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Abstract

This study aimed to evaluate the scientific reliability of 3D-printed silicone boluses fab-
ricated with patient-specific molds, focusing on fabrication-related uncertainties such
as internal air bubbles, thickness variations, and density differences, thereby providing
evidence for clinical quality assurance. Custom silicone boluses were fabricated using
3D-printed molds with varying vacuum degassing times (1, 5, and 10 min). Air bubble size
and depth were quantified using scanner image analysis, while density and Hounsfield
unit (HU) values were compared with a commercial bolus. Dosimetric evaluation was
performed using a VitalBeam linear accelerator (6 MV photons, Varian Medical Systems,
Palo Alto, CA, USA) and a MatriXX 2D detector (IBA Dosimetry, Schwarzenbruck, Ger-
many), comparing treatment planning system (TPS) calculated doses with measured doses
across a 3 x 3 grid. Surface dose distributions were further analyzed using EBT3 film.
Results showed that bubble size increased with longer vacuum times, interpreted as coales-
cence due to limited degassing and silicone viscosity. The density of 3D boluses ranged
from 0.980 to 1.104 g/ cm’ (commercial: 0.988 g/ cm3), with HU values of +240 to +250
(commercial: —110). In point-wise comparisons, mean dose differences were less than 1%
for 1- and 5 min samples and approximately 1% for 10 min, with all conditions within
Al < 3%. Film analysis confirmed equivalent surface dose distributions. These findings
demonstrate, for the first time, that microscopic bubbles in 3D-printed silicone boluses
have negligible clinical impact, supporting their safe adoption without requiring complex
degassing procedures.

Keywords: patient-specific silicone bolus; radiotherapy; bolus dose evaluation; air bubbles

1. Introduction

In radiation therapy, the build-up effect of megavoltage photon beams leads to a
dose deficit in the skin and superficial tissues; therefore, a bolus is used to compensate
for this effect [1-3]. While commercial sheet-type boluses are standardized and conve-
nient to use, they have limitations in regions with complex body contours, where the
formation of air gaps between the bolus and the skin can result in dose reductions of
approximately 3-17% [4,5].

To overcome these limitations, patient-specific silicone boluses fabricated using 3D-
printing technology have been developed, providing optimized conformity to anatomical
structures [6,7]. Among the early proposals for patient-specific boluses, Dubey et al. (2016)
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introduced a method of producing a soft silicone bolus using an optical scanner and a
3D printer, which was conformal to irregular contours and cost-effective [8]. This study
represented an important turning point in terms of shape fidelity and minimizing air gaps
in custom bolus fabrication. Subsequently, in 2018, Chiu et al. combined 3D-printed molds
with silicone casting to create patient-specific boluses and presented a detailed process from
computed tomography (CT)-based design to quality assurance (QA) [9]. These early reports
demonstrated that patient-specific silicone boluses could serve as a practical alternative
to reduce air gaps and improve the predictability of surface dose, thereby laying the
foundation for further clinical applications.

Recent studies have demonstrated that the silicone casting method using 3D-printed
molds is feasible for integration into clinical workflows, with systematic implementa-
tion cases reported that include commissioning and failure mode and effects analysis
(FMEA) [10]. In addition, the clinical application process has been described, encompass-
ing CT-based modeling, 3D-printed mold fabrication, silicone casting, QA, and in vivo
dose verification, which collectively confirmed advantages such as reducing air gaps and
improving the uniformity of surface dose compared with commercial boluses [11].

Furthermore, studies on patient-specific silicone boluses fabricated using the Life-
Casting technique have evaluated both the physical properties of the material (Shore
hardness, HU values, density) and the efficiency of the fabrication process, reporting
improvements in reducing air gaps and enhancing conformity to the skin surface [12]. In
addition, a comparative study of boluses made from polydimethylsiloxane (PDMS) and
silicone elastomers reported that homogeneity, density, and dose delivery were stably
maintained under various thickness conditions, thereby supporting the clinical stability of
custom boluses [13].

Patient-specific silicone boluses are generally fabricated through the following process.
First, CT images of the treatment site are acquired, and these images are used to perform
three-dimensional modeling of the bolus shape. The model is then printed using a 3D
printer to create a mold, into which mixed silicone is poured to obtain a bolus of the desired
thickness and geometry. After curing is complete, the mold is removed, and the finished
bolus is rescanned with CT to perform QA by verifying thickness uniformity, Hounsfield
unit values, and conformity. This fabrication process has been reported to minimize the
occurrence of air gaps and internal bubbles while achieving closer conformity to patient
skin contours compared with commercial boluses [13].

