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Abstract: A bolus is a tissue-equivalent material used in radiotheraphy to enhance the surface dose by shifting the depth of maximum
dose (Zmax) toward the skin surface. This study aims to develop and evaluate a Silicone Rubber-Silver (SR—Ag) composite bolus as a
candidate material for electron beam therapy. The bolus was synthesized using RTV52 silicone rubber, silver (Ag), and PEG 4000. The
materials were combined through mechanical mixing and ultrasonic homogenization. Characterization included density measurement
and elemental composition analysis using EDX. Relative Electron Density (RED) was determined through CT-simulator imaging. The
SR-Ag bolus has a density of 1.19 g/cm? a RED value of 1.11, and an actual Ag composition of 11.37%, confirming successful
incorporation of the metallic filler into the silicone matrix. Surface dose testing with a 9 MeV electron beam showed an increase from
81.78 cGy (without bolus) to 89.46 cGy (with SR—Ag bolus). These findings indicate that the bolus enhances surface energy deposition
without significantly altering tissue equivalence. Overall, the SR—Ag bolus exhibits physical, structural, and radiological characteristics
supporting its suitability as a bolus material for superficial radiotheraphy applications.

Keywords: Silicone Rubber-Silver (SR-Ag) Bolus, Electron Beam Radiotheraphy, Surface Dose Value.

1. INTRODUCTION

Cancer is one of the most significant global health issues. It remains a leading cause of death in many countries [1]. Cancer
is a group of diseases characterized by abnormal cell growth that is invasive and capable of metastasizing to other organs. Global
reports indicate that cancer ranks as the first or second leading cause of death before the age of 70 in more than half of the countries
worldwide [2]. In Indonesia, the cancer incidence rate has reached 136.2 per 100,000 [3]. This highlights the need for comprehensive
interventions such as improved healthcare facilities, early detection, and optimized treatment, including radiotheraphy.
Radiotheraphy employs ionizing radiation to destroy cancer cells and is frequently used for lesions located near the skin surface.
However, treatments using LINAC face challenges related to suboptimal surface dose due to the build-up effect. This necessitates
the use of additional materials, such as a bolus to enhance the dose delivered to superficial tissue layers.

A bolus is a tissue-equivalent material placed on the skin to conform to surface irregularities and increase the superficial
radiation dose. Various materials have been used as bolus, including natural rubber, superflab, polymer gels, HAPRC, plasticine,
thermoplastic, and silicone rubber [4], [5], [6]. Despite their use, these materials often exhibit limitations such as poor surface
conformity, insufficient stability, or mechanical mismatch with the skin. More recently, silicone rubber (SR) has emerged as a
promising alternative, offering the ability to conform to patient anatomy, non-toxicity, non-stick properties, and stability across
clinical temperature ranges [7], [8]. However, several studies report that boluses made from pure SR can produce excessively high
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surface doses (>100%) at certain energies [5], [9], underscoring the need for material modification to control its dosimetric
characteristics.

One way to address this issue is to add high-Z metals to the SR matrix, which can enhance radiation absorption efficiency
and regulate the Percentage Surface Dose (PSD). Metals such as bismuth, lead, silica, and copper have been studied, but they often
introduce chemical instability or reduce tissue equivalence [6], [7], [10], [11]. Silver (Ag) stands out due to its high atomic number,
chemical stability, and antimicrobial properties [12]. [13] also showed that Ag can boost radiation absorption and act as a dose
enhancer in various radiotheraphy modalities. Therefore, this study develops a silicone rubber—silver (SR-Ag) composite bolus
with different Ag concentrations to examine its physical properties, internal structure, and dosimetric response. The goal is to create
a stable, effective bolus material to improve dose distribution for superficial tumour treatment.

2. THEORETICAL FOUNDATION
Radiotheraphy

Radiotheraphy is a primary cancer treatment that uses ionizing radiation to target and destroy malignant cells [14]. It is
commonly used alongside surgery and chemotherapy, especially when tumours are inoperable or require precise local treatment.
The goal is to deliver a high dose to the tumour while minimizing exposure to healthy tissues. lonizing radiation—such as X-rays,
gamma rays, or charged particles—produces ionization in tissue atoms, damaging cellular structures or causing genetic changes
that lead to cancer cell death [15], [16].

