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Abstract

:

The helmet is a mandatory tool for safe production, and bamboo helmets can be used as an alternative to the traditional plastic safety helmet. In this study, bamboo helmets were modified with urea-formaldehyde resin and have shown excellent impact resistance, good color sensitivity, and high gloss. The excellent performance of the bamboo helmet comes from the structure designed by imitating the gradient characteristics of bamboo and the modification of urea-formaldehyde resin. The pores and defects of bamboo in the helmet modified by urea-formaldehyde resin are filled and repaired. The chemical combination of urea-formaldehyde resin and bamboo reduces bamboo’s crystallinity and improves the bamboo helmet’s impact resistance. The development of bamboo helmets provides a supplement and option for the traditional helmet market while opening up new ways of bamboo utilization.
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1. Introduction


As a natural biomass material, bamboo is widely distributed in tropical and subtropical areas, with a fast growth rate and a short renewal cycle [1]. Most bamboo species reach full height within 2–4 months and mature within 3–8 years [2]. The rapid growth and replacement rate of bamboo ensures its sustainable supply as a material with a considerable carbon storage capacity [3]. As a natural polymer material, bamboo is biodegradable and is mainly composed of cellulose, hemicellulose, and lignin. Bamboo is widely used in furniture, flooring, construction, civil engineering, papermaking, and other fields due to its high output, low cost, and excellent mechanical properties [4]. However, the essential characteristics of bamboo can not be fully utilized in the applications in the above fields.



As a natural biomass material with a thin hollow wall, bamboo has great differences in individual properties and a low degree of homogenization [5]. To realize large-scale engineering utilization of bamboo, it is necessary to standardize bamboo and its units. In papermaking, bamboo is hydrolyzed into fiber to solve the problem of homogenization [6]. In the preparation of bamboo engineering materials, bamboo is refined into small units to meet the requirements of standardization and homogenization [7]. However, the excellent properties of bamboo are destroyed in the processing mentioned above. To overcome the shortcomings of bamboo and make full use of the mechanical and weaving properties of bamboo to prepare bamboo engineering materials is one of the challenges to achieve high quality and efficient utilization of bamboo.



As an essential head protective equipment in industrial production, improving the design and manufacturing quality of safety helmets is of extreme importance [8]. In addition, the demand for safety helmets is increasing by approximately 10% each year and are mainly made of fiberglass shells and plastic shells [9]. Indeed, FRP (Fiber Reinforce Plastic) shells are glass fiber, Vinylon yarn, propene nonwovens, and resin as raw materials. In contrast, the plastic shells are made of polycarbonate, ultra-high molecular polyethylene, and modified polypropylene, among other polymers [10]. Those types of helmets are widely used because of their easy fabrication and quality control (Figure 1) [11]. Moreover, safety helmets are made in different colors to distinguish the work type and improve the warning effect, usually with bright colors and high gloss [12]. However, as a product prepared using petroleum-based polymer, its application is limited because of its poor air permeability, high production cost, complex production process, difficult biodegradation, and poor environmental friendliness [13,14].



Bamboo is an excellent material for safety helmets because of its superior mechanical strength, bending elasticity, and impact resistance [15]. In this study, the helmet’s performance was evaluated by impact strength and modified color change. Then, the mechanism of helmet performance enhancement was studied. The structural design characteristics of bamboo helmets are studied by finite element analysis. The mechanism of physical and chemical enhancement of helmet by urea-formaldehyde resin was studied by SEM, FTIR, and XRD. The research results provide a theoretical basis for the development and function expansion of bamboo helmets and provide a new way for global energy saving and emission reduction and replacing plastic with bamboo.




2. Materials and Methods


2.1. Materials


For Phyllostachys edulis (Moso bamboo), 2–4 years old from Jianou City, Fujian Province, China, the DBH (diameter at breast height) of bamboo culm was 4–6 cm. There were no bamboo knots, no insect infestation, and no mildew in the bamboo stem. Bamboo culm with a length of more than 5 m, a curvature of less than 7%, and a bifurcation greater than 2 m from the root are used in this study.



Urea-formaldehyde adhesive was made from formaldehyde, urea, polyvinyl aldehyde, melamine, and industrial starch at the ratio of 0.7:0.4:0.025:0.02:0.02:0.025 per ton.




2.2. Methods


2.2.1. Production of Bamboo Helmet


The braiding process of a bamboo helmet includes bamboo strip breaking, hat shell weaving, resin dipping, and assembly (Figure 2). Bamboo was broken into strips with various specifications. The shaper was used to arrange the ribs and lock the top wire, the helmet and waist wire were knitted on the standard head mold by fixture, and finally, the edge wire was used to tie the edge of the hat. In the last step, the bamboo helmet was impregnated with urea-formaldehyde resin.




