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A B S T R A C T

Purpose: To clarify the physical characteristics of a newly developed real time variable shape rubber containing
tungsten (STR) with changes in heat and estimate its shielding abilities against electron beams and γ-rays from
192Ir.
Methods: Dynamic mechanical analysis for the STR (density = 7.3 g/cm3) was conducted at a frequency of
1.0 Hz in the temperature range of −60 °C to 60 °C. We evaluated tanδ, defined as the ratio (E″/E′) between the
storage modulus (E′) and loss modulus (E″). The transmission rates were measured against 6- and 12-MeV
electron beams and the percentage depth dose and lateral dose profile were compared with low-melting alloy
(LMA). For the shielding rate of 192Ir against γ-rays, measurement data and Monte Carlo simulation data were
obtained with STR thickness ranging from 1.0 mm to 16.0 mm.
Results: At 36 °C, the tanδ value was 0.520, while at 60 °C, this value was 1.016. For 6- and 12-MeV electron
beams, the transmission rates decreased with increasing STR thickness and reached plateaus at approximately
1.0% and 4.0% with STR thickness of > 7.0 and > 12.0 mm, respectively. The dose distributions were almost
equal to those for LMA. Against γ-rays, the thickness of STR that obtained a 50% attenuation rate for 192Ir was
5.804 mm. The Monte Carlo calculation results were 2.6% higher on average than the measurement results.
Conclusion: The STR can be changed shape in real time at 60 °C and maintains its shape at body temperatures. It
has adequate shielding abilities against megavoltage electron beams and γ-rays from 192Ir.

1. Introduction

Lead has been employed for radiation protection in the clinical
setting for many years. Its uses include shielding for occupational
protection in the medical and industrial fields as well as during electron
beam radiotherapy. The shortcomings of shielding materials made of
lead or lead equivalent include inflexibility and toxicity [1,2]. There is
therefore a strong demand for lead-free product development in
healthcare and industrial applications. For the production of lead-free
radiation-shielding materials, we have developed a real time variable
shape rubber containing tungsten (STR) (Hayakawa Rubber Co., Ltd.
Hiroshima, Japan). The tungsten belongs to the group of refractory
metals with a molecular weight of 183.85 and the highest melting point

(3410 °C) of all elements except carbon, clinical follow-up in patients
after tungsten coil implantation did not demonstrate any evidence for
toxicity [3]. In previous studies, we reported on the electron beam, γ-
ray, and X-ray shielding abilities of Tungsten functional paper (TFP)
[4–10] and Tungsten-containing rubber (TCR) [11–13]. Both materials
were shown to be particularly promising for radiation protection, even
though they are lead-free. The STR has several benefits to compare with
TFP and TCR, such as easy to shape in real time at approximately 60 °C
and maintains its shape at room temperature and body temperature. In
addition, the contained tungsten can be gathered for reuse by heat
treatment.

In general, collimators for electron therapy made from lead or a
low-melting point alloy (LMA) are widely used in clinical site [14–16].
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These lead and LMA shields have problems such as limiting radiation to
the appropriate area by shaping the irradiation field, being difficult to
process and taking a long time to shape, harmful effects on the en-
vironment, and possible toxicity to the human body [17]. It is proble-
matic that patients who have developed a keloid on their earlobe or
abdomen may need to undergo electron therapy as soon as possible
after excision. Leeuwen et al. showed that in an external radiation
group, the rate of recurrence of keloid scars decreased when radiation
was applied within 7 h, compared with 24 h or longer after excision
[18]. It is very difficult to perform electron therapy immediately after
excision using lead or LMA. Additionally, lead or LMA is difficult to
adapt to the movements of the target in terms of respiration and patient
motion, which can require the irradiation field to have a large margin.
The STR will be able to solve all of these problems and may have the
potential to open a new era in this field.

