& frontiers | Frontiers in Materials

’ @ Check for updates

OPEN ACCESS

Mauro Zarrelli,
National Research Council (CNR), Italy

Atia Atiq,

University of Education Lahore, Pakistan
Yigit Ali Uncd,

Akdeniz University, Turkiye

Seon-Chil Kim,
chil@kmu.ac.kr

29 August 2023
20 October 2023
03 November 2023

Kim S-C and Youn S (2023), Functional
lightweight protective clothing shielding
design for constant radiation shielding of
flight attendants and Monte Carlo
simulation verification.

Front. Mater. 10:1284876.

doi: 10.3389/fmats.2023.1284876

© 2023 Kim and Youn. This is an open-
access article distributed under the terms
of the Creative Commons Attribution
License (CC BY). The use, distribution or
reproduction in other forums is
permitted, provided the original author(s)
and the copyright owner(s) are credited
and that the original publication in this
journal is cited, in accordance with
accepted academic practice. No use,
distribution or reproduction is permitted
which does not comply with these terms.

Frontiers in Materials

Original Research
03 November 2023
10.3389/fmats.2023.1284876

Functional lightweight protective
clothing shielding design for
constant radiation shielding of
flight attendants and Monte Carlo
simulation verification

Seon-Chil Kim*?* and Sukwon Youn?

'Department of Biomedical Engineering, Keimyung University, Daegu, Republic of Korea, 2Department of
Medical Informatics, School of Medicine, Keimyung University, Daegu, Republic of Korea, *Department of
Applied Bioengineering and Research Institute for Convergence Science, Graduate School of
Convergence Science and Technology, Seoul National University, Seoul, Republic of Korea

The use of easily accessible shielding suits for personal defense by flight
attendants to reduce occupational cosmic radiation exposure is attracting
increasing attention. However, to ensure activity in a limited area, the flexibility
of the thin film must be considered. Although several process technologies to
reduce the thickness of the shielding fabric are available, nanofiber production
through electrospinning is the most effective, and it is attracting attention owing
to its excellent reproducibility of the shielding performance. Therefore, in this
study, a general sheet and a nanofiber shielding sheet were manufactured, and
their shielding performance was compared. In addition, the shielding effect of the
nanofiber shielding sheet was verified under aircraft conditions via Monte Carlo
simulation. The shielding performance for neutrons and gamma rays, which are
the most common sources of cosmic radiation, was 17.5% and 15.2%, respectively,
with the Ba-133 and Cs-137 sources in the 0.3 mm shielding fabric. The absorbed
dose change with the 5mm shielding fabric was 7 uGy/d for neutrons and
4.3 uGy/d for protons. The shielding fabric developed in this study is expected
to have an active shielding effect when used as personal protective equipment
(clothing) by aircrew.
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1 Introduction