2.2.2. The Performance of Helmet


The Impact Performance Test


The impact resistance of safety helmets was tested according to GB 2812 2006 (Safety helmet Test method). To simulate the use environment of a safety helmet, the test was carried out after pretreatment at high temperature (50 ± 2 °C), low temperature (−10 ± 2 °C), and soaking in water (20 ± 2 °C) for 3 h, respectively. The test was performed using a drop hammer at the height of 1000 mm, and the shock absorption force was recorded. According to the standard requirements, the lower the impact force of the sensor, the higher the impact resistance of the helmet.




Testing of Color and Gloss


The color of the bamboo helmet changed after being dipped in the urea-formaldehyde resin. To evaluate the effect of impregnation on the color and use of the safety helmet, the color measurement was carried out using a high-quality colorimeter (BYK 6802). The light source of the colorimeter is D65, and the measuring aperture is 3 mm. Each sample was measured at 50 points to calculate the average and standard deviation to evaluate the color and the glossiness change. According to TAPPI T524 om−79 (1979), in the CIELAB color system, L* is the value on the white/black axis, a* is the value on the red/green axis, and b* is the value on the blue/yellow axis. The a* value best represents the difference between green and red, and the smaller the a* value is, the greener the sample. The color aberration and the overall color difference are represented by ∆L*, ∆a*, ∆b* and ∆E*, respectively. The calculation method is shown in Formulae (1)–(4). Moreover, gloss, as a surface characteristic of an object, represents the specular light reflection ability of the object’s surface. The higher the glossiness is, the stronger the object’s reflection ability.


  ∆  L *  =  L a *  −  L b *   



(1)






  ∆  a *  =  a a *  −  a b *   



(2)






  ∆  b *  =  b a *  −  b b *   



(3)






  ∆  E *  =      (  ∆  L *   )   2  +    (  ∆  L *   )   2  +    (  ∆  L *   )   2     



(4)







The color values of the bamboo helmet before dipping are represented by    L a *   ,    a a *    and    b a *   , respectively, and the chromatic values of the bamboo helmet after dipping are represented by    L b *   ,    a b *    and    b b *   , respectively.





2.2.3. The Performance Enhancement Mechanism of Bamboo Helmet


The Structural Design of Helmet


To study the structural characteristics of bamboo helmets, the Finite Element Analysis (FEA) was used to analyze the simplified model of bamboo helmets under stress. The helmet is modeled by Autodesk CAD and analyzed by the ANSYS-Workbench static structure module. The helmet material is defined as bamboo, with an elastic modulus of 2.0 GPa, Poisson’s ratio of 0.4, and density of 0.8 g/cm2 [16]. After meshing the helmet model, the total number of elements was 1212, and the total number of nodes was 2540. A fixed support was made at the bottom of the brim, and 4000 N vertical force was applied to the top of the hat to simulate the force of the safety helmet.




SEM


SEM was used to study the physical strengthening mechanism of urea-formaldehyde resin on bamboo. The sample before and after modification of urea-formaldehyde resin was taken from the safety helmet, and the size was 5 mm × 5 mm × 1 mm. The samples were oven-dried at 103 °C until a constant weight was reached. After drying, a conductive carbon double-sided adhesive tape was used to bind the sample on metal support before the test.




FTIR


FTIR was used to study the chemical binding mechanism of urea-formaldehyde resin and bamboo. The powder was scraped from the bamboo helmet before and after urea-formaldehyde modification, and the tablet was prepared by mixing KBr with the ratio of 1:200 after drying. The FTIR test was carried out with Nexus 670 (Thermo Electron Corporation) instrument, the scanning wavelength range was 4000–400 cm−1, the scanning times was 64 times, and the scanning resolution was 1 cm−1. The FTIR data are calibrated and smoothed by OMNIC software.




XRD


Crystallinity is an essential parameter due to its relation to the mechanical properties of bamboo [17]. The bamboo on the bamboo helmet before and after modification was separated and ground to powder with a 30–60 mesh particle size using a micro plant grinder. The samples’ crystallinity was determined using an X-ray diffractometer equipped with a Cu-Kα source (Philips X’Pert PRO) wavelength of 1.54056 Å. The tube voltage was set to 40 kV and the tube current to 40 mA, with a 0.2 mm Ni filter, the scanning angle 2θ ranged from 5 to 40°, and the scanning rate of 1° min−1.