Brachytherapy for oral cancers is another current application of lead
use in clinical radiotherapy [19,20]. High-dose-rate (HDR) interstitial
brachytherapy is a considerable treatment option for various cancers
including uterine cervical cancer, prostate cancer, and oral cancers
[19]. HDR brachytherapy a definitive treatment option for cancer of the
oral cavity because it can provide an excellent loco-regional control rate
and also has the advantage of preserving the shape and functions of the
oral cavity, including the tongue [20]. However, brachytherapy for oral
cancer could cause severe toxicities in the normal mucosa and mandible
with increased doses of radiation exposure [21]. With the aim of re-
ducing these toxicities, several devices have been developed to assist
with brachytherapy for oral cancers [22,23]. Murakami et al. reported
that spacers using embedded metals could reduce irradiation exposure
[23]. However, mandible lead shields might produce various side ef-
fects of lead in the oral cavity. Moreover, potential secondary scatter
radiation can be emitted from the surface of a lead-only spacer [23].
Therefore, STR could be an alternative material with the potential to
overcome the problems with lead materials in brachytherapy for oral
tongue cancer using oral devices.

The purpose of this study is to clarify the thermal characteristics and
the dynamic viscoelasticity of the STR and to investigate the feasibility
of an application of the STR to clinical radiation therapy through ver-
ification of its shielding ability against electron beams and γ-rays from
192Ir. For physical characteristic analysis, the dynamic viscoelasticity of
the STR was evaluated in temperature range of −60 °C to 60 °C. The
transmission rates in various thicknesses of STRs for megavoltage
electron beams were measured and compared with those of LMA. For
the 192Ir shielding rate against γ-rays, we compared measurement data
and Monte Carlo n-particle extended (MCNPX, Ver.2.6.0, LANL, Los
Alamos, NM, USA) simulation code data with mathematical calcula-
tions based on a computing process [24]. The dosimetric characteristics
with both radiation types and their possible clinical applications are
discussed.

2. Materials and methods

2.1. STR characteristics

The STR is a rubber material with no cross-linked polymerization,
and it is a real time variable shaped material. Therefore, it is possible to
change shape by hand at temperatures of approximately 60 °C and
maintains its shape at room temperature (Fig. 1).

The STRs with density of 7.3 g/cm3 were provided by Hayakawa
Rubber Co. The elemental ratio (wt%) in STR was C: 5.5%, H: 0.9%, O:
1.4%, and W: 92.2%. To assess its thermal characteristics, the dynamic
viscoelasticity of the STR was evaluated with a dynamic mechanical
thermal analysis machine [25] (DMS6100; Hitachi High-Tech Science
Co., Tokyo, Japan). The dynamic mechanical analysis for the STR with
dimensions of 5.0 (W) × 45.0 (L) × 2.0 (T) mm3 was conducted at a
frequency of 1.0 Hz [26,27] and an amplitude of 10 μm in temperature
range from −60 °C to 60 °C with a heating rate of 2 °C/min. Then, the

storage modulus (E′) as elasticity and loss modulus (E″) as viscosity
were obtained, and the ratio of the moduli (E″/E′, defined as tanδ) was
evaluated under each temperature. A high tanδ value means high
viscosity, while a low tanδ means high elasticity (i.e. tanδ = 0 means a
perfectly elastic solid).

2.2. Shielding ability and dosimetric characteristics for megavoltage
electron beams

The irradiated fields of electron beams were shaped using the LMA
and STR. The thickness of the LMA set on the electron applicator was
1.4 cm, as with conventional electron therapy, while the thicknesses of
the STR was varied from 1.0 to 12.0 mm at room temperature and from
2.0 to 16.0 mm for 6- and 12-MeV electron beams, respectively. The
electron applicator size was 10 × 10 cm2, and 200 monitor units were
irradiated.

First, for evaluation of the STR’s shielding ability, the transmission
was measured by geometry, as shown in Fig. 2a. The STR was set on a
solid water phantom (GAMMEX, Wisconsin, USA), and the doses for
each STR thickness at depths of 0, 0.5, and 1.5 cm were measured with
a plate parallel ionization chamber (PPIC) (Markus Ion Chamber; PTW,
Freiburg, Germany) three times [11]. Second, for evaluation of the
STR’s dosimetric characteristics, 3.0 cm along the X-axis was blocked
with the LMA or STR, as shown in Fig. 2b [11]. The percentage depth
dose (PDD) along the beam axis and the lateral dose profiles were
measured using a solid water phantom and Gafchromic EBT3 film (ISP,
Wayne, NJ, USA). The film was set up parallel to the beam axis for PDD,
and lateral dose profile measurements were taken. For surface lateral
dose profile measurement, the film was set up perpendicular to the
beam axis at the surface. The depths with maximum dose (dmax), 90%
dose (d90), and 80% dose (d80) were obtained from the PDD curves. The
lateral dose profiles were normalized by the values at the center, and
the maximum dose within the irradiated field at the surface and the
penumbra (as the width of the off-axis distance from 80% to 20% dose
levels, P80-20) were evaluated at the surface, dmax, d90, and d80.

