
ABSTRACT 

ARASH, KASEBI. Investigating the Continuing Performance of Firefighter Hoods following 

On-the-job Exposures (Under the direction of Dr. R. Bryan Ormond). 

 

The duties and responsibilities involved in the profession of firefighting make it an 

inherently dangerous occupation. Operating in firefighting environments requires intensive 

training and heavy-duty equipment that allows firefighters to efficiently and safely extinguish 

fires. This equipment includes personal protective equipment designed to protect firefighters 

while operating in thermal environments that are immediately dangerous to life and health. The 

clothing worn by firefighters, also known as turnout gear, continually evolves with the threats 

associated with firefighting. These threats include fire-borne carcinogens that can enter the body 

through inhalation, dermal absorption, and ingestion. Over the past few decades, turnout gear has 

seen significant improvements in protecting firefighters from these carcinogens. Innovations 

associated with firefighter protective hoods, however, have not kept up with other turnout gear 

elements like the coat and pants. This is especially the case for protection against carcinogenic 

particulates sourced from the fireground.  

In response to hood-related concerns voiced by the fire service community, turnout gear 

manufacturers have begun incorporating particulate-blocking technologies within protective 

hoods to limit dermal absorption of fireground contaminants. Due to their short track record and 

lack of research, firefighter hoods should be investigated for their continuing performance and 

safety. This research examined how firefighter hoods, both traditional and particulate-blocking, 

retain their performance characteristics after being exposed to on-the-job stressors. These 

stressors include ultraviolet radiation from the sun, laundering procedures, donning/doffing, and 

thermal exposures. After being exposed, hood samples were evaluated for thermal protection, 

particulate filtration efficiency, bursting strength, and fabric properties.  



Experiments were organized into three separate phases to thoroughly evaluate the 

protective hood’s continuing performance after on-the-job exposures. Phase 1 observed how 

individual types of on-the-job exposures can affect hood performance and durability using roll 

materials. Phase 2 assessed the particulate filtration efficiency of commercially available hoods 

after being exposed to cycles of laundering and donning/doffing. Phase 3 systematically assessed 

how combinations of laundering, donning/doffing, and thermal exposures affect the overall 

performance of particulate-blocking hoods. During all phases, exposure treatments and 

evaluations were assessed for their practicality and relevance to predicting a hood’s continuing 

performance.  

During Phase 1 experiments, direct ultraviolet (UV) light exposures had a significant 

impact on the bursting strength of hood fabrics, especially if fabrics were constructed from 100% 

meta-aramid or fiber blends containing oxidized polyacrylonitrile. Laundering did not appear to 

negatively affect fabric strength but did cause fabric fibrillation in some hood samples. FR 

viscose-containing samples saw noticeable reductions in burst strength after exposure to every 

conducted thermal treatment. In Phase 2, particulate-blocking hoods collectively maintained their 

particulate filtration efficiency when tested in fabric areas. The seam areas of particulate-

blocking hoods, on the other hand, experienced suboptimal levels of filtration efficiency if the 

hoods contained PTFE-based particulate-blocking layers. After fluorescent aerosol screening 

tests, particulate-blocking hoods showed their merit in preventing aerosol ingress if the hood was 

removed from the wearer using an “over-the-head” doffing method. 

All Phase 3 treatments appeared to have a detrimental effect on the fabric strength of 

outer fabrics for most hood samples. After undergoing hood inspections and automated filter 

tests, seams of PTFE-based particulate blocking hoods exhibited significantly lower filtration 



efficiencies than in fabric areas of the same hoods. When tested for subflash radiant protective 

performance, hoods generally scored higher protection levels when tested in the spaced 

configuration that mimics air gaps between the garment and the wearer’s skin. To build upon the 

findings of this research, future efforts should be devoted to improving particulate filtration 

efficiency in hood seams, optimizing methodology and instrumentation to realistically and 

reliably mimic on-the-job exposures, and improving the overall performance of particulate-

blocking hoods. 
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CHAPTER 1 Research Motivation and Purpose of Research 

1.1 Introduction 

Over the last half-century, structure fires in the United States have evolved to burn hotter, 

grow faster, and rapidly produce heavy smoke filled with harmful toxicants that can expose 

occupants to chronic and acute health issues [1]. The increased danger of structure fires, namely 

for residential homes, stems from open geometries, the increased usage of synthetic materials in 

household items and modern furnishings, and light-weight construction materials [2]. To face the 

threat of growing dangers of modern structure fires, the U.S. Fire Service and its supporters have 

improved tactics and designed equipment to minimize the risk of firefighter line of duty deaths 

(LLOD’s) and injury while remaining proficient in protecting lives, property, and the 

environment.  

 

Figure 1: A firefighter wearing a popular protective hood  

The structural firefighting ensemble is an excellent example of such improved equipment. 

The ensemble remains essential personal protective equipment (PPE) to firefighters because the 

robust materials and construction of each ensemble element allows wearers to enter high-heat 

environments with ease. This is thanks to the research and development of manufacturers, the 

U.S. Fire Service, government entities, and research firms that have steadily improved the safety 

and performance of elements like the helmet, boots, firefighter protective clothing (e.g. coats and 
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pants), and self-contained breathing apparatus (SCBA). While the durability and performance of 

firefighter protective clothing have been thoroughly investigated, research related to firefighter 

hood durability and continued performance remains sparse. Most traditional firefighter hoods 

(shown in Figure 1) are designed to stretch and accommodate different head proportions and 

respirator facepieces. This “one-size fits all” design is attributed to the traditional hood’s open 

knit construction that allows ample stretch, flexibility, and coverage against heat around the 

wearer’s head and neck. The firefighter hood is the textile-based element of the turnout gear that 

is solely produced from knit fabrics, making it prone to damage including overstretching, holes, 

rips, and tears. Consequently, the firefighter hood has been viewed as a weak point for the 

infiltration of airborne particulates that mimic those found in firefighting environments.  The 

images in Figure 2, collected during a laboratory exposure to fluorescent aerosol, show how the 

traditional knit hood can allow particulates to make their way to the firefighter’s skin [3].  

 

Figure 2: Deposition of fluorescent aerosol on a test subject’s head and neck [3] 

 Increased awareness of the hood’s inability to block particulates has galvanized the 

firefighter PPE market to produce particulate-blocking hoods that are designed to serve as a 

barrier to fireground particulates in smoke and soot. However, many questions regarding the 

durability of hoods, both traditional and particulate-blocking, remain unanswered. Ultraviolet 

(UV) light, high-heat environments, laundering, and general wear are all common culprits for 



  3 

 

fabric and garment damage. While firefighter protective clothing, boots, and the helmet have 

been standard elements for over a century, firefighter protective hoods have only been part of the 

structural firefighting ensemble since the late 1980s. Up until the last several years, the 

protective hood has been an overlooked element in firefighter PPE research. With the recent 

introduction of particulate-blocking technologies in hoods, the need to inform manufacturers, 

standards committees, and end-users of the advantages and disadvantages of different hoods has 

become even more urgent. Understanding the limitations of a wearer’s PPE over time is essential 

for firefighters that operate in environments that are well known to be immediately dangerous to 

life and health (IDLH).  

1.2 Research Aim and Objectives 

The aim of this research is to investigate the extent to which the main on-the-job 

exposures in firefighting affect the continued performance of firefighter hoods. This way, a more 

accurate depiction of long-term hood performance can be achieved. Given the novelty of this 

work, an explorative approach is implemented to encourage further research for the firefighter 

hood’s continued performance and durability. This not only involves conducting broad 

assessments of how on-the-job exposures may affect firefighter hoods, but also investigating new 

ways to conduct such assessments. The research objectives are listed below: 

• To examine how on-the-job exposures, individually, and combined, may impact 

firefighter hood performance. 

• To identify the advantages and drawbacks hoods exhibit in post-exposure performance 

based on material-choice, fabric construction, and hood style. 

• To evaluate how existing and novel methods of sample treatment and evaluation can be 

optimized for understanding a firefighter hood’s performance during its service life 
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1.3 Technical Approach 

The safety and complexities of protective hoods have been overlooked by other elements 

of the structural firefighting ensemble; research specifically relating to this element have 

historically been overshadowed by the equipment that surrounds or covers it when worn (e.g., 

coat, helmet, SCBA facepiece, and ear flaps). To understand how on-the-job exposures affect 

hood performance, it would be fair-minded to observe how each exposure on its own may 

influence the element’s properties. Hoods, like their neighboring elements, are likely to come 

across repeated exposures to (1) ultraviolet radiation from the sun, (2) laundering cycles in a 

washer extractor, (3) wear from donning/doffing the garment, and (4) thermal exposure from the 

fireground. The proposed experiments will be separated into three separate phases. Phase 1 

investigates in a limited capacity how each exposure type affects hood performance which 

entails observing how commercially available hood materials are affected by each exposure 

alone. The tasks completed in Phase 1 will also provide a foundation in perceiving how 

exposures, when combined, may interact to alter hood performance. In Phase 1, experiments are 

separated by the exposure types. Hoods in the field, however, are typically exposed to more than 

one of these exposure types, warranting the need to observe any interactions between the 

exposures as they impact hood performance. Phase 2 explores novel ways to evaluate and expose 

hoods to multiple on-the-job exposures. This includes acquiring hoods from the field, combining 

laundering and donning/doffing exposures, and evaluating particulate-blocking performance 

using a fluorescent aerosol chamber. Conditions in Phase 2 will not be as controlled as Phase 1 

but will provide a realistic sense of how hoods can behave after being exposed to real-life 

stressors in the field. Phase 3 builds upon the findings of Phase 1 and Phase 2 by gradually 

combining the four main exposures together. Doing so will simulate a firefighter hood’s service 
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cycle in a controlled environment. Evaluations performed in Phase 3 will include methods that 

are currently used to measure hood performance in the latest rendition of NFPA 1971:2018 

Standard on Protective Ensembles for Structural Fire Fighting and Proximity Fire Fighting [4] 

as well as test methods proposed for future editions of the NFPA standard. 

1.4 Anticipated Outcomes 

The area and scope of this research are established to provide firefighter clothing 

manufacturers, the fire service, and the PPE research community a better understanding of how a 

firefighter hood sustains performance characteristics when exposed to stressors like heat, 

ultraviolet radiation from the sun, donning and doffing, and laundering procedures. Hood 

manufacturers will benefit from this research by understanding how decisions related to product 

design, materials, and fabric construction influence a hood’s integrity against its main sources of 

damage. For the fire service, research regarding a hood’s limitations will potentially increase the 

wearer’s confidence in protective hoods while also heightening awareness of a firefighter hood’s 

capabilities in the field, ultimately improving wearer safety. Lastly, the findings from this 

research will encourage the PPE research community to explore deeper into how continued 

performance of firefighter protective clothing, including the hood, is affected by on-the-job 

exposures. 
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CHAPTER 2 Literature Review 

2.1 Today’s Firefighting Environments 

Structural firefighters in the United States operate in extremely dangerous environments. 

Over the last half-decade, residential structures like single-family homes and apartments have 

steadily been built with more open-room concepts, lightweight construction materials, and 

synthetics that make up much of the fixtures, furniture, and family’s belongings. Due to these 

trends, residential fires burn hotter, faster, and more unpredictably, making firefighting more 

dangerous in the new millennium than it was for most of the 20th century [2]. On top of 

exacerbating thermal conditions in residential fires, the carcinogenic byproducts found in the 

smoke exposures from these fires can be both chronically and acutely harmful to firefighters if 

inhaled or dermally absorbed [5] [1] [6]. To grasp the significant role a firefighter hood plays in 

protecting its wearer, the thermal and carcinogen-filled firefighting environment must be well 

understood. 

2.1.1 Evolution of Structure Fires 

It is popularly taught by fire service leadership that no two fires will burn the same. 

Structure fires differ in behavior based on factors like cause of the fire, duration of the fire, and 

the environment in which the fire takes place. This is one of many reasons why firefighters are 

encouraged to evolve their tactics with the firegrounds they operate in. The fire environment in 

single family and multi-residential dwellings has evolved over the last 60 years. The square 

footage for many homes built today is much higher than it was in the 1970s. For example, Figure 

3 shows that the average area for newly completed homes grew from 1,660 ft2 in 1973 to 2,509 

ft2 in 2019, a 51% increase [7]. Around the same period, the percentage of homes with two 

stories or more has surpassed that of single-story homes for single-family dwellings [7]. Larger 
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homes with more than one story usually contain more air that allows fire to sustain itself and 

grow within the structure. 

 

Figure 3: Average Square Feet of Floor Area in New Single-Family Houses in the U.S. [7] 

If a house has more than one story and with fire starting on the first floor, the smoke layer 

could build above the fire in the second story and allow more time for fire to grow within the 

structure. At the same time, larger homes can house more combustible products like family 

belongings, fixtures, and furniture, exacerbating hazardous and unpredictable conditions for on-

scene firefighters. As homes have grown larger in size, their geometries and architecture have 

evolved as well. Contemporary homes share features like open floor plans, great rooms, and 

taller ceilings [8], all of which increase volume that can house more smoke and accelerate fire 

spread. The combination of larger air volume and reduced compartmentalization within a 

structure creates conditions that make it difficult for firefighters within a burning structure to 

avoid contamination or utilize aggressive extinguishment tactics.  