In clinical practice, radiotheraphy may be administered with curative, palliative, or prophylactic intent, depending on the
patient's condition and therapeutic goals. These intentions shape the delivery approach, which is generally either external beam
radiotheraphy—using specialized equipment such as a LINAC to direct radiation from outside the body—or brachytherapy, in
which the radiation source is placed inside or near the tumour through natural body cavities [17]. Curative radiotheraphy aims to
eradicate cancer. In contrast, palliative radiotheraphy focuses on alleviating symptoms for patients with advanced disease, while
prophylactic radiotheraphy is administered to prevent tumour spread or recurrence in high-risk cases.

Surface Dose

Surface dose refers to the amount of radiation absorbed at the surface layer of tissue (skin). In megavoltage radiotheraphy,
whether using photon or electron beams, the surface dose is typically lower than the maximum dose. This is due to the presence of
a build-up region, a zone where the fluence of charged particles increases until it reaches a certain depth (zm.x). For electron beams,
the surface dose generally ranges from 75-95% of the maximum dose depending on beam energy. Therefore, without additional
modification, superficial tissues may receive suboptimal doses for therapeutic purposes [18], [19]. Conversely, the skin-sparing
effect associated with photon beams can be beneficial for protecting the skin. However, it becomes less suitable for treating
superficial lesions that require high doses at the surface [20].

The use of a bolus as a tissue-equivalent material is one of the primary strategies to enhance surface dose. When placed
on the skin, the bolus effectively shifts the build-up region into the bolus material, bringing zm.x closer to the skin surface. Several
studies have demonstrated that adding a bolus in electron and photon therapy significantly increases the percentage surface dose
and modifies the depth dose curve to better accommodate superficial tumour treatments [ 18]. Additionally, bolus thickness, density,
tissue equivalence, and geometric conformity, including potential air gaps, critically influence the final surface dose achieved [9].
Therefore, a thorough understanding of surface dose characteristics and influencing factors is essential for the effective design and
evaluation of composite bolus materials such as Silicone Rubber—Ag (SR—Ag).

Bolus in Radiotheraphy

A bolus is a tissue-equivalent material designed to mimic soft tissue. It is placed on the skin surface to improve dose
homogeneity and shift the depth of maximum dose toward the surface. This makes it effective for superficial cancer therapy [7],
[14]. A bolus thickness of 0.5—1.5 cm is considered ideal because it does not significantly alter the isodose curve [7]. An appropriate
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bolus material must be biocompatible, non-toxic, flexible, stable, easy to shape, and possess HU and RED values similar to human
tissue [5], [21]. Various materials such as superflab, polystyrene, wax, and elastic gel have been used. Each, however, presents
limitations, including uneven dose distribution, high cost, or insufficient flexibility [7], [22]. Silicone rubber (SR) has emerged as
a superior alternative. It is valued for its elasticity, biocompatibility, ability to conform to patient anatomy, and mechanical and
chemical stability [4], [5].

Silicone rubber (SR) is a polymer based on polydimethylsiloxane (PDMS) and is available in two forms: high-temperature
vulcanizing (HTV) and room-temperature vulcanizing (RTV). RTV SR, which cures at room temperature, is commonly used in
medical applications [5]. However, SR has a relatively low effective atomic number (Z = 14, where Z indicates the average atomic
number of atoms within a material), which limits its ability to interact with radiation and may result in excessive surface radiation
doses (>100%) if used without modification [7]. To address this limitation, high-Z (atomic number) metallic fillers such as silver
(Ag) can be incorporated into the SR matrix. Silver has a high atomic number, high-density (mass per unit volume), good chemical
stability, and beneficial antimicrobial properties [12], [13]. Adding Ag particles increases material density and relative electron
density (RED, which relates to a material's capacity to scatter electrons), enhances electron backscattering (reflection of electrons
back toward the source), and improves surface dose—an essential requirement for superficial radiotheraphy [3]. Therefore, SR-Ag
(silver) composites combine the flexibility of silicone rubber with silver’s dose-enhancing properties, making them a promising and
safe bolus (tissue-equivalent material used to increase skin dose in radiotheraphy) candidate for radiotheraphy applications.

