X-ray Protective Shielding Vests: Manufacturing and Property Evaluations of X-ray Shielding Fabric and Pattern Making of Vests
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ABSTRACT
This study proposes to make protective vests with X-ray shielding effectiveness. X-ray shielding powders are coated onto sandwich air mesh fabrics (SAMF), which are then coated with another layer of powders to form a continuous surface; thus forming double-layer X-ray shielding fabric. The tensile strength of SAMF is first evaluated, after which a stereomicroscope and scanning electron microscope (SEM) observe the X-ray shielding fabric and double-layer X-ray shielding fabrics. Next, an X-ray shielding effect test measures them. The double-layer X-ray shielding fabrics are then tailored into X-ray shielding protective vests using vest patterns. The test results show that the X-ray shielding powders can combine well with SAMF by using urethane resin, and as a result, the X-ray shielding effectiveness is proportional to the content of the powders. The double-layer X-ray shielding fabrics exhibit an optimal X-ray shielding effectiveness due to their double-layer structure. The combination of SAMF provides flexibility to the protective vest regardless of the coating of X-ray shielding powders.
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1. Introduction
X-rays are used in many fields, such as absorptiometry scanning and dental radiography equipment [1, 2]. Frequent exposure to high energy X-rays may damage one’s health [3]. In order to prevent this, shielding materials are used to provide protection. These materials, which include lead bricks, metals, and metallic composites [4-6], are commonly high atomic number materials, which are able to attenuate X-rays via photoelectric effect [7]. Thus, they are used in radiotherapy, or X-ray radiography. Lead is the most actively used for X-ray shielding; however, it also causes toxicity of the environment [8]. In addition, its heavy weight also causes the resulting products, such as conventional lead aprons, to have less mobility and discomfort when worn. Studies focused on finding a replacement for lead as an X-ray shielding material, with low toxicity and high mobility, have thus increased recently. Due to the outstanding flexibility of polymers, one type of shielding material is thus formed by the combination of polymers and metals or metal oxides [9]. This is achieved by adding metal or metal oxide powders during the spinning process of polymers [10], or by filling with polymer resins [11, 12]. However, the amount of metal or metal oxide powders used during the spinning process has a limit, which results in limited shielding effectiveness. Furthermore, polymer resin often becomes lumpy and hard after curing, which reduces the mobility and feasibility of being used as apparel. Therefore, this study aims to produce X-ray shielding fabrics with flexibility and mobility by combining sandwich air mesh fabrics and X-ray shielding powders. 
The X-ray shielding fabrics are composed of sandwich air mesh fabrics, which have one porous side that prevents the X-ray shielding powder from forming a continuous side. This first shielding layer retains the flexibility of the sandwich air mesh fabrics. Next, the second shielding layer on the X-ray shielding fabrics is formed by powdering X-ray shielding powders onto the fabrics so as to form a continuous side; thereby yielding X-ray shielding effectiveness all over the fabrics. The resulting double-layer X-ray shielding fabrics are trimmed using patterns of the front, back, and lateral side of a vest, which are then enclosed in the X-ray shielding vest. 







2. Experimental
2.1 Material
X-ray shielding powders (Institute of Nuclear Energy Research (INER), Taiwan, R.O.C.) with a particle size beneath 500μm have a content ratio of xSm．yPb．zSi． (1-x-y-z)TiO2. The X-ray shielding powder has a particle size of beneath 500 μm, which helps them to be distributed in the urethane resin. Sandwich air mesh fabrics (SAMF, LJ-A1850) are purchased from Long John Group, Taiwan, R.O.C. Urethane resin (XU-5407B, TOA Resin Corporation Limited, Taiwan, R.O.C.) is a total solid of 39.0±2.0 %, and has a pH value of 7.5 ± 1.0 and an elongation beyond 900 %. 