As the size and geometries of single-family homes have changed over time, the contents 

and construction materials that make these structures have transformed as well. New engineered 
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products in the construction market provide benefits such as improved structural stability, cost-

effective solutions, and environmentally-conscious projects.  While many of these new 

construction materials have their benefits, improved fire safety is usually not one of them. Due to 

their tempestuous flammability behavior, the gradual use of synthetic, man-made materials like 

plastics and foams have made modern room furnishings and household items more hazardous 

than legacy room furnishings [2]. To discern fire behavior between modern and legacy 

furnishings, Kerber et al. conducted fire experiments in different sized rooms that exclusively 

contained either modern or legacy furnishings. Regardless of the room’s dimensions and amount 

of fuel loading in the room, fires burning from modern furnishings grew much more rapidly than 

their legacy counterparts as shown in Figure 4. 

 

Figure 4: Temperatures found in structure fires where Exp. 1 utilized modern furniture and Exp. 2 utilized legacy 

furniture [2] 

Continual change in the way that homes have been built has been a menacing trend for 

firefighters involved in fire suppression. Today, house fires are burning quicker than ever before. 

Figure 5 shows the average response timeline for firefighters to arrive on-scene. The average 

time it takes for firefighters to arrive on-scene to a fire after its ignition is approximately ten 
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minutes. While this may seem quick, it is worth noting that the average time it takes for a room 

to flashover with temperatures over 1000°F can be shorter than the time it takes for the first 

emergency unit to arrive on-scene [2]. Flashover is a thermally-drive event that is defined by 

NFPA 2112 as being a “type of short-duration fire that spreads by means of a flame front rapidly 

through a diffuse fuel, such as dust, gas, or the vapors of an ignitable liquid, without the 

production of damaging pressure” [9].  In other words, by the time that firefighters arrive on-

scene to an involved structure fire, conditions may have already reached levels that are 

immediately dangerous to life and health. For this reason, the firefighter protective hood’s 

thermal protective properties should be carefully probed for safety in environments like those 

found in today’s modern house fires. 

 

Figure 5: Estimated Timeframes in Structure Fire Responses [2] 

2.1.2 Structural Firefighting Thermal Environment 

Temperature and heat flux are common measurements recorded when studying the 

thermal properties of firefighting environments. Temperature measures the amount of heat or 

molecular activity within a certain material. Common scales for temperature are Celsius (°C) and 

Fahrenheit (°F). For firefighting environments, thermometers of varying types are used to record 

air temperature, firefighter body temperature, and the temperature of equipment. Heat flux, also 
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known as thermal flux, is the rate at which thermal energy is transferred per unit area and is often 

measured in kilowatts per square meter (kW/m2) [10]. For firefighting environments, heat flux 

sensors can be used to record how much energy is hitting the surface of equipment or the 

environment that the equipment is in. Table 1 and Table 2 show series of temperatures and heat 

fluxes compiled by NIST researchers to provide readers thermal values that are associated with 

relatable and fire-related conditions [11].  

Table 1: Real-world responses and their respective temperatures [11] 

Temperature  Response 

37.0°C (98.6°F) Average normal human oral/body temperature 

38°C (101°F) Typical body core temperature for a working fire fighter 

43°C (109°F) Human body core temperature that may cause death 

44°C (111°F) Human skin temperature when pain is felt 

48°C (118°F) Human skin temperature causing a first-degree burn injury 

54°C (130°F) Hot water causes a scald burn injury with 30 s exposure 

55°C (131°F) Human skin temperature with blistering and second-degree burn injury 

62°C (140°F) Temperature when burned human tissue becomes numb 

72°C (162°F) Human skin temperature at which tissue is instantly destroyed 

100°C (212°F) Temperature when water boils and produces steam 

250°C (482°F) Temperature when charring of natural cotton begins 

>300°C (>572°F) Modern synthetic protective clothing fabrics begin to char 

≥400°C (754°F) Temperature of gases at the beginning of a room flashover 

~1000°C (1832°F) Temperature inside a room undergoing flashover 

 

Understanding the ramifications of these thermal values gives firefighters insight on how 

to safely operate during fireground operations. Being mindful of heat flux and temperature 

ranges that exist around equipment failure, environmental dangers, and human physiology will 



  11 

 

provide better insight in understanding the interactions between the wearer, personal protective 

equipment (PPE), and thermal environments. 

Table 2: Real-world responses and their respective heat flux levels [11] 

Heat Flux Level 
kW/m2 

Response 

~1 
A typical clear day solar flux on the earth’s surface with direct solar radiation; a 
sunburn may occur in approximately 20 min to 30 min. 

2.5 Typical firefighter exposure and working environment 

4.5 Unprotected human skin will receive a second-degree burn injury in about 30 s. 

6.4 
Unprotected human skin has pain with 8 s exposure and blisters in 18 s with a 
second-degree burn injury. 

10 Unprotected human skin will receive a second-degree burn injury in about 10 s. 

13 Wood volatiles ignite with flame exposure. 

16 
Unprotected human skin experiences sudden pain and blistering after 5 s 
exposure with second-degree burn injury 

20 

Unprotected human skin will receive a second-degree burn injury in less than 4 s. 
This heat flux level represents the heat flux in a room at floor level at the 
beginning of flashover. 

80 
Unprotected human skin will receive an instant second-degree burn injury. 
Flashover is established in a room. 

84 
Heat flux level specified in the NFPA 1971 test for Thermal Protective 
Performance (TPP) to evaluate firefighters’ thermal protective clothing. 

170 Maximum heat level measured by NIST with a post-flashover fire inside a 
burning room. 

 

The thermal protection of PPE worn by firefighters has significantly improved over the 

last few decades, allowing firefighters to operate in extremely hot environments. That said, 

understanding the limits of firefighter PPE integrity against heat remains relevant in ensuring 

that firefighters can minimize risk of injury and equipment failure. Donnelly et al. proposed a 
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thermal class model that provides “temperature – time targets” at which electronic equipment in 

firefighting environments can still function [12]. The thermal classes, seen in Table 3, were 

inspired by previous efforts that categorized thermal conditions located on the fireground.  

With a balance of realistic thermal conditions and repeatability in the lab setting, the 

creation of the NIST Thermal Classes was useful in establishing standardized test criteria for 

electronic equipment for use on the fireground. The classes are ranked based on their 

temperature and time ranges; the higher the class number, the higher the temperature ranges and 

the lower the time allotted for exposure. Thermal Class I represents the least dangerous thermal 

conditions given time, resembling passive exposure to fire and its effects with little to no direct 

thermal radiation from a fire. An example exposure would be a firefighter preparing to enter a 

burning structure. Thermal Class II relates to small fires in a room or fighting fires from a 

distance. Thermal Class III exposures are typically found in serious conditions where the 

occupant may be retreating from flashover, next to a room in flashover, in a totally involved fire, 

or just outside of a burning room. Thermal Class 4 exposures, though rare, are extremely deadly 

and often characterized with encounters of backdrafts and flashovers. 

Table 3: NIST Thermal Classes for Firefighting Equipment [12] 

Thermal Class Maximum Time 
(min) 

Maximum 
Temperature (°C) 

Maximum Heat Flux 
(kW/m2) 

I 25 100 1 

II 15 160 2 

III 5 260 10 

IV <1 >260 >10 

 

This established classification system does not exist for PPE, however. To make thermal 

exposure tests relevant to PPE, the firefighter’s immediate thermal environment must be 

examined first. Horn et al. incorporated a portable heat flux and gas temperature measurement 
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system within firefighter PPE to examine the wearer’s immediate thermal environment during 

live-fire training exercises [13]. The measurement system acquired thermal data during 25 live-

fire training scenarios within either a steel/concrete-based burn structure containing burning 

straw and wood or a “flashover simulator.” The results from this study illustrate the complexity 

and variability of heat levels found in the firefighter’s local environment. While there was a 

positive correlation between temperature and heat flux with time during the exposures, the peaks 

and valleys of the temperature data lagged those of heat flux and were found not to be as 

damaging to PPE. On top of that, the ratio of these heat flux and temperatures were inconsistent 

across each scenario. Live-fire training exercises inside of the steel/concrete-based structure 

yielded longer heat flux exposures within class II-IV levels than for gas temperature. In other 

words, while temperatures from the firefighter’s local environment indicated mild thermal 

conditions, firefighter PPE was still damaged by high heat flux levels. Figure 6 illustrates the 

differences in NIST thermal classes for temperature and heat flux using probability density 

functions of temperature and heat flux levels from the live-fire scenarios. Kernel density 

estimations (KDEs) conducted after these live-fire scenarios, as illustrated in Figure 6, shows the 

discrepancies that can exist between the heat flux and temperature classifications published by 

NIST. One notable case showing the disconnection between heat flux and temperature was 

during the “flashover simulator” scenario where the top of a firefighter’s SCBA facepiece began 

to deform and form bubbles, even though the temperatures from the firefighter’s local 

environment were mild when based on NIST thermal classes. When considering the durability of 

firefighter protective hoods against thermal hazards, this evidence supports that both temperature 

and heat flux should be recorded when exposing hoods to heat. 
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Figure 6: Estimated probability density functions for the NIOSH thermal classes based on heat flux and temperature 

data from traditional fire behavior demonstration (FB) and a ‘flashover simulator’’ (FL) demonstration [13]. 

Using similar equipment as previous studies, Horn et al. also examined firefighter local 

temperatures in a structure that was constructed to mimic the setting of a single-family dwelling 

[14]. Unlike the training scenarios done earlier [13], this structure included modern furnishings, 

layout, and architecture that mimicked those found in the United States today. The study found 

that job tasks and tactics utilized on the fireground significantly influenced the local ambient 

temperatures of firefighters performing typical tasks like fire attack and search and rescue. Table 

4 shows the discrepancies and magnitude of temperature measurements experienced by 

firefighters based on job assignment and fire suppression tactic. When firefighters utilized more 

aggressive interior fire suppression tactics, they were exposed to more severe thermal conditions 

that, in some cases, were just short of the Class IV heat levels. The simple change from a 
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crawling position to the standing position dramatically increased the thermal stress endured by 

firefighters when performing tasks in the structure. Since the inside attack team encountered the 

fires more directly than the search team, the attack team endured higher temperatures during the 

exercises.   

Table 4: Mean (SD) temperatures of maximum and average helmet-mounted measurements from the fire attack 

nozzle man and lead search team member [14] 

Measure Job assignment Interior attack Transitional attack Significance 

Maximum 
Inside attack 191.0 (48.6) 95.7 (54.9) p  = 0.006 

Inside search 63.2 (13.0) 54.7 (101) ns (0.245) 

Average 
Inside attack 57.6 (7.0) 42.2 (7.8) p = 0.006 

Inside search 39.7 (4.6) 34.9 (3.9) ns (0.075) 

 

Understanding the thermal environments related to structural firefighters can aid in 

setting guidelines on how to realistically test the durability of firefighter protective hoods against 

thermal exposure. However, it is worth heeding that a fire rarely produces steady-state conditions 

and that no two structure fires behave the same. To provide a more visual-based representation of 

how the NIST thermal classes overlap with studies related to the structural firefighting 

environment, Madryzkowski created Figure 7a molding the four NIST thermal class ranges with 

data points from other firefighter-related studies [10]. Figure 7b, also created by Madryzkowski, 

includes temperatures and heat fluxes of environments monitored from these studies performed 

by researchers such as the Illinois Fire Service Institute and Underwriters Laboratories. These 

studies include live-burn training exercises where firefighters and the environments they entered 

were equipped with heat flux sensors and temperature probes. By conglomerating thermal data 

on several live-burn environments, researchers can achieve a more thorough understanding of 

how specific firefighting situations may impact occupant safety and tactics.  
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Figure 7:a (left) b (right) illustrating heat flux and temperature values of firefighting-related scenarios [10] 

2.1.3 Hazardous contaminants on the fire scene 

On top of the thermal hazards that firefighters encounter, smoke exposures produced 

during fire suppression activities also pose a serious threat to a firefighter’s well-being. Fabian et 

al. characterized smoke that firefighters in the Chicago Fire Department were exposed to during 

structural fire suppression activities [1]. These activities include knockdown of the fire, search 

and rescue activities, and overhaul after the fire is extinguished. Particulates, asphyxiants, 

irritants, and chemicals that are suspected or known to be carcinogenic were detected by gas 

meters and personal cascade impactors attached to the exposed firefighters. Hoods and gloves 

were also analyzed for residue and soot that was deposited after the firefighters returned to 

service. Fires encountered by the firefighters often showed smoke exposures that exceeded the 

American Conference of Governmental Industrial Hygienists’ (ACGIH)’s recommended 

exposure limits to dust and airborne particulates. Particulates, which can serve as carriers for 

chemicals like heavy metals, were found to range from submicron to over 10 micrometers. That 
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said, deposition of smoke particulates onto a firefighter’s skin may increase his or her bodily 

absorption of hazardous substances such as those included in Table 5 [15]. 