Cosmic radiation is a type of natural radiation that arises from the interaction of high-
energy particles entering Earth from inside and outside the solar system with atmospheric
particles (Pohl et al., 2020). In general, the average cosmic radiation exposure received on
the ground is 0.39 mSv per year because of the reduction in dose by the atmosphere and the
shielding effect of Earth’s magnetic field (ICNIRP, 2020). However, cosmic radiation
exposure increases with altitude, and for crew members who frequently remain at high
altitudes during flight, the average annual exposure dose is 1-2 mSv for short-distance
flights, which is similar to medical exposure at 3-5 mSv, and approximately 40%-80% of
them are estimated to be exposed to neutrons (Zeeb et al., 2012; Yasuda and Yajima, 2018).
To ensure user safety, various defense systems are applied in the medical field and other
industries that use radiation, considering factors such as shielding, distance, and time.
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However, in the aviation industry, no shielding tool has been
manufactured or commercialized to protect users from radiation;
therefore, the crew is defenselessly exposed (McNeely et al., 2018;
Wollschldger et al., 2018; Scheibler et al., 2022). The International
Commission on Radiological Protection (ICRP) addresses the
occupational exposure of crew members to cosmic radiation
during boarding and flight and recommends radiation shielding
as the target (Shouop et al., 2020). Although safety management
systems related to cosmic radiation exposure are operational in
Europe and the United States (Brambilla et al, 2020), the
development and dissemination of clear shielding tools remain
insufficient, and there is a limit to the development of shields that
completely protect sources exposed to neutrons and gamma rays.
Furthermore, the shields must satisfy the necessary and sufficient
conditions to ensure the smooth functioning of the crew inside the
aircraft, considering flexibility in terms of the weight and thickness
of the shield. Existing cosmic radiation-shielding materials mainly
consist of Kapton-type protective films made of aluminum and
polyimide (Peracchi et al., 2021). Aviation shielding can be divided
into internal and external shielding. However, personal protective
equipment or tools have not been developed thus far (Lee et al.,
2020). For personal defense against radiation, personnel in medical
institutions typically use an apron with a minimum lead equivalent
of 0.25 mm Pb (Adliené et al., 2020). The internal and external
shielding of an aircraft is applied using lead or additional foam
made of composite materials. However, the completeness of the
shielding may be influenced by the shielding material,
composition, and design of the shielding body because the
lightweight condition is the most important requirement for the
shielding body used in aviation. Therefore, the radiation dose for
each flight route is evaluated using codes such as CARI-6,
EPCARD, PCAIRE, JISCARD, and SIVERT. These codes,
developed to evaluate space radiation exposure doses, are
continually validated by airlines and professional research
institutes through measurements to ensure accuracy and
reliability. In aircraft, it is necessary to develop personal defense
products, such as clothing and blankets, that can shield against
radiation using lightweight materials that do not interfere with the
crew’s activities. Therefore, it is necessary to develop lightweight
shielding materials that can partially block neutrons and gamma
rays. In this study, a flexible sheet or fiber form was considered as a
personal defense shielding material, and tungsten (74 W) and
gadolinium oxide (Gd,0O;), which can easily absorb neutrons,
were considered as gamma-ray-absorbing materials for the
shield (ALMisned et al., 2023; Wang et al., 2023). However, it is
difficult to manufacture shields to completely block radiation while
ensuring the smooth in-flight activity of flight attendants.
Therefore, it is necessary to develop and provide functional
materials that reduce radiation through a lightweight shield.
Hence, the objective of this study was to fabricate a nanofiber
fabric capable of radiation shielding. Lightweight conditions and
flexibility were applied to manufacture clothing for flight
attendants. The fabrication of radiation shields involves the risk
of pinholes, resulting in poor shielding performance (Kuzmin
et al., 2021). To solve these problems, nanofiber-based shielding
fibers must be fabricated. A sheet form made by mixing existing
polymer materials and shielding materials is also possible;
however, there is a limit to satisfying the lightweight condition.
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It is intended to reduce the proportion of polymer materials and
obtain a direct defense effect from a material with shielding
performance, such as tungsten. Utilizing nanofibers in the
manufacture of shields is primarily aimed at achieving
lightweight properties. This approach originated with the
development of products designed to accommodate user
activity, such as those used in medical radiation protection
(Kim et al, 2022). To enhance the shielding effect, a layered
pattern is applied to evenly distribute the particles of the
shielding material, a single sheet of the same thickness is
produced, and the shielding performance is compared. The
spinning solution used in this study is made into a composite
material by mixing polyurethane, tungsten, and gadolinium with a
reduced powder particle size, followed by electrospinning
(AbuAlRoos et al., 2019). Therefore, a nanofiber fabric with a
functional spatial radiation shielding effect rather than complete
shielding is developed, and the presence or absence of radiation
shielding effects, including gamma rays and neutrons, is verified
using a meter and Monte Carlo simulation. If radiation shielding is
effective, the manufactured shielding fabric is expected to help
reduce individual exposure through products that can be worn by
flight attendants at all times.