Nevertheless, patient-specific boluses are not free from uncertainties that may arise
during the fabrication process, such as thickness irregularities, residual air bubbles, and
density variations. In particular, microscopic air bubbles may not be detected in CT-based
treatment planning and therefore may not be accounted for in dose calculations. Previous
studies have mainly focused on macroscopic air gaps between the bolus and the skin,
whereas the dosimetric impact of microscopic air bubbles within the bolus has not been
systematically evaluated.

Therefore, the present study aims to quantitatively analyze the effects of internal
bubbles, thickness irregularities, and density variations arising in patient-specific silicone
boluses fabricated using 3D-printed molds on radiation dose distribution, and to provide
fundamental data for establishing QA standards to ensure the clinical safety and reliability
of patient-specific boluses.

2. Materials and Methods

In order to apply a patient-specific silicone bolus, two CT simulations (CT-sims) are
generally required (Figure 1). The first CT-sim is used for treatment planning, while the
second CT-sim is acquired with the fabricated bolus applied to the patient, enabling dose
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recalculation that reflects fabrication-related variables such as thickness irregularities and
residual air bubbles. This approach allows consideration of the physical characteristics of
the bolus in the actual treatment dose distribution and provides the advantage of verifying
patient setup reproducibility. However, this process requires three hospital visits in total
(two CT-sims and one for treatment initiation) and extends the preparation period to an
average of 7-8 days.

Conventional Alternative
Workflow Workflow

1st CT Simulation

Virtual Bolus
Contour

3D Printing

‘ Bolus Fabrication

d . .
2nd CT Simulation CT si "oh

Using 2ng'CT Using\IstCT

U- Treatment Pla "ing Treatment Planning
iy s

Patient Treatment Patient Treatment

Figure 1. Comparison of workflows for the fabrication of patient-specific boluses.

In this study, an alternative treatment planning process was proposed that omits
the second CT-sim (Figure 1). This approach reduces the number of hospital visits and
shortens the preparation period to 3—4 days. Furthermore, the present work quantitatively
evaluated the impact of thickness irregularities and residual air bubbles in the fabricated
patient-specific silicone bolus on dose distribution, in order to verify whether clinically
reliable planning can be achieved with a single CT-sim. To assess the effect of this simplified
workflow on treatment accuracy, phantom-based experiments were conducted to explore
its feasibility.

2.1. Fabrication of Patient-Specific Silicone Bolus

The fabrication process of the patient-specific silicone bolus is illustrated in Figure 2.
CT images were imported into the treatment planning system (TPS) to define the target
region and desired thickness, after which a virtual bolus was generated and exported in
STereoLithography (STL) file format. The STL file was then converted into slicing data for
3D printing to create a plastic mold, into which liquid silicone was cast to form the final
bolus [10,14,15].

The fabrication process begins by importing CT images into the TPS to define the
region of interest and desired thickness, thereby generating a virtual bolus. This virtual
bolus is converted into STL file format and further processed into slicing data for 3D
printing. A plastic mold is then produced using the 3D printer, and liquid silicone is cast
into the mold to form the final bolus (Figure 2b). Clinical reports have demonstrated
that this 3D printing-based mold fabrication method can be applied even to irregular
anatomical sites such as the ear or nose, providing superior conformity to the skin surface
compared to commercial boluses and improving workflow efficiency [16,17].
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Figure 2. Examples of applying patient-specific silicone boluses fabricated with a 3D printer for

different clinical cases. (a) A patient with systemic lymphoma treated to the facial region using
Volumetric Modulated Arc Therapy (VMAT); a customized facial bolus was fabricated to ensure
adequate dose coverage. (b) A cervix cancer patient with a vulvar tumor protruding externally; a
conformal bolus was designed to precisely match the tumor surface, and treatment was delivered
using 3D conformal radiotherapy. (c) A patient with lymphoma of the lower extremity; a foot-shaped
bolus was created to enable VMAT delivery adapted to the contour of the limb.

A 3D printer (Ultimaker S5, Ultimaker B.V., Utrecht, The Netherlands) was used, with
a maximum build volume of 330 x 240 x 300 mm and axis precision of 6.9, 6.9, and 2.5 pm
for the X, Y, and Z axes, respectively. Molds were fabricated using a 0.4 mm nozzle and
2.85 mm diameter PLA filament, with a wall thickness of 0.8 mm. Each mold was designed
in three separable parts with an open upper surface to facilitate silicone pouring.

