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Abstract

:

X-rays are commonly employed in medical institutions for diagnostic examinations, which often results in radiation exposure for both patients and medical personnel during treatments and procedures. Hands are typically the most exposed body parts, with scattered rays causing secondary exposure. To address this issue, a lightweight functional radiation protection fabric that guarantees the activity of medical personnel is required. In this study, a shielding fabric was fabricated with nanofibers using a mixture of tungsten and polyurethane to resolve the weight reduction problem of such nanofibers. To improve the shielding performance, the change in the performance arising from the spinning pattern in the nanofiber electrospinning manufacturing process was compared and tracked. The patterns reproduced via electrospinning included honeycomb, matrix-orthogonal, double-circle, and spider web patterns. Through this, a nanofiber fabric was produced, and the shielding performance was evaluated. The honeycomb pattern fabric exhibited the best shielding rate of 89.21% at an effective X-ray energy of 60.3 keV, and the double-circle pattern exhibited the lowest shielding rate of 62.55% at the same energy. Therefore, it was observed that the pattern arising from the nanofiber spinning conditions affects the dispersion of the shielding material, which affects the shielding performance. When 0.3 mm tungsten nanofiber fabric is compared with its lead equivalent of 0.25 mm, a difference of 8.7% was observed, suggesting that the nanofiber can be used in medical institutions. Future research will explore the potential of protective fabrics that minimally impact medical personnel’s mobility but provide enhanced protection against radiation exposure.
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1. Introduction


Radiation-related workers in medical institutions can be directly or indirectly exposed to radiation during the examination and treatment processes; therefore, it is necessary to develop tools that can easily block some of this radiation [1]. For optimal functionality, shielding garments used in healthcare settings should be lightweight, thin, and flexible, allowing medical personnel to move freely. The majority of radiation shielding sheets or fibers are constructed from a composite structure that combines metal particles with high-molecular-weight materials, ensuring effective shielding performance [2,3].



In addition, since metal particles have higher shielding efficiency than polymer materials, they play an active role in radiation blocking [4,5]. Therefore, a technique for evenly dispersing the particles of the shielding material is required to increase the radiation shielding efficiency [6,7]. The dispersion of metal particles in polymer materials is irregular and difficult to predict, and it is difficult to standardize and apply the same dispersion technology in the particle manufacturing process [8,9]. Therefore, in most manufacturing, the degree of dispersion can be predicted by the ratio of the mass of metal particles to the total mass. The same mass ratio can be explained on the basis that it generally provides the same shielding factor [10]. This method cannot be expected to fundamentally lower the thickness or weight of the shielding sheet. Therefore, in this study, a more effective metal particle dispersion method is proposed to improve the shielding performance. Tungsten, which is used as a shielding material, has an atomic number of 74 and a high density of 19.25 g/m3; therefore, it satisfies the requirements for replacing lead [11].



Polyurethane is used as the polymer material; it is mainly composed of synthetic fibers, has strong and lightweight characteristics with a foam structure, a molecular weight of 100,000 or more, and a density of 0.03 g/cm3 [12]. The bonding form of the polymer and the metal particle was presented as a pattern and the correlation with the shielding performance was analyzed to establish a modelling that can be evenly dispersed in the polymer material.