2 Materials and methods

The performance of cosmic radiation shielding can be improved
by increasing the interaction probability between the shielding
material and incident radiation (Chancellor et al., 2018). The
incident energy intensity attenuated by the interaction between
the incident photon and mass per unit area for a specific
medium composed of polymer and composite shielding material
particles can be calculated using the Beer-Lambert equation, as
follows (Mayerhofer et al., 2020):

[= 1, (1)

where Iy represents the incident photon intensity, I represents the
transmitted photon intensity, p (cm™") is the attenuation factor, and d is
the shielding body thickness. The thickness d of the shielding body
corresponds to the distance at which the incident ray interacts with the
shielding material particles. The mass attenuation coefficient (u/p) of
the composite material (where p (g/cm®) represents the density) used in
the shielding fabric to be manufactured is the same as that given by Eqs
(2), (3) (Hila et al., 2020):

_ 1 IO
w/p= pd In (7) @)
wp = Ziw’(%).' 3)

The attenuation of the energy intensity by mass and area directly
affects the shielding factor, where (u/p); represents the complex
density of the shield, the mass attenuation coefficient of the ith
component, and w; represents the weight fraction. The weight
fraction of the ith element in the composite is equal to that
obtained from Eq. (4) (Yasmin et al., 2018). Here, a; and m;
represent the number of decay reactions of the shield mass and
the atomic weight of the ith element, respectively.
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Tungsten + Gadolinium

Stir 12 hr.
220 rpm

FIGURE 1
Preparation of spinning mixture solution.

a;m;
2am;

Therefore, the interaction area per unit area should be increased

Wi = (4)

to improve the shielding performance (Evans et al., 2018). In the
experiment, a nanofiber-based shielding fabric was fabricated
several times to maximize the radiation and interactions between
gadolinium oxide and tungsten. It was used to widen the repetitive
radiation impact area. The density of gadolinium oxide used for
neutron shielding is 7.41 g/cm?, and the density of the tungsten used
for gamma-ray shielding is 19.25 g/cm® (Peters et al., 2019; Wicher
et al,, 2020). Therefore, the mixing ratio of tungsten and gadolinium
oxide (purity 99.9%, <4 um, NanGong XinDun Alloys Spraying Co.,
Ltd., China) was 7:3 for the composite material. The polymer used
for the nanofiber implementation was polyurethane (PU, P-7195A,
Mw. = 100,000-150,000, Songwon, Korea). N-dimethylformamide
(DMEF, 99.5%, Daejung, Korea) was used as the solvent for polymer
dissolution. To prepare the mixed spinning solution, as shown in
Figure 1, tungsten was placed in a 20-mL glass bottle, and DMF and
chloroform were added; then, the mixture was mixed at a speed of
600-800 rpm with a magnetic stirrer (laboratory stirrer/hotplate,
PC-420, Corning, Mexico). In addition, when PU was added, the
mixing speed was reduced, and the mixture was mixed for >12 h to
completely dissolve the polymer before spinning.

Using the prepared composite spinning solution, a 0.3 mm
nanofiber fabric was manufactured, as shown in Figure 2. The
pattern of the nanofiber is affected by the characteristics of the
polymer solution, the strength of the electric field, the distance
between the nozzle and the collector, and the temperature and
humidity (Venkatesan et al, 2020). By adjusting these process
parameters and scanning repeatedly, multilayer structure patterns
can be obtained. The mixed spinning solution prepared as shown in
Figure 2 was first sampled in the same area at regular intervals and
time differences. A method of repeating the same type of
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electrospinning was applied to the prepared shielding area. The
electrospray conditions of the mixed spinning solution included a
needle size of Gauge 23 or 24 and a voltage of 10 kV. The average
distance of the collecting plate was 13-15 c¢m, the humidity was
25%-40%, and the temperature was 22°C-25°C.

A shielding film in the form of a general shielding sheet was
produced, and its shielding performance was compared with that of
a sheet made of nanofibers. The fabricated general shielding sheet
was prepared by mixing tungsten and gadolinium oxide in a silicone
resin (liquid silicone rubber, 100% solid content) at a ratio of 7:3 and
stirring at a high speed. For uniform dispersion of the shielding
material, high-speed stirring at >3,000 rpm was performed, and air
defoaming was performed in a vacuum state to form a uniform resin
layer (Li et al., 2022). The general sheet was directly coated with the
prepared coating resin using the knife over-roll method (gap:
100 um). It was coated three times (base, main, and top coating)
to maximize the amount of application. After coating, each of them
was cured at 180 °C for 3 min, and at this time, a general shielding
sheet with the same thickness of 0.3 mm was prepared using the
necessary silicone curing agent and catalyst. The physical properties
of the fabric made of nanofibers are presented in Table 1, and the
density was measured as 2.485 g/cm’. The two prepared shielding
fabrics were examined using a field-emission scanning electron
microscope (S-4800, Hitachi, Japan) to analyze the internal
shielding structure (De Tommasi et al., 2018). In addition, to
verify the radiation shielding effect of the two shielding sheets
manufactured via different methods using an actual measuring
instrument, neutron and gamma-ray shielding experiments were
conducted by evaluating Cs-137 and Ba-133. The energy
characteristics of Cs-137 (0.01 uCi, half-life 30.2 years, average
uCi, half-life
10.6 years, average gamma-ray energy 356keV) used in the