To fabricate the boluses, a two-component addition-cure liquid silicone (Dragoskin NV
10%, Smooth-On Inc., Macungie, PA, USA) was employed. According to the manufacturer’s
instructions, the material consists of a base and curing agent mixed at a 1:1 weight ratio.
The mixture was stirred gently to minimize air entrapment and poured into the molds.
Dragoskin NV is a platinum-catalyzed silicone elastomer commonly used in prosthetics and
special effects applications, characterized by high flexibility and skin safety. Its reported
density is approximately 1.08 g/cm?, which corresponds to a radiological electron density
close to that of water, thereby supporting its suitability for dose calculation in treatment
planning systems. The cured boluses were allowed to rest for 24 h at room temperature to
ensure complete polymerization before experimental use [18].

Potential sources of error during the fabrication process included inaccuracies in mold
geometry due to mechanical tolerances of the 3D printer and thickness irregularities of
the bolus [19-21]. In addition, microbubbles could form during the mixing and casting of
silicone, and shrinkage during curing could alter the size and location of the bubbles. Such
bubbles may not be detectable in CT images and therefore might not be reflected in dose
calculations, which motivated this study to evaluate their dosimetric impact.

2.2. Fabrication of Sheet-Type Silicone Boluses

To quantitatively evaluate the effect of air bubbles on dose distribution, standardized
silicone sheet specimens measuring 10 x 10 x 1 cm® were fabricated (Figure 3). Three
molds of identical dimensions were produced using a 3D printer, and liquid silicone was
poured under identical conditions. The fabricated specimens were designed to simulate
a range of air bubble conditions that may occur during the production of patient-specific
boluses and were subsequently used to compare and analyze their dosimetric ef-fects, refer
to Table 1.
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Figure 3. Fabrication process of sheet-type silicone boluses. (a) Preparation of a rectangular silicone
mold (10 x 10 x 1 cm?) using 3D printing and pouring of silicone solution. (b) Vacuum sealing
procedure to control the amount of entrapped air during curing.

Table 1. Process parameters in bolus fabrication.

Category Parameter Value(s) Notes
Constants  Printer model Ultimaker S5 (Ultimaker B.V., Utrecht, The Build volume 330 x 240 x 300 mm
Netherlands)
. PLA, 2.85 mm, nozzle 0.4 mm, Mold fabrication, Open top for
Filament :
0.8 mm wall pouring
Meshmixer (Autodesk Inc., San Rafael, CA, . .
Mold design USA), 3D Slicer (Brigham and Women's Z;rt;il bolus segmentation and STL
Hospital, Boston, MA, USA) p
. Dragon Skin™ NV 10% . Lo
Silicone (Smooth-On, Inc., Macungie, PA, USA) Two-part, mix ratio 1:1 (w/w)
Curing 24 h at room temperature Manufacturer specification
Variables Vacuum 1,5, 10 min Household vacuum system

degassing time

Bolus type

Patient-specific. (sheet-type) vs.

. Comparative evaluation
Commercial

Vacuum degassing was applied to control the amount of entrapped air, with treatment
times set to 1, 5, and 10 min, respectively, in order to produce samples with varying bubble
densities. A household vacuum sealing system was employed to reflect a practical and
clinically accessible method. By varying the degree of air removal during silicone curing,
differences in the size and distribution of microbubbles were intentionally induced.

The fabricated specimens were designed to simulate a range of air bubble conditions
that may occur during the production of patient-specific boluses and were subsequently
used to compare and analyze their dosimetric effects.

2.3. Analysis of Air Bubble Size and Density

High-resolution cross-sectional images of each specimen were acquired using a flatbed
scanner (Epson Expression 13000XL, Seiko Epson Corp., Nagano, Japan). Image analysis
was performed with Image] version 1.53t (National Institutes of Health, Bethesda, MD,
USA), and the diameter and depth (from the surface) of air bubbles were measured within
ten systematically selected regions of interest (ROIs, 20 x 20 mm?) per sample. Up to four
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bubbles were extracted per ROL resulting in a total of 40 measurements for each condition
(1,5, and 10 min). Due to the inherent limitations of cross-sectional image-based evaluation,
some discrepancies from the true three-dimensional bubble geometry may exist. To ensure
consistency, all measurements were performed by the same investigator.