Conventionally, it is common to improve dispersion by gradually increasing the mixing density through stirring to inject metal particles into a polymer material [13]. Evenly dispersing the metal particles distributes the metal particles in the polymer material, and this is performed in the mixing process. However, the distribution cannot be quantitatively controlled in this process. Therefore, a method for adjusting the mixing ratio in the process or the input and output per hour in the injection process is used. Because the temperature and stirring time of the polymer affect the dispersion of metal particles in the process of mixing shielding materials, the polymer binding method has recently been applied to nanocomposite technology [14,15]. It is possible to implement a more stable dispersion than conventional methods by mixing the particles of the shielding material between the polymer nanofibers. Nanofibers refer to fibers with a diameter of 100 nm or less; these have a high surface area ratio to volume, but are porous, making it difficult to expect a shielding effect [16,17]. It is expected that the nanofibers pores can be minimized depending on which pattern the polymer and metal particles adopt. Therefore, a processing model capable of dispersing micro-particles of tungsten can be proposed when designing a nanofiber pattern by electrospinning. A new process technology is needed to realize a larger amount of metal particles through the process of dispersing metal particles into nanofibers [18]. This method may be described as an electrospinning pattern forming process. A structure in which tungsten particles are well dispersed in the nanofiber strands is required. Therefore, a pattern can be formed with a structure in which metal particles are well dispersed through ideal bonding of polymer chains. This pattern formation dispersion method can enhance the shielding effect by widening the interaction with the incident radiation, and the scattered radiation protection effect of medical institutions can be expected [19]. If nanofibers have limitations in shielding direct rays, lightweight shielding fabrics for shielding scattered rays are flexible; thus, functional radiation protection effects that can guarantee the activity of medical staff can be expected [20]. Therefore, the low-dose shielding effect is verified by using the pattern of nanofibers produced in this study, and simultaneously, a comparative evaluation of standard lead is also performed to verify commercialization. In this study, I present a new shielding material process to compare and propose lightweight potential shielding fabric manufacturing processes by verifying the relationship between nanofiber patterns and shielding effectiveness.




2. Materials and Methods


The shielding effect of medical radiation suggests a method for attenuating the intensity of a beam while passing through a shielding body, which follows the same rule as in [21]:


  I =  I  0     ×  e  − μ x   ,  



(1)






  I = B ×  I  0     ×  e  − μ x   ,  



(2)




where    Ι 0    and  Ι  are the incident intensities of the initial and permeated beams, and  μ  is the linear attenuation factor. Therefore, the strength obtained by permeating the shielding body at the thickness  x  is formed. Here, while passing through the thickness  x , it is affected by the density  ρ  of the shielding body and can be explained in Equation (2) using the mass absorption coefficient    (  u / p  )   . It depends on the material and composition inside the shielding body generated via the incident radiation interaction [22,23,24]. Accordingly, the transmission strength is lost depending on the shielding material, and the attenuation of incident energy, that is, the shielding effect, can increase as the number of internal materials increases.



The spinning solution used in this study was polyurethane and tungsten powder.



Tungsten powder (W, 99.9% purity, <4 μm particle size; NanGong XinDun Alloys Spraying Co. Ltd., Xingtai, China) and polyurethane (PU, P-7195A, molecular weight 100,000–150,000; Songwon, Seoul, Republic of Korea) were utilized. Both materials were dried in an oven at 60 °C for 24 h [25].



N-dimethylformamide (DMF, 99.5%, Daejung, Siheung-si, Republic of Korea) was used as a solvent for polymer dissolution. Thus, two solvents were used to prepare the spinning solution, and chloroform (95%, Duksan, Ansan-si, Republic of Korea) was used as a powerful solvent to control the volatilization rate of the solvent and DMF for polymer dissolution. The spinning solution was mixed at 600 rpm using a magnetic stirrer (Laboratory stirrer/hot plate, PC-420, Corning, Reynosa, Mexico) after dispersing for 1 min with an ultrasonic mill after adding 5.165 g of DMF and 2.785 g of chloroform. In addition, 2.05 g of PU was added, and the speed was reduced to 220 rpm after 10 min. Subsequently, the mixture was mixed for more than 12 h to completely dissolve the polymer and then spun. To make a nanofiber pattern using the prepared spinning solution, electrospinning was implemented, as shown in Figure 1.