3. RESEARCH METHODOLOGY

The research methodology consists of several stages. It begins with material preparation and synthesis of the silicone rubber—
silver (SR—Ag) composite bolus. Next is material characterization, followed by dosimetric measurements using a linear accelerator
(LINAC). The bolus synthesis was carried out at the SMARC Laboratory, Diponegoro University. Material density was then
characterized using mass—volume measurements, and elemental composition was analyzed through SEM-EDX. These steps
verified the successful integration of Ag particles into the silicone rubber matrix. All numerical data and characterization results
were processed with Microsoft Excel and Image] prior to dosimetric evaluation. Surface dose measurements used a solid water
phantom under a 9 MeV electron beam. This assessed the effectiveness of the SR—Ag bolus in enhancing energy deposition at the
surface. This study provides preliminary insight into the potential of SR—-Ag as a bolus material for superficial radiotheraphy and
serves as a foundation for further development.

Sample Synthesis

In this study, the bolus was fabricated using silicone rubber (SR) type SR-RTV52 as the base material, silver (Ag) powder,
and PEG 4000. PEG 4000 functions as a binding agent to prevent Ag particle sedimentation. The synthesis process consisted of
two main stages: (1) preparation of the PEG—Ag solution and (2) mixing of the SR—Ag composite. In the first stage, 20 grams of
PEG 4000 were dissolved in 10 mL of aquabidest. This was done using a hot-plate stirrer at 60°C, with a mixing speed of 3 rpm,
for one hour before the Ag powder was added. The next stage involved combining all materials to produce the SR—Ag composite.
The SR mixture with predetermined volume was stirred using a mixer for 30 minutes. This was followed by ultrasonication for
another 30 minutes to improve homogeneity. The mixture was then stirred again for 8 minutes, catalyzed, and homogenized using
a dismixer before being poured into a mold. The curing process lasted for 24 hours until the bolus solidified and could be removed
from the mold. The variation in Ag concentration was prepared to evaluate its influence on the material properties of SR when used
as a bolus in radiotheraphy applications.

Bolus Density

Density measurements were conducted to determine the compactness of each bolus sample with varying silver (Ag) content,
allowing for an analysis of the influence of Ag content on the surface dose percentage in the SR—Ag bolus. Density was calculated
by dividing the sample’s mass by its volume. Each bolus’s mass was measured with a digital balance. Volume was determined from
the bolus’s dimensions (length x width x thickness). The density was then computed with the following equation 1:

(1)
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with p representing the density (kg/cm?), m the mass of the sample (kg), and V the volume of the sample (cm?) [21].

EDX Characterization Test

The Energy-Dispersive X-ray (EDX) technique is commonly used to qualitatively determine the elemental composition of
a material. It also provides a semi-quantitative estimation of the concentration or proportion of elements in a sample. In this study,
EDX characterization of the SR—Ag bolus was conducted to examine the elemental composition on both the surface and internal
regions. Special focus was placed on the presence of silver (Ag), carbon, oxygen, and other elements that may influence
conductivity, density, and the material’s interaction with radiation [23]. EDX results are typically reported in terms of weight
percentage and atomic percentage. They also include identification of characteristic energy peaks (keV) for each detected element.
This enables evaluation of material homogeneity, potential contamination, or compositional variations from the manufacturing
process [23]. EDX is a non-destructive technique that requires minimal sample preparation. It generates spectra that can be analyzed
to verify the presence and distribution of specific elements within the bolus [24].