For data analysis, the mean =+ standard deviation, minimum-maximum values, co-
efficient of variation (CV%), and standard error (SE = SD//n) were calculated for each
condition. In addition, 95% confidence intervals were estimated using the t-distribution
with 39 degrees of freedom.

To assess statistical differences among the three conditions, the Shapiro-Wilk test was
first performed to test normality. If normality was satisfied, one-way analysis of variance
(ANOVA) was conducted, and Tukey’s HSD post hoc test was applied when significant
differences were observed. If normality was not met, the Kruskal-Wallis test was used
instead. A p-value < 0.05 was considered statistically significant.

For density evaluation of the commercial bolus and the fabricated 3D-printed silicone
boluses, the mass of each specimen was measured using an electronic balance (Mettler
Toledo, Greifensee, Switzerland). Volumes were calculated from CT images (SOMATOM
Definition AS, Siemens Healthineers, Erlangen, Germany) using segmentation, and density
(g/cm3) was derived by dividing mass by volume. In addition, Hounsfield unit (HU)
values of each bolus were extracted from CT images for comparison of physical properties.

2.4. Dosimetric Analysis

To evaluate the dose reproducibility of commercial boluses and 3D-printed patient-
specific silicone boluses, two-dimensional dose distributions of the calculated dose from
the TPS and the measured dose were compared. All experiments were performed us-
ing a VitalBeam linear accelerator (Varian Medical Systems, Palo Alto, CA, USA) with a
6 Megavoltage (MV) photon beam. Beam parameters were set to a 10 x 8 cm? field size
with 200 monitor units (MUs). For assessment of surface dose distribution, each bolus
was placed on a cylindrical phantom with a radiochromic film (EBT3, Ashland Advanced
Materials, Niagara Falls, NY, USA) positioned between the phantom and the bolus. Irradia-
tion was delivered with a 3 x 3 cm? field at 100 monitor units, and the resulting isodose
distributions were analyzed (refer to Table 2).

Table 2. Process parameters in dosimetric evaluation.

Category Parameter Value(s) Notes
VitalBeam (Varian Medical Systems, Palo
Constants  Linear accelerator Alto, CA, USA), Field size 10 x 8 cm?2, 200 MU
6 MV photons
MatriXX FFF 2D array
lon chambers (IBA Dosimetry, Schwarzenbruck, Germany) 1020 cells
EBT3 radiochromic film
Film (Ashland Advanced Materials, Niagara Falls, Surface dose verification
NY, USA)
Variables Measurement With /without bolus, Comparative
condition different degassing times P
Evaluation metrics Mean Ad'ose, SD, RMS, 3x3 grld points; film profile
v-analysis analysis

Dose measurements were performed using a MatriXX FFF 2D ionization chamber
array detector (IBA Dosimetry, Schwarzenbruck, Germany). A 2 cm-thick RW3 phantom
was placed above the detector, and the bolus under evaluation was positioned such that its
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center aligned with the isocenter. Corresponding calculated dose distributions for the same
measurement plane were generated in the TPS.

Data analysis was conducted using an in-house Python (version 3.10.12, Google Co-
laboratory, Python Software Foundation, Wilmington, DE, USA)-based program. After
registering both distributions to a common coordinate system, point-by-point dose differ-
ences were calculated at nine grid points (3 x 3 array within £20 mm from the isocenter)
using the formula A = (measured — planned)/planned x 100 (%). Evaluation metrics
included mean, standard deviation, and root mean square (RMS) differences. Additionally,
the proportion of points satisfying | Al < 1% and | Al < 2% was reported according to
commonly applied clinical tolerance criteria.

For assessment of surface dose distribution, each bolus was placed on a cylindrical
phantom with a radiochromic film (EBT3, Ashland Advanced Materials) positioned be-
tween the phantom and the bolus. Irradiation was delivered with a 3 x 3 cm? field at
100 monitor units, and the resulting isodose distributions were analyzed.

3. Results
3.1. Measurement of Air Bubble Size

Based on the analysis of Figures 4 and 5, bubble sizes were observed to increase
with longer vacuum treatment times. This finding can be interpreted as incomplete re-
moval of microbubbles under limited vacuum conditions, with smaller bubbles gradually
coalescing over time to form larger bubbles. The high viscosity of silicone is also con-
sidered to contribute to the incomplete expulsion of bubbles. The mean bubble size was
0.21 & 0.05 mm (95% CI: 0.20-0.23) at 1 min, 0.28 £ 0.16 mm (95% CI: 0.23-0.33) at 5 min,
and 0.34 & 0.12 mm (95% CI: 0.30-0.38) at 10 min. One-way ANOVA confirmed statisti-
cally significant differences among groups (F = 12.32, p < 0.001; Kruskal-Wallis, H = 32.56,
p <0.001). Post hoc analysis showed significant differences between 1 min and 5 min
(p = 0.025) and between 1 min and 10 min (p < 0.001), whereas the difference between 5 min
and 10 min was marginally significant (p = 0.059).