The electrospinning conditions of the mixed spinning solution were selected using a 23–24-gauge needle and a voltage of 10 kV. The average distance of the collection plate was 13–15 cm, relative humidity was 25%–40%, and temperature was 22–25 °C. Because the pattern is formed based on the difference in temperature, distance of the collector plate, and injection time, conditions were adjusted according to the shape. In addition, it was necessary to adjust the time according to the specific gravity of tungsten. The pattern shape was repeatedly formed and well-formed when the radiation duration was reduced to less than 10 h on average. A total of 10 mL was emitted at intervals of 1 mL per hour. The shielding material fabricated with different nanofiber patterns was observed using an optical microscope (FESEM; field emission scanning electron microscope, S-4800, Hitachi, Japan) to analyze the degree of internal dispersion of the shielding material [26]. The four fabricated samples were cut into thin films using a microtome (Microtome. Leica, RM2235, Wetzlar, Germany), directly fixed on carbon paste, coated with conductive adhesive, and observed using accelerating voltages of 3 kV and 15 kV. In addition, the pattern was confirmed using a stereo microscope (Nikon Olympus, Stereo Microscope, SMZ1270, 800N, Tokyo, Japan). According to the formed pattern model, the shielding performance evaluation was set to the geometrical conditions shown in Figure 2, and the shielding rate was calculated as 1 − (W/W0) × 100 [27]. Here, W is the dose measured when there is a shield between the X-ray tube and the dosimeter, and W0 is calculated as the irradiation dose value measured when there is no shield between the X-ray tube and the dosimeter.



After 10 measurements using an X-ray generator (Toshiba E7239, 150 kV-500 mA, 1999, Tokyo, Japan), the average value was calculated. The dose detector was an ion chamber (Model PM-30, 2019). The tube voltage was applied after obtaining the effective energy at 40 kVp–110 kVp, 200 mA, and 0.1 s. At this time, the correction coefficients for temperature and atmospheric pressure for accurate measurement of irradiation dose of the ionization bath dosimeter were 1.0 at a laboratory temperature of 22 °C and 1 atm, and they were used after the correction.




3. Results


The pattern of polymer nanofibers used as a low-dose shielding tool in medical institutions was implemented through electrospinning, as shown in Figure 3. Depending on the shape of the electrospun nanofiber pattern, the structure that can effectively disperse the metal particles showing the shielding effect can be evaluated, as shown in Figure 3. Figure 3a shows the implementation of a honeycomb shape by applying five layers in a cross-section spraying method. A pattern is formed in a matrix structure through multiple spinning; it has a five-layer shape with horizontal, vertical, and orthogonal forms (Figure 3b). Figure 3c shows the circular radiation pattern, suggesting a double-circular pattern with double radiation. The pattern shown in Figure 3d was produced using the connection method while moving the points based on the center point in the spider web spray method. The structural form of this pattern ensured that the metal particles were well dispersed in the polymer.



Electrospinning was performed using the mixed spinning solution, and a shielding nanofiber fabric with the same thickness of 0.3 mm was realized. The cross-section of the fabricated shield was enlarged using an optical microscope to confirm the dispersion state of the metal particles. In Figure 4, the cross-section was enlarged to present the pattern and the dispersion state of the tungsten particles. As shown in Figure 4a, the tungsten particles were generally confined. In the case of the matrix pattern shown in Figure 4b, left and right orthogonal shapes were implemented; however, partial tungsten particle agglomeration was observed. In the third case (Figure 4c), it was spun in the form of a double circle, but the tungsten particles could not be easily located because it resulted in a form in which the polymers agglomerated. Therefore, the tungsten particles were agglomerated. In Figure 4d, spinning was performed while moving the center point randomly in the form of a spider web, and some tungsten and polymer agglomeration occurred. Finally, the P1 honeycomb pattern showed the best dispersion of tungsten metal particles, while the P3 double pattern showed a large agglomeration of tungsten powder.



Therefore, the cross-section of the polymer radiation pattern was observed using an optical microscope to compare the P1 and P3 patterns, which had the best dispersion among the cross-sectional patterns of nanofibers implemented without tungsten metal particles in each pattern, as shown in Figure 5. Figure 5b shows that the more complex the pattern, the more entangled the polymers. Therefore, it is necessary to create a space in which the shielding material can be dispersed.



The shielding performance based on the fabric pattern of the nanofiber produced by electrospinning was evaluated. The results are shown in Table 1. The honeycomb pattern of P1, in which tungsten metal particles were well dispersed, had an advantage in the shielding performance, and in the case of P3, in which polymer aggregation and tungsten powder were not evenly dispersed, the shielding performance was 26.7% lower. In the cases of P2 and P4, almost similar shielding performances were obtained. Compared with the lead equivalent of 0.25 mm, it shows a difference of approximately 8.7% with the best P1, suggesting that the shielding effect of the 0.3 mm fabric made of nanofibers is sufficient. The results of comparative analysis of the shielding performance of the 0.3 mm honeycomb pattern and the 0.25 mm lead plate are shown in Table 2. In the low incident energy region, there is a difference in shielding rate, but in the high-energy region, it is almost the same. The result is assumed to suppress the re-transmittance of the scattered photons.