The crystallinity was calculated by using the Formula (5) proposed by Segal et al.:


  C r I =    i  002   −  i  a m      i  002      



(5)




where CrI is the crystallinity index, i002 is the maximum diffraction intensity of the 002 crystal plane (at 2θ = 22°), and iam represents the reflection intensity of the amorphous region (at 2θ = 18°).







3. Results and Discussion


3.1. Performance of Bamboo Helmet


The use environment of helmets is complex and may experience high or low temperatures [18]. Moreover, the user’s sweat may change the mechanical properties of bamboo, which affects the impact resistance of bamboo helmets [19]. To study the adaptability and actual performance of bamboo helmets in conditions similar to the use environment, the impact resistance of bamboo helmets in high temperature, low temperature, and after water immersion was tested. Compared to the control bamboo helmet at room temperature, the impact force increased after high temperature, low temperature, and water immersion treatments (Figure 3b). The impact force of the safety helmet was the highest after the low temperature treatment (i.e., 2.94 KN). Moreover, the impact properties measured in all conditions were lower than the 4.9 KN required by the standard (GB 2812 2006) (Figure 3a) [20]. These results show that bamboo helmets can meet the safety requirements in low temperature, high temperature, and humid environments. The ANOVA test shows no significant difference in impact resistance between bamboo helmets tested in different environments (Table 1).



The bamboo surface is mainly yellow to brown and the bamboo middle and bamboo yellow is yellow after drying [21]. The surface color of bamboo helmets made of raw Moso bamboo is 63.92 (L*), 5.04 (a*), and 20.93 (b*). After being modified with urea-formaldehyde resin, the surface color values of L*, a*, and b* changed to 58.13, 12.87, and 45.39, respectively (Figure 4b). The L* value of bamboo helmet modified with urea-formaldehyde resin decreased, while the a* and b* values increased (Figure 4a). Human eyes are more sensitive to long waves in visible light [22]. The visible light intensity of the helmet at 550700 nm (long waves in visible light) is higher than that without modified (Figure 4c). Before and after the impregnation of ∆L*, ∆a*, ∆b*, and ∆E* are 7.67, 24.02, 26.31, and 5.82, respectively (Figure 4d). The correlation analysis shows that the color change of the bamboo helmet has the highest correlation with the b* value, indicating that the surface color changes more obviously to yellow (Figure 4e). The glossiness of the safety helmet increased from 0.96 to 1.17 after urea-formaldehyde modified (Figure 4f). Higher glossiness shows that objects can easily reflect light and be observed [23]. After urea-formaldehyde impregnation modification, the brightness of the bamboo helmet decreased, and the color gradually changed from green and blue to red and yellow. The sensitivity of human eyes to the color and glossiness of the bamboo helmet was increased, improving the visibility of the personnel wearing bamboo helmets, leading to better avoidance of danger in production.




3.2. Structural Design for Bamboo Helmet


Safety helmet is closely related to their performance in structural design [11]. In this study, the structural characteristics of helmets are studied by FEA. The results show that when the helmet is subjected to force at the top, the body shows deformation. The maximum deformation of a helmet occurs at the end of the helmet, that is, the point of force and the minimum deformation occurs near the brim, and the deformation amplitude decreases gradually from the top to the visor of the helmet (Figure 5a). Moreover, the equivalent stress of helmets shows similar results: a high variation at the top and the brim of helmets, and a slight variation in the middle (Figure 5b). The FEA shows that the maximum stress of a helmet is the top and brim (Figure 5c). Thus, to ensure the safety of helmet users, it is necessary to optimize the material selection of the top and brim of the helmet body and to use high-strength components to improve performance.



Bamboo is a gradient material, and its mechanical properties are different in the radial direction [16]. Indeed, the vascular bundles that play the primary mechanical support in bamboo and the tissue proportion decrease from the bamboo green to the yellow side, which reduces the bamboo mechanical properties from the green to the yellow side [24]. Therefore, the mechanical properties of bamboo on the green side are the highest, followed by the middle, while the yellow side showed the lowest mechanical properties (Figure 5e) [25]. In this strategy, based on the gradient structure of bamboo, bamboo is divided into three parts: the green side, the middle, and the yellow side. Then, the bionic design of the gradient structure was carried out by using the green side (the highest strength) at the brim and the top, while the yellow side (the lowest strength) was used in the middle of the helmet (Figure 5d). Thus, to optimize the design of helmets, the gradient structure characteristics of bamboo were utilized to the maximum extent, and a safe and reliable safety helmet was obtained.