2.2.1. Shielding rates of STR against γ-rays from 192Ir
The shielding rates of STRs for an 192Ir (Activity: 199.4 GBq)

microSelectron HDR source (Elekta AB, Stockholm, Sweden) were
measured at room temperature with the PPIC and solid water
(GAMMEX, Wisconsin, USA), as shown in Fig. 3. The STR sheet of size
10.0 × 10.0 cm2 was set on the solid water phantom, and the radiation
source was 2.0 cm above the surface of the phantom. The PPIC was set
on the phantom, and measurements were performed with increased
STR thickness. The irradiation time was 30 sec. For measurement ac-
curacy, the doses with irradiation time 60 sec were also measured and
subtracted from the doses with 30-sec irradiation times. Then, the
transmission rates were measured while changing the STR thickness
from 0.0 (no shield) to 16.0 mm at an interval of 1.0 mm.

2.2.2. Monte Carlo calculation of dosimetric properties with 192Ir
To validate the accuracy of the shielding rate measurement of the

STR, Monte Carlo simulation was performed. The simulation tool was
Monte Carlo n-particle extended (MCNPX, Ver: 2.6.0, LANL, Los Alamos
National Laboratory, USA). For the simulation’s geometric setup, both
the water phantom (20 cm (X-axis) × 20 cm (Y-axis) × 10 cm (Z-axis))
and the STR were defined according to the actual experimental setup, as
shown in Fig. 3. The energy of γ-rays from the 192Ir source in the si-
mulation was set as 317 keV (83%), 468 keV (48%), and 604 keV (8%)
using both the source information and probability cards, which contain
integers in MCNPX. The cutoff energies of photons and electrons were
both 1.0 eV. Comparison of the transmission rate between measurement
and calculation was performed for each STR thickness.
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Fig. 1. A real time variable shape rubber containing tungsten (STR) can be changed shape by heat to (a) ball type and (b) sheet type and (c) easy to process (e.g.
cutting out).

Fig. 2. Schematics of geometry for measurement of (a) transmission and (b) dose profiles.

Fig. 3. Drawing of geometry of setup used to determine shielding rate against γ-rays from 192Ir.
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3. Results

3.1. Temperature characteristics of the STR

Fig. 4 shows the temperature characteristics of the STR. Its elasticity
decreased with increasing temperature, while tanδ had a peak around
−38 °C due to the glass transition temperature [25]. The tanδ increased
with increasing temperature in the > 0 °C range, i.e. the viscosity in-
creased with temperature. At 36 °C, close to body temperature, the tanδ
value of the STR was 0.520, while at 60 °C, this value was 1.016. The
STR could be changed shape easily by hand, with a tanδ value greater
than 0.600, at 40 °C. In contrast, the STR could maintain its shape
(tanδ < 0.600). In this experiment, the temperature limit was 60 °C
because the STR was torn off due to high viscosity at temperatures
of > 60 °C.

3.2. Shielding ability and dosimetric characteristics with megavoltage
electron beams

The transmission rates of the STR are shown in Table 1. For 6 and
12 MeV electron beams, the transmission rates decreased with in-
creasing STR thickness and reached plateau values of approximately
1.0% and 4.0% at STR thickness of > 7.0 and > 12.0 mm, respectively.