Determination of Relative Electron Density (RED)

Relative Electron Density (RED) was calculated from the Hounsfield Unit (HU) values obtained through CT-simulator
scanning. Axial scanning parameters included tube voltage, tube current, and slice thickness. After image acquisition, ten small
circular Regions of Interest (ROIs) were selected horizontally across several slices in the axial or coronal view. The averaged CT-
Number values from all ROIs were then used to calculate RED as follows Equation (2) or (3) :

_{ 1.000 + (0.001 X Ngr) ; for CT number < 100
P =11.052 + (0.00048 x Ngr); for CT number > 100
()
3)

where p and N represent the RED value and the CT-number (HU), respectively [21].

Surface Dose Analysis

Surface dose percentage for the bolus was determined by irradiating samples with a 9 MeV electron beam from a LINAC,
using a 10 x 10 cm? applicator. The source-to-surface distance (SSD) was set at 100 cm to the solid phantom. The detector was
placed directly on the phantom surface to measure dose response, as shown in Figure 1.
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Figure 1. Surface Dose Measurement Scheme
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The calculation of the absorbed dose (D, o,) follows the protocol described in [25]. Equation (4) is used, assuming the
dosimeter has a calibration coefficient expressed in absorbed dose to water for the reference beam quality Qq:

Dw.Qo = MQDND,W,QO (4)

Here, M, is the dosimeter reading under reference conditions used in the standards laboratory, N, ,, o, is the calibration coefficient
in terms of absorbed dose to water obtained from the standards laboratory, and M represents the corrected dosimeter reading after
accounting for all environmental and detector-related influence factors according to Equation (5):

MQo = MbacaKT,PKpole
where M,.,4is the raw electrometer reading, Kr pis the correction factor for air temperature and pressure, Kp((,f,s) the correction for
polarity effects of the chamber voltage, and Kjis the correction factor for ion recombination.
4. RESULTS AND DISCUSSION
SR-Ag Bolus Synthesis Results

The Silicone Rubber—Silver (SR-Ag) composite bolus was successfully fabricated as a sheet measuring 17 x 17 x 0.5 cm?
with good structural stability. Ag concentration variations were prepared to evaluate the influence of high-Z metallic fillers on the
physical properties of the bolus. These samples targeted electron beam radiotheraphy applications. The dimensions were adjusted

to meet clinical requirements and standard LINAC configurations. Visually, all samples exhibited a smooth surface and uniform
thickness, as shown in Figure 2. During the molding process, some air was initially trapped within the SR—Ag mixture. This was
minimized through mechanical bubble-removal techniques using a needle prior to curing. As a result, the final bolus sheets were
free from macroscopic defects and ready for subsequent characterization

Figure 2. SR-Ag Bolus Synthesis
Bolus Density of SR-Ag

The measurements indicate that the SR—-Ag bolus has a density of 1.19 g/cm?®, which is slightly higher than that of pure
silicone but still within the range of human soft tissue (£1 g/cm?). This enables the material to be categorized as tissue-equivalent.
The increased density results from silver’s higher atomic mass compared to silicone, as silver has a significantly greater atomic
mass and density.

From a radiological perspective, a density of 1.19 g/cm? potentially increases the probability of radiation interactions at
the material’s surface due to the higher electron density. Several studies have reported that higher-density bolus materials enhance
secondary electron interactions near the surface, thereby shifting the depth of maximum dose closer to the skin while maintaining
tissue equivalency [14], [18]. Therefore, the density of SR-Ag not only produces meaningful improvements in surface radiation
absorption but also offers a compelling and effective solution for superficial tumor therapy.
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Energy Dispersive X-Ray (EDX) Analysis

EDX analysis of the SR—Ag bolus sample revealed that silicon (Si) and silver (Ag) are the dominant elements in the
composite. At this concentration, Si and Ag contents were detected at 87.95% and 11.37%, respectively, confirming that the addition
of 10% Ag precursor successfully increased the actual Ag content within the silicone matrix. This aligns with the general trend that
increasing precursor mass increases metal incorporation [7].

EDX data showed minor elements (S, Ca, Ti, Cu, Fe) at very low levels (<0.32%). These are impurities from the silicone
rubber or mixing process, not new chemical interactions, consistent with previous reports [26]. Their low levels suggest the material
remains stable and uncontaminated.

