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Abstract

:

This article reviews recent developments in fibers and textiles for Personal Protective Equipment (PPE) applications. Fibers are grouped into six categories: highly extensible elastomeric fibers, cellulose-based fibers, commodity synthetic fibers, high strength inorganic materials, and high performance polymer fibers. New developments with highly extensible elastomeric fibers include polyester-based elastic fibers and shape memory polyurethane. In the case of cellulose-based fibers, environmentally friendly processes and nanotechnology-enabling treatments are developed for natural fibers where attempts are made to transfer interesting attributes of the feedstock to regenerated cellulose fibers. Commodity synthetic fibers comprise polyolefins, polyester, and polyamide; they have seen recent developments in terms of surface functionalization and the formation of structures at the nanoscale. In terms of high strength inorganic materials, basalt fibers and carbonaceous materials have found increased use in PPE. Boron is also generating considerable interest for fibers and coatings. Research on high-performance polymer fibers includes further improving their short- and long-term performance, moving to the nanoscale for new functionalities, and exploring their recyclability. An additional section describes a series of special textile structures relevant to PPE involving 3D textile structures, auxetic textile structures, shear thickening fabrics, nanoporous structures, phase change materials, and some specially designed textile-based composite structures for improved protection against mechanical hazards. The article ends with some perspectives on promising avenues for further developments.
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1. Introduction


According to the US Occupational Safety and Health Administration (OSHA), Personal Protective Equipment (PPE) are “equipment worn to minimize exposure to hazards that cause serious workplace injuries and illnesses” [1]. Hazards can be of various natures: mechanical, chemical, biological, thermal, electrical, radiological, and nuclear. PPE can also provide protection against vibrations, insufficient visibility, drowning, and falls for instance. In addition, they can be used for activities that are not work related, e.g., sports and domestic chores.



PPE are part of the toolbox for risk management along with engineering controls and administrative measures [2]. The PPE selection process can be organized into seven steps (Figure 1):




	
Analyze the risks and identify those that cannot be avoided through engineering controls and administrative measures;



	
Determine the requirements for PPE based on the risks involved, including those resulting from wearing the PPE, and considerations related to the activity to be performed and the environment;



	
Assess and compare the characteristics of commercially available PPE;



	
Select the optimal PPE based on the protection and functionality requirements as well as other aspects, such as cost and durability;



	
Initiate and train users to properly wear the PPE;



	
Establish a procedure for the PPE inspection and care;



	
Perform a periodic review of the choice of PPE to verify that they still meet requirements and that the level of risk has not changed.








Different types of PPE are used depending on the hazards present and the body part or function at risk. One subset of PPE is protective clothing. It is designed to isolate the whole body or different body parts from the one or more hazards one may be exposed to [3]. Protective clothing can be categorized according to the part of the body they protect. A first category comprises bunker suits, lab coats, coveralls, gowns, lifejackets, bulletproof vests, safety harnesses, and aprons for instance, which cover the whole body or the torso. Protection to the legs and feet can be offered by pants, chaps, gaiters, booties, and boots. Gloves and arm guards can be used to protect the arms and hands, while hoods and balaclavas serve for the head. Other types of PPE aside from protective clothing include respirators, goggles, face shields, helmets, and earmuffs.



PPE have been used for thousands of years. In the case of body armor, materials included animal hides with the first examples dated as early as 5000 B.C. [4,5], metal plates introduced by the Egyptians circa 1500 B.C. [6], and silk used in Japan in the Middle Ages [5]. Leather has also been used for protection against thorns [7] and to manufacture blacksmiths’ aprons [8]. With its resistance to flame, wool was the preferred material for firefighter protective clothing until World War II [9].



A major change came with the introduction of synthetic polymers in the middle of the 20th century. Commodity polymers, such as polyethylene, polypropylene, polyester, and polyamide, provided durability at low cost [10]. From the 1960′s, high performance polymers revolutionized protective clothing with exceptional mechanical performance and/or inherent heat/flame resistance combined with low weight [11]. These high performance fibers include aramids, polybenzimidazoles (PBI), polybenzoxazoles (PBO), and ultra-high molecular weight polyethylene [11,12].



Regulations for protective clothing and PPE were established around the same period with, for instance, the Occupational Safety and Health Act of 1970 [13]. Standardization organizations have also been developing test methods and specifications for protective clothing and PPE since the early 1990s, with, e.g., the Technical Committee TC 94 on Protective Clothing and Equipment of the International Organization for Standardization (ISO) [14] and the Committee F23 on Personal Protective Clothing and Equipment of the American Society for Testing and Materials (ASTM) [15].



Technical advances in polymer science, textiles, and materials engineering as well as new technologies, such as nanotechnologies and smart textiles, have allowed improvements to the high-performance materials and structures used in PPE to provide better performance and enhanced comfort while being aware of environmental sustainability during manufacture and use. The purpose of this article is to review recent developments in fibers and textiles for protective clothing and PPE applications. The review considers six categories of fibers—highly extensible elastomeric fibers, cellulose-based fibers, commodity synthetic fibers, high strength inorganic materials, and high performance polymer fibers—as well as special textile structures relevant to PPE. It concludes with some perspectives on promising avenues for further developments in fibers and textiles for PPE.




2. Highly Extensible Elastomeric Fibers


Elastomeric fibers are highly extensible fibers. They are a key component for improved garment fit in protective clothing. Elastomeric fibers are also used as part of the securing system for many PPE.



Spandex (elastane) fibers are a segmented copolymer of polyurethane cross-linked rigid segments with polyester or polyether flexible segments (Figure 2a). Some variants aimed at specific applications have been developed; for instance a highly hygroscopic spandex for moisture management, a soft spandex with a greater stretch, and a chlorine-resistant spandex [16]. Despite a patent from 1978 describing different strategies to prepare flame resistant (FR) polyurethane elastomeric fibers [17], no such product appears to be commercially available. The solution used to produce FR elastic textile products is thought to involve wrapping the elastic core with a flame resistant fiber, such as the meta-aramids using the core-spun technique as described in the patent by Aldridge [18]. Core-spinning is a common method for preparing spandex-blend fabrics as spandex fibers are always used in conjunction with another fiber. This technique, which can be implemented using ring, friction, rotor, and air-jet spinning, has traditionally been used in the textile industry to cover elastic fibers with a cotton yarn to improve the touch aspect [19].



Polyester-based elastic fibers have recently been developed [16]. They include polybutylene terephthalate (PBT) (Figure 2b) and polytrimethylene terephthalate (PTT) (Figure 2c). PTT offers the possibility of being bio-based, with for instance the Sorona fiber from Dupont using corn as a raw material. The fiber cross-section can also be shaped with a specific profile to improve its moisture-wicking performance. An olefin-based elastic fiber, named XLA, has also been developed, with a good resistance to chemicals, heat and UV light. Bicomponent stretch fibers, such as T400, combine two fibers with different stretch properties.



The latest trend in highly extensible elastomeric fibers involves the use of shape memory polyurethane. Recent works include the preparation of shape memory polyurethane fibers by melt spinning [20], melt-blowing [21], and electrospinning [22] for instance. The possibility to switch between the two programmed configurations they offer provides a solution to the challenge of donning and doffing tight-fitted garments [16].
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Figure 2. Chemical formula of: (a) Elastane [23]; (b) Polybutylene terephthalate; (c) Polytrimethylene terephthalate. 
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3. Cellulose-Based Fibers


Cellulose-based fibers used in PPE include natural fibers and regenerated cellulose fibers. Although they have largely been replaced by synthetic fibers for many high performance applications, cellulose-based fibers have maintained a presence in the field. Their continued presence is in large part due to tactile comfort considerations as well as cost for some applications. For instance, FR treated cotton and FR viscose are still a major component of FR coveralls used in the oil and gas industry and other applications with low to medium risk of heat and flame exposure [24,25]. FR treated cotton performs well also for arc flash and is the most common fabric used in arc rated protective clothing [26].



3.1. Natural Fibers


One of the trends observed with natural fibers is the search for plants with a lower environmental footprint than cotton, such as hemp. For instance, attempts have been made to blend hemp fibers with softer fibers to increase its tactile comfort [27] and UV protection rating [28] while benefiting from the hemp fiber strength and thermal performance. Promising developments in the area of FR finishes for cellulose fibers involve taking advantage of the synergetic effect of environmentally friendly multi-element systems, for instance phosphorous–nitrogen [29]. This eco trend also includes the potential for improvements to the recyclability of FR treated fabrics [25]. This will depend on the ability to remove finishes and additives after the PPE has reached the end of their life so that the fibers can have a second life or be composted.