Table 5: Examples of Hazardous Substances at Fire Scenes [15] 

Inorganic Chemicals (heavy metals): antimony 

(Sb), arsenic (As), boron (B), cadmium (Cd), 

chromium (Cr), cobalt (Co), mercury (Hg), 

molybdenum (Mo), nickel (Ni), lead (Pb), selenium 

(Se), strontium (Sr), thallium (TI), thorium (Th), 

titanium (Ti), vanadium (V), and zinc (Zn) 

Semi-Volatile Organic Chemicals: 

acenapthylene, acenaphthene, fluorene, 

phenathrene, anthracene, di-n-butyl-

phthalate, butylbenzylpthalate, di-2-

ethylhexyl-phthalate, di-n-octyl phthalate, 

phenol, 2-methylphenol, and 4-chloro-3-

methylpheno 

Volatile Organic Chemicals: acrolein, 

formaldehyde, benzene, methanol, naphthalene, 

styrene, toluene 

Inorganic Chemicals: cyanide (CN-), 

general inorganic acids and bases 

Complex Organic Chemical Mixtures: gasoline, 

hydraulic fluid, diesel oil 

Other substances: Total particulate 

matter, asbestos fibers 

 

Given the nature of fire dynamics in modern single-family dwellings, the complete 

avoidance of combustion byproducts in house fires is nearly impossible. Area air measurements 

taken by Fent et al. showed that “median personal air concentrations for the attack and search 

firefighters were generally well above applicable short-term occupational exposure limits, with 

the exception of hydrogen cyanide (HCN)” [6]. Air sampling taken by Fent also indicated that 

concentrations of particulates, benzene, and polycyclic aromatic hydrocarbons (PAH)s surpassed 

background levels. Among other harmful substances, the presence of particulates as shown in 

Figure 8 emphasizes the importance that PPE such as self-contained breathing apparatus (SCBA) 

and protective hoods have in mitigating smoke exposure through inhalation and dermal 

absorption. While firefighters cannot completely block fireground contaminants from penetrating 

through turnout gear [16], preventative measures can and should be taken to limit dermal 

exposure through PPE that filters soot and particulates from firefighters to reduce the risk of 

occupational diseases like cancer. 
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Figure 8: Particle number at different locations during the fire scenarios. Box and whiskers show the minimum, 

25th percentile, median, 75th percentile, and maximum values recorded. The shaded region shows interquartile 

range of the background levels. [6] 

2.2 Structural Firefighters in the United States 

Wildland and structural are the two most prominent types of firefighting that exists in the 

U.S. Wildland firefighters are typically outside and utilize hand tools, helicopters, and sometimes 

fire hose to suppress and extinguish wildfires. Structural firefighters typically fight vehicle fires 

and fires within enclosed spaces. The firefighting environment that structural firefighters operate 

in is often immediately dangerous to life and health (IDLH) because of the various hazards 

mentioned earlier. Having said that, firefighters require thermal-resistant PPE, specialized 

training, and athleticism to perform their jobs safely. 
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2.2.1 Structural Firefighting Ensemble  

Each element of the structural firefighting ensemble plays a key role in protecting 

firefighters from thermal-related hazards on the fireground. Station uniforms are worn 

underneath this ensemble to provide the wearer comfort while not on calls and should not 

obstruct the wearer’s ability to don and wear turnout gear over it. Like other protective 

ensembles, turnout gear requires a balance between protection and comfort. If too much thermal 

protection is provided in a firefighting ensemble, the wearer’s ability to work may be impeded by 

bulky clothing, lack of breathability, and limited range of body motion. If too much comfort is 

provided to the wearer, the ensemble may not provide adequate protection against burns from 

thermal hazards.  

  
a) Structural Firefighting Ensemble b) Wildland Firefighting Ensemble [17] 

 
Figure 9: Structural Firefighting Ensembles 

Also, due to the nature of hazards that firefighters encounter, the turnout gear worn must 

be able to withstand the abuse of physical damage such as abrasion. The performance and design 

requirements of the structural firefighting ensemble are set by the National Fire Protection 



  20 

 

Association (NFPA) in NFPA 1971 Standard on Protective Ensembles for Structural Fire 

Fighting and Proximity Fire Fighting [4]. While not perfect, NFPA 1971 provides general 

guidelines for PPE manufacturers to adhere to when producing turnout gear for its customers. 

The structural firefighting ensemble (Figure 9a) consists of a helmet with a connected 

shield/visor, gloves, boots, SCBA, coat, pants, and protective hood. The ensemble, with 

everything donned, is designed to be worn so that no skin is exposed during firefighting 

activities. It differs from the wildland firefighting ensemble (Figure 9b) in that the gear is more 

insulated, ruggedized, and includes the SCBA as an integral part of the ensemble. Altogether, the 

ensemble can weigh around 45 pounds when worn together [18].  

The firefighter helmet is designed to be impact resistant, durable, resistant to heat, and 

lightweight enough to rest on a firefighter’s head. Modern fire helmets are manufactured from 

glass fiber composites. The rear brim of the helmet is long so that the neck is protected from 

physical hazards like overhead debris. Underneath the rear brim lies an attached flame-resistant 

ear flap which provides some thermal protection to firefighters. The front of the helmet may also 

have a face shield or have goggles attached. A popular fire helmet is shown in Figure 9a. Fire 

helmets cover the top and back portions of the firefighter hood, aiding in thermal protection 

around the head/neck region of the body. Carlton et al used the PyroHead Fire Test System to 

assess how PPE affects head burn percentage after exposures to flashover. Three PPE 

configurations were tested on the PyroHead instrument manikin: (1) wearing a hood by itself, (2) 

wearing a hood and SCBA facepiece, and (3) wearing a hood, SCBA facepiece, and helmet with 

the ear flaps down. Results from the manikin tests, simplified in Figure 10, displayed that 

donning the hood, SCBA facepiece and helmet with the earflaps down had the lowest average 

head burn percentage after a 7-second flashover exposure [19]. This strengthens the argument 
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that hoods, along with other elements of the structural firefighting ensemble, should be warn as 

instructed by PPE manufacturers and governing bodies of the U.S Fire Service. However, hoods 

used in this study were tested in “as-received” condition. It is still unclear how head burn 

percentage may be influenced by extended field usage. That said, further research should explore 

how used hoods compare to new hoods under similar conditions. 

 

Figure 10: Average predicted head burn percentage after 7-second flashover exposures using PyroHead [19] 

The SCBA can be divided into two parts: the harness and facepiece. The harness is worn 

like a backpack, containing shoulder and waist straps connected to the harness. The bottle or 

cylinder is secured to the harness and provides air for the firefighter via a system of high and 

low-pressure air hoses that connect to the other part of the SCBA, the facepiece. The facepiece 

covers the face of the wearer and is worn on the head using a 4 or 5-point head harness that 

covers part of the user’s head. The harness often has a central fabric that provides additional 

thermal protection from underneath where the hood covers it. The straps branching out of the 

hard harness can be tightened to fit the user, creating a seal between the facepiece and the 

wearer. This seal allows firefighters to breath air from a clean source while in the IDLH 
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firefighting environment. The firefighter hood covers the edges of the seal so that no skin from 

the head or neck is showing, protecting the wearer. When the hood covers the seal, it is either 

pulled directly over it or beyond the seal and partially over the lens of the facepiece. Figure 11 

shows a typical example of the SCBA facepiece and harness. 

 

Figure 11: SCBA facepiece (left) and SCBA harness with the attached air bottle (right) [17] 

The turnout coat and pants make up firefighter protective clothing (FPC) that the general 

population in the United States is familiar with. Both elements share similar multi-layered 

configurations, construction, and materials. The most conventional configuration, shown in 

Figure 12 is a three-layered composite consisting of the outer shell fabric, moisture barrier, and 

thermal liner. The outer shell is the outermost layer that is normally seen when looking at a fully 

dressed firefighter. It is usually constructed from a woven fabric that serves first line of defense 

against direct flames and physical hazards on the fireground. Weave structures in turnout coats 

and pants include the popular ripstop weave, plain weave, twill weave, and derivatives of these 

weave types. Since no single fiber can fulfill the performance requirements of the outer shell, 

fiber blends containing aramids and polybenzimidazole (PBI) are popular since these materials’ 

exhibit high strength, abrasion resistance, and heat resistance in the woven form. The moisture 
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barrier rests behind the outer shell and is typically attached to the thermal liner. Its purpose is 

split into two functions: (1) protect firefighters against hot liquids while (2) remaining breathable 

to allow moisture vapor from sweat to pass through and cool the firefighter. Many moisture 

barriers used in turnout gear are bi-component in nature, usually by impregnating a structurally 

suited fabric to a microporous membrane. An FR-based fabric adhered to expanded-

polytetrafluoroethylene (ePTFE)-based membranes suit these functions and, like the outer shell, 

come in many configurations that can be chosen for purchase by the manufacture’s customers.  

 

Figure 12: Typical layer configuration for firefighter protective clothing [20] 

The fabric that is attached to the membrane takes the form of spun-laced, woven, or 

needle-punched fabrics which provide structural stability to the membrane. Like the outer shell, 

this attached fabric usually contains aramid-based fibers that provide additional thermal 

protection. The third and innermost layer that touches the firefighter’s skin is the thermal liner. 

Coupled with the moisture barrier, the thermal liner provides about 75% of the thermal 

protection offered in turnout coats and pants [21]. The thermal liner takes advantage of air as an 

insulator of heat by trapping air between the face cloth and nonwoven batting that it is composed 

of, where both the face cloth and batting are usually PBI or aramid-based. At the same time, 
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sweat is transferred from skin to the face cloth as part of the composites moisture management 

system. This way, thermal comfort can be managed from within the microclimate of the turnout 

coat and pants. Fasteners, pockets, and pads can also be found on the surface of the turnout coat 

and pants, all of which can affect the comfort properties, thermal protection, and physical 

integrity of FPC. 

Firefighter gloves and boots must also protect against physical and thermal hazards much 

like FPC. While in the firefighting environment, firefighters’ legs, feet, and hands are exposed a 

plethora of hazards such as hot liquids and surfaces, bloodborne pathogens, and sharp debris. To 

combat these hazards, many firefighter gloves in the mark also have an outer shell, moisture 

barrier, and thermal liner. Gloves are sized on users so that they are snug enough to enhance 

dexterity but not as tight to risk quick heat transfer through the gloves’ layers. Modern boots in 

the U.S. fire service are usually made from fire-resistant rubber on the outside and a fire-resistant 

fiber-based liner on the inside to maintain comfort, protection, stability when on the wearer’s 

feet. 

Interfaces in the ensemble are the body areas where PPE elements overlap. For structural 

firefighters, this includes the coat and pants, coat and gloves, boots and pants, and 

SCBA/helmet/hood/coat interfaces. Figure 13 displays the interface areas located on the 

structural firefighting ensemble. If individual elements do not adequately overlap with one 

another, the firefighter is prone to higher exposures of heat, soot, and harmful chemicals on the 

fireground. Some manufacturers have recently begun incorporating particulate protection in the 

interface areas of turnout gear to reduce exposures to fire-borne carcinogens [22], [23]. Figure 13 

illustrates where the interfaces are shared by individual elements of the protective ensemble. The 
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protective hood is a crucial interface element that fills the gaps that aren’t covered by the SCBA 

facepiece, coat collar, and helmet. 

 

Figure 13: Overlap diagram showing the interface areas between structural firefighting ensemble elements [24] 

2.2.2 Typical duties and responsibilities of structural firefighters in the U.S. 

The duties of a structural firefighter are not limited to extinguishing fires. In the U.S., 

firefighters may also be trained to contain hazardous materials, perform technical rescue, provide 

emergency medical care, and educate the public on fire prevention. Most jobs on the fireground 

itself require physical toughness and mental acuity during high-risk situations and is part of why 

firefighters are often referred to as “tactical athletes” [25]. As athletes, they require sufficient 

endurance, anaerobic capacity, muscular strength, and aerobic fitness to perform their jobs 

safely. Jobs on the fireground that require this type of athleticism include attack, search and 

rescue, ventilation, and overhaul. Each of these jobs hold their own challenges when it comes to 

heat related injuries that can place firefighters in harm’s way.  

Attack (which is short for fire attack) involves the extinguishment of a fire, typically 

using water from a hose. While there are many modes of fire attack, the two most basic modes 

are defensive attack and offensive attack [26]. Defensive attack is when fire suppression is taking 
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place from the exterior of a structure and is typically used to protect the surrounding areas 

exposed to the structure on fire. Defensive attack strategies are usually implemented when 

property and occupants are not able to be saved or when hazards like structural collapse are a 

concern. When performing a defensive attack, fire hose or master streams from the fire truck are 

utilized outside of the burning structure. Offensive attack, on the other hand, involves advancing 

and using a hose line or other extinguishing tools from within the interior of the structure. 

Transitions between defensive and offensive attack are also strategies that incident commanders 

consider at the scene of a fire. Deciding to transition from offensive attack to defensive attack 

can stem from lack of water supply, structural deterioration, and endangering flow paths of 

smoke that may worsen thermal conditions for interior firefighters. Transitioning from defensive 

to offensive fire attack usually occurs after the first arriving engine has deployed hose lines and 

has waited for more manpower. This is done to meet the Occupational Safety and Health 

Administration (OSHA) regulation of the “two-in, two out” rule where a minimum of two 

firefighters must be outside of the IDLH environment wearing SCBA’s before two firefighters 

may enter the environment [27].  

The thermal burden and hazards encountered by firefighters is exacerbated by the 

activities that they perform during interior fire attacks [14]. To remedy the thermal burden, it can 

be advisable for firefighters to “cool as you advance” by applying water to the fire prior to 

entering compartments that are involved [28]. Tactics like these are not always performed, as 

tactics utilized on the fireground are chosen based on the nature of the fire, the available 

resources on the fire scene, and the department’s standard operating procedures and training 

regimen. If a victim is trapped within a structure fire, a more aggressive interior attack is 

typically chosen by the first-due engine to increase the victim’s chances of survival. This type of 
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situation is one of many reasons why turnout gear is as thermally protective as it is today in the 

United States. 