4. Discussion


Radiation-shielding materials directly affect the range of activities performed by medical personnel; however, the basic function of shielding should be considered. Recently, eco-friendly shielding materials have attracted attention in the field of radiation defense; thus, their effective shielding efficiency compared with that of lead must be verified [28,29]. Therefore, for functional shielding, a lightweight shielding material that can be used under lightweight conditions must be developed. Radiation protection products made of light materials, which can be always worn to prevent the scattering of rays, are considered to have a significant effect. Automatic exposure control (AEC) is also applied to the X-ray inspection equipment used by medical institutions [30].



This AEC mode forms an image by adjusting the dose according to the thickness of the area to be examined under optimal conditions; however, the dose must be increased to make the concentration difference uniform in the actual image [31,32,33]. Lead gloves cause a change in the dose during examination. Therefore, lighter shields should be used to reduce the incident radiation dose. As the thickness could be adjusted under the lightweight conditions used in this study, this can support the production of gloves for interventional procedures. The exposure of workers in medical institutions is mainly due to scattered rays, except when manipulating catheters by directly putting their hands in the X-ray irradiation range [34,35]. Therefore, it is necessary to develop a shielding fabric from a lightweight and eco-friendly material that can be always worn rather than a thick lead plate to protect against scattering rays. The condition of shielding that can be used in medical radiation is the minimum lead equivalent of 0.25 mm Pb. In this study, I observed that these conditions could be satisfied by 0.3 mm tungsten nanofiber fabric. Previously, many studies have been conducted on shielding materials and polymer mixing methods for manufacturing medical radiation shielding under thin-film conditions [36]. However, it is difficult to control the thickness without a change in process technology. To match the performance of 0.25 mm Pb, the thickness must be set to almost 1.0 mm or more owing to the mixing of polymer materials [37]. In this study, the shielding performance was improved by studying the pattern format that influences the shielding performance in the manufacturing process of material of 0.3 mm thickness, similar to the lead equivalent. The lack of study of more patterns and the lack of comparison of the affinity of additional materials such as bismuth oxide and barium sulfate in addition to the single material of tungsten are considered as the limitations of the study. This study focused on nanofibers to achieve thin-film conditions and light weight. In previous studies, a method of separating the shielding and polymer materials was proposed; however, methods to improve the shielding performance by solving the problems of electrospinning and forming a radiation pattern have not been studied. Electrospinning patterns of nanofibers are generally irregular; however, forming a pattern similar to the one in this study can affect the shielding performance of the fabricated sheet [38]. The pattern shape is formed based on the electrospinning conditions, and the formed pattern was intended to form a shape that can store metal particles [39]. Therefore, this study, for the first time, proposes that shielding performance can be improved by changing the pattern according to electrospinning. The experiment demonstrated that a shielding fiber fabric almost similar to the lead equivalent can be manufactured. In particular, it is a very important task to disperse the shielding material for nanofibers that can easily achieve thin-film conditions [40]. Although there are many existing studies, it was revealed that the shielding performance can be sufficiently adjusted by the pattern shape. For example, the honeycomb structure, which is a structure that can effectively contain the shielding material, was more effective than a complex pattern. In the future, if a wearable product with a lightweight radiation protection function is needed, weaving will be possible through nanofiber-based functional radiation protection fabric.




5. Conclusions


A lightweight and eco-friendly shielding material based on nanofibers was designed to develop a functional radiation protection fabric. It was mainly developed for protection against scattering rays and for the production of wearable fabrics. To improve the shielding performance, honeycomb, matrix, bull, and spider web patterns were produced via electrospinning using a mixed solution of polyurethane and tungsten. The honeycomb pattern exhibited excellent shielding performance, and the double-circle pattern exhibited considerably poorer shielding performance; there was a difference of 26.7% in the shielding performance between the two patterns. The shielding performance was approximately 8.7% lower than that of 0.25 mm of Pb, suggesting sufficient potential. Consequently, the electrospinning pattern is a very important condition for manufacturing nanofiber-based shielding fabrics.