3.3. Urea-Formaldehyde Resin Modification


The design of bamboo helmets was carried out based on the gradient structure of bamboo, and the effect of structural optimization was achieved. Moreover, the excellent impact resistance of bamboo helmets comes from the impregnation in the urea-formaldehyde resin. Indeed, after impregnation with urea-formaldehyde resin, the impact resistance of bamboo helmets changed from 4.16 KN to 1.53 KN (Figure 6a), indicating that impregnation can effectively reduce the impact of external conditions on the bamboo helmet users. The F value in the ANOVA is higher than the F crit. The p-value is very small (Table 2), indicating that the impregnation in urea-formaldehyde resin significantly enhanced the impact resistance of bamboo helmets.



To further analyze the effect of urea-formaldehyde resin modification on the impact resistance of bamboo helmets, the impact specific strength of bamboo, urea-formaldehyde resin, and impregnated bamboo were evaluated. The results show that the average mass of a bamboo helmet increased from 187.38 g to 230.38 g after impregnation and that the average impregnation amount of urea-formaldehyde resin was 43.07 g (Figure 6a). The evaluation of the impact specific strength showed that the urea-formaldehyde resin has the highest (i.e., 0.06 KN/g), while the impregnated safety helmet has the lowest value (i.e., 0.01 KN/g) (Figure 6b). The results show that the modified bamboo helmet can achieve a greater increase in impact resistance under the condition of small mass increase.



The modification of urea-formaldehyde resin enhanced the impact resistance of the bamboo safety helmet and improved the color sensitivity of the helmet surface. To study the strengthening mechanism of urea-formaldehyde resin, the physical binding mechanism was studied by SEM. Before urea-formaldehyde modification, there were dense pores on the bamboo surface, mainly formed by the cellular cavity and intercellular space of fibers and parenchyma cells (Figure 7a). After modification, a dense film composed of urea and formaldehyde was formed on the bamboo surface (Figure 7c). In the cross-section of bamboo, there were macropores on the outside of bamboo, parenchyma cells, and fiber cells before modification with urea-formaldehyde resin (Figure 7b). The modified bamboo is coated with a dense resin (Figure 7d). Part of the resin penetrated the bamboo through the large and thin-walled parenchyma cells, filled and repaired the pores and defects of the bamboo, and formed a glue nail structure (Figure 7e), and the resin was covered on the surface layer could be closely bonded to the bamboo. The existence of urea-formaldehyde resin film fills the surface of the bamboo, and a certain depth of pores repairs the defects of bamboo in processing and enhances the impact resistance of bamboo helmets [26].



The chemical bonding enhancement effect of urea-formaldehyde resin on the bamboo helmet was analyzed by FTIR and XRD. 1735 cm−1 belongs to xylan in hemicellulose, and the peak decreases obviously after modification, indicating that hemicellulose in modified bamboo may react with urea-formaldehyde resin (Figure 8a). In addition, after the modification of the bamboo helmet, the crystallinity of bamboo cellulose decreased from 36.72% to 34.09% (Figure 8b). The decrease in the crystallinity of bamboo cellulose may be because the OH group mainly exists in the amorphous region of cellulose in bamboo, and the chemical reaction between OH and urea-formaldehyde resin increases the quality of the amorphous region reducing the crystallinity of cellulose (Figure 8c). 1648 cm−1 originated from aromatic skeletal vibration and belonged to lignin in bamboo and formaldehyde in urea-formaldehyde. The peak value of modified bamboo was enhanced, which may be due to the reaction between urea-formaldehyde resin and lignin in bamboo. The peak at 1550 cm−1 is NH stretching vibration in urea-formaldehyde resin. It appears in the modified bamboo, which is the superposition peak of urea-formaldehyde resin and bamboo, indicating that there may be a physical combination between urea-formaldehyde resin and bamboo. Notably, 1326 cm−1 is attributed to OH, which belongs to cellulose in bamboo. The peak disappears after modification, which may be due to the combination of urea-formaldehyde resin and OH in bamboo cellulose. At 1033 cm−1, the peak is C-O stretching vibration, which belongs to the hydroxyl groups of bamboo and urea-formaldehyde resin. The peak strength increases after modification, which may be due to the superposition of bamboo and urea-formaldehyde peaks.



The above results show that after modifying urea-formaldehyde resin, the cellulose, hemicellulose, and lignin on the bamboo surface were chemically combined with urea-formaldehyde, forming a strong binding force on the bamboo surface which enhanced the impact resistance of bamboo. In addition, the material’s crystallinity is closely related to the impact resistance, and the lower crystallinity means that the material has lower hardness and higher impact resistance [27]. After the modification of the bamboo helmet, the crystallinity of bamboo decreased, indicating that the modification of urea-formaldehyde resin reduced the hardness and increased the impact resistance of bamboo.