Another development with natural fibers involves taking advantage of nanotechnologies to improve their performance with a surface treatment without impacting their tactile comfort and weight. For instance, cotton fabrics with electromagnetic interference shielding functionality were prepared by layer-by-layer self-assembly to form alternating layers of chitosan graphene and poly(sodium 4-styrenesulfonate) (PSS) [30]. With a 10-layer coating, the fabric shielding effectiveness reached more than 30 db and its electrical conductivity 1.67 × 103 S m−1. Other applications include silver and copper oxide nanoparticle coatings on cotton for antibacterial properties, zinc oxide nanorods and titanium dioxide (TiO2) nanoparticles grown on jute fibers to make the fibers superhydrophobic after a fatty acid treatment (Figure 3), and a treatment of cotton fabrics with TiO2 nanoparticles to improve the efficiency of the anti-wrinkle compounds for instance [31].



Attempts have also been made recently to use natural fibers as a cheaper alternative to high-performance fibers. For instance, a multilayered armor system was developed where the intermediate layer of aramid fabric epoxy laminate was replaced by an epoxy composite reinforced with ramie fibers [32]. A decrease in performance was observed with the ramie fibers but the product still met the standard requirements. The ramie structure was much less expensive than its aramid counterpart. Ramie has also been recognized as being an environmentally sustainable fiber [33].
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Figure 3. Images by Field Emission Scanning Electron Microscopy (FE-SEM) of zinc oxide nanorods grown on jute fibers by a hydrothermal process: (a) 600 magnification; (b) 40K magnification (Reprinted with permission from Ref. [34]. Copyright 2017, Elsevier). 
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3.2. Regenerated Cellulose Fibers


In the case of regenerated cellulose, researchers are exploring the possibility of taking advantage of some natural attributes of the feedstock. For instance, it was shown that the activity of bamboo’s natural antimicrobial agent, bamboo kun, is maintained after it has gone through the cellulose dissolution process [35]. Although, other researchers have found that fabrics made from regenerated bamboo fibers do not exhibit antibacterial properties [36]. Another characteristic of cellulose that researchers have recently worked to harness is its nanostructures. For instance, cellulose nanocrystals have been used to help functionalize a polyvinyl alcohol–polyethylene copolymer (PVA-co-PE) nanofibrous membrane with the anthraquinone-2-carboxylic acid photo-catalyst for use in protective clothing [37]. The resulting membrane combined antibacterial, aerosol filtration, and chemical detoxifying functions. In another study, a flame resistant thermally insulating lightweight aerogel was prepared with cellulose nanofibrils, N-methylol dimethylphosphonopropionamide, and 1,2,3,4-butanetetracarboxylic acid [38]. The thermal conductivity was 0.03258 W/(m.K), which opens an interesting perspective for thermal protective equipment for firefighters for instance. Other applications of cellulose nanostructures relevant to PPE include lightweight materials for ballistic protection [39].





4. Commodity Synthetic Fibers


Since polymers became commercially available in the 1950′s, synthetic fibers made with commodity polymers (polyolefins, polyester, polyamide) have been widely used in PPE because of their low price and durability. In addition, these synthetic fibers can easily have their shape and dimensions modified for enhanced performance properties. For instance, hollow fibers have been manufactured with polyester, polyamide, and polypropylene to provide improved thermal insulation [40]. Fibers with a serrated or multilobal cross-section offer better liquid transportation along their length, and thus improve the wicking performance [41].



4.1. Polyolefin Fibers


Polyolefins offer a low-cost solution for protective clothing, e.g., for protection against splashes of liquid chemicals [42]. For instance, polypropylene (PP) displayed a much longer breakthrough time compared with a polymer blend typically used for manufacturing CBN (chemical, biological, nuclear) protective garments, as well as a higher tensile strength. Polyolefins are also heavily used for air and liquid filtration because of their good resistance to abrasion, strength retention in the wet state, good resistance to chemicals, excellent resistance to micro-organisms, dimensional stability, and low cost [43].



PP fibers currently dominate the market of disposable respirators and respirator filtration media. They are formed into a three-layer nonwoven structure [44]; the filtering function is provided by the melt-blown middle layer, while the spun-bond outer and inner layers provide strength and give the product a specific shape. Researchers recently proposed the use of 3D printing to prepare N95 masks and other medical PPE [45]. Other recent developments with polyolefins include functionalizing the nonwoven fibers to improve their efficiency and/or comfort. For instance, Okrasa et al. added alkyl substituted octaisobutyl polyhedral oligomeric silsesquioxane (POSS) as a filler to PP before producing nonwoven samples by melt-blowing to improve the electrostatic performance retention of the electret filter [46]. They also explored the possibility of incorporating particles of super-absorbing polymers into the PP nonwoven structure to favor the absorption of moisture in the mask and improve the user’s comfort.



In another study, a core-sheath filament was prepared by melt extrusion and drawing for the controlled release of insect repellents [47]. High-density polyethylene (HDPE) was used as the sheath, while the core was made of poly(ethylene-co-vinyl acetate) (EVA) containing the insecticide N,N-Diethyl-m-toluamide (DEET). A strategy explored to provide an antibacterial function to PP nonwovens for shoe insole relied on using magnesium monoperoxyphthalate as an additive during the fiber formation melt-blown process [48]. The study also looked at modifying polycarbonate and polyamide nonwovens in a similar way. A N–halamine compound, 1-chloro-2,2,5,5-tetramethyl-4-imidazolidinone, was also coated on a PP melt-blown nonwoven to provide it with antimicrobial capabilities [49].



Another interesting recent finding in the area of PPE relates to the risk of slipping in cold environments. It was shown that a PP footwear sole offered better slip resistance on ice between −1 and −15 °C compared to vulcanized and polyurethane rubber [50]. A last area of research is related to the challenge in dyeing PP fibers. For instance, Elmaaty et al. have come up with an environmentally friendly process involving disperse dyes and supercritical carbon dioxide [51]. Others have explored the use of nanoclay as a filler to increase the dyeability of PP [52].




4.2. Polyester and Polyamide Fibers


In the case of recent developments with polyester and polyamide fibers, efforts have involved surface functionalization using nanotechnologies [31]. Applications include antibacterial activity, chemical detoxification, superhydrophobicity, UV protection, flame retardancy, abrasion resistance, antistatic, photonics, and electronics. For instance, graphene has been put forward as a coating on polyester and polyamide fibers for protective clothing applications [53]. An example of a clothing product already on the market takes advantage of graphene thermal conductivity for improved heat management [54]. A nanocomposite coating comprised of silica nanoparticles in a fluoropolymer matrix was applied on a polyester fabric using a dip–pad–cure process [55]. The treated fabric showed a high acid repellency. In addition, its strength was only minimally affected after being immersed for 5 min in 80% sulfuric acid. Other researchers have worked with polyamide 6 to develop a new type of FR intumescent nanocomposite electrospun fibers using nanoclay [56]. These low-cost inherently FR fibers have been blended with PBI and Lenzing FR regenerated cellulose fibers to identify the best combination of performance at the lowest cost.



An environmentally friendly strategy to impart fabrics with both oil- and water-repellency was developed using a perfluorocarbon-free oleophobic finish based on a thin polydimethylsiloxane coating with a specific texture at a smaller length scale [57]. The principle was tested with a woven polyamide fabric. Good repellency was obtained against canola, olive and castor oil, synthetic sweat, and water. This environmentally friendly oleophobic solution can be applied to other types of fibers.



Finally, polyester and polyamide fibers and filaments are also used in the area of smart textiles, where they can be coated or plated with silver to create electrically conductive yarns or blended with silver fibers to prepare a heating nonwoven [58]. Wearing a garment made with polyamide fibers coated with silver has also been proposed as a way to reduce exposure to electromagnetic fields [59].




4.3. Modacrylic Fibers


Modacrylic fibers are used in the area of heat and flame protection [60]. They are generally blended with cotton, although they can also be found in blends with regenerated cellulose and synthetic fibers. A potential issue of the release of hydrogen chloride and cyanide in the event of the combustion of modacrylic fabric was raised a few years ago [61]. However, it does not appear as critical as initially thought because the concentrations observed were not estimated to be a significant risk to health nor do they limit the ability to escape or survive a fire [62]. Regarding the release of particulate antimony, the same group mentioned that the concentrations observed were well below anything considered hazardous. Efforts have also been dedicated by fiber manufacturers to develop low antimony or antimony-free modacrylic, for instance the Protex® Q fiber by Kaneka Corporation [63].