Funding


This research was supported by Basic Science Research Program through the National Research Foundation of Korea (NRF) funded by the Ministry of Education (2020R1I1A3070451).




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Conflicts of Interest


The author declares no conflict of interest.




References


	



Boice, J., Jr.; Dauer, L.T.; Kase, K.R.; Mettler, F.A., Jr.; Vetter, R.J. Evolution of radiation protection for medical workers. Br. J. Radiol. 2020, 93, 20200282. [Google Scholar] [CrossRef]

	



Shang, Y.; Yang, G.; Su, F.; Feng, Y.; Ji, Y.; Liu, D.; Yin, R.; Liu, C.; Shen, C. Multilayer polyethylene/ hexagonal boron nitride composites showing high neutron shielding efficiency and thermal conductivity. Compos. Commun. 2020, 19, 147–153. [Google Scholar] [CrossRef]

	



Yao, B.; Hong, W.; Chen, T.; Han, Z.; Xu, X.; Hu, R.; Hao, J.; Li, C.; Li, H.; Perini, S.E.; et al. Highly stretchable polymer composite with strain-enhanced electromagnetic interference shielding effectiveness. Adv. Mater. 2020, 32, e1907499. [Google Scholar] [CrossRef] [PubMed]

	



Li, Z.; Zhou, W.; Zhang, X.; Gao, Y.; Guo, S. High-efficiency, flexibility and lead-free X-ray shielding multilayered polymer composites: Layered structure design and shielding mechanism. Sci. Rep. 2021, 11, 4384. [Google Scholar] [CrossRef] [PubMed]

	



Wanasinghe, D.; Aslani, F. A review on recent advancement of electromagnetic interference shielding novel metallic materials and processes. Compos. B Eng. 2019, 176, 107207. [Google Scholar] [CrossRef]

	



Mahmoud, M.E.; El-Khatib, A.M.; Badawi, M.S.; Rashad, A.R.; El-Sharkawy, R.M.; Thabet, A.A. Fabrication, characterization and gamma rays shielding properties of Nano and micro lead oxide-dispersed-high density polyethylene composites. Radiat. Phys. Chem. 2018, 145, 160–173. [Google Scholar] [CrossRef]

	



Ghosh, S.; Remanan, S.; Mondal, S.; Ganguly, S.; Das, P.; Singha, N.; Das, N.C. An approach to prepare mechanically robust full IPN strengthened conductive cotton fabric for high strain tolerant electromagnetic interference shielding. Chem. Eng. J. 2018, 344, 138–154. [Google Scholar] [CrossRef]

	



Hemath, M.; Mavinkere Rangappa, S.; Kushvaha, V.; Dhakal, H.N.; Siengchin, S. A comprehensive review on mechanical, electromagnetic radiation shielding, and thermal conductivity of fibers/inorganic fillers reinforced hybrid polymer composites. Polym. Compos. 2020, 41, 3940–3965. [Google Scholar] [CrossRef]

	



John, A.; Benny, L.; Cherian, A.R.; Narahari, S.Y.; Varghese, A.; Hegde, G. Electrochemical sensors using conducting polymer/noble metal nanoparticle nanocomposites for the detection of various analytes: A review. J. Nanostruct. Chem. 2021, 11, 1–31. [Google Scholar] [CrossRef]

	



Weulersse, C.; Houssany, S.; Guibbaud, N.; Segura-Ruiz, J.; Beaucour, J.; Miller, F.; Mazurek, M. Contribution of thermal neutrons to soft error rate. IEEE Trans. Nucl. Sci. 2018, 65, 1851–1857. [Google Scholar] [CrossRef]

	



Wang, B.; Qiu, T.; Yuan, L.; Fang, Q.; Wang, X.; Guo, X.; Zhang, D.; Lai, C.; Wang, Q.; Liu, Y. A comparative study between pure bismuth/tungsten and the bismuth tungsten oxide for flexible shielding of gamma/X rays. Radiat. Phys. Chem. 2023, 208, 110906. [Google Scholar] [CrossRef]