2.2 Preparation of X-ray Shielding Fabrics
SAMF have a porous front and a non-porous back, as seen in Figure 1, and the urethane resin has a total solid of 39.0 ±2.0 %. Therefore, it easily causes resin infiltration. Before blade-coating urethane resin, a layer of thermoplastic polyurethane (TPU) film is adhered to the back of the SAMF in order to prevent resin infiltration. On the operation platform, the SAMF is placed on a release paper with the porous front facing upwards, and the urethane resin is then blade-coated onto the porous surface with a coating ratio of 10 g/100 cm2. A custom-made 12 cm ×12 cm square polyvinylchloride (PVA) mold with a square shaped hole measuring 10 cm ×10 cm in its center is used for the coating, and the urethane resin is repeatedly and evenly coated onto SAMF with a blade. Next, 0.5, 1, 1.5, 2, or 2.5 g of X-ray shielding powders are applied through a screen mesh onto a 100 cm2 SAMF squares, and then blade-coated to fill the pores. As a result, the porous front possesses regular pores with a hole-wall structure. The powders thus form a continuous layer with the pores being filled, which attenuates the negative influence of the flexibility of the fabrics. Finally, the samples are placed in an oven at 90℃ for 30 minutes with urethane resin being dried and X-ray shielding powders being adhered to the SAMF in order to form the first X-ray shielding layer and thus the X-ray shielding fabrics. This process is illustrated in Figure 2. 
2.3 Double-Layer X-ray Shielding Fabrics 
The X-ray shielding fabrics made in 2.2 are placed onto a release paper on the operation platform. The front is blade coated with urethane resin again with a ratio of 5 g/100 cm2. Next, X-ray shielding powders are applied to the resin with a ratio of 1.5 g/100 cm2, without blade coating, in order to attain a continuous powder layer, i.e., the second X-ray shielding layer. Samples are placed in an oven at 90℃ for 30 minutes in order to dry the urethane resin. Then, the samples are coated with urethane resin with a ratio of 5 g/ 100 cm2 again in order to affix the X-ray shielding powders. Figure 3 illustrates the manufacturing process.
2.4 Pattern Making and Outer Case of X-ray Shielding Protective Vest 
Cardboard is used to make the patterns for the front, back and lateral of the vest, and then trimmed for patterning. Sample cloth is drawn and cut in accordance with these pattern boards. Two pieces of each part are sewn on a sewing machine (DB2-B735-3, Brother Industries, Ltd., Japan) to form vests with an interior space for the double-layer X-ray shielding fabrics. The edges of the vests are then sealed on an overlocker (SH 6000 SERIES, Jiangxi Kingtex Industrial Co., Ltd., China).



2.5 Test
2.5.1 Tensile Strength Test
An Instron 5566 (Instron Ltd., USA) is employed for tensile strength of the six samples of SAMF and SAMF adhered with TPU films in order to compare the tensile strength of both sample types. This test follows ASTM D5035-11 with settings: 750 mm distance between two clamps, tensile speed of 300 mm/min, and sample specification of 25.4 mm × 180 mm. 
2.5.2 Stereomicroscopic Observation
X-ray shielding fabrics and X-ray protective vests are placed on the platform of the stereomicroscopic (SMZ-10A, Nikon Instruments Inc., Japan). A stereomicroscope observes the surface of the samples, after which Motic Images Plus 2.0 software (Motic Group Co., Ltd., USA) is used to produce the pictures in order to compare the difference between X- ray shielding fabrics and double-layer X-ray shielding fabrics. 
2.5.3 Scanning Electron Microscopic (SEM) Observation
X-ray shielding fabrics are coated with gold by an Ion Sputter (E-1010, Hitachi, Japan) for 60 seconds, and then observed by an SEM (S3000, Hitachi, Japan) for bone scaffold structure. 

2.5.4 X-ray Shielding Test 
	X-ray shielding fabrics and X-ray protective vests are trimmed into 100 cm2 squares, after which their X-ray shielding effect is evaluated with an X-ray Analytical Microscope (XGT-7200V, Horiba, Ltd., Japan) with settings: the distance between the X-ray source and the sample is 10 cm, tube-voltage is 50 kV, and tube-current is 1 mA. 













3. Result and discussion
3.1 Tensile Strength 
Figure 5 shows that the tensile strength of the SAMF is 554.64±8.50, and that of SAMF with TPU film is 553.96±12.2, indicating that the combination of the TPU film does not significantly increase the tensile strength of the SAMF. TPU films have good extension, which does not reinforce the tensile strength. However, the combination of TPU film is an important procedure in this study, preventing the urethane resin from penetrating the porous SAMF that causes a subsequent poor combination of X-ray shielding powders and specified quantity of urethane resin. 










3.2 Surface Observation of X-Ray Shielding Fabrics
Figure 6 shows that the porous structure indicated by a red circle in Figure 6 (a), and the urethane resin fills the pores which is indicated by a red circle in Figure 6 (b). Due to the combination of a TPU film, the resin does not infiltrate SAMF, which is beneficial for the following combination of X-ray shielding powders. 
Figure 7 shows that X-ray shielding powders can fill the pores of SAMF and combine with it with the help of urethane resin. The films formed by urethane resin are distinctively present in Figure 7 (a-c), which is caused by a lower content of X-ray shielding powders, extra urethane resin is thus available to form films after drying. However, the distinct urethane resin film is absent in Figure 7 (d, e) because the powders are increased to 2 g and 2.5 g, which consumes more urethane resin for their combination, and there is no extra urethane resin existing. 







