37.2
1 PLA 9.59 15.9 19.7 25.6 344
NR 13.9 2.58,21.1 % 234 29.2 36.4
ABS 10.6 17.4 19.8 24.9 33.1
1.5 PLA 2.6 9.87 12.9 19.3 27.9
NR 10.3 16.3 19.1 24.5 31.9
16 MeV
Rioo Roo Rso Rso Rp
ABS 20.5-25.1 373 43.8 53.9 67.0
0.5 PLA 9812677 36.8 42 51.7 65.9
NR 54-2741 39.2 43.7 53.6 67.1
ABS 14.9-23.1 35.1 40.0 49.1 62.7
1 PLA 1.8-14.8T 30.2 355 45.6 59.8
NR 10.2-18.1 33.6 38.7 49.1 62.4
ABS 551-14.17 304 35.1 45 58.2
1.5 PLA 1.52-521 22.8 27.7 38.0 54.2
NR ok 27.9 33.2 44.0 58.3

*: Dual hot spot **: The values are unavailable in the figure T: Represent the Plateau region.
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Figure 4. PDDs for PLA, ABS, and NR boluses at different thicknesses compared to

phantom without bolus exposed to 6 MeV.
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Figure 5. PDDs for PLA, ABS, and NR boluses at different thicknesses compared to
phantom without bolus exposed to 9 MeV.
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Figure 6. PDDs for PLA, ABS and NR boluses at different thicknesses compared to
phantoms without bolus exposed to 16 MeV.
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3.3. Dual hotspots

Table 7 shows dual dose hotspots, e.g. same dose is delivered for two distinct points, at specific
parameter combinations. For instance, Roo dual hotspots were observed at 6 MeV (0.5 cm bolus, all
materials) and 9 MeV (0.5 and 1 cm boluses, all materials). For example, a 9 MeV beam with a 0.5 cm
NR bolus, the 90% dose level was achieved at two distinct depths: a proximal point at 8.03 mm and a
distal point at 25.5 mm. While with 16 MeV, the location of the Rioo and Roo within the plateau region
was difficult to specify a single optimal depth.

3.4. Plateau region

At 16 MeV, a characteristic plateau region exists in the dose distribution where the surface dose
remains relatively constant over a specific depth. Within this plateau region, the dose profiles for all
three bolus materials are nearly identical. The extent of this plateau decreases as bolus thickness
increases.

3.5. Air gap sensitivity

Table 8 details the dosimetric impact of air gap size on SD and Rgo. Results show that increasing
air gaps led to notable variations in SD, whereas the Roo depth was minimally affected. The maximum
recorded deviations for NR were 2.5% for SD and 0.9% for Roo. ABS demonstrated slightly higher
sensitivity with deviations of 2.6% and 2.3%, while PLA proved the most robust to air gap variations,
showing deviations of only 1% and 1.2% for SD and Roo, respectively.

Table 8. Sensitivity analysis of air gap variations on SD and Rgo for NR, ABS, and PLA

bolus at 9 MeV.
NR ABS PLA

Bolus Thickness (cm) | Air  gap | SD % Roo SD Roo SD Roo
(cm) (cm) (%) (cm) | (%) (cm)

1 0 85.3 2.10 84.5 2.18 91.9 1.69
1 87.4 2.12 85.6 2.16 92.7 1.71
3 85.6 2.11 86.7 2.18 92.5 1.61
5 86.6 2.10 85.6 2.13 92.9 1.69

4. Discussion

The results showed that across all energies the reference PDD curves closely matched the
expected distribution for an electron beam in tissue-equivalent material, the measured Rso was
compared to the calculated value from the TRS-398 baseline, the comparison is summarized in Table
3 and illustrated under the “beam model validation” subsection. Adding bolus material to the phantom
shifted the PDD curve toward the surface relative to the control phantom curve. This shift toward the
surface increased with bolus thickness [3,32]. The analysis of depth-dose distributions reveals distinct
trends related to material composition and thickness.

AIMS Biophysics Volume 13, Issue 1, 1-20.
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As bolus thickness increases across all materials (ABS, PLA, and NR), a systematic shift in the
PDD curves is observed. The thicker bolus provides more material for the electron to interact with
before reaching the patient’s skin. This interaction leads to increased energy deposition close to the
surface, hence a notable shift in the PDD. This shift effectively relocates the build-up region toward
the surface, which is a critical requirement for treating superficial lesions while maximizing dose to
the skin [32,33].