	



Chala, T.F.; Wu, C.M.; Chou, M.H.; Gebeyehu, M.B.; Cheng, K.B. Highly efficient near infrared photothermal conversion properties of reduced tungsten oxide/polyurethane nanocomposites. Nanomaterials 2017, 7, 191. [Google Scholar] [CrossRef]

	



More, C.V.; Alsayed, Z.; Badawi, M.S.; Thabet, A.A.; Pawar, P.P. Polymeric composite materials for radiation shielding: A review. Environ. Chem. Lett. 2021, 19, 2057–2090. [Google Scholar] [CrossRef] [PubMed]

	



Ganguly, S.; Bhawal, P.; Ravindren, R.; Das, N.C. Polymer nanocomposites for electromagnetic interference shielding: A review. J. Nanosci. Nanotechnol. 2018, 18, 7641–7669. [Google Scholar] [CrossRef]

	



Bhat, A.; Budholiya, S.; Aravind Raj, S.; Sultan, M.T.H.; Hui, D.; Md Shah, A.U.; Safri, S.N.A. Review on nanocomposites based on aerospace applications. Nanotechnol. Rev. 2021, 10, 237–253. [Google Scholar] [CrossRef]

	



Al-Mezrakchi, R.Y.H. An investigation into scalability production of ultra-fine nanofiber using electrospinning systems. Fibers Polym. 2018, 19, 105–115. [Google Scholar] [CrossRef]

	



Jian, S.; Zhu, J.; Jiang, S.; Chen, S.; Fang, H.; Song, Y.; Duan, G.; Zhang, Y.; Hou, H. Nanofibers with diameter below one nanometer from electrospinning. RSC Adv. 2018, 8, 4794–4802. [Google Scholar] [CrossRef]

	



Anjum, M.; Miandad, R.; Waqas, M.; Gehany, F.; Barakat, M.A. Remediation of wastewater using various nano-materials. Arab. J. Chem. 2019, 12, 4897–4919. [Google Scholar] [CrossRef]

	



Mansouri, E.; Mesbahi, A.; Malekzadeh, R.; Mansouri, A. Shielding characteristics of nanocomposites for protection against X- and gamma rays in medical applications: Effect of particle size, photon energy and nano-particle concentration. Radiat. Environ. Biophys. 2020, 59, 583–600. [Google Scholar] [CrossRef] [PubMed]

	



Li, Q.; Wei, Q.; Zheng, W.; Zheng, Y.; Okosi, N.; Wang, Z.; Su, M. Enhanced radiation shielding with conformal light-weight nanoparticle–polymer composite. ACS Appl. Mater. Interfaces 2018, 10, 35510–35515. [Google Scholar] [CrossRef]

	



Singh, S.; Kumar, A.; Singh, D.; Thind, K.S.; Mudahar, G.S. Barium–borate–flyash glasses: As radiation shielding materials. Nucl. Instrum. Methods Phys. Res. B. 2008, 266, 140–146. [Google Scholar] [CrossRef]

	



Hamouda, S.A.; al-Talhi, E.; Abdelmalik, M.B. Calculation of Gamma-ray Mass Absorption Coefficients for some Geological Compounds for Energy of 10–150 keV. Eng. Sci. Int. J. 2021, 8, 39–41. [Google Scholar] [CrossRef]

	



Jalali, M.; Mohammadi, A. Gamma ray attenuation coefficient measurement for neutron-absorbent materials. Radiat. Phys. Chem. 2008, 77, 523–527. [Google Scholar] [CrossRef]

	



Akkurt, I.; El-Khayatt, A.M. The effect of barite proportion on neutron and gamma-ray shielding. Ann. Nucl. Energy 2013, 51, 5–9. [Google Scholar] [CrossRef]

	



Sedira, N.; Castro-Gomes, J. Study of an alkali-activated binder based on tungsten mining mud and brick powder waste. In Proceedings of the MATEC Web Conference, EDP Sciences, Centre of Materials and Building Technologies; CIVE–Central covilhã–4082. University of Beira Interior: Covilhã, Portugal, 2018; Volume 163. [Google Scholar] [CrossRef]