When using the nozzle of the fire hose for interior attack, there are generally three 

essential roles: nozzle firefighter, backup firefighter, and door firefighter [29]. These roles that 

firefighters fill influence the thermal burden and exposure that they experience. The nozzle 

firefighter operates the nozzle and lays out the beginning stretch of hose to the structure. The 

nozzleman is usually closest to the fire that is being extinguished. If an engine crew consistently 

designates a specific firefighter as the nozzleman, this firefighter may encounter more exposure 

to flames and heat around their head and neck, warranting the need for adequate protection in 

those body areas. The backup firefighter flakes lengths of the hose so that the nozzle firefighter 

can advance. He/she is also in charge of physically absorbing the nozzle pressure that is directed 

toward the nozzle firefighter when the hose in opened. The door firefighter, also known as the 

slack man, aids the backup firefighter in minimizing kinks in the hose, aiding the backup 

firefighter, and carries hose so that the backup and nozzleman can advance from room to room. 

Search and rescue is an activity that can be done as part of the fire attack team’s duties or by a 

separate team in structure fires. This involves a coordinated search for any victims trapped 

within the structure and can be exhausting from activities like carrying victims to safety. Search 

and rescue teams prepare themselves to extricate a victim or fellow firefighter outside of a 

burning structure. The physical activities involved can quickly exhaust firefighters, especially if 

gear like their hoods hinder flexibility, add bulk, and disturb a firefighter’s situational awareness. 

The last major stage on the fire scene is overhaul where crews search voids, ceilings, partitions, 

and other parts of a burned structure for hidden fires or sources of heat [30]. It can also be a time 

where property is salvaged if possible. During this time, particulates can still be airborne and a 
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potential dermal risk for firefighters, encouraging the use of turnout gear with particulate-

blocking capabilities. All these activities performed on the fireground each have their own 

challenges related to thermal hazards, exposure to carcinogens, and physiological strain. 

Ensuring that personal protective equipment is comfortable and protective for firefighters to 

perform these activities to the best of their abilities is paramount for their health and 

productivity. 

2.2.3 Heat-related injuries and fatalities 

There are many ways in which heat can injure or kill a firefighter. The three ways in 

which heat is transferred always exist on the fireground. Convective heat introduced through hot 

gases in a structure can eventually make its way through each element of the structural 

firefighting ensemble. Conductive heat can transfer by firefighters touching objects like hot 

embers. The radiation emitted from the fires themselves are a major source of heat that can 

potentially cause equipment like SCBA facepieces to fail when it’s needed most [31]. Given 

their intensity, structure fires can not only make their way through PPE, but also through the 

three main skin layers of humans. On a yearly average, thermal burns made up around 11% of 

moderate to severe fireground injuries between the years of 2007 to 2011 [32]. The act of 

firefighting in the microclimate of turnout gear and the heat transferred through it from structure 

fires is enough to induce heat-related injuries like heat stress, severe dehydration, and other 

complications to the body’s organ systems [33] [34] [35]. That said, heat is an unavoidable threat 

to firefighters that must be addressed via appropriate tactical considerations/decisions on the 

fireground, physical fitness, and balancing thermal comfort and thermal protection in PPE. 
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2.2.3.1 Skin injuries experienced in high-heat conditions 

A burn can be defined as "tissue damage caused by heat, chemicals, electricity, sunlight, 

or nuclear radiation" [36]. They are typically classified by how much area they cover and how 

deep the burns are. In general, the deeper the burn, the more life-threatening the injury and 

likelihood that an amputation or surgery is required for treatment. The different classifications 

are defined by their degree as shown in Table 6. In general, the higher the degree, the deeper and 

more severe the burn.  

Table 6: Burn classification based on degree of burn [36] 

Burn Classification Description of Bodily Damage 

First Degree 

Damage to the skin's epidermis or outer layer. They typically heal on their 
own over a short time. Can also be called a superficial burn. Sources can 

include sun damage. 

Second-degree 

Damage to the epidermis and dermis layer beneath it. Treatment may 
include a skin graft and may leave a scar after medical procedure is finished. 

Blistering is more likely to occur. 

Third Degree 

Severe damage or destruction of both layers of skin along with sweat glands, 
underlying tissue, and hair follicles. Skin grafts are always required for 

treatment at this level of severity. 

Fourth Degree Burns to fat layer 

Fifth Degree Burns to muscle 

Sixth Degree Burns to bone 

 

The second-degree burn is a common type in the fire service [29] and is the degree at 

which thermal protective equipment is tested [37], [38]. There are five general categories of 

burns that firefighters may experience on the fireground. Inhalation burns occur when hot gases 

enter the respiratory system and cause tissue damage. Inhalation burns are more probable when 

an interior firefighter's SCBA facepiece is not worn, not properly donned, or if the mask fails-

likely from thermal damage to the lens. Compression burns typically happen when PPE is 

pressed tightly against the body, closing the insulating air gaps within the ensemble. Common 



  30 

 

locations of compression burns include the knee region and shoulders where the SCBA straps are 

pressed against the body during use. Dry garment burns occur without visible signs of damage 

inflicted on the PPE itself. Scald burns come from exposure to hot liquids and superheated water. 

Problem areas include the hands and knees that are used to crawl within the burning structure. 

Steam burns typically occur during fire suppression, as the water from fire streams during fire 

attack convert to steam which can slip into interface areas near the ears, wrist, and face. 

When examining firefighters that experienced burn injuries between 2005 to 2009, Kahn 

found 90% of those injuries to be second-degree burns [39]. Most of these firefighters 

experienced burn injuries due to scalding from hot liquids and steam entering interface areas in 

firefighter PPE as shown in Table 7. To a lesser extent, these scald burns occurred in openings 

between the coat sleeves and gloves as well as between the SCBA facepiece and face. This may 

have been due to equipment failure or the removal/dislodging of protective equipment, be it 

accidental or intentional. Interviews of firefighters paint a better picture of how these burns may 

occur. One anonymous firefighter reported to neglect properly donning the jacket sleeve’s 

wristlet and the protective hood to prove that they are fearless and tough [39]. This same 

firefighter also stated that he does not use the neck cover on helmets to "use the skin on their 

neck as a temperature gauge. When the back of his/her neck starts to feel as if is about to burn, 

the firefighter then knows the temperature is becoming extreme and thus should execute an exit 

strategy [39]." The strategy to use the protective hood as an indicator of heat levels in a 

firefighter's proximity is not unheard of in the fire service community [40], [41]. That said, it is 

crucial for firefighters to properly wear all ensemble elements during a fire and for 

manufacturers to offer PPE that retains comfort to promote its use in the field. Today, some 
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firefighters in the field unfortunately still pay the consequences when not wearing recommended 

PPE. 

A firefighter injury report published by NFPA in 2019 detailed an event where a 

firefighter was burned while operating the nozzle in a structure fire [42]. It was quickly 

discovered that the firefighter did not don a protective hood before entering the structure. The 

injured firefighter suffered second-degree burns and had to recover two months before returning 

to firefighting activities. As seen in Table 7 from Kahn’s study on burned firefighters between 

2005 and 2009, 80% of the burn injuries were located near the head and neck region [39]. This is 

the same area where the firefighter protective hood is located. That said, special attention should 

be paid in how the protective hood can play a role in preventing burn injuries in the body areas it 

covers through product development and public education. 

Table 7: Anatomic location of burn injuries experienced by 20 firefighters treated for burns from 2005-2009 [39] 

Burn Location Frequency 

Face 9 

Hand/wrist 6 

Ears 4 

Knees 2 

Upper arm/shoulders 2 

Neck 2 

Head 1 

Leg 1 

 

2.2.3.2 Physiological changes to firefighters on the fireground 

While skin burns represent an everlasting danger during fireground operations, heat stress 

represents just as much, if not a bigger risk to firefighters performing their typical duties [32], 

[43]. Heat stress contributes to cardiovascular strain which remains a threat to firefighters given 

the physical work, environmental conditions, and psychological/mental elements associated with 

the profession. Incremental progress has been made in understanding and implementing methods 
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to mitigate heat stress and boost recovery during and after exposure to firefighting environments 

with various cooling techniques [44], [45]. As said before, no two structure fires are the same. 

While some structure fires may require only a few minutes of fire suppression activity, others 

may require repeated bouts of fire suppression tasks. This response can include keeping turnout 

gear on and taking short breaks for SCBA air bottle changes and rehabilitation. Horn et al. found 

that repeated bouts of firefighting activity over the course of about three hours, even with breaks 

in between, can increase core body temperatures to higher levels than previously recorded [46]. 

With careful consideration, PPE should be produced with as little of a thermal burden as possible 

to deter heat stress in the first place. The same should be considered for an item as historically 

overlooked as the firefighter hood. 

Just over one-quarter of fireground injuries were caused by overexertion or strain on the 

fireground in 2018 [42]. Along with other organ systems, the cardiovascular system undergoes 

dramatic changes during typical tasks such as fire attack and search and rescue on the fireground. 

Encapsulating a firefighter in the structural firefighting ensemble with the job of working in hot 

environments is a main driver to elevated heart rate and body temperature on the fireground [47], 

[48]. As imaginable, the work in these hot environments is physically taxing, quickly causing 

sweat to saturate the skin and gear that can lead to dangerously lower fluids levels in the body 

[34]. The human heart only relaxes for just a moment after each contraction. When performing 

strenuous activities, heart rate and stroke volume, or the volume of blood that’s pumped through 

the heart’s left ventricle per beat, quickly affect cardiac output. During and shortly after short-

term firefighting, heart rate quickly increases while stroke volume lowers as much as 35% [49]. 

The resulting lack of cardiac output can potentially turn firefighters in the IDLH into victims that 

may need to be pulled out by his/her fellow team members. This is especially the case for those 
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that may already have existing risks of heart disease. Smith et al. recorded approximately a 15% 

reduction in plasma volume after 18 minutes of firefighting while increasing platelet number, 

elevating the chances of blood clots forming in the circulatory system [50]. Increased thrombosis 

can lead to sudden cardiac events that can incapacitate a firefighter on the fireground, especially 

for older firefighters that may already have increased risk of forming excess thrombus in their 

circulatory system. 

 

Figure 14: Factors in the firefighting profession that influence cardiovascular strain [35] 

Overstraining the cardiovascular system can increase the chances of triggering cardiac 

events. Cardiovascular strain can be remedied to an extent with measures like physical fitness 

and health status [51], [52]. PPE and other triggers of cardiovascular strain are shown in Figure 

14. The body's reaction to alarms and dangers, the physical work involved, smoke exposure, and 

heat stress/dehydration all affect cardiovascular function for firefighters, even before arriving on-

scene with the initial alarm [53], [54], [55]. Figure 14, posted by Smith et al. [35] shows how 

three independent studies highlighting the heightened risk that fire suppression activities have 

over others in triggering cardiac events [56], [57], [58]. 
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Keeping core body temperature at baseline levels is essential in maintaining homeostasis 

in the human body [59]. There are measures that firefighters themselves take to prevent heat 

stress. These measures include taking more frequent breaks, drinking more water, and scheduling 

training during the coolest parts of the day. Some on-scene strategies to lower core body 

temperature once it’s been elevated have shown minimal effects. These strategies include 

wearing phase-change cooling vests, cold water hand immersion, and cold intravenous saline 

[44], [47]. For researchers and manufacturers, there’s been a large focus on improving the 

thermo-physiological comfort properties of PPE to keep heat stress at bay through material-

choice [60], the implementation of air gaps in between protective clothing layers [61], and design 

modifications to thermal protective clothing [62], to name a few. While research regarding the 

balance between thermal burden and thermal protection has gained momentum for firefighter 

protective clothing, the research related specifically to firefighter hoods has not been as thorough 

as elements like the turnout coat and pants. To conclude, a more meticulous approach should be 

taken in understanding the firefighter hood’s thermal comfort properties off-the-shelf and during 

its service life. 

2.2.4 Cancer’s association with the firefighting profession 

Cancer is defined as any disease where abnormal cells divide uncontrollably with the 

ability to invade surrounding tissue [63]. Cancers, synonymous with malignancy, can take many 

different forms. Carcinoma starts from the skin or tissues that cover internal organs. Sarcoma is a 

type that begins from blood, cartilage, fat, muscle, bones, connective tissue, and/or supportive 

tissue. Leukemia starts in blood-forming tissue like bone marrow. Multiple myeloma and 

lymphoma are cancers that start in the cells of the body's disease-fighting network. Lastly, 
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central nervous system (CNS) tumors begin in brain tissue and the spinal cord. For firefighters, 

non-Hodgkin's lymphoma is a well-known type of cancer amongst those in the profession. 

Between January 2002 and the end of March 2017, around 61% of career firefighter line-

of-duty deaths (LODD's) were due to cancer, including 70% of LODD's in 2016. This included 

cancers pertaining to gastrointestinal system, the respiratory system, and kidneys [64], [65], [66], 

[67]. To investigate the potential causes of cancers in firefighters, biomonitoring that included 

urinalysis, breath samples, and the general transfer of contaminants onto firefighters has been 

vigorously studied. Momentum for biomonitoring firefighters picked up after the collapse of the 

World Trade Center which exposed first responders to unprecedented levels of smoke, soot, and 

chemicals [68]. Blood and urine samples collected from exposed FDNY firefighters included 

elevated levels of PAH's, serum heptachlorodibenzodioxin, heptachlorodibenzofuran, and heavy 

metals like antimony, much of which are well-suspected carcinogens in humans. Nonetheless, 

exposure to toxicants on the fireground is ubiquitous in the United States. 