Relative Electron Density (RED)

The RED value for the SR—Ag bolus sample was measured using CT-simulator imaging, analyzing multiple ROI points to
determine representative HU values. The SR—Ag bolus measured 128.5 HU, indicating a substantial increase due to Ag. This high
HU shows that Ag addition directly increases the material's effective electron density.

Converting HU to RED yields 1.11 for the SR-Ag sample, the highest among all tested compositions. This result reflects
increased electron density from high-atomic-number Ag, whose density far exceeds pure silicone. The elevated RED supports
radiation principles: materials with greater electron density scatter and absorb high-energy radiation more effectively [27], [28].

Although a RED of 1.11 is slightly above the value of soft tissue (~1.0), the SR—Ag material can still be classified as tissue-
equivalent. The deviation remains within clinically acceptable limits. This RED value also shows that the material has enough
electron density to enhance dose deposition at the tissue surface during radiotheraphy. These characteristics strengthen surface
electron scattering and allow more efficient energy transfer. As a result, the SR-Ag composite is a strong candidate for superficial
radiotheraphy applications requiring a stable and tissue-equivalent bolus.

Surface Dose Value

Surface-dose measurements at 9 MeV showed that an SR—Ag bolus clearly enhances the dose compared to no bolus. The
surface dose without bolus was 81.78 cGy. With the SR—Ag bolus, the value increased to 89.46 cGy with the SR—Ag bolus,
representing a 9.4% increase as shown in Figure 3. This enhancement confirms that the bolus effectively shifts the depth of
maximum dose (Zmax) closer to the surface. As a result, more electron energy is absorbed by the skin. This finding is consistent
with the principle of electron radiotheraphy. Tissue-equivalent bolus materials on the surface reduce the build-up effect and increase
energy deposition in superficial tissues [19].
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Figure 3. Comparison Graph of Surface Dose Enhancement With and Without the SR-Ag Bolus

The effectiveness of the SR—Ag bolus in increasing surface dose at 9 MeV is closely linked to its physical characteristics,
particularly the higher electron density from the incorporation of silver (Ag) particles. As a high-atomic-number metal, silver
enhances secondary electron scattering. This leads to greater electron fluence at the surface and a higher surface dose, with little
change to the penetration profile [29]. This interaction is especially relevant for 9 MeV electron therapy.At this energy, most
interactions occur at shallow depths, making surface response highly sensitive to changes in bolus electron density.

Although the SR—-Ag bolus does not reach 100% surface dose, the increase from 81.78 cGy to 89.46 cGy is substantial. This
shortfall may be due to air gaps, bolus thickness variations, or charged-particle disequilibrium with 9 MeV electrons [29]. These
findings indicate strong potential for the SR—Ag composite as an effective bolus for electron radiotheraphy of superficial lesions.

5. CONCLUSION

This study synthesized and characterized a Silicone Rubber—Silver (SR-Ag) composite bolus.The material is a candidate for
superficial radiotheraphy applications. The SR—Ag bolus possesses stable physical form, homogeneous surfaces, and uniform
thickness, which makes it suitable for dosimetric evaluation. Density measurements revealed a value of 1.19 g/cm?®.This remains
within the range of tissue-equivalent materials and meets clinical bolus requirements. EDX analysis confirmed the successful
integration of Ag into the SR matrix with an actual Ag composition measured 11.37%, with no significant contamination from other
elements. The measured Relative Electron Density (RED) of 1.11 shows that the material has sufficient electron density to enhance
radiation interaction at the surface region.

Dosimetric testing with a 9 MeV electron beam increased the surface dose from 81.78 cGy (without bolus) to 89.46 cGy
(with the SR—Ag bolus), confirming that the bolus shifts the depth of maximum dose (Zmax) closer to the skin. The SR-Ag
composite enhances dose deposition in superficial tissues without affecting electron beam penetration. Based on physical, structural,
and dosimetric results, the SR—Ag bolus is a strong alternative and warrants further clinical development for superficial
radiotheraphy.
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