Figure 4. Cross-sectional scans of silicone sheets fabricated with identical thickness and subjected
to different vacuum treatment times (1, 5, and 10 min). Each sample was cut and scanned using a
flatbed scanner. A ruler was included in the image to provide a reference for thickness measurement
and to visualize the variation in entrapped microbubbles according to the vacuum duration.
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Bubble Size vs. Degassing Time
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Figure 5. Mean air bubble size (mm) as a function of vacuum degassing time (1, 5, and 10 min). Data
points represent the mean values, and error bars indicate 95% confidence intervals (CI).

For bubble depth, the mean value was greatest under the 5-min condition. The mean
depth was 2.72 £ 1.84 mm (95% CI: 2.13-3.31) at 1 min, 3.38 £ 1.83 mm (95% CI: 2.79-3.97)
at 5 min, and 1.71 & 1.20 mm (95% CI: 1.32-2.09) at 10 min. In-tergroup differences were
statistically significant (ANOVA, F = 10.42, p < 0.001; Kruskal-Wallis, H = 16.20, p = 0.0003).
Post-hoc testing revealed significant differences between 1 min and 10 min (p = 0.019) and
between 5 min and 10 min (p < 0.001), whereas the difference between 1 min and 5 min
was not significant (p = 0.180) in Table 3.

Table 3. Extended statistical summary of air bubble size and depth (mm) across three time conditions.
Values are presented as mean + SD [min—-max], coefficient of variation (CV%), and 95% confidence
interval (CI).

.- Mean + SD (mm) o o ANOVA Tukey HSD
Parameter Condition [Min-Max] CV (%) 95% CI (mm) p-Value (Significant)
. . _ y g 1vs. 5 (p =0.025);
Size 1 min (n = 40) 0.21 £ 0.05 [0.12-0.33] 22.3 [0.20-0.23] <0.001 1vs. 10 (p < 0.001)
5 min (n = 40) 0.28 4+ 0.16 [0.15-1.19] 55.7 [0.23-0.33]
10 min (n = 40) 0.34 4+ 0.12 [0.13-0.55] 354 [0.30-0.38]
. _ 3 g 1vs. 10 (p = 0.019);
Depth 1 min (n = 40) 2.72 + 1.84[0.04-6.88] 67.6 [2.13-3.31] <0.001 5vs. 10 (p < 0.001)
5 min (n = 40) 3.38 4+ 1.83 [0.06-6.68] 54.3 [2.79-3.97]
10 min (n = 40) 1.71 4+ 1.20 [0.05-4.70] 70.2 [1.32-2.09]

SD = standard deviation; CV = coefficient of variation; CI = confidence interval. ANOVA = one-way analysis of
variance. Post hoc comparisons were conducted using Tukey’s HSD test.

For bubble depth, the mean value was greatest under the 5 min condition. The mean
depth was 2.72 £ 1.84 mm (95% CI: 2.13-3.31) at 1 min, 3.38 £ 1.83 mm (95% CI: 2.79-3.97)
at 5 min, and 1.71 £ 1.20 mm (95% CI: 1.32-2.09) at 10 min. Intergroup differences were
statistically significant (ANOVA, F = 10.42, p < 0.001; Kruskal-Wallis, H = 16.20, p = 0.0003).
Post hoc testing revealed significant differences between 1 min and 10 min (p = 0.019) and
between 5 min and 10 min (p < 0.001), whereas the difference between 1 min and 5 min
was not significant (p = 0.180).
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In summary, microbubble size tended to increase significantly with longer vacuum
treatment, with a statistically significant difference observed at 10 min. In contrast, bubble
depth was greatest under the 5 min condition but decreased significantly at 10 min.

3.2. Measurement of Density and HU Values

The physical properties of the fabricated 3D-printed silicone boluses were compared
with those of a commercial bolus used as a control. Density measurements showed that the
commercial bolus had a density of 0.988 g/cm?, whereas the 3D-printed boluses exhibited
a range of 0.980-1.104 g/cm?.