4. Conclusions


This study makes full use of the gradient structure and flexibility of bamboo, and realizes the material optimization, knit, and manufacture of the bamboo helmet. The biodegradable bamboo helmet developed in this work has excellent environmental adaptability, and the impact strength at high temperature, low temperature, and soaking water is 2.85 KN, 2.92 KN, and 2.59 KN, respectively, lower than 4.9 KN. After modification with urea-formaldehyde resin, the color labs of bamboo helmets changed from 58.13, 2.87, and 45.39 to 63.92, 5.04, and 20.93, and the gloss increased from 0.96 to 1.17. The light sensitivity and glossiness were improved on the bamboo helmet surface, modified by urea-formaldehyde resin, which enhanced the warning effect of the bamboo helmet.



The excellent performance of the bamboo helmet comes from the structural design imitating the gradient characteristics of bamboo and the modification of urea-formaldehyde resin. As structural optimization, the bamboo green part with the high strength was used as the top skeleton of the bamboo helmet, while the bamboo part with the second strength was at the brim, and finally, the bamboo yellow part with the low strength was used in the middle of the helmet. The impact resistance of the bamboo helmet changed from 4.16 KN to 1.53 KN modified by urea-formaldehyde resin; the modification of urea-formaldehyde resin fills the pores of bamboo and repairs the defects in bamboo. At the same time, the chemical reaction between the urea-formaldehyde resin and bamboo surface forms a close combination. In addition, the crystallinity of modified bamboo decreased from 36.72% to 34.09%, which improved the impact resistance of bamboo on the helmet. The development and manufacturing of the bamboo helmet provides supplement and choice for the traditional safety helmet market and opens up a new way to utilize bamboo with high efficiency and high quality.
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Figure 1. The characteristics of bamboo and plastic safety helmets. 
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Figure 2. Production process of bamboo helmet. 
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Figure 3. The impact resistance sample (a) and performance (b) of bamboo helmet under simulated temperature and humidity. 
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Figure 4. The effect of urea-formaldehyde modification on the color of helmet (The surface color samples (a) and average changes (b) before and after being modified. (c) The change of surface reflection wavelength before and after being modified. (d) The change of surface color difference before and after being modified. (e) The effect of different chromaticity on chromatic aberration. (f) The change of surface gloss before and after being modified. 
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Figure 5. The structural design for bamboo helmet. (a) The total deformation of helmet. (b) The equivalent stress of helmet. (c) The stress distribution on the (a,b) curve of bamboo helmet. (d) The structural design for bamboo helmet. (e) The gradient structure of bamboo. 
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Figure 6. The enhancement effect of urea-formaldehyde resin on impact property of bamboo helmet. (a) The impact resistance of bamboo helmet before and after impregnation. (b) The effect of modification on the specific strength of bamboo helmet. 
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Figure 7. The physical strengthening effect of urea-formaldehyde resin on bamboo helmets. The bamboo surface before (a) and after (c) modified by urea-formaldehyde resin. The cross-section of bamboo before (b) and after (d) modified by urea-formaldehyde resin. (e) The physical binding mechanism of urea-formaldehyde resin modification. 
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Figure 8. The chemical strengthening effect of urea-formaldehyde resin on bamboo helmets. The FTIR (a) and XRD (b) spectrum of bamboo in the helmet before and after modification. (c) The reaction form of urea-formaldehyde resin with bamboo cellulose and hemicellulose. 
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Table 1. The ANOVA of environmental adaptability of bamboo helmets.
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	Source of Variance
	SS
	df
	MS
	F
	p-Value
	F Crit





	Between-group
	8.117628
	3
	2.705876
	2.419112
	0.087154
	2.946685



	Inter-group
	31.31915
	28
	1.118541
	
	
	



	Total
	39.43677
	31
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Table 2. The ANOVA of impact resistance of bamboo helmet before and after urea-formaldehyde resin modification.






Table 2. The ANOVA of impact resistance of bamboo helmet before and after urea-formaldehyde resin modification.














	Source of Variance
	SS
	df
	MS
	F
	p-Value
	F Crit





	Between-group
	51.74533
	1
	51.74533
	44.59809
	3.01 × 10−07
	4.195972



	Inter-group
	32.48725
	28
	1.160259
	
	
	



	Total
	84.23259
	29
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