gamma-ray energy 662keV) and Ba-133 (1

experiment are shown in Figure 3 (Kiilekgi, 2021).
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FIGURE 2
Fabrication of nanofibers.
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TABLE 1 Physical characteristics of nanofiber fabric.

Weight (kg/m?) Tungsten weight (kg/m?)

Gadolinium oxide weight (kg/m?)

Density (g/cm?)

Thickness (mm)

2.041 % 0.001 0.590 + 0.001 1.412 + 0.003 0.300 + 0.003 2.485 % 0.000
12+ Y5 Y Y1 437.0 7E‘ —
L i 1334
S 32" Yo Y5 Y1 l 3838 ,E,
Cs-137 =
1175 E4+Ep=1.0
R(B5 %)
T2 160.6
BE5 %) Ba-137 m
: 0562 73 81.0
0
L 0 133Cs stable
Ba-137
FIGURE 3
Isotope decay diagram of the Cs-137 and Ba-133 sources.
A Mirion DMC 3000 (Mirion Technologies, Inc., Atlanta, o . . Dyawith sheet
. Radiation shieldingratio =1 - [ —————— | 5)
United States) was used as the detector for gamma-ray and Dyawithout sheet

(Abaza, 2018). The correction

coefficient for temperature and atmospheric pressure for accurate

neutron dose measurements

radiation dose measurement of the detector was confirmed to be
1.0 at a laboratory temperature of 22°C and 1 atm and was used after
inspection and calibration. A shielding fabric test was performed, as
shown in Figure 4 (Duan et al., 2019). The shielding performance
was evaluated according to the pattern model shown in Figure 4. The
shielding rate was calculated, as given by Eq. (5), by substituting the
case where the manufactured shielding sheet was not discarded and
the case where it was discarded.

Frontiers in Materials

Given the difficulty in experimentally verifying the shielding
performance against high-energy neutrons and protons inside an
actual aircraft, this study employed the MCNP6.2 (Monte Carlo
N-Particle version 6.2) particle transport code for secondary
verification. The code was used to confirm the shielding effect of
neutrons and protons based on the sheild’s thickness within the
aircraft (Kolacio et al.,, 2021). As shown in Figure 5, the geometry
was constructed, and a Monte Carlo simulation was performed
(Hess et al., 1959; Caglar et al., 2021; Akman et al., 2023). In the case
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Detect® Sheet

FIGURE 4
Experimental method using the detector.

Gd,0; (80wt%) + PU(20 wt%)

Water phantom
e

15 em

FIGURE 5
Geometry of the Gd,O3z + polyurethane sheet in an airplane.

of neutron and proton sources, a spherical surface with a diameter of
10 m was irradiated isotropically from the inside to simulate the
shielding effect of the aircraft hull. A spherical shell structure made
of polyvinyl chloride (PVC) with a 9 m inner diameter and a 3 mm
thickness, coupled with aluminum of 2 mm thickness, was designed
inside the source. At the center, a spherical water phantom with a
30 cm diameter was wrapped with a spherical shell-shaped shielding
material made of gadolinium oxide (Gd,0;) and polyurethane
(PUR) to evaluate the shielding effect.

The shielding body consisted of 80 wt% Gd,O; and 20 wt%
PUR. The study assessed the absorbed 1-day dose of high-energy
neutrons and protons at the aircraft’s altitude for a water phantom
with a 30 cm inner diameter, both without a shield and with shield
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FIGURE 6
Aircraft altitude neutron spectrum (A) and proton spectrum (B).

thicknesses of 2.5, 5, 10, 15, 20, and 25 mm, using the F6 tally. For
aircraft altitude neutron sources, the study used the neutron
spectrum measured at 200 g/cm® atmospheric depth (altitude
11.9km) by Hess et al, as shown in Figure 6. For the proton
source, the spectrum obtained through Roesler et al.s FLUKA
simulation at a 200 g/cm” atmospheric depth was used, as shown
in Figure 6 (200 g/cm® corresponds to an altitude of 11.9 km)
(Roesler et al., 1998; Zieb et al., 2018). The particle histories used
were 10° for neutrons and 10°® for protons.