On CT imaging, the HU values were —110 HU for the commercial bolus and +240 to
+250 HU for the 3D-printed silicone boluses. These differences in HU values are attributable
to the inherent physical properties and density variations in the two bolus materials,
reflecting their distinct radiation attenuation characteristics. The physical properties of the
fabricated 3D-printed silicone boluses were compared with those of a commercial bolus
used as a control. Density measurements showed that the commercial bolus had a density
of 0.988 g/cm?, whereas the 3D-printed boluses exhibited densities of 0.984, 1.104, and
1.104 g/cm3, corresponding to a range of 0.980-1.104 g/cm?®. These values indicate that
the fabricated boluses were close to water-equivalent density, with only minor variations
depending on the fabrication condition (Figure 6).

Figure 6. Experimental setup for measuring the density of bolus samples. Each silicone sheet was
placed on an electronic balance to determine its mass, and the measured values, combined with
the sample dimensions, were used to cal-culate density. (a) Commercial bolus; (b) Silicone bolus
fabricated with 1-min vacuum degassing; (c) Silicone bolus fabricated with 5-min vacuum degassing;
(d) Silicone bolus fabricated with 10-min vacuum degassing.

3.3. Dosimetric Analysis

The quantitative results of the dose distribution comparison in Figure 7 are summa-
rized in Table 4. For each condition (commercial bolus and 3D-printed silicone boluses
fabricated with 1-, 5-, and 10 min vacuum treatments), the differences between measured
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and TPS-calculated doses were evaluated at nine grid points (3 x 3 array within £20 mm
of the isocenter).

Planned (background) + Measured (contours) + Dose Analysis

y (mm)
B
Dose (% max)
Dose (% max)

Commercial bolus

Dose (% max)
Dose (% max)

Figure 7. Comparison of two-dimensional dose distributions between TPS (Planned, background)
and measurement with MatriXX FFF (contours) for a commercial bolus (a) and a custom 3D-printed
silicone bolus under three delivery conditions (1, 5, and 10 min; (b—d)). Profiles along the central
crosshairs and point-wise dose differences (3 x 3 grid at £20 mm from isocenter) were extracted and
analyzed using an in-house Python code. Each distribution is normalized to its maximum dose.

Table 4. Point-wise dose differences (Measured — Planned, %) for a commercial bolus and custom
3D-printed silicone boluses fabricated with different vacuum degassing times (1, 5, and 10 min).
Values are based on 9 points per case (3 x 3 grid within +20 mm). RMS = /| (mean(A2)) across the

9 points.
Case Mean A (%) Median A (%) SD (%) Max A (%) Min A (%) RMS A (%) <#£1% (n/N) <42% (n/N)
Commercial —0.34 —0.27 0.48 0.31 —1.46 0.59 8/9 9/9
Bolus
1 min 0.51 0.58 0.71 1.58 —0.53 0.87 7/9 9/9
5 min 0.67 0.65 0.78 2 —0.41 1.03 6/9 9/9
10 min 0.95 1.01 0.76 2.13 —0.30 1.22 4/9 7/9

A (%) = Measured — Planned (positive values indicate measured > planned). SD = standard deviation.
RMS = /mean(A?) across 9 points. 95% CI for mean differences calculated using Student’s t (df = 8), not tabulated.
n/N = number of points satisfying the criterion out of 9 total points.

For the commercial bolus, the mean A was —0.34%, and all measurement points fell
within Al < 2%, demonstrating excellent agreement with the planned dose. For the
3D-printed boluses, the mean A gradually increased with longer vacuum treatment times:
+0.51% at 1 min, +0.67% at 5 min, and +0.95% at 10 min.

In particular, under the 10 min condition, the mean A rose to approximately +1%, and
the RMS value increased to 1.22%. At this condition, two of the nine grid points exceeded

[Al > 2% (7/9 points passed). Nevertheless, all bolus conditions satisfied the clinical
tolerance of |A| < 3%.

Overall, both the commercial and 3D-printed boluses showed agreement between TPS
and measured dose distributions within the clinically acceptable error margin (£3%). How-
ever, in the case of 3D-printed boluses, a slight tendency was observed for the measured
dose to exceed the planned dose as vacuum time increased, which may be associated with
the characteristics of microbubbles generated during the fabrication process.