3.2 SEM Observation of X-Ray Shielding Fabrics
Figure 8 (a) and 9 (a) shows that the pores of the pure SAMF without coating of urethane resin, and the pore walls are formed of fiber bundles and thus features an interstice structure as indicated by red arrows. Figure 8 (b) and 9 (b) shows that the urethane resin can effectively fill the pores and enwrap the wall of the pores, i.e., the interstices of fiber bundle, indicated by red arrows. The X-ray shielding powders and SAMF combine well as a result of a good combination between urethane resin and SAMF. Figure 8 (c) and 9 (c) also confirms that urethane resin coordinates the combination between X-ray shielding powders and SAMF by filling the pores and enwrapping the interstices in fiber bundle with X-ray shielding powders, which are indicated by red arrows. SAMF and X-ray shielding powders are combined with urethane resin, thereby forming a shielding layer. 
3.3 X-Ray Effect of the X-Ray Shielding Fabric
Table 1 summarizes that the X-ray shielding effect of the X-ray shielding fabrics increases as a result of the increase in the content of the X-ray shielding powders. When the fabrics are combined with 2.5 g of powders, a small amount of powders falls off. This shows that excessive powder is beyond the level urethane resin can bear, and as a result, 2 g of X-ray shielding powder is the optimal parameter, which is used for the second shielding layer. 
3.4 Surface Observation and X-Ray Shielding Effect of the Double-Layer X-Ray 
Shielding Fabrics
Figure 10 shows that the coating of X-ray shielding powders the second time results in urethane resin films on the double-layer shielding fabrics. Such a result is similar to that of Figure 7 (c), which is caused by extra urethane resin when added with 1.5 g of powders. However, the X-ray shielding powders still combine well with the urethane resin to form the second shielding layer. In addition, due to the porous structure of SAMF, the X-ray shielding powders fill the pores without forming any agglomerations. For the second layers, the X-ray shielding powders are adhered to the X-ray shielding fabrics with the help of resin, and powders only fill the blank parts of the first layer without forming any continuous agglomerations. As a result, the double-layer X-ray shielding fabrics still remain the flexibility as the fabrics possess, seen in Figure 4 with red arrow indication. In addition, the urethane resin films on the double-layer X-ray shielding fabrics do not influence the X-ray shielding effect of the protective vest, which reaches 98.47 %. Furthermore, the value is slightly higher than that of X-ray shielding fabrics. Nambiar et al. [13] combine polydimethylsiloxane resins and 37.73 or 44.44 wt% of bismuth oxide (BO) nanopowders, and the X-ray shielding effect of two composite types at 50kV are 85 % and 90 %, respectively. In this study, the X-ray shielding powder used in X-ray shielding fabric weigh 5 % to 20.83 %, and that used in double-layer X-ray shielding fabric is 26.92 wt%. These facts indicate that powders are less X-ray shielding effective by directly applying to and distributed in resin than by blade coating; moreover, a small amount of wt% is capable of yielding a greater X-ray shielding effect. 
3.5 Formation of the X-Ray Protective Shielding Vests 
	The front, lateral, and back of double-layer X-ray shielding fabrics are respectively inserted into the vest case made in 2.4 and then affixed, forming the X-ray protective shielding vests. Figures 11 are the images of the outlook of the X-ray protective vests.










4. Conclusion
This study combines the features of SAMF and urethane resin to produce X-ray protective vest. Coating urethane resin combines well with SAMF and effectively fills the X-ray shielding powders in the pores of SAMF and the gaps in the fiber bundles. The porous structure of SAMF effectively prevents the continuous powder surface to remain the flexibility of SAMF. The test results determine the optimal parameters of X-ray shielding fabrics are the coating ratio of urethane resin to SAMF is 10 g /100 cm2, and the X-ray shielding powder is 2 g. A second layer formed with the combination of these parameter provides the double-layer X-ray shielding fabrics with an X-ray shielding effect of 98.47 % as well as a good flexibility, thereby successfully making X-ray protective vest in terms of pattern making. The resulting X-ray protective shielding vests can be used for medical radiation so as to decrease the quantity of radiation absorbed by the patients’ body.
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Table 1. X-ray shielding effect of the X-ray shielding fabrics as related to the contents of the X-ray shielding powders.
	Content of X-Ray Shielding Powder (g)
	X-Ray Shielding Effect (%)

	0.5 
	60.99

	1 
	73.88

	1.5 
	76.5

	2 
	82.95

	2.5 
	96.49

















Figure 1.  a) Porous front and b) non-porous back of the untreated SAMF.


Figure 2. Manufacturing process of the X-ray shielding fabrics



Figure 3. Illustration of the manufacturing of the double-layer X-ray shielding fabrics.




Figure 4. a) The front, b) the lateral, and c) the back of the double-layer X-ray shielding fabrics.

Figure 5. Tensile strength of the SAMF and SAMF adhered with TPU film. 


Figure 6. Stereomicroscopic images (8 ×) of a) the untreated SAMF and b) SAMF coated with urethane resin. The scale bar is 3 mm. 

Figure 7. Stereomicroscopic images (8 ×) of the X-ray shielding fabrics that contain a) 0.5 g, b) 1 g, c) 1.5 g, d) 2 g, and e) 2.5 g of X-ray shielding powders. The scale bar is 3 mm. 

Figure 8. SEM images (30 ×) of the surface of a) untreated SAMF, b) SAMF coated with urethane resin, and c) X-ray shielding fabric. The scale bar is 500 μm.


Figure 9. SEM images (30 ×) of the cut-sections of a) untreated SAMF, b) SAMF coated with urethane resin, and c) X-ray shielding fabric. The scale bar is 500 μm.



Figure 10. Stereomicroscopic image (8 ×) of the double-layer X-ray shielding fabric. The scale bar is 3 mm. 

Figure 11. The outlook of the a) vest without X-ray shielding fabrics and b) X-ray protective shielding vest.
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