4.1. Surface dose

The primary observation of “increased surface doses in all cases compared to the no-bolus
condition” is a fundamental consequence of using a bolus. The bolus material interacts with the
incident electron beam, causing increased energy deposition at or near the surface. The bolus
effectively shifts to the build-up region closer to the surface, as mentioned before, hence the increased
surface dose.

The finding that “PLA demonstrated a higher surface dose than both ABS and NR” is a more
specific and potentially significant observation. This difference in surface dose likely arises from
PLA’s higher density compared to ABS and NR. Density affects the number of interactions the
radiation beam undergoes within the material. A denser material might lead to more interactions and
potentially a higher surface dose. Also, different elemental compositions from PLA and NR lead to
different interaction cross-sections for radiation. These differences in composition influence the
amount of scatter and energy deposition, potentially leading to variations in surface dose [32].

The build-up region’s behavior was characterized by a significant thickness-dependent rise in
surface dose. For example, Table 5 shows when using an ABS bolus, the transition from 0.5 cm to 1.0
cm thickness increased the surface dose by 6.6% with a comparable increase (6.7%) observed when
moving from 1.0 cm to 1.5 cm. This consistent trend demonstrates that for the energies studied, surface
dose scales predictably with bolus thickness until the maximus region of dose is reached. Conversely,
surface dose enhancement reaches a saturation point as the bolus thickness approaches the dmax of the
specific electron energy. This phenomenon explains the observed decrease in the surface dose for the
6 MeV beam when using a 1.5 cm PLA bolus (86.3% compared to 99.3 and 87.1 for 1 and 0.5 cm,
respectively). In this instance, the surface dose was recorded at 86.3% which is lower than the values
obtained for the 0.5 cm and 1.0 cm thicknesses. We conclude that a 1.5 cm bolus exceeds the dmax for
6 MeV electrons, effectively placing the measurement point within the distal dose fall-off region rather
than the build-up region.

4.2. Dose profile comparison

ABS and NR exhibit similarly when used as boluses. This similarity is likely due to their
comparable e, densities and mass attenuation coefficients. The reported densities are 0.9 g/cm? for ABS
and 0.92 g/cm? for NR as shown in Table 1. While the mass attenuation coefficients are 0.0216 cm?/g
for ABS and 0.02216 cm?*/g for NR at 9 MeV [34]. The observed disparity in proximal dose gradients,
with PLA exhibiting a more pronounced fall-off than NR or ABS, highlights density as a key secondary
parameter alongside thickness. This implies for a given thickness, denser materials provide a sharper
beam definition in the proximal region. The increased interactions with the incident radiation due to
PLA’s higher density, resulting in a higher surface dose. Simultaneously, this contributes to a steeper
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dose fall-off, delivering a lower dose to deeper tissues and this effect like that of using a thicker bolus.
made of ABS or NR.

On the other hand, the dosimetric performance of PLA in this study can be contextualized by
comparing it to the work of Kong et al. [3], who investigated the impact of bolus materials, including
PLA, glycerol and other materials, on deep-tissue dose deposition. While Kong et al. identified
glycerol as the optimal material for distal tissue sparing, their conclusion was likely influenced by the
specific physical parameters assigned to their materials. Specifically, they used a lower density for
PLA 1.12 g/cm? compared to glycerol 1.26 g/cm?. In the present study, the PLA was modeled with a
higher density of 1.24 g/cm?®, which more closely approximates the density of the glycerol used in
Kong’s research. Furthermore, the elemental composition of our PLA closely mirrors that of glycerol.
This suggests that the ‘ideal’ performance previously attributed to glycerol may be achievable with
high-density PLA, effectively bridging the gap between our findings and previous literature.
Practically, this enables more precise beam tailoring. By selecting an appropriate PLA thickness, one
can simultaneously achieve two clinical objectives: (1) conforming the dose to a specific target depth
and (2) more effectively mitigating the skin-sparing effect than is possible with ABS or NR. This
positions PLA as a superior material not only for applications, where maximizing normal tissue sparing
proximal to the target is critical, but also for delivering a higher dose at the surface.