Appl. Sci. 2025, 15, 10486

11 0f 15

3.4. Surface Dose Distribution

Figure 8 compares the measured dose profiles of a commercial bolus and custom
3D-printed silicone boluses fabricated with different vacuum treatment times (1, 5, and
10 min). Under all conditions, the dose near the isocenter (0 mm) was consistently observed
at approximately 67 cGy, demonstrating excellent reproducibility of central dose delivery
regardless of bolus type under identical irradiation conditions.

Dose profiles across positions

# 5 & Bolus
. E * g
x 3 X 1 min
X 5 min
10 min
-15 -10 -5 [ 5 10 15 20

Position (mm)

Figure 8. Dose measurement using EBT3 film on a cylindrical phantom. A commercial bolus and a
custom 3D-printed silicone bolus were individually placed on the phantom surface and irradiated
under identical beam settings (3 x 3 cm? field, 100 MU). The resulting film dose distributions were
analyzed to evaluate the surface dose characteristics for each bolus.

Toward the lateral edges of the profile (20 mm), the dose gradually decreased to
about 59-60 cGy, consistent with the expected dose fall-off at the beam field boundary.
The dose profiles for the commercial bolus and the 1- and 5 min silicone boluses were
nearly superimposed across the entire curve, confirming the consistency of dose delivery.
In contrast, the 10 min condition showed a slightly lower dose pattern in the £15-20 mm
region; however, the difference was within 2 cGy, which remains clinically acceptable.

4. Discussion

In this study, the effects of residual air bubbles, thickness irregularities, and differences
in density and HU values arising during the fabrication of 3D-printed silicone boluses on
radiation dose distribution were evaluated. The analysis confirmed the presence of some
air bubbles (maximum diameter approximately 1 mm, depth up to 7 mm) and thickness
variations; however, the differences between planned and measured doses remained within
clinically acceptable limits (£3-5%) (Table 4, Figure 7). These results comply with the
commonly applied quality assurance (QA) tolerance in radiotherapy of a 3% dose error
and 3 mm spatial error. Furthermore, film-based surface dose analysis demonstrated that
the 3D-printed boluses achieved an equivalent performance level to that of commercial
boluses (Figure 8).

Previous studies have primarily evaluated the effect of air gaps between the bolus
and the skin on surface dose. Butson et al. [4] reported that a 10 mm air gap under 6 MV
photon irradiation could reduce the surface dose by approximately 10%. Boman et al. [5]
found that in VMAT, a 10 mm air gap resulted in a 13.6% reduction, whereas the decrease
was limited to <2.6% when using the field-in-field technique. Dilson et al. [1] reported that
uniform air gaps of 5-15 mm caused a 5-18% dose reduction, while non-uniform air gaps
led to smaller reductions of around 3-3.5%. In addition, Khan et al. [22] demonstrated that
significant dose reduction (~10%) occurred when air gaps exceeded 5 mm. Collectively,
these studies highlight the negative impact of air gaps on treatment accuracy.

Meanwhile, recent studies have highlighted the advantages of patient-specific or 3D-
printed boluses. Wang et al. [6] reported that silicone custom boluses significantly reduced
the air gap volume and the discrepancy between planned and measured doses compared
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with commercial boluses. Kim et al. [23] demonstrated that patient-specific boluses reduced
the air gap volume by more than 77% and improved both the mean dose error and standard
deviation in 3D-CRT and VMAT. In addition, Chatchumnan et al. [24] reported that silicone
boluses fabricated for head and neck treatments exhibited HU values, density, and thickness
characteristics equivalent to those of commercial boluses, and showed comparable or even
superior results in dose profiles and gamma analysis.

In contrast, the present study quantitatively analyzed the impact of air bubbles located
within the bolus on dose distribution. While previous reports have only mentioned the
possibility of bubble formation, few studies have systematically correlated the actual size
and depth distribution of bubbles with corresponding dose variations. This study addresses
that gap and demonstrates that microbubbles generated during the fabrication of custom
boluses have only a limited effect on delivered dose. To our knowledge, this is the first study
to systematically evaluate microbubble dimensions inside silicone boluses and correlate
them with dosimetric outcomes, which clearly distinguishes it from previous investigations
that mainly addressed macroscopic air gaps between the bolus and the skin.