4.4. Nanofibers


Nanofibers produced by electrospinning with different polymers are increasingly being used in air filtration as they offer a higher aerosol collection efficiency with a lower pressure drop compared to their microscale counterparts [64]. They include PP [65], polyurethane [66], polyacrylonitrile (PAN) [67], and polyvinylidene fluoride [68] as well as cellulose acetate [69] and polylactic acid (PLA) [70] biopolymers. Electrospun nanofibers are also being considered for protective clothing to provide higher breathability (i.e., water vapor transport) and filtration while being lightweight [71,72]. For instance, polyamide 6 (PA6) nanofibers were deposited on the surface of fabrics typically used in protective clothing [73]. An increase in thermal insulation was obtained.



Nanofibrous mats can further be functionalized by grafting photoactive species, such as benzophenones and polyphenols [74], N-halamines [75], or silver nanoparticles [76], for antibacterial activity for instance. Nanocomposite nanofibers can also be prepared by adding nanoparticles in the electrospinning solution. Recent works include PAN and PAN-co-polyacrylate nanocomposite nanofiber membranes incorporating titanium dioxide nanoparticles for improved particulate matter adhesion [77], polyethersulfone/barium titanate nanofibrous membranes deposited on a nonwoven polypropylene substrate for improved mask filtration and comfort [78], silica aerogel/PAN nanocomposite nanofibers for adsorption of volatile organic compounds [79], and PAN nanofibers containing a compound combining silver and lipid vesicles for antibacterial activity [80].



Some researchers have also developed multifunctional nanocomposite nanofibers mats. One strategy involved preparing chitosan–poly (vinyl alcohol) nanocomposite nanofibers loaded with silica nanoparticles, and then coating the nanofibers with silver nanoparticles formed by the UV reduction of silver nitrate on the fiber surface [81]. Another strategy was based on the use of dual electrospinning, which allows combining non-compatible active nanoparticles [82]. Nanocomposite mats containing a blend of silver nanoparticle-containing PAN nanofibers and magnesium oxide nanoparticle-containing PAN nanofibers were electrospun using two separate syringes subjected to a translational motion. The membrane was developed for chemical and biological detoxifying applications. Analysis by energy dispersive X-ray (EDX) spectrophotometry showed the absence of contamination of each type of nanofibers by the nanoparticles of the other type of nanofibers in the comingled electrospun mat (Figure 4).
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Figure 4. Multifunctional nanocomposite nanofibrous mat combining silver nanoparticle-containing PAN nanofibers and magnesium oxide nanoparticle-containing PAN nanofibers produced by dual-electrospinning: (a) EDX layered image; (b) Electron scanning microscopy image; (c) Superimposed spectra corresponding to two different fibers; (d) Details of the chemical content of the two different fibers showing the absence of contamination by the nanoparticles between the different types of nanocomposite fibers [82]. 
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An interesting strategy involves 3D printing struts on nanofiber mats using PLA polymer to form a transparent hierarchical structure [83]. This technique can make masks less visually obtrusive, therefore, increasing their adoption by the public. A transparent mask will also enable facial expressions to be viewed, which is critical for efficient communication. Another new concept for masks combines an electrospun nanofibrous mat with a triboelectric nanogenerator driven by respiration to maintain and reinforce the electrostatic aerosol capture mechanism [84]. A filtration efficiency of more than 85% was obtained after the mask was continuously worn for 4 h as well as after a 30-day interval.





5. High-Strength Inorganic Materials


Various inorganic materials have found a place in PPE due to their high strength as well as other interesting characteristics. This includes glass, basalt, carbon, metal, and boron fibers. These fibers have found applications in flame protection, puncture and cut resistance, and thermal protection from cold and hot hazards for instance. Inorganic materials are also key components for wearable electronics and smart textiles.



5.1. Basalt Fibers


In the area of heat and flame protection, fire shelters used by firefighters and protective clothing for foundry workers for instance have traditionally been manufactured with a glass fiber fabric coated with a layer of aluminum on the outside to reflect the incident radiant heat. However, researchers have explored the possibility of replacing the glass fibers by basalt fibers, which are not only less expensive but also offer higher strength and better thermal resistance [85]. They compared the performance of an aluminized glass fiber protective clothing for foundry workers with an aluminized basalt fiber protective clothing using a thermal manikin. Better clo values were measured for the aluminized basalt clothing. Promising results with aluminized basalt fabrics have also been obtained for protective gloves [86]. Improvements in the contact resistance at 100 °C, heat transfer, and thermal resistance were obtained for a basalt fabric coated with a layer of chromium or zirconium oxide compared to the uncoated fabric [87]. The fabric also displayed static-dissipation properties.



In addition, basalt fabrics have been explored as an alternative to glass fibers for composite manufacturing [88], which is used in different types of PPE, such as for puncture-resistant plates for boots, ballistic plates, or helmets. One of the advantages of basalt fibers over glass fibers in composites is their higher resistance to high temperature [89]. This can allow thermal recycling at the end of the composite life as the matrix would thermally degrade while the basalt fibers remain unaffected. Basalt fabrics can be used as a reinforcement on their own or be combined with other high performance fibers, such as aramids [90] and carbon fibers [91]. A graphene coating has also been used to increase the interfacial adhesion between basalt fibers and the polymer matrix such as polyamide 6 (Figure 5) [92].




5.2. Carbon Fibers, Carbon Nanofibers, and Other Carbonaceous Nanomaterials


Carbonaceous materials have found increased use in PPE. For instance, carbon fibers can be used in combination with aramid fibers to manufacture soft body armor materials [93]. A combination of carbon and para-aramid fibers in an epoxy matrix was also explored as a potential replacement for acrylonitrile butadiene styrene (ABS) in safety helmets [94]. Better impact energy absorption, flexural and tensile strength, and heat resistance were obtained compared to ABS. Another PPE product where the use of carbon fibers could improve people’s safety is air cylinders that are part of the breathing apparatus used by firefighters [95]. An improvement in balance and gait performance was observed with the lighter carbon fiber air cylinders compared with the heavier aluminum air cylinders most often used. Carbon fibers have also shown a potential for producing radio-absorbing materials used in protective clothing [96]). They were dispersed at different concentrations in polyester nonwovens and porous PVC films stacked in multilayer structures. The results obtained in terms of the reflection coefficient as a function of the radiation frequency point towards a strategy based on concentration gradients in carbon fibers to maximize the radiation protection offered.



Carbon-based materials have also found applications in PPE at the nanoscale. For instance, activated carbon nanofiber mats containing alumina and magnesium oxide nanoparticles were prepared for the destructive adsorption of diazinon pesticide [97]. The addition of the nanoparticles improved the adsorption rate of the pesticide, which was converted into a less toxic product by chemical reaction with the metal oxide nanoparticles. The optimal carbonization conditions for the preparation of nanofiber mats from PAN nanofibers were investigated by Storck et al. [98]. Using silicon substrates to sandwich the PAN mats during the high temperature carbonization provided the best results in terms of preservation of the nanofiber morphology, whereas using titanium substrates allowed the carbonization temperature to be increased to 1200 °C and produced the highest degree of carbonization and crystallinity. Moreover, carbon nanotubes can be used to form a breathable membrane [99]. The selective water vapor transport through the carbon nanotube channels provides breathability to the membrane while ensuring protection against chemical and biological hazards. Graphene can also be applied as a coating on polymer fibers and improve their performance for application in protective clothing [53]. This includes improved mechanical strength, flame resistance, heat management, UV resistance, antibacterial activity, and electrical conductivity.




5.3. Metal Fibers and Structures


Cut protection is another area where inorganic fibers have found applications [100]. The use of steel fibers can achieve very high levels of cut resistance; this is particularly beneficial in knitted structures for protective gloves. As these fibers are not very comfortable to the skin, inorganic filaments are usually wrapped by polymer or cellulose-based fibers in a core-sheath structure [101]. Researchers are still working to develop the core-spinning technique that will ensure the best cover factor [102]. Chainmail with stainless steel rings are used when the highest protection is needed, for instance in meat transformation and metal working industries as well as when diving around sharks [103]. A new development in this area by the National Aeronautics and Space Administration (NASA) involves chainmail with small metal squares 3D printed on each ring [104].




5.4. Boron Fibers and Other Boron-Containing Materials


Boron offers various interesting perspectives for PPE. First, as a fiber, it combines high strength and high elastic modulus [105]. For instance, boron and silicon carbide fibers are used as reinforcements in polymer composites for ballistic protection [106]. The stab resistance of para-aramid and PA6 fabrics has also been improved by coating the fabrics with boron carbide using a laboratory knife coater [107]. However, the coating affected the comfort performance of the fabrics with a decrease in air permeability and an increase in water vapor and thermal resistance. Boron nitride nanosheets have been shown to increase the flame resistance of cotton when applied as a coating [108]. Shielding can also be achieved using boron-based compounds. For instance, boron and nitrogen co-doped reduced graphene oxide provided an EMI shielding of −42 dB in the 12.8–18 GHz frequency range [109]. Good gamma ray and neutron shielding can be obtained using boron-doped glass, opening the door for applications in radiology facilities [110].