Table 2 shows the dosimetric characteristics of the PDD curves in
Fig. 5. For the LMA, the dmax, d90, and d80 with 6 and 12 MeV beams
were 12.6 and 28.6 mm, 17.2 and 39.0 mm, and 19.0 and 43.1 mm,
respectively. In contrast, for STR materials of thickness 7.0 and
12.0 mm with 6 and 12 MeV beams, the dmax, d90, and d80 were 13.5
and 25.9 mm, 18.4 and 36.2 mm, and 19.9 and 40.9 mm, respectively.
The differences between LMA and STR with these parameters ranged
from 1.0 to 3.0 mm.

Table 3 shows the dosimetric characteristics of the STR with lateral
dose profiles, and Fig. 6 shows the lateral dose profiles of the LMA and
STR with 6 and 12 MeV electron beams. Only in the surface lateral dose
profile, a high dose was observed at the edge of the irradiated field;
however, the magnitude of the high dose decreased with increasing STR
thickness and depth. The maximum dose at the surface was 117.0% and
126.6% for STR thickness 7.0 and 12.0 mm, respectively. The P80-20
values of the STR were smaller than those of the LMA, although the
differences in P80-20 values decreased with increasing depth. In parti-
cular, for the 12 MeV beam, the P80-20 values at the dmax, d90, and d80
were almost equal between LMA and STR. The P80-20 values at the
surface, dmax, d90, and d80 using the STR with thickness 7.0 and
12.0 mm with 6 and 12 MeV beams were 0.3 and 0.6 mm, 5.7 and
10.0 mm, 7.6 and 15.3 mm, and 8.3 and 17.5 mm, respectively, whereas

Fig. 4. Dynamic mechanical analysis results for the STRs. (a) Relationship between temperature and elasticity (E′) and viscosity (E″). (b) Relationship between
temperature and tanδ = E″/E′.

Table 1
Transmission rates (%) of a real time variable shape rubber containing tungsten
(STR) for each solid water thickness.

STR thickness (mm)

6 MeV Depth 0 1.0 2.0 3.0 4.0 5.0 7.0 10.0 12.0
Surface 100.0 123.9 55.4 12.9 3.0 2.3 1.5 1.3 1.2
0.5 cm 100.0 82.2 28.7 5.2 1.8 1.7 1.4 1.1 1.0
1.5 cm 100.0 26.8 4.0 1.5 1.4 1.3 1.2 1.0 0.9

STR thickness (mm)

12 MeV Depth 0 2.0 4.0 6.0 8.0 10.0 12.0 14.0 16.0
Surface 100.0 130.8 70.7 20.2 6.5 4.9 4.5 4.1 3.7
0.5 cm 100.0 112.0 53.5 13.7 5.3 4.4 4.0 3.7 3.4
1.5 cm 100.0 83.4 29.3 6.8 4.1 3.7 3.4 3.2 2.9

Table 2
Dosimetric characteristics of PDD with LMA and STR.

(a) Depth at maximum dose (dmax) (mm)

6 MeV LMA STR thickness (mm)
1.0 2.0 3.0 4.0 5.0 7.0 10.0

12.6 13.0 12.3 13.5 13.0 13.3 13.5 13.5
12 MeV LMA STR thickness (mm)

2.0 4.0 6.0 8.0 10.0 12.0 14.0

26.6 28.2 28.2 28.2 29 27.7 25.9 27.6

(b) Depth at 90% dose (d90) (mm)

6 MeV LMA STR thickness (mm)
1.0 2.0 3.0 4.0 5.0 7.0 10.0

17.2 17.3 19.2 19.6 17.6 17.8 18.4 19.5
12 MeV LMA STR thickness (mm)

2.0 4.0 6.0 8.0 10.0 12.0 14.0

38.4 38.2 37.9 38.6 38.0 36.5 36.2 37.5

(c) Depth at 80% dose (d80) (mm)

6 MeV LMA STR thickness (mm)
1.0 2.0 3.0 4.0 5.0 7.0 10.0

19.0 19.5 19.1 20.8 19.3 20.2 19.9 20.1
12 MeV LMA STR thickness (mm)

2.0 4.0 6.0 8.0 10.0 12.0 14.0

41.9 43.0 42.6 41.6 41.3 41.0 40.9 41.6

H. Monzen, et al. Physica Medica 66 (2019) 29–35

32



using the LMA, the corresponding values were 5.7 and 3.0 mm, 9.7 and
9.3 mm, 10.8 and 14.7 mm, and 11.6 and 18.4 mm, respectively. Cor-
responding P80-20 values could not be obtained with STR thickness 1.0,
2.0, and 4.0 mm because these STR thicknesses could not shield > 80%
of the dose.