At the same time, several practical techniques to minimize bubble formation during
fabrication have been reported in the literature. For instance, Wang et al. showed that
optimized mold design combined with 3D-printed casting significantly reduced air gap
volume and improved the predictability of delivered doses, with smaller gaps correlating
with reduced deviations between planned and measured values [6]. Yu et al. demonstrated
that the Life-Casting method using EcoFlex silicone decreased the air gap volume by
approximately 77% compared with commercial boluses, while reducing both mean and
maximum dose errors in 3D-CRT and VMAT [12]. Boopathi et al. reported that the
homogeneity and density of silicone elastomer boluses remained stable under different
mixing and thickness conditions, indirectly supporting the role of material properties in
reducing bubble occurrence [13]. Moreover, pouring silicone from the lowest point of the
mold in a thin stream and incorporating upper vents has been described as an effective
way to allow trapped air to escape, thereby reducing bubble size and frequency [9,11].
Similarly, studies have reported that self-adhesive or soft hydrogel-based silicone boluses
improved conformity to the skin surface, which in turn reduced the likelihood of air
entrapment [6,11,13]. Taken together, these findings suggest that although the bubble
levels observed in this study were clinically acceptable, adopting optimized fabrication
strategies—including mold and pouring design, material selection, and mixing protocols—
could further enhance reproducibility and reliability in clinical workflows.

Several clinical considerations should be noted. First, the study was conducted using
a homogeneous phantom, which cannot fully replicate the complex anatomical structures
and tissue heterogeneity of actual patients. Nevertheless, the implications of our findings
are directly relevant to clinical settings, particularly in cases with complex anatomy or
advanced delivery techniques such as IMRT and SBRT. Future validation using patient
datasets will be essential to confirm the translatability of these results. Second, the de-
tection of air bubbles may be underestimated due to the spatial resolution limitations of
CT imaging, particularly for bubbles smaller than 1 mm in diameter. In addition, bubble
characterization in this study relied on 2D scanning, which was sufficient for initial quan-
tification; however, three-dimensional imaging methods such as micro-CT could provide a
more comprehensive evaluation and will be considered in future investigations. Third, in
advanced techniques such as Intensity-Modulated Radiation Therapy (IMRT), VMAT, and
Stereotactic Body Radiation Therapy (SBRT), small fields and high dose rates are employed;
under these conditions, repeated beam intersections with bolus-entrapped bubbles could
induce local dose inhomogeneities (hotspots). This effect may be particularly significant in
SBRT, where cumulative errors could have clinically meaningful consequences. Therefore,
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extended validation with diverse treatment techniques and patient datasets is required
before these findings can be generalized to clinical practice. Such follow-up investigations
will support both the optimization of bolus fabrication processes and the establishment of
clinical reliability.

From a QA perspective, setting fabrication conditions to minimize bubble formation
and implementing CT-based verification procedures may be beneficial. Although complete
elimination of bubbles through vacuum or pressurization could be ideal (An et al., 2019;
Hobbis et al., 2024) [10,25], the present findings indicate that the observed level of bubbles
did not produce clinically significant dose deviations. Thus, custom boluses fabricated un-
der appropriate QA can provide clinically acceptable reliability without requiring complex
additional procedures.

In conclusion, this study systematically evaluated the effect of internal air bubbles
within patient-specific silicone boluses on dose delivery in radiotherapy. The observed
levels of bubbles resulted in dose reproducibility within clinically acceptable limits in
the phantom setting. Nevertheless, further prospective clinical validation and expanded
assessments across different treatment modalities are necessary for clinical translation.
Such efforts will contribute not only to the optimization of fabrication processes but also to
potential workflow simplification in the future.

5. Conclusions

This study represents one of the first attempts to quantitatively verify the impact
of internal air bubbles within patient-specific silicone boluses on radiation dose delivery,
highlighting its clinical significance. The levels of bubbles observed in this study demon-
strated dose reproducibility largely within clinically acceptable limits; however, it would be
more appropriate to interpret this as conditional safety rather than concluding that bubble
removal processes are unnecessary.

Several limitations should be noted. First, this work was conducted using a homo-
geneous phantom, which does not fully represent the anatomical complexity of actual
patients. Second, only limited fabrication and evaluation conditions were investigated (e.g.,
vacuum degassing times, a single irradiation energy), which restricts the generalizability of
the findings.

For clinical implementation, it is essential to establish individualized QA criteria that
take into account each institution’s equipment environment, treatment objectives, and pa-
tient characteristics. Continuous monitoring and verification are required to ensure safety.
In the future, multicenter validation studies including real patient data and diverse fabrica-
tion parameters are expected to facilitate workflow optimization and the establishment of
standardized clinical guidelines.
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