5.5. Components for Wearable Electronics and Smart Textiles


Wearable electronics and smart textiles’ penetration in the PPE market is still quite limited but wearable sensors and actuators are expected to be a game changer for PPE once they have overcome the remaining challenges they still face [111]. Inorganic materials play a large role into these developments, for instance for power and data transmission, as a sensor, or as a heating element [58]. The metals used are mostly silver, stainless steel, and copper. Yarn configurations include metal monofilament yarns, metal and metal/polymer blend multifilament yarns, metal and metal/polymer blend fiber spun yarn, and metal-plated polymer fiber and filament yarns. Conductive yarns are also manufactured using carbon-based materials such as carbon fibers, carbon nanotubes, carbon black, and graphene. Silver and carbon-based compounds are used in the form of conductive inks as well. Optic fibers and fiber grating provide an interesting solution for data transmission and sensing functions in environments with electromagnetic radiations. However, the poor flexibility and brittleness of glass fibers is a challenge for textile integration, and research is moving towards the development of polymer-based optical systems instead [112].





6. High-Performance Polymer Fibers


A series of high-performance polymer fibers have been developed between the 1960s and the 1990s and have contributed to make PPE more performant and more comfortable at the same time. Aramids, polyamide imide, polybenzimidazole, polyphenylene benzobisoxazole, melamine, oxidized poly(acrylonitrile), polypyridobisimidazole, polyimide, novoloid, ultra-high molecular weight polyethylene, and liquid crystal polyester are the most commonly used polymers. The first nine families of fibers listed are inherently flame resistant. Several of them are rigid-rod polymers and exhibit extremely high strength. Para-aramid and ultra-high molecular weight polyethylene fibers are used for cut-resistant and ballistic PPE.



6.1. Para-Aramid Fibers


Recent developments regarding para-aramid fibers have mostly aimed at improving their mechanical performance. For instance, subjecting para-aramids to different levels of a microwave electromagnetic field has led to a strong increase in the strength of filaments due to a reduction in the fiber stratification [113] and an increase in interfiber bonding [114]. It generated an increase in the ballistic performance when tested as a fabric/resin armor package [115]. Other researchers have explored different strategies to increase the friction coefficient of the para-aramid yarn and improve stab performance. A first result is that high yarn crimp leads to a reduction in knife penetration [116]. The coating of para-aramid fabrics with multiwall carbon nanotubes increased both the static and kinetic friction coefficients of the yarns, as well as their modulus [117]. It translated into a 50% increase in the ballistic limit of the fabric. Other researchers have used coatings of silica [118], graphene oxide [119], and alumina/titania with an aluminum or a copper bond coat [120] to improve the stab or ballistic performance of para-aramid fabrics.



Work has also been done to improve the stab resistance of composite structures. It was shown that inserting a layer of aramid woven fabric as a core between two layers of thermoplastic resin-impregnated aramid woven fabrics improves the resistance to stabbing [121]. Another type of sandwich structure was prepared using a nonwoven fabric combining polyamide, recycled para-aramid, and low-melting-point polyester fibers as the skin and either high-strength polyester filaments randomly organized or high-strength polyester staple fibers needle punched into a nonwoven as the core [122]. The best stab resistance was obtained with the high-strength polyester staple fiber nonwoven core. Carbon fiber/aramid hybrid composite structures have also been investigated for the stab-resistant materials used in riot shields [123]. The addition of the aramid fibers made the failure mechanism change from brittle to ductile. Depending on the stacking sequence of the carbon and aramid layers, it was possible to obtain an increase in the stab resistance for the hybrid structure. Finally, a technique was developed to prepare para-aramid aerogel fiber sheets with the goal of simultaneously providing mechanical and thermal protection [124]. The aerogel fiber sheets offered a similar fragment projectile penetration resistance compared to commercial para-aramid fibers while their thermal insulation was increased 20 times.




6.2. Meta-Aramid Fibers


Efforts have been made over the last years to prepare meta-aramid nanofibrous mats as a way to filter smoke particulates emitted during fires, which have been linked to the increased cancer numbers reported for firefighters [125]. For instance, meta-aramid nanofibers were successfully produced using a wire-based needleless electrospinning setup [126]. The polymer was dissolved in a polar aprotic solvent. The selection of optimal conditions allowed producing nanofibers with an average diameter between 80 and 90 nm. An investigation of the effect of the nanofiber diameter showed that the particle collection efficiency increases when the nanofiber diameter decreases [127]. However, the pressure drop of the filter also increased when the nanofiber diameter decreased. The authors reported that the nanofibrous filters retained their mechanical and chemical durability up to 200 °C. In an attempt to improve the stability of the meta-aramid nanofibrous mats, which is affected by the fact that the crystallinity is lost during the electrospinning process, the electrospun nanofibers were washed to remove the LiCl salt added to dissolve the meta-aramid to prepare the electrospinning solution, then heat-treated at 250 and 300 °C for 10 min [128]. This allowed the restoring the meta-aramid crystalline structure, which enhanced the nanofibrous mat mechanical and chemical stability. The authors also treated the mats with silane to make them hydrophobic and superoleophobic. An alternative strategy to restore the crystalline structure of the meta-aramid nanofibers using a lower heat treatment temperature involved immersing the nanofibrous mat in a solvent mixture of N,N-dimethylacetamide, and ethylene glycol in water followed by a 30 min heat treatment at 120 °C [129]. A strong increase in mechanical strength and chemical stability was obtained in comparison with the 300 °C/10 min heat treatment.



A meta-aramid nanofibrous mat functionalized with 2-{3-[2-(2-hydroxy-4-methoxy-phenyl)-vinyl]-5,5-dimethyl-cyclohex-2-enylidene}-malononitrile (dye 3) was prepared for ammonia gas detection [130]. The sensing mat exhibited a sensitivity of 1–10 ppm with a response time of 10 s. Research on meta-aramid has also led to an increase in the heat resistance using a honeycomb structure [131]. A reduction in 2nd and 3rd degree burn injury was obtained in flash fire testing.



An interesting initiative to recycle used meta-aramid coveralls has successfully produced FR-rated protective clothing of a similar performance to what is available on the market using the recycled meta-aramid fibers [132]. Recently, they explored the possibility of extending the application to arc-rated clothing [133]. The results showed that the weighted average glass transition temperature of FR fabrics can be used as a prediction of their arc rating performance. In addition, they demonstrate that the recycled nature of aramid fibers does not affect the arc rating performance of the corresponding fabrics.




6.3. Other Rigid-Rod Polymer Fibers


Polyamide-imide is another inherently FR polymer that is sometimes classified as an aramid. Recent developments involved the synthesis of a new polyamide-imide series with good thermal stability [134]. The temperatures at 10% weight loss in nitrogen were around 489–501 °C, which is a little higher than what has been reported for Kermel fibers currently used in protective clothing. Other recent research on polyamide-imide dealt with high performance membranes for water filtration [135].



Polybenzimidazole (PBI) is also used in FR protective clothing due to its excellent thermal behavior [136]. In addition, recent work involved the production of electrospun PBI nanofibrous mats for respirator applications [137]. A threefold reduction in the pressure drop was obtained compared to commercial masks with a similar filtration efficiency. In addition, it was possible to clean and reuse the filter medium after contamination by organic and inorganic ultrafine particles due to PBI’s high mechanical, thermal, and chemical resistance. A strategy developed to provide a PBI-based nanofibrous filter medium with high UV resistance and chemical and thermal durability uses benzophenone (PB), a UV absorber, as an additive in the electrospinning solution [138]. The performance of the PBI–PB filter was retained after 30 days of UVA exposure. In addition, the damage sustained was much less than that of commercial filters when exposed to UVC light.



Polyphenylene benzobisoxazole (PBO) has the highest modulus and tensile strength of all commercial polymeric fibers [139]. It was excluded from ballistic protective clothing application a few years ago because of the failure of a bullet-proof vest, which was attributed to premature aging due to moisture among others and resulted in a major loss in the fabric strength [140]. However, recent results involving repeated washing/drying cycles of various fabrics used as an outer shell in firefighter bunker suits showed a very limited decrease in tear strength of a fabric blend containing PBO after 50 washing/drying cycles [141]. It was shown with PBO films that the chain scission of o-hydroxy amide bonds dominates the initial stage of PBO hydrolytic degradation [142]. These o-hydroxy amide bonds may result from the incomplete polymerization of the PBO molecule. Therefore, it is possible that a satisfactory resistance of PBO to environmental aging can be achieved with a high level of polymerization of the PBO fibers. Other researchers have explored the use of titanium dioxide (TiO2) nanoparticles as an additive in the PBO fibers to improve their UV resistance [143]. The TiO2 nanoparticle concentration has to remain below 3% to provide the protective effect. Above this value, an acceleration of UV aging is observed. Taking advantage of the high mechanical performance of PBO, researchers have examined various knitted structures for protection against stabbing [144]. Better results were obtained with PBO multifilament spacer fabrics compared with para-aramid. An interesting performance was also observed with a PBO structure using para-aramid tucks.