	



Arof, A.K.; Mat Nor, N.A.; Aziz, N.; Kufian, M.Z.; Abdulaziz, A.A.; Mamatkarimov, O.O. Investigation on morphology of composite poly(ethylene oxide)-cellulose nanofibers. Mater. Today Proc. 2019, 17, 388–393. [Google Scholar] [CrossRef]

	



Kim, S.C. Development of air pressure mirroring particle dispersion method for producing high-density tungsten medical radiation shielding film. Sci. Rep. 2021, 11, 485. [Google Scholar] [CrossRef]

	



Boonin, K.; Yasaka, P.; Limkitjaroenporn, P.; Rajaramakrishna, R.; Askin, A.; Sayyed, M.I.; Kothan, S.; Kaewkhao, J. Effect of BaO on lead free zinc barium tellurite glass for radiation shielding materials in nuclear application. J. Non Cryst. Solids 2020, 550, 120386. [Google Scholar] [CrossRef]

	



AbuAlRoos, N.J.; Baharul Amin, N.A.B.; Zainon, R. Conventional and new lead-free radiation shielding materials for radiation protection in nuclear medicine: A review. Radiat. Phys. Chem. 2019, 165, 108439. [Google Scholar] [CrossRef]

	



Kiguli-Malwadde, E.; Byanyima, R.; Kawooya, M.G.; Mubuuke, A.G.; Basiimwa, R.C.; Pitcher, R. An audit of registered radiology equipment resources in Uganda. Pan Afr. Med. J. 2020, 37, 295. [Google Scholar] [CrossRef]

	



Patidar, D.; Yap, L.B.C.; Begum, H.; Soh, B.P. Manual or auto-mode: Does this affect radiation dose in digital mammography without compromising image quality? Radiography 2022, 28, 1064–1070. [Google Scholar] [CrossRef] [PubMed]

	



Chusin, T.; Matsubara, K.; Takemura, A.; Okubo, R.; Ogawa, Y. Assessment of scatter radiation dose and absorbed doses in eye lens and thyroid gland during digital breast tomosynthesis. J. Appl. Clin. Med. Phys. 2019, 20, 340–347. [Google Scholar] [CrossRef] [PubMed]

	



Gennaro, G.; Cozzi, A.; Schiaffino, S.; Sardanelli, F.; Caumo, F. Radiation dose of contrast-enhanced mammography: A two-center prospective comparison. Cancers 2022, 14, 1774. [Google Scholar] [CrossRef] [PubMed]

	



Madder, R.D.; LaCombe, A.; VanOosterhout, S.; Mulder, A.; Elmore, M.; Parker, J.L.; Jacoby, M.E.; Wohns, D. Radiation exposure among scrub technologists and nurse circulators during cardiac catheterization: The impact of accessory lead shields. JACC Cardiovasc. Interv. 2018, 11, 206–212. [Google Scholar] [CrossRef] [PubMed]

	



Dixon, S.R.; Rabah, M.; Emerson, S.; Schultz, C.; Madder, R.D. A novel catheterization laboratory radiation shielding system: Results of pre-clinical testing. Cardiovasc. Revasc. Med. 2022, 36, 51–55. [Google Scholar] [CrossRef]

	



Deeraj, B.D.S.; Jayan, J.S.; Raman, A.; Saritha, A.; Joseph, K. Polymeric blends and nanocomposites for high performance EMI shielding and microwave absorbing applications. Compos. Interfaces 2022, 29, 1505–1547. [Google Scholar] [CrossRef]

	



Wang, Y.; Ding, P.; Xu, H.; Li, Q.; Guo, J.; Liao, X.; Shi, B. Advanced X-ray shielding materials enabled by the coordination of well-dispersed high atomic number elements in natural leather. ACS Appl. Mater. Interfaces 2020, 12, 19916–19926. [Google Scholar] [CrossRef]

	