4.3. Dual hotspots

The observation of “dual hotspots™ at specific parameter combinations means that, instead of a
single region of high dose, two distinct regions of elevated dose were observed.

These hotspots arise from the interaction of the primary electron beam with the bolus material
and the underlying tissue, leading to backscatter that can create localized dose enhancements [35—38].

A 0.5 cm bolus was insufficient to deliver a 90% target dose to a specific location for all materials
and energies tested. This was also true for a 1 cm bolus at 9 MeV due to dual dose hotspots. Clinically,
dual hotspots pose a significant risk of increased toxicity to healthy tissues, complicating treatment
planning by making it more challenging to deliver a homogeneous dose to the tumor volume while
sparing surrounding critical structures.

4.4. Plateau region

The energy of the radiation beam affects its penetration depth and the overall dose distribution.
Therefore, the impact of the bolus material on surface dose varies with the energy of the incident
radiation. In addition to the distance of the treatment device (SSD). Therefore, it is recommended to
consider and the accuracy of the treatment plan dose calculation in skin dose assessment [39,40].
However, Lower energy beams deposit their energy more superficially, so the effect of bolus effect is
proportionally larger compared to higher energy beams [33]. The energy dependence of the plateau
region observed in this study is corroborated by the findings of Diaz Merchan et al. [18]. In their
characterization of a novel material (CM) corresponds across an energy range of 6 to 16 MeV, a distinct
plateau region emerged at 12 MeV, which became increasingly pronounced at 16 MeV. These
observations align with our results, confirming that the plateau region’s width is more pronounced at
higher energies.

The plateau region in high-energy radiation, which is characterized by a relatively constant
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surface dose over a specific depth, offers a valuable clinical advantage for treating tumors extending
several centimeters. Positioning the tumor within this region allows for uniform irradiation.
Furthermore, the near-identical dose profiles observed for NR, ABS, and PLA boluses at 16 MeV
indicate minimal impact of bolus material choice on dose distribution within this plateau region.

4.5. Air gap sensitivity

The results summarized in Table 8 highlight the impact of air gaps on electron scattering and
beam degradation. The higher sensitivity of SD, peaking at a 2.6% deviation for ABS, can be attributed
to the loss of side-scatter equilibrium when a gap is introduced between the bolus and the phantom.
Conversely, the stability of Roo indicates that the mean energy of the electron spectrum at depth is less
affected by these small air increments than the surface fluence. The divergence between materials is
likely linked to their specific electron densities and scattering powers; PLA exhibited the highest level
of robustness, maintaining deviations near 1%. These findings suggest that materially divergent bolus
options do not respond equally to setup uncertainties, with PLA offering the most predictable
dosimetric performance under non-ideal contact conditions. Bolus thickness can be adjusted to control
the plateau’s extent.

5. Conclusions

ABS and NR exhibited remarkably similar radiation responses across all irradiation energies. This
suggests that NR could potentially serve as viable and potentially more sustainable for ABS in
applications like bolus production for radiation therapy. PLA consistently outperformed both ABS and
NR in surface dose delivery across all evaluated energies and thicknesses. With increases of up to 10.2%
over ABS and 9.7% over NR, PLA demonstrates a superior capacity for build-up enhancement.
Furthermore, the superior stability of PLA (e.g., maintaining deviations within approximately 1% for
both surface and deep- tissue metrics) marks it as the most robust material for 3D-printed bolus
applications.

The analysis revealed dual Roo dose levels at lower energies (6—9 MeV) for thinner boluses (0.5—1
cm), where the 90% isodose line intersected the PDD curve at two separate proximal and distal
locations. Additionally, at 16 MeV, a pronounced dose plateau led to spatial ambiguity in defining
specific Rioo and Roo positions. These findings highlight potential complexities in characterizing dose
distribution for certain energy bolus combinations.

A careful consideration of irradiation energy and bolus thickness is crucial, as certain parameters
combinations can lead to undesirable dose hotspots and increased risk of complications.

Future research should focus on further evaluating the biocompatibility, long-term performance
of ABS, NR, and PLA boluses to optimize and improve patient outcomes; conducting in-vivo test on
patients to see how well these boluses fit irregular body surfaces like the nose and ears; investigating
how different printing setting change the density and dose accuracy.
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