6.4. Ultra-High Molecular Weight Polyethylene


Ultra-high molecular weight polyethylene (UHMWPE) fibers have raised large interest in recent years due to their excellent mechanical performance. Compared to para-aramid, they have higher tenacity, better abrasion and fatigue resistance, and a comparably high modulus [145]. They are also extremely resistant to chemical and biological attack. As a result, they now occupy a central place in ballistic PPE [146]. Recent developments have involved extending the use of UHMWPE to protection against spike, knife, and needle puncture by coating the fabric with silica nanoparticles dispersed in polyurethane [147]. The coated fabric in a multilayer configuration provided a large increase in the resistance to puncture by spike and hypodermic needle while remaining more flexible compared to a multi-layer stack of uncoated fabrics of the same surface density.



Another recent development involving UHMWPE fibers deals with the preparation of single-polymer reinforced composites. Self-reinforced UHMWPE composite samples had a threefold increase in tensile strength and Young’s modulus compared to unfilled UHMWPE [148]. When prepared by hot compaction, an efficient load transfer was obtained when only a small amount of the UHMWPE fibers were incorporated to form the composite matrix [149]. A very interesting avenue explored by other researchers in Canada involves the use of crosslinkers to further improve the mechanical performance of UHMWPE [150]. Fabrics impregnated with the developed bis-diazirine crosslinker molecule exhibited a marked improvement in resistance to drop-tower impact and tear due to additional crosslinking of the C–H bonds. UHMWPE was also explored as the matrix of X-ray protective composites using tungsten and boron carbide particles as fillers [151].



Attempts have also been made to combine UHMWPE fibers with other high performance polymer fibers. For instance, Ertekin & Erhan Kirtay prepared hybrid core-spun yarns with different types of filaments as the core [152]. The sheath was composed of staple para-aramid fibers. The best performance in terms of cut, abstraction, and puncture resistance of fabrics woven using these yarns was obtained with the UHMWPE core compared to glass fiber, polyamide, and polyester for instance. In another study, the ballistic performance of composite structures combining UHMWPE laminates and aramid fabrics was assessed [153]. Composites with 75% UHMWPE and 25% aramid provided the best results.




6.5. Other High-Performance Polymer Fibers


Melamine formaldehyde is an efficient flame retardant and can also be made into a fiber. Kocer et al. used melamine formaldehyde fibers to prepare an N-halamine antibacterial nonwoven [154]. The fibers were first hydrolyzed with sulfuric acid and then chlorinated with household bleach. The treated fabric preserved more than 70% of its N–Cl bonds after 2 weeks of exposure under UV light. It also displayed detoxifying efficacy against paraoxon, a chemical warfare agent.



The flammability performance of polyimide fibers was recently explored [155]. Compared to meta-aramid, polyimide fibers perform better in terms of ability to resist ignition but have a higher heat release. Research was also conducted to prepare polyimide nanofibrous mats. A hybrid membrane was prepared by coating a Kevlar® fabric with electrospun polyimide nanofibers [156]. Further annealing of the modified fabric at 260 °C allowed a strong increase in its water resistance. There was no significant effect of the polyimide nanofibrous coating on the membrane water vapor permeability while it decreased its air permeability. Further refinement allowed the production of polyimide nanofibrous mats with reasonable mechanical strength, excellent thermal stability, and a filtration efficiency of 90% [157]. Other developments in the area of composite manufacturing led to an improved compatibility between polyimide fibers and epoxy matrices by pretreating the fibers with oxygen plasma [158].



A relatively newcomer in the area of high performance fibers is liquid crystal polyester (LCP). Its physical performance is similar to that of aramids [159]. However, it has a better resistance to creep, cyclic thermal, flex–fatigue, and abrasion, and chemical/dimensional stability. Composite fibers were prepared by electrospinning by combining LCP fibers dissolved in a solution of chloroform and pentafluorophenol with polyurethane [160]. An increase in strength, toughness, and elastic modulus was obtained for fibers of random orientation when the amount of LCP increased. Balagna et al. developed an antibacterial coating for LCP fabrics using silver nanoclusters embedded in a silica matrix [161]. The mechanical properties of the fabric were preserved but the resistance of the coating to laundering was relatively limited.



Nature has also been a source of inspiration for the development of new high-performance fibers. For instance, researchers have manufactured artificial silk fibers that are stronger than steel with a mean ultimate tensile strength of close to 1 GPa and tougher than Kevlar® with a mean toughness of 161 MJ/m3 [162]. These fibers are made of amyloid proteins and were synthesized by engineered bacteria and produced by wet spinning. The same group has also been working on fibers made of titin, which is the protein found in muscles [163]. The titin polymer was synthesized using engineered Escherichia coli bacteria and had a molecular weight of more than 2.4 MDa. Monofilaments of 10 μm diameter were then produced by wet spun and post-spin drawing. They exhibit a high damping capacity of 80% at 30% strain as well as high values of strength (378 MPa), modulus (4.2 GPa), extensibility (47%), and toughness (130 MJ/m3). These fibers offer interesting perspectives for ballistic protection for instance.




6.6. Aging of High-Performance Polymer Fibers


A number of high-performance polymer fibers have been discussed in the above sections. If these fibers offer exceptional characteristics when new, several of them are sensitive to environmental and service aging. For instance, a series of testing campaigns performed on used firefighter protective garments, some retired and some not, revealed significant losses of some properties, in particular mechanical performance and resistance to water penetration [164]. Accelerated aging tests performed on fabrics used in firefighter protective clothing, made of blends of high-performance polymer fibers, confirmed the degradation experienced when exposed to heat [165], laundering [141], moisture [166,167], and UV [168] for instance. A strategy explored by researchers at the University of Alberta consists in graphene-based end-of-life sensors positioned on the outer surface of the protective clothing [169]. The condition of the garment while in use, is monitored by measuring the residual conductivity of the graphene tracks. Results showed that conductive tracks prepared on a meta-aramid woven fabric using reduced graphene oxide (Figure 6) resisted water immersion and the equivalent of 10 domestic launderings, while the conductivity was progressively lost as a result of abrasion [170]. Potential sacrificial polymers were successfully identified for thermal [171] and moisture [172] end-of-life sensors.





7. Special Textile Structures


This section describes a series of special textile structures that have been developed or can be used for PPE applications. They include three-dimensional textiles, auxetic textiles, shear thickening fabrics, nanoporous structures, phase change materials, Janus textiles, and textile-based composite structures for protection against cut and puncture.



7.1. Three-Dimensional Textiles


Three-dimensional (3D) textile structures have been explored for impact/ballistic protection. For instance, tests performed with 3D woven aramid and PBO fabrics showed that 3D woven fabrics exhibit higher ballistic performance in terms of breaking load and energy absorption compared to 2D woven fabrics [173]. The results of a knife penetration test are also better. Efforts were dedicated as well to better understand the behavior of 3D woven fabrics under ballistic impact through analytical and numerical modelling [174] and analyze the effect of local and global localization on the failure phenomenon [175]. The use of 3D warp interlock fabric structures was explored with para-aramid for the manufacture of female soft body armors [176]. The 3D warp interlock fabric structure showed a better moldability and less wrinkles. With a 66.6% binding and 33.3% stuffer warp yarn ratio, 3D warp interlock fabric panels achieved a lower back face signature depth and higher energy absorbing capacity compared to the 2D fabric with the same type of yarns [177]. Seamless female body armor vests were also designed using 3D knitting [178]. The thermophysiological comfort of loose and tight fitting versions were assessed using a thermal manikin. A warp-knitted spacer fabric was also evaluated as an interlining to improve the thermophysiological comfort of a ballistic armor vest made with a Kevlar®-woven fabric [179]. A three-plied warp-knitted polyester spacer fabric performed better in terms of moisture vapor and heat transfer compared to single- and five-plied spacer fabrics. Moreover, 3D knitted structures are also considered for impact absorption in sportswear [180]. They can provide a similar protection against impacts to the closed cell foam pads currently available to rugby players but with improved flexibility and comfort.