3.3. Comparison of transmission rates between measurement and
calculation against γ-rays from 192Ir

Fig. 7 shows the measured and simulated transmission rates of the
STR and thickness ranging from 1.0 mm to 16.0 mm. The STR thickness
that obtained a 50% reduction rate for 192Ir was 5.804 mm. In contrast,
the corresponding value for lead with 192Ir is 5.8 mm [28]. The Monte
Carlo calculation results were 2.6% higher on average than the mea-
sured results, whereas normally, experimental measurements and
Monte Carlo calculation results have been similar. The differences

between Monte Carlo calculations and measurements at each STR
thickness ranged from 1.36% to 3.95%. The average standard error was
2.49%.

4. Discussion

We have developed a novel real time STR that can be changed shape
by hand at a temperature of approximately 60 °C and maintains its
shape at room and body temperatures. In this study, we investigated the
STR’s viscoelasticity and usability for electron therapy and bra-
chytherapy. The STR’s density is an important factor because of the
tradeoff relationship between viscoelasticity and shielding ability. A
density value of 7.3 g/cm3 is suitable for clinical use because the fol-
lowing characteristics of viscoelasticity are preferable: 1. Elastic beha-
vior in the body temperature region to maintain the STR’s shape as a
shielding material, 2. Viscosity at high temperatures (e.g., 60 °C) for

Fig. 5. Depth dose profiles (PDD) for LMA and STR with thickness of 7.0 and 12.0 mm for (a) 6 and (b) 12 MeV electron beams.

Table 3
Dosimetric characteristics of lateral dose profiles using LMA and STR.

(a) Maximum dose at surface, dmax, d90, and d80 (%)

6 MeV LMA STR thickness (mm)

1.0 2.0 3.0 4.0 5.0 7.0 10.0

Surface 106.8 150.4 136.2 122.1 115.8 126.0 117.0 118.7
dmax 103.9 107.3 104.6 104.0 105.2 106.2 104.2 104.2
d90 104.8 102.6 103.5 103.1 105.3 104.2 105.2 104.4
d80 104.2 104.3 106.2 105.3 103.7 105.3 104.4 105.6

12 MeV LMA STR thickness (mm)

2.0 4.0 6.0 8.0 10.0 12.0 14.0

Surface 107.7 157.8 151.3 126.5 122.2 130.1 126.6 125.2
dmax 103.9 104.7 103.0 102.2 103.8 102.9 103.0 103.0
d90 104.2 102.4 103.7 105.8 101.8 104.0 104.1 104.1
d80 104.0 102.5 104.8 103.6 101.7 103.3 102.2 102.0

(b) P80-20 at surface, dmax, d90, and d80 (mm)
6 MeV LMA STR thickness (mm)

1.0 2.0 3.0 4.0 5.0 7.0 10.0

Surface 5.7 – – 0.3 0.3 0.2 0.3 0.2
dmax 9.7 – 6.3 5.3 5.9 5.6 5.7 5.6
d90 10.8 – 8.4 7.9 7.8 8.1 7.6 7.8
d80 11.6 – 10.2 8.8 9.3 8.4 8.3 8.4

12 MeV LMA STR thickness (mm)

2.0 4.0 6.0 8.0 10.0 12.0 14.0

Surface 3.0 – – 0.7 0.5 1.0 0.6 0.5
dmax 9.3 – 9.8 9.3 9.3 9.2 10.0 9.8
d90 14.7 – 15.0 13.2 15.9 14.7 15.3 16.6
d80 18.4 – 16.9 15.5 16.8 16.6 17.5 18.6
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easy real-time processing and variable shaping, 3. Adequate shielding
ability against megavoltage electron beams and γ-rays from 192Ir, even
with low thickness. In addition, the STR can be used permanently,
while maintaining the quality of shielding-effect. However, it shall not
be applied when the STR is contaminated by blood and body fluids.