3 Results

The shielding fabric implemented by electrospinning using a
spinning solution mixed with tungsten and gadolinium oxide is
shown in Figure 7A. It had a slightly grayish appearance because of
the tungsten, and the thickness was 0.3 + 0.002 mm. As shown in
Figure 7B, the shielding sheet had a thickness of 0.3 + 0.05 mm. The
prototype was 500 mm in length and width and was manufactured
to a size that covered the detector.

Figure 8 shows an enlarged image of the cross section of the
shielding fabric, and Figure 9 shows a cross-sectional image of the
shielding sheet produced by the general process. Each cross-sectional
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FIGURE 7
Electrospinning process for the shielding sheet (A) and general process of shielding (B) according to manufacturing method.

FIGURE 8
Electron microscopic cross-sectional image of nano-shielding fibers in the electrospinning process; the dispersion state of the shielding material

was checked by expanding to (A), (B), and (C).

FIGURE 9
Cross-sectional image of the shielding sheet under electron microscopy in the general process; the dispersion state of the shielding material was

confirmed by expanding to (A) and (B).

image was enlarged to visually confirm the dispersion state of the  compared, as shown in Figure 8A, it was found that the distribution of
shielding material according to the nanofiber and general sheet shape.  the fibrous particles was better dispersed, and the spacing between the
The cross-sectional image confirmed that the particle dispersion shape  tungsten and gadolinium particles was well-controlled. In the internal
of the shielding material depended on the distribution state of the  structure of the shielding sheet shown in Figure 9A, the dispersion was
polymer material. When the particle distribution was enlarged and  slightly insufficient owing to the aggregation of polymers.
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TABLE 2 Shielding rate evaluation of Ba-133 and Cs-137.

Ba-133
Shield Dose rate (uSv/h) Shielding rate (%)
Nanofiber fabric 5.72 175 £ 2.4
Shielding sheet 1.16 152 £ 1.2

] —#— DH20 Protons
7.5 4
—— DH20 Neutrons
7.0 4
6.5
6.0

5.5 4

5.0

Absorbed dose (uGy/d)

4.5

40 .\-\.\'\'\-\.

: : - T -
0.0 05 1.0 15 20 25
Sheet thickness (mm)

FIGURE 10
Change rate of the absorbed dose due to cosmic radiation at
aircraft altitude according to the thickness of the shielding sheet.

For a full-time shielding suit for aircrew, the shielding
performance was verified using two sources: Ba-133 and Cs-137.
As shown in Table 2, the shielding rates were generally similar, but
those of the fabrics made of nanofibers were higher. The shielding
ratio was between 12.2% and 17.5% for fibers and between 10.2% and
15.2% for sheets.

As shown in Figure 10, the change in the absorbed dose during the
day was confirmed when there was no shielding sheet and when the
thickness of the sheet was 2, 5, 5, 10, 15, 20, and 25 mm, for a water
phantom with a diameter of 30 cm inside the sheet. For both neutrons
and protons, the shielding effect increased with the thickness, and the
shielding efficiency was higher for protons than for neutrons.

4 Discussion

Appropriate measures are needed to protect the crew and passengers
of aircraft operating on the Northern Sea Route from cosmic radiation
(Jang et al,, 2011). Efforts to achieve complete defense are necessary;
however, it is important to develop safe shielding materials that do not
impair their activities. Nuclear industry and radiation medical workers
are exposed to 1.87 and 0.75 mSv, respectively, whereas aircraft crew
members are reported to have an annual exposure of 3.07 mSv (Seo et al.,
2018). Therefore, securing the management and safety standards for
cumulative exposure to cosmic radiation is an urgent task. This paper
proposes a system capable of shielding at a level that can be worn by
flight attendants at all times, for which a shielding fabric was developed.
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Cs-137