Aside from the traditional textile manufacturing processes, 3D printing has also been considered for the preparation of 3D textile structures. This technique allows producing complex structures using a computer-controlled layer-by-layer process and has been proposed for the rapid manufacturing of N95 masks and other medical PPE, when in high demand, such as during the COVID-19 pandemic [45]. Researchers have explored the possibility of using inexpensive 3D-printed polymers for applications at high temperatures [181]. Among the polymers tested, stereolithography resins showed the best thermal stability to 185 °C and the best mechanical properties upon UV post-treatment. This may open some possibilities for protective clothing and PPE used in high-temperature environments.




7.2. Auxetic Textiles


As an alternative strategy to using auxetic materials to prepare auxetic textiles, Ugbolue et al. identified how to engineer yarn and fabric structures so that auxetic textiles are made using non-auxetic materials [182]. They developed several auxetic warp knitted structures by using filling yarn inlays in the repeating units. This has led to the development of 3D auxetic spacer fabrics [183]. These structures offer a better formability compared to regular spacer fabrics [184]. Auxetic textiles have also been constructed using high performance fibers [185]. With small loop lengths, a negative Poisson ratio of −0.713 was achieved using para-aramid yarns. The smaller loop length also gave the higher strength. Using para-aramid fibers, Sun et al. designed a stab-resistant auxetic weft-knitted fabric [186]. It had a higher peak load and energy absorption capacity than a plain knitted fabric made with the same yarns. Auxetic textiles also offer a promising perspective for wearables and medical applications with an improved comfort and increased piezoresistive sensitivity [187]. Auxetic fabrics have also been investigated as a reinforcement for composite parts [188].



Auxetic textiles have been prepared using woven structures as well. Lolaki & Shanbeh prepared 30 auxetic woven fabrics with different weave designs, fabric counts, and yarn linear density using helical auxetic weft yarns [189]. They concluded that the auxetic behavior of the fabrics did not depend only on weave design, but also on the yarn linear density and fabric count in the warp direction. Other researchers developed a highly elastic auxetic woven fabric using a zigzag configuration for the warp and weft yarns [190].




7.3. Shear Thickening Fabrics


Shear thickening fabrics are another recent development for PPE, especially for impact protection. For instance, para-aramid fabrics were impregnated with a shear thickening fluid made of silica nanoparticles dispersed in polypropylene glycol [191] and polyethylene glycol [192]. An increase in the load at penetration compared with untreated fabrics was achieved with spiked and rounded impactors. The addition of a silane coupling agent further improved the stab performance of shear thickening fluid-treated para-aramid fabrics [193]. Work also involved impregnating UHMWPE fabrics with silica/polyethylene glycol shear thickening fluid [194]. Experiments conducted with both para-aramid and UHMWPE fabrics showed that impregnation with the shear thickening fluid strongly increased the force of yarn pull-out taking place at impact [195]. A correlation between the energy absorption and the yarn pull-out force was observed for low-velocity impacts. Shear thickening fluid impregnation has been shown to increase the shock wave mitigation provided by the high-performance fabrics too [196]. A positive effect of impregnation by shear thickening fluid was also observed with a spacer fabric [197]. If the performance was similar to the foam used in football helmets at low kinetic energy impacts, a strong improvement in energy absorption was measured for impact energies larger than 15J. A damping effect on the shock wave was obtained too with polyurea foam impregnated with shear thickening fluid [198].



Other researchers investigated the effect of shear thickening fluid on the sound absorption of textiles. Li et al. showed that a concentration of at least 30% of silica nanoparticles in the polyethylene glycol-based shear thickening fluid was necessary to measure an improvement in sound insulation of knitted fabrics [199]. Researchers also used a mixture of ZnO whiskers, silica nanoparticles, and polyethylene glycol as shear thickening fluid to prepare a sound-insulating glass fiber fabric [200]. Shear thickening fluid was also explored as a strategy to increase the cut and puncture resistance of a thermal micrometeoroid garment [201].



Work has been conducted to look at the effect of the silica nanoparticle morphology (spherical or irregular) on the efficiency of the shear thickening fluid of aramid fabrics against stabbing [202]. The best results were obtained with spherical nanoparticles. Attempts were also made to combine two different sizes of silica particles, one size at the microscale and one at the nanoscale [203]. An improvement was obtained compared to the mono-sized specimens. An improvement in ballistic performance was also achieved by adding carbide particles to the silica nanoparticles in the shear thickening fluid, showing interesting perspectives for multi-phase systems [204].



The shear thickening fluid technology has also been combined with some of the special fabric structures described earlier in this section. It was shown to improve the ballistic performance of 3D woven aramid fabric structures [205] and the low-velocity impact resistance of an auxetic warp-knitted spacer fabric [206]. A similar shear thickening behavior was recently obtained by creating 3D printed chain mail-structured fabrics (Figure 7) using selective laser sintering [207]. The three-dimensional octahedral particles are organized into layers. The chain mail sheets can freely bend and drape curved objects, even when two layers are stacked on top of each other. However, when a pressure of 93 kPa is applied, the stiffness of the two sheets increases by more than 25 times as the octahedral particles interlock between and within the sheets.




7.4. Nanoporous Structures


Nanoporous structures using aerogels can be applied to textiles to provide exceptional thermal insulation. To circumvent the issue of brittleness with silica aerogels, they can be chemically crosslinked or reinforced with fibers [208]. The advantage of fiber reinforcement is that a reduction in the material density can be obtained, which is critical for PPE comfort. The use of organic fibers, either natural or synthetic, also provides flexibility. Cellulose has been explored as a raw material for aerogels. Diverse strategies have been used to overcome the challenge associated with cellulose flammability, which would prevent the application of cellulose-based aerogels for insulation from heat. For instance, Han et al. used magnesium hydroxide nanoparticles, which were synthesized in situ in the nanostructured cellulose gel prepared from waste cotton, to make the aerogel flame resistant while preserving most of its excellent heat insulation performance [209].



Aerogel structures can also be obtained from high-performance fiber polymers. For instance, para-aramid aerogel filaments were prepared by spinning, solvent exchange, and freeze drying [210]. The inherently FR filaments were strong and flexible enough to be woven into a fabric; they also displayed an excellent thermal insulation between −196 and +300 °C. Polyimide aerogel fibers were manufactured by freeze spinning [211]. The polar bear hair-inspired fiber combined thermal insulation, temperature resistance, and flame retardancy with strength and high stretch. Polyimide aerogels have also been explored as filter materials. By adding polyvinylidene fluoride to the crosslinked polyimide aerogel, researchers were able to control the porosity of the hybrid nanoporous material to improve its air permeability while maintaining a very good aerosol filtration efficiency [212]. The polyvinylidene fluoride also improved the hydrophobicity of the polyimide aerogel so that it maintains its integrity and performance in humid environments.



In addition, nanoporous structures have been proposed as an alternative strategy for the manufacture of liquid-tight yet breathable membranes. An example uses electrospun nanofibrous polyurethane mats to prepare such a membrane [213]. Better water resistance, air permeability, and water vapor transmission rate were obtained compared to a commercially available waterproof breathable fabric based on flash-spun polyethylene (Tyvek®). The use of para-aramid to prepare an electrospun nanofibrous mat allowed adding heat and flame resistance to the liquid-tight breathable membrane [214]. It showed a higher water vapor permeability compared to commercial expanded polytetrafluoroethylene (ePTFE) membranes currently used in FR protective clothing.




7.5. Phase Change Materials and Janus Textiles


Phase change materials (PCMs) can be incorporated into fibers/filaments or applied as coating on fabrics [215]. They have found numerous applications for thermo-regulating purposes in protective clothing [216]. Recent developments include the preparation of ultrafine phase change fibers by emulsion electrospinning [217]. Poly(meta-phenylene isophthalamide) was used as the matrix to encapsulate the fatty acid ester active compound. The resulting fibers displayed a phase change in the 30–40 °C range, very high enthalpies, and a good shape stability. Other researchers have worked on bio-based PCM textiles. For instance, Saraç et al. tested coconut oil as a PCM to functionalize cellulosic fabrics [218]. Microcapsules of coconut oil in melamine formaldehyde/poly (methyl methacrylate) polymer shells were applied by knife-coating on cotton fabrics. Thermoregulating performance between 6.7 and 14.9 J/g in terms of latent heat were achieved. To overcome the issues of solid–liquid PCMs in terms of poor shape stability and low thermal conductivity, Sheng et al. used carbon scaffolds prepared through the direct carbonization of cotton cloth [219]. A heat capacity of 170 J/g was obtained for carbon scaffold/paraffin wax PCMs. The thermal conductivity increased by a factor of three to four depending on the scaffold direction compared to pure paraffin wax. Another solution to the shape stability issue associated with liquid PCMs is based on solid–solid PCMs. For instance, polyoxyethylene (2) hexadecyl ether was grafted as a functional side chain on a cellulose benzoate skeleton [220]. A solid-solid phase transition was observed in the 25–30 °C physiological temperature range. Phase change nanofiber hollow yarns have been prepared to provide both thermoregulation and thermal insulation [221]. Poly(meta-phenylene isophthalamide)/fatty acid ester PCM nanofibers were simultaneously electrospun and wrapped around a rotating polyvinyl alcohol (PVA) yarn using a twisting funnel. The PVA core was then dissolved in hot water. The resulting nanofiber hollow yarns have a high enough strength to sustain weaving and displayed a heat storage capacity of 30–40 J/g. PCMs have also been used to functionalize para-aramid aerogel filaments [210]. The polyethylene glycol active ingredient was driven into the nanoporous structure by capillary force. High energy storage was obtained with a phase change enthalpy of 162 J/g.