Daniels et al. [64] observed the associations between the firefighting profession and 

cancer in three major U.S. cities. Firefighters experienced small to moderate increases for all 

cancers combined when compared to the U.S. population, strengthening evidence between 

occupational exposure and cancer. Excess cases of malignant mesothelioma were reported for 

the first time in a study, strengthening the case that the fireground has detrimental effects to 

anyone exposed to its contaminants. A follow-up study [65] observing the same pool of 

firefighters found more cases of non-Hodgkin’s lymphoma that were previously unreported. 

With a second look, a more-connected association was made between fire exposures and chronic 

obstructive pulmonary disease (COPD), a chronic lung disease. Biomonitoring of firefighters for 

carcinogenic compounds has indicated that exposure to fireground contaminants may increase 
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the cancer risks in firefighters. To understand the connections between firefighters and 

fireground contaminants, it is important to recognize the routes of exposure. 

In general, firefighters are exposed to fireground contamination in three different routes: 

inhalation, dermal (skin) absorption, and ingestion (e.g. eating with contaminated hands). 

Laboratory evidence using mice suggests that inhalation exposure to overhaul environments may 

change gene expressions that could attribute to pulmonary diseases down the road [69]. Section 

2.1.3 highlights the hazardous substances that can be found in an overhaul environment.  

This includes polycyclic aromatic hydrocarbons (PAHs) which are typically found in smoke 

during structure fires [1], [70]. PAH buildup on turnout gear is particularly high for entry teams 

involved with interior fire attack and search-and-rescue [16]. It should be heeded that structure 

fires are not the only type of fires where dangerous byproducts are present during fire 

suppression activities. Fent and Evans found the chemical vapors and gases to be well-above 

acceptable exposure levels after firefighters battled vehicle fire, even though fire attack was 

performed upwind and within less than 10 minutes [5]. A study performed in Portuguese fire 

stations even found that indoor air housed a significant exposure source of PAHs in several 

stations, though the exposures themselves were below occupational exposure limits at the time of 

study [71]. That all being said, inhalation of fire-sourced substances appears to be a dangerous 

hazard that is unavoidable on the fireground, especially when smoke is pushed downwind [6]. 

Skin absorption is another major route of exposure to contaminants. Fent et al. found that 

structural firefighters wearing full ensembles were still systemically exposed to aromatic 

hydrocarbons through dermal absorption [72]. While most of the structural firefighting ensemble 

hampers hazardous substances from reaching the skin, interface areas and open-structured 

elements like the protective hood still allow noticeable amounts of contaminants to seep to 
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firefighter’s skin during firefighting operations. Easter, Lander, and Huston [73] analyzed 

firefighter hoods and turnout gear from a large-city fire department for their soil composition. 

Their assessment indicated that PAH's, bis (2-ethylhexyl) phthalate (DEHP), polybrominated 

diphenyl ether flame retardants (PBDEs) and heavy metals like arsenic were embedded in the 

turnout gear, even after regular cleaning. Fent attributed most of the dermal exposures on a 

training fireground primarily to the neck region where traditional firefighter hoods provide the 

least amount of protection against airborne contaminants [72]. Given this research, knit 

firefighter hoods deserve more protection against contaminants since they are in direct contact 

with the skin versus the structural jacket which has a more robust, three-layer composite. 

Increased awareness of the dangers contaminated gear holds is gaining momentum. 

Anderson [74] interviewed firefighters in Florida departments about their perceptions of cancer 

risk. Many of these firefighters were highly aware of the health hazards associated with fire-

scene exposures and that said hazards may increase their cancer risk. In recent years, firefighters 

appear to show more positive attitudes towards general decontamination after structure fires. 

When interviewing 485 firefighters from 4 different departments, Harrison et al. [75] reported 

that most of these interviewees expressed positivity toward cleaning their turnout gear after fires. 

Additionally, most of these firefighters strongly believed that cleaning gear would reduce risks of 

health complications like cancer. The behavior and extent to which contamination is addressed 

remains inconsistent. Firefighter norms, department barriers, and attitudes towards 

decontamination and newer equipment continue to be suspects that dissuade proper cleaning, 

handling of contamination, and minimizing smoke exposure in the fire service. Attitudes towards 

cleanliness and exposure mitigation have and continue to evolve in the fire service. Firefighters 

traditionally wore soiled turnout gear as a symbol of pride and experience. This attitude, 
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however, has become less popular as the servicemembers learn more about dangers associated 

with soiled gear. More firefighters are beginning to learn that as turnout gear gets dirtier, it 

carries less insulation, can potentially become more flammable, and expose the wearer to 

carcinogenic substances that the gear holds onto after exposure [76].  

The fire service community today has developed a better picture of how cancer risk may 

be associated with the profession. To address the concerns, measures like on-scene 

decontamination, wearing particulate-blocking PPE, and washing of gear are becoming more 

commonplace. There has even been more push to treat structure fires like HazMat incidents in 

establishing cold zones, warm zones, and hot zones, which signify levels of danger. Caban-

Martinez et al. encouraged the use of SCBA's in areas just outside of IDLH environment to limit 

inhalation of fire-borne toxicants that can be flourishing at the fire-scene [77]. Exposure 

interventions such as the wash down and wiping necks of entry teams in a fire, isolating 

contaminated equipment, and showering right after returning to the station have shown promise 

in reducing exposure to contaminants after structural fire responses [16], [78]. Despite these 

pushes towards reduced exposures, it is still impossible to completely isolate firefighters from 

on-scene contamination. For this reason, more demand has been placed on developing smoke-

resistant turnout gear that blocks fireground particulates [79]. This includes the demand for 

particulate hoods that are designed to block particulates from the fire-scene while still offering 

protection that conventional hoods have. However, at this point, the research pertaining to how 

well these hoods perform over time is not still well-understood. To draw a better understanding, 

it’s crucial to consider the production of hoods and their long-term safety in the field. 
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2.3 Structural Firefighter Hoods 

The structural firefighter hood has historically been an overlooked ensemble element, 

both visually and scientifically. It is designed to protect areas of the head and neck that the coat 

collar, SCBA facepiece and helmet are unable to cover. With their traditionally knit construction. 

firefighter hoods offer ample levels of stretch to accommodate the size of the different wearers. 

To offer thermal protection to the head and neck region, the materials that are used to construct 

the hoods themselves are usually flame-resistant. To combat the ongoing threat of on-scene 

contaminants, more PPE manufacturers are incorporating filtration technology or particle-

blocking membranes in hoods to reduce the firefighter’s dermal exposure. To ensure their 

effectiveness and safety, these newer hoods adhere to performance, design, and selection 

standards laid out by the NFPA. However, not enough literature examines the long-term 

performance and durability of both traditional and particulate-blocking hoods once in the field. 

Understanding the advantages and disadvantages of factors like fabric construction and material 

choice will aid in understanding how performance of a firefighter hood can change over its 

service life. 

2.3.1 Current Standards on Firefighter Hoods 

In the United States, the NFPA provides conferences, publications, and industry 

standards to reduce injuries, economic losses, and loss of life due to hazards like fire. For 

firefighters, the NFPA establishes standards that are designed to protect firefighters while on the 

job. This includes providing requirements on apparatus safety, on-scene operating guidelines, 

and occupational safety and health programs. While these standards establish comprehensive sets 

of criteria to keep firefighters safe, they are by no means perfect. For this reason, NFPA 
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standards are living documents that are updated when the need arises. This includes the need for 

better firefighter PPE.  

2.3.1.1 Performance Requirements  

The NFPA establishes minimum levels of protection that personal protective equipment 

should provide firefighters in the field. The standard pertaining to PPE in structural firefighting 

environments is NFPA 1971 Standard on Protective Ensembles for Structural Fire Fighting and 

Proximity Fire Fighting [4].  It includes design requirements and performance requirements that 

are essential to the protection of firefighters that work in the IDLH environments involved in 

firefighting. Performance requirements in this standard are set so that garments can reasonably 

protect the wearer while still resisting damage from field use. Stressors encountered by 

firefighter PPE include thermal exposure, laundering, ultraviolet (UV) light, and general 

handling of the garment [80]. The NFPA 1971 performance requirements for protective hoods 

are summarized in Table 8.  

Most performance requirements for hoods relate to heat or mechanical strength. First and 

foremost, the NFPA 1971:2018 requires that firefighter hoods have adequate flame resistance 

and thread-melting resistance. Flame resistance tests are done for hoods to assess their ability to 

self-extinguish when exposed to a direct flame. To assess flame resistance, NFPA utilizes ASTM 

D6413/6413M, Standard Test Method for Flame Resistance of Textiles (Vertical Test). To start, 

rectangular specimens are placed into a vertical chamber that applies a flame to the bottom edge 

of the specimen for 12 seconds. If samples show signs of melting, dripping, and an average char 

length of more than 4 inches, the material fails the test. Procedure 1 of ASTM D7138 Standard 

Test Method to Determine Melting Temperature of Synthetic Fibers is used to evaluate a hood’s 

threads. To pass this test, the thread used to sew hood materials together must not show signs of 
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decomposition and melting at 500°F. These two requirements relate closely to material choice of 

the hood’s fabric and seams and are often fulfilled by utilize inherently flame-resistant (FR) 

materials such and Nomex® and PBI. Resistance to flames and high air temperatures provide a 

foundation in a hood’s ability to protect the wearer. Properties such as thermal protective 

performance and heat shrinkage enhance the profile of a hood’s thermal protection. 

Table 8: NFPA 1971 Performance Requirements for Firefighter Hoods [4] 

Property Performance Requirement 

Thermal Protective 
Performance 

Composite shall not have a TPP of less than 20.0 

Heat and Thermal 
Shrinkage Resistance 

Hood cannot shrink >10% after 260 °C oven for 5 minutes, must 

pass hood measuring device tests, show no evidence of melting, 

separation, or ignition. May include five laundry cycles. 

Cleaning Shrinkage 
Resistance 

Hoods cannot shrink >5% after five washes 

Thermal Comfort Hood composite shall not have a THL of less than 325 W/m2 

Seam-Breaking 
Strength 

Burst strength shall be no less than 181 N 

Fabric Burst Strength 
Outermost hood material shall be no less than 225 N. All 

additional material layers no less than 225 N 

Thread Melting 
Resistance 

Shall not melt below 500 °F 

Flame Resistance 
Shall not have a char length exceeding 4 in with after flame of 

no more than 2 seconds. No melt/drip shall occur. 

Hood Opening Size 
Shape Retention 

Hood opening size shall not exceed 110% of original size. 

Hood most overlap the outer edge of SCBA facepiece ≥ ½ inch 

Particulate Protection 
(for particulate-
blocking hoods) 

Particulate filtration efficiency of 90% or greater for each 

particle size from 0.1-1.0 microns 

 

Thermal protective performance (TPP) is one of the most recognized thermal-related 

requirements. TPP measures how well a material can prevent convective and radiant heat from 

transferring from the outer side to the inner. In the case of hoods, specimens are tested as a 
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composite with layering mirroring that of cut-and-sewn hood products. For example: 2-layer 

hoods are tested by cutting and overlapping two 6” square fabrics before exposing them to the 

heat source. The test serves as an indicator for heat insulation in garments like gloves, boots, 

coats and pants as well. Figure 15 shows a typical TPP tester. It is comprised of heated tubes that 

emit a radiant heat source and gas burners that mimic a convective source. These two heat 

sources apply heat at a rate of 84 kW/m2 (2.0 cal/m2) to a 6” square specimen until the sensor 

above the specimen detects a second-degree burn. As heat is applied, a sensor connected to a 

programmed computer detects when a second-degree burn is experienced. The second-degree 

burn is detected by using the Stoll criterion that uses human/animal burn tests to relate heat flux 

and tolerance time with second-degree burns. The TPP rating depends on numerous factors such 

as the number of fabric layers, fabric construction, material choice, and mainly composite 

thickness. Each of these factors are carefully considered to balance thermal protection with other 

characteristics like comfort and physical strength. This balance depends on the thermal hazard at 

hand, whether it is in an industrial setting or on the fireground. NFPA requires that hoods have a 

TPP rating of at least 20. This rating requirement is significantly lower than garments like the 

coat and pants that require a TPP rating of at least 35. 

While the TPP test is a useful indicator of thermal protection, it doesn’t tell the whole 

story. Heat exposure in structure fires can take many forms and can accumulate. For example, 

gradually increasing exposures to radiant and convective heat over time can trigger second-

degree burns before a firefighter encounters a flashover, which is what the TPP test mimics. 

Tests that observe thermal shrinkage resistance, flame resistance, and human input from wear 

trials can also be used to holistically assess thermal protection of firefighter hoods. 
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Figure 15: Schematic of the TPP Tester [81] 

High-temperature exposures can cause hoods to shrink in size and, in turn, negatively 

affect their insulating qualities. NFPA 1971 requires hoods to be exposed to 500°F in a test oven 

for five minutes. To increase realism, the heat-exposed hood is donned on a nonconductive 

headform to simulate being worn. After exposure, the hood is evaluated two ways. The first 

evaluation is for signs of melting, ignition, and separation. If there are significant signs of 

melting, ignition, and separation, the hood does not pass the test. The second evaluation, the 

Hood Opening Size Retention Test, is performed on a hood measuring device shown in Figure 

16. This test is done to assess a hood’s ability to retain its shape after being exposed to stressors 

like heat. The test begins by sliding a hood’s opening freely over the top half of the device in a 

relaxed state. While looking directly down at the device, the person performing the test inspects 

the hood for gaps between the hood’s opening and the lower half of the hood measuring device. 