Yao, T.; Chen, H.; Samal, P.; Giselbrecht, S.; Baker, M.B.; Moroni, L. Self-assembly of electrospun nanofibers into gradient honeycomb structures. Mater. Des. 2019, 168, 107614. [Google Scholar] [CrossRef]

	



Kang, Y.; Chen, P.; Shi, X.; Zhang, G.; Wang, C. Multilevel structural stereocomplex polylactic acid/collagen membranes by pattern electrospinning for tissue engineering. Polymer 2018, 156, 250–260. [Google Scholar] [CrossRef]

	



Zhang, H.; Sun, X.; Heng, Z.; Chen, Y.; Zou, H.; Liang, M. Robust and flexible cellulose nanofiber/multiwalled carbon nanotube film for high-performance electromagnetic interference shielding. Ind. Eng. Chem. Res. 2018, 57, 17152–17160. [Google Scholar] [CrossRef]








[image: Coatings 13 01028 g001 550] 





Figure 1. Formation of nanofiber-based shielding body. 
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Figure 2. Method for evaluating shielding performance of manufactured functional fabrics. 
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Figure 3. Surface image of dispersion pattern applied with polymer nanofibers (×500): (a) P1: honeycomb pattern; (b) P2: matrix pattern; (c) P3: double-circle pattern; (d) P4: spider web pattern. 
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Figure 4. Cross-section image of radiation shielding nanofiber fabric: (a) P1: honeycomb pattern; (b) P2: matrix pattern; (c) P3: double-circle pattern; (d) P4: spider web pattern. 
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Figure 5. Cross-sectional image of electrospinning of nanofibers: (a) P1, honeycomb pattern, (b) P3, double-circle pattern; tungsten particle distribution in the red circles. 
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Table 1. Evaluation of shielding performance by nanofiber electrospinning pattern.






Table 1. Evaluation of shielding performance by nanofiber electrospinning pattern.





	

	
Transmission

Dose

	
Effective X-ray Energy




	
29.2 keV

	
34.5 keV

	
52.8 keV

	
60.3 keV




	
Non

	
N-Fibers

	
Non

	
N-Fibers

	
Non

	
N-Fibers

	
Non

	
N-Fibers






	
P1

	
Dose (mSv)

	
0.295

	
0.0141

	
0.854

	
0.0521

	
1.117

	
0.1005

	
1.583

	
0.1708




	
Shielding rate (%)

	
95.22

	
93.90

	
91.00

	
89.21




	
P2

	
Dose (mSv)

	
0.295

	
0.0318

	
0.854

	
0.1175

	
1.117

	
0.2456

	
1.583

	
0.4686




	
Shielding rate (%)

	
89.22

	
86.24

	
78.01

	
70.40




	
P3

	
Dose (mSv)

	
0.295

	
0.0554

	
0.854

	
0.2298

	
1.117

	
0.3670

	
1.588

	
0.5928




	
Shielding rate (%)

	
81.22

	
73.11

	
67.14

	
62.55




	
P4

	
Dose (mSv)

	
0.295

	
0.0342

	
0.854

	
0.1185

	
1.117

	
0.2546

	
1.583

	
0.4874




	
Shielding rate (%)

	
88.41

	
86.12

	
77.21

	
69.21
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Table 2. Evaluation of shielding performance compared to lead plate and honeycomb pattern nanofiber fabric.






Table 2. Evaluation of shielding performance compared to lead plate and honeycomb pattern nanofiber fabric.





	
Radiation Type

	
Effective X-ray Energy (keV)

	
Mean of Exposure (mSv)

	
Shielding Rate (%)




	
Nothing

	
0.25 mm Pb

	
P1 (0.3 mm)

	
0.25 mm Pb

	
P1 (0.3 mm)




	
X-ray

	
29.2

	
0.312

	
0.0022

	
0.0149

	
99.29

	
95.22




	
34.5

	
0.854

	
0.0418

	
0.0521

	
95.11

	
93.90




	
52.8

	
1.212

	
0.0806

	
0.1091

	
93.35

	
91.00




	
60.3

	
1.583

	
0.1539

	
0.1866

	
90.28

	
89.21








For X-ray generation energy, 40 kVp~110 kVp, 200 mA, 0.1 s.
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