Interesting thermal management solutions have also been proposed using the so-called Janus textiles, which can provide both passive radiative heating and cooling by flipping the garment inside out [222]. This dual-mode textile is based on a membrane of infrared (IR) radiation-transparent nanoporous polyethylene membrane, in which a low emissivity/high emissivity bilayer is embedded in an asymmetrical manner. The researchers obtained a 6.5 °C temperature difference between the heating and cooling modes. All the layers are porous, which allows maintaining some level of breathability. To further increase the breathability which maintaining the dual cooling-heating function, other researchers have come up with a double side fabric design using Janus yarns [223]. The low emissivity side is made of woven metal fibers while the high emissivity layer is composed of dielectric fibers. Their simulations pointed to a 13 °C comfort range.




7.6. Textile-Based Composite Structures for Protection against Cut and Puncture


Textile-based composite structures have also been developed to provide improved protection against knives, needles, and other sharp/cutting impactors while preserving as much dexterity and range of motion as possible [224]. This is especially critical for protective gloves. A strategy developed is based on small guard plates screen-printed on a fabric surface [225]. These guard plates are made of a hard polymer [226]. When protection against very pointed objects such as hypodermic needles is needed, several layers of this material are superimposed with the assumption that the space between two adjacent guard plates in one layer will be covered by a guard plate in the next layer (Figure 8) [227]. This technology has recently been refined to precisely control the location of the guard plates in one layer vs. the next one [228].
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Figure 8. (a) Schematic representation of the resistance to pointed objects provided by the superposition of small hard guard plates secured on a support fabric; (b) Optical microscopy image showing a broken guard plate (identified with a white arrow) at the site of a hypothermic needle puncture (Reprinted with permission from Ref. [229]. Copyright 2012, IRSST). 






Figure 8. (a) Schematic representation of the resistance to pointed objects provided by the superposition of small hard guard plates secured on a support fabric; (b) Optical microscopy image showing a broken guard plate (identified with a white arrow) at the site of a hypothermic needle puncture (Reprinted with permission from Ref. [229]. Copyright 2012, IRSST).
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This material also provides resistance to abrasion. Another product named TurtleSkin® involves tightly woven cut-resistant fibers, such as para-aramid [230]. A thin coating of polymer can be applied to increase the puncture resistance but with a reduction in flexibility. This technology was used with LCP fibers to improve the International Space Station Extravehicular Activity Phase VI glove design [231]. These two types of strategies (hard guard plates and tightly woven cut-resistant fibers) offered a good resistance to puncture when tested with hypodermic needles in conditions simulating use in protective gloves [232,233].



Another solution recently proposed for elastomer gloves used by workers exposed to needle stick injuries in the healthcare, service, and hospitality sectors involves dispersing hard particles, such as colloidal silica and silicon carbide nanoparticles, into polydimethylsiloxane [234]. When applied on a high-density polyethylene woven fabric, the coating allowed an increase in the penetration force of hypodermic needles by 90% with only silica particles and by 110% with combined silica/silicon carbide particles. Abrasion resistance and thermal protection can also be brought to textiles with small-printed plates of inorganic or metal particles dispersed in a hard polymer [235] or ceramics [236,237].





8. Perspectives on Promising Avenues of Further Development


If large progress has been made and is still being made in fibers, fabrics, and textile structures for application in protective clothing and other types of PPE, areas of improvement remain, especially considering the seemingly irreconcilable nature of protection and comfort. This section describes strategies that can be used for further development in the area: measuring comfort, adopting new technologies, enhancing sustainability, and taking an interdisciplinary approach.



8.1. Measuring Comfort


In terms of comfort, a major challenge lies in its multifaceted and highly subjective nature [238]. Test methods have been developed to assess the four aspects of clothing comfort—thermophysiological, skin sensorial, ergonomic, and psychological [239]. Requirements in terms of comfort are also gradually taken into considerations in standard specifications for protective clothing and PPE. They have been included in some standards; there is now a minimum level of evaporative heat transfer required for firefighter protective clothing in NFPA 1971 [240]. However, in many instances, the assessment of clothing comfort involves wear trials using human subjects, e.g., to assess the thermophysiological effect of firefighter protective garments [241] or the comfort and fit of chemical protective ensembles [242]. These tests involving human subjects are time-intensive and expensive, which may be a limitation.



As an alternative, it may be possible to develop bench-scale laboratory test protocols that describe the impact of protective clothing and PPE on the wearer’s comfort. For instance, bench-scale laboratory test methods to assess glove stiffness and grip have been developed [243,244]. In both instances, an excellent correlation with biomechanical measurements and/or psychophysical evaluation test results were obtained. These two test methods, which rely on simple laboratory equipment, could be used to assess glove dexterity, which has been shown to be controlled by three parameters: glove flexibility, friction between the glove and the object, and snugness of fit with the hand [245]. Similar strategies could be attempted for other aspects of protective clothing and PPE comfort, enabling manufacturers to more easily characterize the comfort performance of their products and improve them, and end-users to be able to take into account comfort when selecting protective clothing and PPE.




8.2. Adopting New Technologies


A second very promising avenue of further development relies on the adoption of new technologies in protective clothing and PPE products. If many examples of recent progress using nanotechnologies have been identified in this review (Table 1), the nano-enabled commercial products of protective clothing and PPE are still rare. One example of such a product is fabrics impregnated with a shear-thickening fluid containing silica nanoparticles dispersed in polyethylene glycol that are used in soft body armor and other PPE for impact, stab, and ballistic protection [246]. Several clothing and other textile items have also been made antibacterial using silver nanoparticles, either applied as a coating or dispersed in the fiber polymer [31,247]. Products involving nano-enabled superhydrophobicity and stain-resistance have also reached the market [31]. As nano-based solutions for fibers and textiles become more durable, including to the severe environments to which protective clothing and PPE products may be exposed to in service, and more affordable due to improvement in production processes and larger produced volumes, they are expected to bring large improvements in protective clothing and PPE, in particular by enabling reductions in weight and bulkiness.



Another type of very promising new technology for protective clothing and PPE is smart textiles and materials (Table 1). However, even if the sensing, reacting, and adapting capability they offer would provide a response to several of the current needs in occupational health and safety, their adoption in the field is still very limited [111]. Products of protective clothing and PPE using smart textiles and materials identified by Dolez et al. [111] include smart shirts collecting vital signs for firefighters, athletes, and astronauts; protective gloves detecting toxic chemicals in the air; smart trousers making a chain saw switch off when in close proximity; surgical gowns that adjust their water vapor permeability based on the user’s temperature; antibacterial medical clothing based on N-halamine that are recharged with chlorine bleach; and a vest for caregivers that monitors and supports movements when lifting heavy loads. However, many of their products are only at the prototype stage and have not reached the market yet. Several issues currently limiting their adoption in protective clothing and PPE have been identified [111]: the limited maturity of technologies associated with smart textiles; worries about potential impacts on health and safety; potential interference with communication systems and other electronic systems; issues of compatible with other PPE requirements; knowledge gaps and lack of standards and test methods; high cost of the product and the accessories necessary for its operation; challenges related to power supplies and resistance to care procedures; need to demonstrate the benefit for the user; and issues related to the end of life of the products. Luckily, researchers are dedicating large efforts to solving the weaknesses of smart textiles and materials so that they can benefit protective clothing and PPE.