If gaps are present, the hood fails the test. 



  44 

 

  

Figure 16: Hood measuring device (left) and nonconductive headform (right) [4] 

The Hood Opening Size Shape Retention test is also used to evaluate a hood’s ability to 

retain its shape after being pulled over the wearer’s head multiple times. To perform the test 

against simulated donning and doffing, the hood is placed on a tensile tester equipped with half 

drum fixtures shown in Figure 17. The hood is then mounted on the half drum fixtures with the 

face opening expanded around the upper and lower drums so that the hood drapes downward like 

in Figure 17. After mounting, the hood specimen is elongated and returned on the tensile tester 

for 50 cycles. The hood is then removed from the fixture and allowed to relax for 1 minute. Once 

that minute is up, the specimen is evaluated using the same method with the hood measuring 

device shown in Figure 16. While terrific for maintaining reproducibility, the simulation of 

donning and doffing using a tensile tester is not as realistic as donning a hood over a manikin or 

human that is wearing other turnout gear like the SCBA facepiece. If a hood is designed for a 

specific SCBA facepiece, it can be tested with that facepiece instead. This is done by donning the 

hood on the facepiece and ensuring that the hood overlaps the facepiece-to-face outer perimeter 

by at least 13 mm or ½ inch. The hood opening may be heavily influenced by the facepiece, 

wearer’s anatomy, and the way that end-user dons the hood. With these factors and the recent 



  45 

 

surge of new hoods styles in the PPE market, another probe into simulated wear and fit is 

justified. 

 
 

Figure 17: Drum mounting fixtures (left) on tensile tester (right) used in a Hood Opening Size Shape Retention test 

[4] 

In application, a firefighter dons the hood over his/her head by pulling the bib opening 

down with the head pressing against the top of the crown, putting strain on the fabric and seams 

in the hood. Other stressors such as stuffing the hood in a coat pocket, UV, and heat can 

influence PPE integrity over time [80]. The physical strength of a firefighter hood is key to its 

longevity and ability to protect. NFPA evaluates hoods for strength using the Burst Strength Test 

and Seam-Breaking Strength Test. The Burst Strength Test is conducted using the apparatus and 

procedures called for in ASTM D6797 Standard Test Method for Bursting Strength of Fabrics 

Constant-Rate-of-Extension (CRE) Ball Burst Test. During the test, a steel ball fixed on a tensile 

testing machine is pushed through clamped hood material, causing fabric burst or rupture. NFPA 

requires that the outermost hood material and any additional layers have a burst strength of no 

less than 225 Newtons or 51 pounds-force. The Seam-Breaking Strength Test uses the same 

apparatus and procedures called for in the Burst Test, the difference being the seam being fixed 
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directly underneath the steel ball on the tensile tester. Hood seams pass the test if their burst 

strength is at or higher than 181 Newtons or 41 pounds-force. 

Heeding the dangers of fireground smoke described earlier, the 2018 edition of NFPA 

1971 introduced the Particulate-blocking Test as an optional requirement for hoods with 

particulate-blocking materials. The test adopts the equipment and procedures used in ASTM 

F2299 / F2299M Standard Test Method for Determining the Initial Efficiency of Materials Used 

in Medical Face Masks to Penetration by Particulates Using Latex Spheres [82]. With 

modifications, this test replicates smoke exposure to firefighter hoods and evaluates particulate-

blocking materials for their ability to stop particulates from penetrating. The test takes place in a 

controlled airflow chamber where latex spheres attempt to make their way through the 

particulate-blocking material.  At the end of the exposure, efficiency is measured using the 

particle count between the outside of the material (upstream) and the particle count that 

successfully penetrated the material (downstream). Particulate filtration efficiency is calculated 

using the following formula: 

% 𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 =  η =  (1 –
downstream counts

upstream counts
) ×  100 Equation 1 

 

 A particulate filtration efficiency of at least 90 percent for particles sized between 0.1-1 

micron is required for particulate-blocking layers or composites comprising particulate-blocking 

layers that may be adhered to another fabric layer. This requirement provides hood 

manufacturers leeway to design hoods that provide ample protection against smoke while still 

meeting or exceeding the performance requirements called for in NFPA 1971. It should be noted, 

however, that testing the seam portions of hoods for their particulate-filtration efficiency is not 
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required. One of the more notable properties associated with the level of particulate filtration 

efficiency is thermal comfort properties like total heat loss. 

While ample protection from environmental hazards like heat and smoke remains of 

interest for firefighters, the PPE used for protection must retain enough comfort for the end-user 

to bear. Total heat loss (THL), measured in W/m2, is frequently used to predict hood comfort.  

Simply put, it measures the amount of heat transferred through the material via both sweat 

evaporation and conductive heat from the wearer’s skin. Sweat evaporation and heat from the 

human body is simulated using a sweating hot plate as defined in ASTM F1868, Standard Test 

Method for Thermal and Evaporative Resistance of Clothing Materials Using a Sweating Hot 

Plate [83]. Hood specimens are placed on this hotplate to be separately tested (1) for thermal 

resistance under dry conditions and (2) under wet conditions that mimic sweat evaporation. In 

general, a higher total heat loss indicates a better ability for a hood to retain comfort for the user. 

NFPA requires that hoods have a THL at or higher than 325 W/m2 which is substantially higher 

than the 205 W/m2 requirement for garment composites from the coat and pants. 

2.3.1.2 Care and maintenance requirements 

The methods used to care for, and clean firefighter PPE determines the extent of 

effectiveness and useful lifespan of turnout gear. The standard NFPA 1851 Standard on 

Selection, Care, and Maintenance of Protective Ensembles for Structural Fire Fighting and 

Proximity Fire Fighting outlines requirements related to the care and maintenance of all 

elements of the structural firefighting turnout ensemble [84]. For firefighter hoods, there are two 

main areas of consideration as they relate to the firefighter: laundering and drying. Given the 

high cost of firefighter PPE, laundering hoods requires sufficiently removing contaminants while 

minimizing damage of PPE’s performance and physical integrity. At the same time, laundering 
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instructions should be flexible enough so that fire departments and independent service providers 

(ISP’s) can care for hoods using methods that fit their situations and budgets. NFPA 1851 

recommends specific guidelines for washing and drying hoods as shown in Table 9. Washing of 

hoods can be done by hand or by machine. Either method prohibits the use of chlorine bleach, 

active-ingredient cleaning agents, and certain solvents. That said, fire departments and ISPs are 

encouraged to use laundry detergents that are specifically formulated for cleaning/rinsing turnout 

gear fabrics with proper pH and safe ingredients. Hand washing and machine washing both 

require gentle cleaning procedures to protect the hood; wringing hoods out, machine-washing 

with a G-force higher than 100 G, and the use of a top-loading washing machine is prohibited. 

Hoods can either be air dried or machine dried. Air drying requires good ventilation and a drying 

rack to efficiently dry hoods. It is also imperative that hoods are not air dried in the presence of 

sunlight to avoid photodegradation. Machine drying, though quicker, requires more attention as 

basket temperature of the dryer must be below 40°C. 

Table 9: NFPA 1851 Cleaning requirements for firefighter hoods [84] 

Washing Air Drying Machine Drying 

• No use of chlorine bleach, active-ingredient 

cleaning agents, or solvent 

• Water temperature below 40 °C 

• Detergent pH between 6-10.5 

• Hood shall be thoroughly rinsed 

 

• Place in area with 

good ventilation 

• Element shall not 

be dried in direct 

sunlight 

• If using a drying 

cabinet, good air 

circulation is 

required   

 

• Basket temperature shall not 

exceed 40 °C (105 °F) 

•  “No heat” option shall be used if 

available 

• Heat cycle shall be discontinued 

to prior to complete moisture 

removal, accompanied by “no 

heat” cycle 
By Hand By machine 

• Pre-soak for 10 

minutes 

• To remove excess 

water after rinsing, 

squeeze hood, do not 

wrung out 

• Wash in utility sink 

• May be washed with 

garment liners as 

allowed by hood 

manufacturer 

• No top-loading 

washing machines 

• G-force <100 G 
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Once the moisture in hoods is completely removed in the dryer, they must be 

immediately removed to avoid damage. While advanced cleaning of hoods remains a necessity, 

it also requires more scrutiny for its potential to damage hood performance. To better understand 

how hood performance is influenced, it’s important to recognize the materials, fabric 

construction, and garment styles that back that performance. 

2.3.3 Popular material choices for hoods 

Material choice for firefighter hoods is a critical component to firefighter safety. 

Whichever material is chosen by departments, they are recommended to be inherently flame-

retardant (FR) or permanently treated to be FR to help dampen the effects of thermal hazards. 

Each material or fiber has its own advantages and disadvantages that sets it apart from other 

options. If the hood made from certain FR materials passes the performance and design 

requirements highlighted in NFPA 1971, it would be up to the user or their department on what 

material fits his/her applications best while in the line of duty.  

Table 10 lists materials that are popular for firefighter PPE along with their fiber 

properties and are referenced in the subsections of this chapter. Fibers are typically measured 

using tenacity which is the breaking force of a fiber divided by its linear density. Hoods using 

high-tenacity fibers can expect to resist breakage from stretching. Elongation at break, measured 

in percent, is the ratio between the length at fiber breakage to its initial, relaxed length. Since knit 

hoods require routine stretching for proper wear, sufficient elongation is needed for proper fit. 

Moisture regain, also measured in percent, is the ratio of water weight to the weight of the fiber 

when it is oven dry. Moisture regain can be a key influence on thermal comfort as it relates to 

moisture management and thermoregulation in clothing [85]. Decomposition temperature 

represents the temperature at which the chemical bonds that make up a fiber break, causing the 
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material to decompose. Most fibers used for firefighter hoods share high decomposition 

temperatures to resist degradation at elevated temperatures in firefighting environments. Limited 

oxygen index, measured in volume percent, is a key property for fire retardant fibers as it 

represents the minimum concentration of oxygen that will support the flaming combustion of a 

material [86] 

Table 10: Properties for fibers incorporated in firefighter hoods and other firefighter PPE elements [87], [88] 

 m-aramid p-aramid FR Viscose OPAN PBI 

Tenacity (cN/tex) 40-50 190-240 15-24 18.5-23 240-270 

Elongation at 

Break (%) 
20 1-4 15-20 22-28 28-30 

Moisture Regain 

(%) 
5 1.2-7 13 9 15 

Decomposition 

Temperature (°C) 
~400 ~500 150-250 >450 >500 

Limiting Oxygen 

Index 
28-30 29 28 45-55 >41 

 

2.3.3.1 Aramids 

Aramids were commercialized in 1960s starting with DuPont's m-aramid Nomex® fiber 

which found use in filtration systems, insulation, and flame-resistant workwear [89]. Eleven 

years later, DuPont introduced the p-aramid fiber, Kevlar®, which had much higher tenacity, 

modulus, and thermal properties. In generic terms, aramid stands for aromatic polyamide and can 

be produced into filament, staple fiber, and pulp form [90]. Aramids have highly oriented 

aromatic groups linked together. These linkages, coupled with high dissociation energies of the 

C-N and C-C bonds, are what give aramid fibers resistance in breaking down into ignitable 

molecular fragments [91]. This resistance gives aramids their ample thermal protection. 
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The m-aramids like Nomex® contain meta-disubstituted benzene rings while p-aramids 

like Kevlar® have para-substituted benzene rings. While these two aramids share similar 

structures and applications, they fulfill different niches in applications like firefighting. Para-

aramid fibers like poly(p-phenylene terephthalamide) (PPTA) have highly oriented polymer 

chains with a very crystalline structure while m-aramid fibers like poly(meta-

phenyleneisophthalamide) have more flexible polymer chains due to their different amide 

linkages [92].  

 

 

Figure 18: Monomer structures of Kevlar® and Nomex® [93] 

 Figure 18 shows monomer structures for Kevlar® and Nomex®. While both m-aramids 

and p-aramids share their similarities, m-aramids are favored for both the fabrics and stitching 

thread for hoods. These fibers have great thermal resistance for firefighting applications while 

exhibiting mechanical properties like that of polyester fibers. For example, m-aramid fibers can 

elongate 20% before breakage compared to 1-4% for p-aramid, making the former a favorable 

material for hoods that are constantly stretched during donning/doffing. However, p-aramids are 
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still found in hoods when blended with FR rayon while finding plentiful use in other ensemble 

elements like outer shell fabrics.  

2.3.3.2 Oxidized polyacrylonitrile 

With excellent thermal properties, oxidized polyacrylonitrile (OPAN) blends have grown 

popular among firefighters. OPAN is manufactured by solution-spinning a form of acrylic fiber 

called polyacrylonitrile (PAN). To make the conversion from the precursor to the fiber, PAN is 

processed through a hot air oven, then surface-finished and crimped and cut into staple fibers for 

further processing into fibrous assemblies [88]. Commercial hoods in the United States with 

OPAN are often blended with an artificial tri-blend containing other fibers although it is unclear 

what these fibers are based on product specification literature. Even though its tenacity in fiber 

form is comparatively low, its thermal protection properties separate it from other fibers used to 

manufacture hood fabrics with its heat dimensional stability, general flame protection and high 

limited oxygen index (LOI). Figure 19 provides a representation of the stabilization process [88]. 