Dose rate (uSv/h)

Shielding rate (%)

6.09 122 + 34

1.49 102 £ 1.8

Analyzing the source at 2 uSv/h of cosmic radiation revealed that
neutrons account for approximately 0.7 uSv/h, protons and gamma
rays account for 0.3 uSv/h each, and electron beams account for
approximately 0.2 uSv/h (Norbury et al,, 2019; Shavers et al., 2023).
Owing to the large proportion of neutrons, complete interception in
practice can present a difficult environment for flight attendants and
passengers. Approximately 20% shielding performance can be obtained
with a thickness of <0.4 mm; therefore, it is considered that daily work
that does not receive many suggestions for the amount of activity in the
aircraft is possible. Therefore, if the shielding of the aircraft itself and a
multilevel shielding system through clothing are realized, a satisfactory
level of shielding can be achieved. As demonstrated in the experiment,
the performance of 0.3 mm shielding fabric was 15%, and more effective
shielding can be expected in the case of a multilayer structure. The
shielding nanofiber fabric realized via electrospinning can safely
reproduce the shielding performance, and the mixing area of the
shielding material is free. In particular, it can be flexibly implemented
in a desired shape; therefore, personal protective equipment such as
blankets and clothing can be developed for flight attendants and
passengers. Currently, the shape produced in the laboratory is
implemented through one nozzle; however, the mass production of
air shields can be realized by spraying the spinning solution using a large
number of syringes. However, the specific gravity of the tungsten used in
this experiment is large in the nozzle and collection distance; therefore, it
is necessary to adjust the distance per hour. Temperature and humidity
in the electric field are also influencing factors (Li et al, 2020).
Combining these process variables can allow the mass production of
shielding fabrics while maintaining the reproducibility of the shielding
performance. Exposure to aerospace radiation involves low-dose
radiation of <6 mSv; however, considering continuous exposure
during working hours, wearing it at all times can be recognized as
the most effective countermeasure (Bramlitt, 2018). The limitations of
this study are that the shielding performance was evaluated using
neutron and gamma-ray sources rather than a shielding experiment
using actual cosmic radiation, and the change in the absorbed dose
trended through the simulation (Hu et al., 2020). To achieve shielding
from cosmic radiation, cabin design changes, flight route modifications,
and personal protective equipment can be considered. Furthermore, the
most economical protection method is the use of personal protective
equipment, e.g., clothing and blankets, which are effective (Dogan et al.,
2019). Our study is constrained by the utilization of two radiation
sources, Ba-133 and Cs-137, for space radiation experiments abundant
in neutrons. Given the dose rate’s variability depending on the space
environment, we aim to correlate it with an approximation of the actual
measured value. A functional radiation protection product can be
developed in the form of a shielding sheet; however, in the case of
the sheet, the particle control of the shielding material is irregularly
performed, similar to the case of this study. When the shielding material
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is fabricated with nanofibers, the particles can be effectively dispersed,
which is beneficial for reproducibility. For aerospace radiation, the
conditional theory of harm is still applied, and there are cases in
which the exposure of aircrew to radiation is ignored at low doses
(Meier et al., 2020). However, as the exact risk dose has not yet been
determined, the crew and passengers of the aircraft must be protected.
The development of such personal protective equipment should be
continued, and many tools are expected to be developed on the basis of
these studies.

5 Conclusion

To shield against aerospace radiation, a shielding fabric with a
personal defense function for a crew member was developed and
manufactured. Measurement of the absorbed dose using a 5 mm
shielding fabric resulted in Monte Carlo simulation results of 7 uGy/
d for neutrons and 4.3 pGy/d for protons. The shielding fabric made
of 0.3 mm nanofibers exhibited shielding rates of 17.5% for Ba-133%
and 15.2% for Cs-137. Furthermore, the fabric woven with
nanofibers had a higher shielding rate (by > 2%) than the
general sheet. Therefore, the nanofiber shielding fabric with
increased flexibility achieved by reducing the thickness can be
used by flight attendants as a personal defense tool for active
cosmic radiation protection during flight.

Data availability statement

The original contributions presented in the study are included in
the article/Supplementary Material, further inquiries can be directed
to the corresponding author.
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