In electron radiotherapy, the STR is easy to shape and place on a
curved part of a patient’s body, such as the face, ear, shoulder, or belly.
The STR can suppress the target’s movements, including respiration and
patient motion, which can also reduce the extra margin. In addition, the
STR may be applied in intraoperative electron radiotherapy [7,29]. The
transmission rates with STR thickness of 1.0 and 2.0 mm were higher
than those without STR for 6 and 12 MeV electron beams because the
interaction between the STR and the electron beams caused brems-
strahlung [30]. Except for those conditions, the transmission rate de-
creased exponentially with increased STR thickness, and these findings
correlated well with those of previous studies [4,11]. The PDD results

shown in Table 3 and Fig. 5 illustrate that the dmax, d90, and d80 values
were almost equal between LMA for all thickness values of STR;
therefore, the PDD values were not significantly influenced by shielding
effects of the LMA or STR. The maximum doses at dmax, d90, and d80
were similar between LMA and STR. However, the maximum dose at
the surface using STR was increased compared with that of LMA due to
differences of shielding position, bremsstrahlung, penetration, and lat-
eral ray scattering [11]. However, the relative magnitudes of those high
doses were approximately 80% and 90% for 6 and 12 MeV electron
beams because the PDD values at the surface were approximately
60%–70% as shown in Fig. 5.

The transmission rates of STRs against γ-rays from 192Ir at room
temperature reduced exponentially with increasing thickness in the
range from 0.0 mm to 16.0 mm. An STR thickness of 5.8 mm shielded
approximately 50% of the dose and has high shielding ability, de-
monstrating the possibility of clinical application. In addition, both
measurements and calculations were adequately accurate, as the dose
difference between simulation and measurement was within 4.0%, a
smaller value than the corresponding one obtained in another report
(i.e., about 5.6%, described by Shi et al. [31]).

There are three widely accepted principles for reducing radiation
exposure: time, distance, and shielding. Therefore, several previously
developed techniques have focused on the distance from the source to
normal tissue and shielding to prevent severe complications such as
mucositis and osteonecrosis from HDR brachytherapy [23,32]. Obinata
et al. showed that the use of a thicker spacer (i.e., ≥10 mm) could
minimize the risk of osteoradionecrosis from 18.2% (< 5 mm) to 0%
(≥5 mm) in patients who received LDR brachytherapy for tongue
cancer [33]. Their data seem reasonable because greater radiation
doses should be absorbed by thicker spacers [23]. However, the limited
space between the tongue and mandible might make placing a spacer
challenging [34]. Murakami et al. described that oral devices con-
taining lead successfully increased the distance and shielding from the
source [23]. Adding lead apparently decreased the absorbed dose even

Fig. 6. Lateral dose profiles at surface, dmax, d90, and d80 for LMA and STR with thickness of 7.0 and 12.0 mm for 6 and 12 MeV electron beams.

Fig. 7. Comparison of transmission rate between Monte Carlo calculation and
measurement with 192Ir source and STR thickness of 0.0 (air) to 16.0 mm.
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if the distance to the source was short. STR has several advantages over
lead-containing oral devices in a clinical practice. STR can be flexibly
modified in terms of the shape and thickness. In addition, STR is a safer
material than lead. Based on the results in this study, STR could be
useful to overcome problems associated with devices containing lead.

We have described a novel lead-free radiation-shielding material,
STR, and characterized its radiation shielding ability against electron
beams and pre- and post-operative radiation protection in bra-
chytherapy [5,35] within the energy range used in radiotherapy. STR
has potential applications as a radiation-shielding material and has
several benefits, including being easy to shape in real time, reusable,
and ecofriendly. This new STR is lead-free and has many unique fea-
tures that could be useful for both indoor and outdoor industrial use.

5. Conclusion

STR can be changed shape by hand at approximately 60 °C and
maintains its shape under room and body temperatures. It has adequate
radiation shielding ability against electrons in the energy range used in
radiotherapy and brachytherapy with 192Ir. Therefore, it can be em-
ployed instead of lead and has the potential to open a new era of ra-
diation protection.
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