 

 

Figure 19: Stabilization of Zoltek OPAN fiber during manufacturing stages [88] 
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2.3.3.3 FR Viscose 

Viscose is a man-made fiber that is derived from cellulose found in wood pulp. It comes 

from materials like beech wood by isolating cellulose from the wood, dissolving the cellulosic 

material in a chemical solution, and then wet spinning the cellulose into fibers [87].  Regular 

viscous fibers are more absorbent than cotton and are regularly used in apparel and home goods 

for its soft hand. Standard viscose fiber burns readily, making it unsuitable for firefighting 

applications. However, producers like Lenzing AG incorporate a phosphorous-based flame 

retardant called Clariant 5060 in the skinning dope before extruding the viscose fibers [94]. With 

the additive entrapped inside of the cellulose fibers, the additive can only then be removed by 

destroying the fiber that houses it [95]. This way, the resulting fiber has durable flame-retardant 

properties that are more suitable for firefighter hoods. On top of this, moisture management 

properties like high moisture regain, as shown in Table 10, are retained after adding the FR 

additive, providing much needed comfort to the wearer. The means at which the flame retardant 

operates is shown in Figure 20. The crossed-off cells in Figure 20 show the steps in the burning 

reaction were the organophosphate flame retardant not added during the viscose manufacturing 

process. 
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Figure 20: Flame retardancy mechanisms for FR viscose fibers [81] 

On its own, FR viscose lacks elastic recovery and strength compared to other fibers used 

in firefighter hoods [87]. When blended with materials like PBI and m-aramids, FR viscose 

provides properties that PBI and aramid-based fabrics would lack in terms of comfort and 

thermal protection. Gu experimented with the ratio of Nomex®/Viscose FR blends in yarns and 

fabrics [96]. As the ratio of Nomex® increased, tensile strength increased. Some 

Nomex®/Viscose FR blends were even found to exhibit higher fabric LOI values than 100% 

Nomex® fabrics. On top of the comfort property that Viscose FR possesses, it continues to be an 

economical material that can be implemented in the blends of firefighter hood materials among 

other PPE. That said, moisture management and skin-friendly properties of FR viscose make it a 

favorable material without severely compromising thermal protection. 
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2.3.3.4 Polybenzimidazole 

Polybenzimidazole (PBI) is a man-made fiber that was developed by Celanese Americas 

with the U.S. Air Force Materials Laboratory in the 1960s. The United States Federal Trade 

Commission defines PBI as “a manufactured fiber in which the fiber-forming substance is a long 

chain aromatic polymer having recurrent imidazole groups as an integral part of the polymer 

chain” [97]. It is polymerized using tetra-aminobiphenyl and diphenyl isophthalate which are dry 

spun while using dimethylacetamide as a solvent [97].  

Once in the fiber form, it can be processed easily into conventional textile processes by 

itself or when blended with other fibers [91]. At a hefty price, polybenzimidazole provides 

wearer’s impressive thermal resistance, cotton-like comfort [98], chemical resistance, and tensile 

toughness. Its structure consists of nitrogen and aromatic groups organized in a ladder-like 

pattern which help increase the polymer’s thermal stability, as its limiting oxygen index and 

degradation temperature are higher than most fibers used in hoods. To reduce overall cost, PBI is 

often blended with aramid and FR viscose fibers for thermal protective garments like firefighter 

hoods. PBI and FR Lenzing, as shown in Table 10, have high moisture regain along and are 

ordinarily blended during the production of both traditional and particulate-blocking hoods. 
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Figure 21: Molecular structure of polybenzimidazole [24] 

2.3.4 Popular fabric constructions  

The three main types of fabrics are knit, woven, and nonwoven fabrics. Woven fabrics 

are made by sets of yarns interlaced with each other at perpendicular angles. Nonwoven fabrics 

are produced by entangling fibers or filaments into web structures via mechanical, thermal, or 

chemical methods. Knitting, which is what most firefighter hoods are made from, is “the method 

of developing textile structures by forming a continuous length of yarn into vertically 

intermeshed loop” [99]. Knitting involves transforming yarn into loops that are intermeshed with 

other loops to create a fabric. Comfort-wise, knit fabrics can also benefit the wearer in several 

ways. High extensibility allows better conformability to the wearer. In contrast to woven fabrics 

that are found in products like jeans and umbrellas, knitted fabrics like weft knits have higher 

extensibility because of their loop structures, making them useful in a protective hood when a 

firefighter must stretch a hood to don it over his/her head. Knitted construction helps transport 

sweat away from the wearer's skin. The tightness factor and porosity of knitted fabrics boosts air 

permeability which can potentially create a cooler feeling to the user. Most conventional 

firefighter hoods are made from weft-knitted fabrics that take advantage of these benefits. 
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Along with porosity and tightness factor, fabric thickness plays an essential role in the 

selection of knit fabrics for firefighter hoods, especially with air permeability [100]. In general, 

thickness can directly affect moisture properties and open-ness of the fabric, both of which can 

also attribute to fabric's thermal protection. In the case of weft-knitted fabrics like rib knits, 

thickness can be around four times the diameter of its yarns. In weft knitting, the yarns in the 

fabric run in the widthwise direction that is perpendicular to the direction at which the fabric is 

being formed from the knitting machine. During this process, knitting yarns usually have less 

twist and higher diameter than weaving yarns, making weft knit fabrics thicker and more 

compressible in most cases. With low-twist yarns, the loops of weft knits have more loft and are 

springier, making them thicker than woven fabrics of the same material with a few exceptions 

[101]. This, however, comes at the cost of fabric strength. As for thermal protection, the network 

of loops traps dead air within their structures. Since air is an excellent insulator of heat, it can 

increase thermal protection for thermal protective clothing while still offering high air 

permeability [99].  

Three popular weft-knit structures for firefighter hoods are rib, jersey, and interlock. 

Fabrics made from jersey knits are also called plain fabrics, as all the knitted loops interloop in 

the same direction. Jersey knits are popular in the consumer apparel market as they are a 

common fabric choice for clothing like t-shirts. While prevalent in clothing stores, jersey knits 

are not as popular for use in structural turnout gear unless it is quilted into a composite [102]. 

Rib knits, namely 1 × 1 rib knits, are much more popular for firefighter hoods. In contrast to 

plain jersey, rib knits have loops in opposite directions where the wales of the face and back 

loops alternate. With this configuration, the loops of rib knits are in two separate plans. The 

resulting structure gives rib knits more elasticity, especially in the width direction. With the  
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Table 11: Three fabric structures found in firefighter hoods [99] [103] [104] [105] 

PROPERTY PLAIN JERSEY 1 × 1 RIB INTERLOCK KNIT 

APPEARANCE 

Different on face and back; 

V-shapes on face, arcs, on 

back 

Same on both sides, 

like face of plan 
Plain jersey on both sides 

EXTENSIBILITY 

Lengthwise: 10-20% 

Widthwise: 30-50% 

Area: Moderate-high 

Lengthwise: 10-20% 

Widthwise: 50-100% 

Area: High 

Moderate lengthwise and 

widthwise extensibility 

Area: Moderate 

THICKNESS 
Thicker and warmer than plain 

woven made from same yarn 

Much thicker and 

warmer than plain 

woven 

Thicker than rib knit 

CURLING Tendency to curl No tendency to curl No tendency lying flat 

END-USES 

Ladies’ stocking 

Fine cardigans 

Men’s and ladies’ shirts 

Dresses 

Base fabric for coating 

T-shirts 

Socks 

Cuffs 

Waist bands 

Collars 

Men’s outerwear 

Knitwear 

Underwear 

 

T-shirts 

Polo Shirts 

Dresses 

Underwear 

 

 

 

 

 

 

 

 

 

APPEARANCE 

 

  

 

loops in two separate plains, it also makes rib knits almost twice as thick as single-jersey 

counterparts [99]. The extra thickness and elasticity make rib knits a prime candidate for 

firefighter hoods in the U.S. market. Interlock structures, though not as mainstream as rib knits, 
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do exist in the firefighter hood market. They are manufactured by “interlocking two 1 × 1 rib 

structures in such a way that the face loops of one fabric are directly in front of the back loops of 

the other fabric in one wale line and in the next wale line the order is reversed, which produces 

two layers in the fabric, face, and back” [99]. This makes the resulting structure reversible, 

balanced, and more stable than jersey knits. At a generally higher cost and some extensibility, 

interlock knits exhibit a soft and thick fabric. Table 11provides a brief description of several 

properties for jersey, 1 × 1 rib, and interlock structures. 

2.3.5 Popular seam and stitch types 

Traditional hoods for firefighters are often double plied and connected by seams. Figure 

22 shows two common styles of hoods based on seam location. The seam locations and stitch 

types can vary by the hood model and manufacturer. In general, traditional hoods have a circular 

seam that connects the hood’s crown to the bib below it. Seams also enclose the bib along its 

edges, typically with double seam construction. Another popular design choice is connecting one 

or more seams from the edge of the hood face opening to the circular seam near the center of the 

hood. Most perceivably, seams enclose the face opening of the firefighter hood with enough 

elasticity to stretch the opening over the frame of the SCBA facepiece. This way, the face 

opening won’t readily ride off the facepiece to expose skin. Most stitching thread for firefighter 

hood seams is made from m-aramid fibers, likely due to their fire-resistant properties, tensile 

characteristics, and general ability to remain intact in the firefighting environment. The stitches 

that the thread is used for play a make-or-break role for knitted garments like hoods. The 

parameters of sewing include the method of sewing, seams, and stitches. Stitches are loops of 

thread that are pulled through the fabric while seams are a result of the stitches joining two or 

more plies of material (e.g., fabrics). 
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Figure 22: Seam locations on typical firefighter hoods 

The type of seam and stitch used in garments like hoods will ultimately affect their 

tensile characteristics, durability, appearance, and comfort [106]. Stitches are organized in 

classes that differ by the loops that are formed by the sewing machine. Stitches are classified by 

a three-digit system that’s standardized by ISO 4915 [107]. Stitches that are commonly used in 

firefighters are shown in Table 12. 

Seams are divided into six classes. Each of those classes is divided again into types that 

are designate based on the following system. 

• Seam Class: 2(+) upper-case letters 

• Types of class: 1(+) lower-case letter 

• Number of rows of stitches: 1(+) Arabic numerals 

Two seam classes found in hoods include flat seams and superimposed seams. 

Superimposed seams (SS) are created by connected two separate fabrics together via lockstitch, 

over-edge stich, safety stitch, or chain stitch. Flat seams are made by joining touching edges of 
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fabric so that the stitches extend across and cover the edges of both fabrics. Flat seams are 

popular due to their durability and tendency to be flat, making them favorable for sports shirts, 

sweatshirts, and hoods [106]. Table 13 shows two common seams in firefighter hoods.  

Table 12: Three popular stitch types in firefighter hoods [106], [107], [108] 

Stitch Type 406 504 607 

Appearance 

   
Stitch Class Multi-thread chain 

stitch 

Over-edge chain 
stitch 

Cover-seam chain 
stitch 

General use Covers seams or 
unfinished edges 

(e.g. attach elastic 
edging to briefs) 

Extensible, secure 
seam for knit 

garments (e.g. 
sweater seams) 

Simultaneous trim 
and seams (e.g. 

butted seams on 
men’s briefs, infant 

panties) 

Use in Hoods Reinforcement for 
face opening, binding 

Elastic in face 
opening, bib 

Major Seams, Crown 

 

Table 13: Common seams in firefighter hoods [106], [109] 

 FSa-1 SSa-1 

Appearance 

  

Description Flat Seam, joins edges of fabric 
General Seam, Superimposed 

seam 

General Use 
Raglan seams of sweatshirts, side 

seams, in-seam of garments 

Side seam and in-seam in 
garments 

Use in hoods Crown of hood Bib attachment of hood 
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2.3.6 Emergence of particulate-blocking hoods 

In January 2015, the International Association of Firefighters (IAFF) and International 

Personnel Protection, Inc. conducted a study to observe how particulates in a closed environment 

could readily penetrate through gaps in structural firefighting ensembles [3]. The study involved 

performing the Fluorescent Aerosol Screening Test (FAST) at Research Triangle Institute (RTP, 

NC). During the test, human subjects wearing turnout gear entered a chamber where they were 

exposed to high concentrations of silica particulates with fluorescent tracers that ranged between 

0.1 to 10 microns in diameter, particulate sizes like those found in structure fires. After 

performing a variety of exercises in the chamber, black light photography revealed that the body 

areas covered by the hood were readily covered with the fluorescent aerosol tracers as shown in 

Figure 23.  

 

Figure 23: Fluorescent aerosol deposition after FAST test at RTI [3] 

This study, along with other studies performed by research institutions like Illinois Fire 

Service Institute, International Personnel Protection Inc, and NIOSH, had compelled PPE 

manufacturers, standards committees of the NFPA, and other members of the fire service to 
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standardize, research, and increase the development of hoods with particulate-blocking 

protection. In recent times, the purchases of department-bought particulate-blocking hoods have 

gained momentum across the United States [110], [111], [112]. Now, as more firefighters 

implement particulate-blocking hoods in their turnout gear ensembles, questions pertaining to 

their efficacy and safety remain due to their novelty in the fire service. The incorporation of 

particulate-blocking technologies has brought new seam configurations, composites, and 

materials into the hood market. With the recent acceleration of updated hoods, many questions 

remain regarding how firefighter hoods will hold up during their service lives.  

 Soon after RTI’s aerosol tests on firefighter clothing in 2015, PPE manufacturers began 

exploring ways to incorporate particulate-blocking technology into firefighter hoods [113]. 