A major issue that e-textiles can help solving in occupational health and safety relates to the power that is required for all the electronic devices that people have to carry with them to perform their tasks. For instance, about 20% of the carry-on load of soldiers on a mission is made of batteries [248]. There is a large interest in developing textile-based solutions for power generation and storage. In terms of power generation, energy can be harvested from the body and external sources such as the sun using protective clothing and PPE as a substrate [249]. The latest developments include a flexible photovoltaic film 15 times thinner than paper [250], soft and flexible magnetoelastic generators harvesting body movements [251], and carbon nanotube fiber thermoelectric generators woven into a cotton fabric [252]. Researchers are also working to develop flexible and thin batteries that may ultimately resist care and use conditions. For instance, a flexible lithium-ion fiber battery of 140 m long has been produced using solid-state electrolytes and thermal drawing [253]. Other researchers have designed a 0.4 mm thick biodegradable zinc battery, which powered a small fan for 45 min [254].




8.3. Enhancing Sustainability


Another important avenue of development relates to sustainability. The COVID-19 pandemic has revealed to the face of the world that protective clothing and PPE have a major end-of-life issue [255]. Most of these products are made of petroleum-based polymers and take very long to decompose in landfills. However, solutions exist to implement to protective clothing and PPE the four R’s towards environmental sustainability [256]. In terms of reducing our consumption, smart technologies can be used to dispose of items only when they are contaminated, for instance with chemical protective clothing and PPE that show with a change in color when they have been exposed to chemicals [257], and textile end-of-life sensors that allow replacing items only when needed [169]. Protective clothing and PPE can also be reused to extend their lifetime, for example by subjecting them to a decontamination treatment using ultraviolet germicidal irradiation [258], by including a self-detoxifying finish against biological agents based on N-halamine, silver, or quaternary ammonium [247] or by embedding chemically and biologically active nanoparticles in nanofibers forming a breathable membrane [82].



PPE can also be recycled to make new products. For example, the company TerraCycle in Canada collects used PPE and reprocesses them into hard plastic lumber, which can be used to make park benches and boardwalks (www.terracycle.com, accessed on 7 June 2022). Another Canadian company collects used FR aramid coveralls used in the oil and gas industry and through a mechanical recycling process, turns them into new FR aramid coveralls [132]. Research has shown that the recycling process does not affect the arc rating of the FR aramid coveralls, which offer the same FR performance and electric arc protection as FR coveralls made of 100% virgin fibers [133].



Finally, biodegradable protective clothing and PPE can be produced to cater to the last R—recover, for example by using bio-based polymers and natural fibers or by adding compounds to otherwise non-biodegradable polymers so that enzymes are produced that depolymerise the polymer [256]. These different solutions will ultimately reduce the environmental footprint of protective clothing and PPE so that the ability of future generations to meet their own needs is preserved.




8.4. Taking an Interdisciplinary Approach


Protective clothing and PPE are complex systems and the challenges faced for their development are multidisciplinary. Therefore, a truly interdisciplinary approach is required to achieve meaningful progress. It needs to bring together the different expertise relevant to protective clothing and PPE, including textiles and clothing, health and safety, design, materials, different fields of engineering, manufacturing, and human factors. A holistic, human-centered perspective that starts with the users’ needs and considers the industry capacity is key to finding sustainable solutions to the remaining challenges in protective clothing and PPE.





9. Conclusions


As this review, one of the very few of its kind on this very important topic, has shown, large progress in fibers and textiles for protective clothing and PPE has been made over the last 50 years. In terms of highly extensible elastomeric fibers, which are critical for fitted garments and securing systems, new developments include polyester-based elastic fibers and shape memory polyurethane. Cellulose-based fibers, which were a main component of original PPE and still play a major role in their modern day counterparts, are now benefitting from environmentally friendly processes and nanotechnology-enabling treatments. Commodity synthetic fibers are also taking advantage of new technologies, e.g., with surface functionalization and formation of structures at the nanoscale, to offer improved performance and new functionalities. High strength inorganic materials, such as basalt, carbon, and boron, are generating considerable interest in PPE, both as fibers and coatings. For their part, high-performance polymer fibers, which brought breakthrough changes to the world of PPE 60 years ago, are seeing improvements in their short and long-term performance. They are also moving to the nanoscale for new functionalities as well as becoming recyclable. Finally, special textile structures have been developed with large opportunities for PPE: 3D textile structures, auxetic textile structures, shear thickening fabrics, nanoporous structures, phase change materials, and some specially designed textile-based composite structures for improved protection against mechanical hazards.



However, many challenges remain in PPE, in particular due to the fact that protection and comfort are often at odds with each other. Yet, promising avenues of further progress can be identified: (1) the development of bench-scale laboratory test methods to assess the different aspects of PPE comfort as felt by the user; (2) nano-based solutions for fibers and textiles to become more durable and affordable; (3) the adoption of smart textiles and materials, including for energy generation and storage; (4) the implementation of strategies towards PPE sustainability; and (5) a truly interdisciplinary approach involving a holistic, human-centered perspective that starts with the users’ needs and considers the industry capacity. Protective clothing and PPE is a complex, yet rewarding topic; solving the challenge of improving protection without reducing comfort can save people’s lives.
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Figure 1. PPE selection process in seven steps [2]. 
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Figure 5. SEM images: (a) Basalt fibers coated with graphene; (b) Abraded surface of polyamide 6 composite sample containing the graphene-coated basalt fibers (Reprinted with permission from Ref. [92]. Copyright 2018, Elsevier). 
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Figure 6. Image by helium-ion microscopy (HIM) of reduced graphene oxide flakes wrapped around individual meta-aramid fibers. (Reprinted with permission from Ref. [170]. Copyright 2021, Sage). 
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Figure 7. Schematic representations of the unit particle, topological interlocking, soft unjammed state and stiff jammed state and picture of a 3D printed chain mail structured fabric. (Reprinted with permission from Ref. [207]. Copyright 2021, Springer Nature). 
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Table 1. Promising technology-based innovations for protective clothing and PPE.
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	Fiber/Textile

Category
	Strategy Used
	Applications/Improvements





	Highly extensible elastomeric fibers
	Polyester-based elastic fibers [16]

Olefin-based elastic fibers [16]

Bicomponent fibers [16]

Shape-memory polyurethane, e.g., [20]
	Enhanced sustainability

Improved resistance to chemicals and UV

Switchable tightness



	Cellulose-based fibers
	Hemp as an alternative to cotton, e.g., [27]

Ramie as alternative to high-performance fibers [32]

Recycling of used products [25]

Nano-enabled coating, e.g., [31]

Cellulose nanostructures, e.g., [37]
	Enhanced sustainability

Electromagnetic shielding

Antibacterial activity

Chemical detoxification

Thermal protection

Lower cost



	Commodity synthetic fibers
	Surface functionalization [31]

Nano-enabled coatings, e.g., [81]

Core-sheath structures [47]

Nanocomposite structures, e.g., [56]

3D printing [83]

Nanofibers, e.g., [73]

Dual electrospinning [82]

Environmentally friendly processes, e.g., [51]
	Improved filtration efficiency

Biological and chemical activity

Superhydro/oleo-phobicity

UV protection

Heat and flame protection

Abrasion resistance

Electrical properties

Multifunctionality

Improved comfort

Enhanced sustainability



	High-strength

inorganic materials
	Basalt as an alternative to glass fibers, e.g., [85]

Carbon and boron fibers as a reinforcement for composites, e.g., [106]

Carbon and boron nanomaterials as coating and additive, e.g., [53]

Nano-enabled coatings, e.g., [92]

Nanofibers, e.g., [97]

Conductive inks [111]

Conductive yarns [111]

Recycling of composite products [89]
	Heat and flame protection

Radiation protection

Improved strength

Impact protection

Chemical detoxification

Enhanced sustainability

Lower weight

Lower cost

Power and data transmission

Sensors and actuators



	High-performance polymer fibers
	Electromagnetic radiation treatment, e.g., [113]

Nano-enabled coatings, e.g., [117]

Sandwich/hybrid structures, e.g., [121]

Crosslinkers [150]

Nanocomposite fibers, e.g., [143]

Nanofibers, e.g., [126]

Biomimetics, e.g., [162]

End-of-life sensors [169]

Recycling of used garments [132]
	Improved strength

Increased impact resistance

Thermal protection

Heat and flame resistance

Antibacterial activity

UV resistance

FR filter media

Improved comfort

Degradation monitoring during use

Enhanced sustainability



	Special textile

structures
	3D weaving/knitting, e.g., [176]

3D printing, e.g., [181]

Auxetic woven/knitted textiles, e.g., [190]

Shear thickening fabrics, e.g., [193]

Polymer and cellulose aerogels, e.g., [211]

Nanofibrous membranes, e.g., [214]

Nanocomposite coatings, e.g., [234]

Solid–solid PCMs, e.g., [220]

Janus textiles, e.g., [223]
	Increased impact resistance

Resistance to needle puncture

Thermal protection

Improved thermophysiological comfort
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