Majestic Fire Apparel, Fire-Dex, PGI, and Honeywell were four of the first manufacturers to 

release firefighter hoods with particulate-blocking technology in 2016 [114]. Since performance 

requirements for particulate-blocking hoods in NFPA 1971 didn’t emerge until 2018 [4], these 

manufacturers were briefly on their own to design a hood that offered particulate protection 

while retaining performance requirements required for traditional hoods. As hood manufacturers 

introduced new particulate hoods to the U.S. Fire Service, public concern regarding their 

performance and durability shortly followed.  

Fire-Dex, a major manufacturer of turnout gear in the United States, provides an example 

of how particulate hoods have quickly evolved. Fire-Dex’s first particulate hood, the H41 

Interceptor™ was debuted in 2016 with Dupont’s nonwoven particulate barrier, Nomex® Nano 

Flex [115]. This stretchy, nonwoven barrier is thinner and lighter than traditional hood fabrics, 

providing the user particulate protection with little compromise to breathability. The first 

generation of the H41 Interceptor™ consisted of the Nomex® Nano Flex barrier sandwiched 
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between two knit fabrics containing a blend of PBI and Lenzing™ FR fibers. Due to the low 

basis weight and paper-thin structure of the particulate barrier, the first generation of the H41 

Interceptor™ experienced durability issues from regular use [114]. One major complaint made 

about Fire-Dex’s first barrier hood was the particulate barrier’s high tendency to break open 

when the hood was donned and doffed, leaving holes that lowered particulate protection for the 

end-user. Around a year later, Fire-Dex released a second generation of the Interceptor™. To 

sustain the particulate-blocking efficiency through prolonged use, the second generation of the 

H41 Interceptor™ quilted the Nomex® Nano Flex barrier to its neighboring fabrics. Figure 24 

shows the quilted version of Fire-Dex’s H41 Interceptor™.  

 

 
Figure 24: Fire-Dex's H41 Interceptor hood with a quilting composite [116] 

 

Hood manufacturers such as Globe and PGI took a similar approach with their own line 

of particulate hoods. By quilting the nonwoven material in place, displacement from laundering 

and general wear is kept to a minimum while slightly decreasing drape characteristics like 

flexibility. To retain both durability and flexibility of the same hood, a third revision of the H41 

Interceptor was introduced in early 2021. This version used lamination to join the barrier 

material and knit fabrics together, a method synonymous with other particulate hood 
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manufacturers. Fire-Dex’s H41 Interceptor™ with Nano Flex is one example of how the PPE 

manufacturers are racing to continually improve the durability of particulate-blocking hoods. 

Hood manufacturers like Viking, PGI, and Veridian have adopted similar manufacturing 

methods when utilizing Nomex® Nano Flex. To provide more options to the customer, each of 

these companies have offered different materials and design choices (e.g. placement of seams). 

To increase variety in the particulate hood market, other particulate-blocking technologies, such 

as Stedfast’s STEDAIR PREVENT® or W.L. Gore’s GORE® Particulate Blocking Layer, were 

introduced. 

While nonwoven-based hoods using Nomex® Nano Flex provide users increased 

particulate protection, they are not the only option in the U.S. market. Stedfast, known for 

producing laminated protective barriers, manufactured a composite barrier called STEDAIR® 

PREVENT. The composite of STEDAIR ® PREVENT stems from the proprietary technology 

used to produce the same company’s moisture barriers. Like its nonwoven counterparts in the 

hood market, this membrane-based composite is moderately breathable, flame resistant, and 

flexible. When compared to hoods with Nomex® Nano Flex, hoods containing STEDAIR® 

PREVENT are advertised having higher particulate-blocking efficiency and higher burst 

strength. Hoods that utilize the particulate-blocking technology include the GRAY™ Hood 25 by 

Innotex, the RedZone Particulate-Blocking Hood by LION, Fire-Dex’s H41 Interceptor line, and 

PGI’s Barriaire™ Silver Particulate-blocking Hood. These hoods share the trait of having a 2-

layer configuration, typically by laminating the particulate-barrier to one of its neighboring 

fabric layers. This is done to reduce bulk and promote comfort for the wearer.  
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Figure 25: Innotex Gray 25 Particulate-Blocking Hood [117] 

 

W.L. Gore, a major manufacturer of moisture barriers, began manufacturing particulate-

blocking barriers for hoods in 2017. Majestic Fire Apparel, in partnership with W.L. Gore 

introduced the GORE® Particulate Hood which became the first particulate hood to be certified 

to the 2018 Edition of NFPA 1971. The hood was made up of two knit layers and an interstitial, 

non-bonded particulate barrier. It differed from particulate hoods with the inclusion of GORE’s 

new membrane and an inspection opening that allowed users to turn the hood inside out to reveal 

the particulate-blocking material. Some end-users complained that the inclusion of the particulate 

barrier increased bulkiness, reducing comfort while wearing the hood. Additionally, the 

particulate hood reportedly dampened noise which interfered with situational awareness on the 

fireground. Around two years later, W.L. Gore released the Particulate Hood GEN2 version with 

a quieter 2-layer composite. The GEN2 hood, like other barrier hoods in the current market, has 

the particulate barrier adhered to one of the knit layers, increasing comfort, breathability, and 

situational awareness. W.L Gore and Majestic Fire Apparel, alongside other PPE manufacturers, 
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follow the trend of maximizing particulate protection without drastically compromising comfort 

and protection. As each hood manufacturer races to optimize particulate-blocking hoods for field 

use, the continuing performance after extended use remains largely unanswered. To ensure their 

commercial success and safety on the fireground, particulate hoods deserve scrutiny for their 

prolonged use against on-the-job stressors. 

 

 
  

Figure 26: Gore and Majestic Fire Apparel's first (left) and second (right) generation of particulate-blocking hoods 

[118] [119] 

In recent times, most durability evaluations have been done by hood manufacturers 

themselves. From their evaluations, manufacturers have shown that particulate-blocking 

efficiency of the materials/composites is largely unaffected after laundering cycles and 

donning/doffings [114]. These evaluations, however, can sometimes lack details in sample 

treatment and testing conditions. On top of the vagueness of these evaluations, no major research 

entity or manufacturer has published a comprehensive evaluation of hoods after exposure to 

stressors from duty use. For example, some manufacturers may look at how laundering cycles 

may affect TPP and particulate protection of hoods without looking at changes in seam integrity 
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and breathability. That said, a holistic assessment of hood durability is warranted to ensure the 

efficacy and safety of particulate-blocking hoods. 

2.4 Stressors endured by firefighter hoods 

Structural firefighters perform their jobs in thermal environments that are immediately 

dangerous to life or health. The PPE that structural firefighters wear in these environments must 

offer protection that decreases the firefighter’s likelihood of getting injured via thermal 

exposures. The gear itself must also maintain its physical integrity so that it can continue to 

cover specific parts of the body. Like other types of garments, PPE must provide an adequate 

level of physiological comfort so that the firefighter does not succumb to heat-related illnesses 

like heat stress. While the vast majority of firefighter PPE meets or exceeds these standards laid 

out in NFPA 1971, it is not very clear how ensemble elements like protective hoods maintain 

these requirements once in the field. That said, studying the durability of firefighter gear may 

help researchers, manufacturers, and users understand to what extent that environmental factors, 

both on and off the fireground, influence the durability of the essential properties of firefighter 

PPE. 

Durability, in the case of textiles, is “the measure of a textile to endure and to maintain its 

essential and distinctive characteristics of strength, dimension, and appearance” [120]. The 

performance levels and properties of textile products are determined by the type of fiber, yarn, 

fabric, additives and/or treatments, and how these components interact with each other at the 

product level. Adverse effects on any one of these components can ultimately affect the 

durability of the product. Furthermore, environmental stimuli influence durability of textile 

products in unique ways. Hence, the study of textile durability is often complex. For protective 
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hoods and other firefighter PPE, the main stressors encountered include ultraviolet radiation, 

wear from washing and handling/use, and thermal exposures. 

2.4.1 Ultraviolet radiation 

Light takes the form of energy as electromagnetic radiation. This radiation can cause 

devastating effects to the fibers of polymers that are used in protective clothing. The sun is a 

major source of radiation that is responsible for exposing ultraviolet (UV) rays to turnout gear. 

UV light exists from between 10 nm to 400 nm on the electromagnetic spectrum as shown in 

Figure 27. At the molecular level, exposure to light at these wavelengths causes bonds in 

polymer molecules to get excited and broken. Arrieta et al. performed ATR-FTIR analysis on 

photo-chemically aged Kevlar® to find evidence of cleavage occurring in the molecule’s amide 

bond [99]. Photo-induced scission of the amide bonds ultimately leads to lower tenacity at the 

fiber level. However, some fibers, like aramids, can be self-screening, where only the surface of 

a textile structure containing aramids is damaged while the material beneath the surface remains 

undegraded [99]. Ultimately, the resistance to UV depends on the material and fiber assemblies 

they are fabricated into. 

 

Figure 27: Electromagnetic Spectrum [121] 

Constant exposure to UV light can continuously lower yarn breaking force in aramid 

yarns, especially at higher temperatures [122]. After 40 hours of exposure to simulated sunlight, 
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Day, Cooney, and Suprunchuck observed considerable losses in tearing strength in woven fabrics 

containing 100% aramids, PBI/p-aramid blends, and, to a lesser extent, aramid viscose blends 

[123]. However, thermal protection was, for the most part, retained after the UV exposures. This 

is likely attributable to the self-screening effects of aramid and PBI-based fabrics. However, the 

thermal protection offered by these appeared intact as their TPP levels saw no significant 

changes. Given this evidence, it is unclear how the results would compare to knitted equivalents 

of the tested materials. Performing similar tests for hood fabrics will fill this gap. 

Aidani investigated how moisture barrier membranes typically used in firefighter 

protective clothing are vulnerable to changes in morphological properties, mechanical properties, 

and vapor permeability [124]. After various exposures to accelerated photochemical aging, 

moisture barriers made from e-PTFE membranes laminated to flame-resistant meta-aramid 

fabrics experienced significant reductions in tear strength within the first 200 hours of exposure. 

In an environment with an air temperature of 70°C, light wavelength of 350 nm, and light 

intensities between 0.35 W/m2  and 1.35 W/m2, tear strength of moisture barrier membrane 

decreased between 58% to around 65% just after 200 hours of UV exposure. After this duration, 

however, tear strength results begin to plateau and stabilize regardless of light intensity after 200 

hours. When looking at how temperatures between 50°C and 70°C influence the tensile strength 

of the e-PTFE/meta-aramid membrane, it was found that samples exposed to UV at higher 

temperatures degraded slightly faster than samples exposed to UV at lower temperatures up until 

around 300 hours of aging time where samples, regardless of temperature exposure, began to 

level out. 

Over the course of 300 hours of exposure, water vapor permeability of ePTFE/meta-

aramid membrane differed based on light intensity. As light intensity increased, water vapor 
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permeability decreased, especially when light intensity was at least 1 W/m2 at room temperature. 

At 0.35 W/m2, however, the e-PTFE membrane saw no significant decrease in air permeability 

after 300 hours of UV exposure. At light intensity of 1.35 W/m2 and temperature of 70°C, 

average pore size on the e-PTFE membrane lowered drastically as seen in Figure 28, even with 

the meta-aramid side was facing the light source. Particulate-blocking hoods share similar 

composites as the one probed in this study. For that reason, they too should be investigated for 

their comfort characteristics, filtration efficiency, and strength. 

  

Figure 28: SEM images showing unaged e-PTFE (left) and e-PTFE damaged after 96 h of UV exposure [124] 

2.4.2 Wash and Wear 

Turnout gear can become heavily soiled with contaminants through frequent use which 

calls for the need to wash turnout gear on a regular basis. Careful consideration of wash-and-dry 

procedures remain critical for effectively decontaminating turnout gear without excessively 

damaging the garment’s ability to protect the wearer. This includes the type of laundry detergent 

used, laundry machine load capacity, wash water temperature, and cycle types used when 

laundering turnout gear. Ingredients such as bleach, fabric softeners, and other laundry aids that 

may deposit on a flame-resistant fabrics’ surface can potentially decrease its flame protection 

and desired physical properties [125]. 

Many commercially-available detergents have pH values between 9 to 13. Alkaline 

detergents in conjunction with higher wash temperatures and longer wash cycles improve the 
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cleaning efficiency of harmful contaminants. While higher alkalinity and higher temperature 

during wash cycles helps remove aggressive soils from turnout gear, it also increases the 

likelihood of garment damage. Therefore, parameters like detergent type, water temperature, 

cycle types, and even load sizes must be carefully chosen when laundering turnout gear 

ensembles. The same amount of caution applies to drying as well. 

Today’s fireground consists of a myriad of contaminants that can impact a first 

responder’s health while also damaging the integrity of their turnout gear. Hydrocarbons, when 

saturated on turnout gear, will cause the gear to absorb radiant heat more readily from fires 

close-by. When combined with the smoke and soot from house fires, hydrocarbon saturation on 

gear makes it more likely for the wearer to experience burn injuries from the gear igniting in the 

presence of high heat. In some cases, gear with hydrocarbon buildup can even conduct electricity 

better than unsoiled gear, making the risks of shock from charged wiring in households even 

greater. The fireground is not the only location where contaminants can degrade and render 

turnout gear dangerous to wear. Substances made from oils, gasoline, and various lubricants in 

the fire stations themselves can damage firefighter protective clothing by weakening the fabrics, 

garment threads coming loose, and removing the repellent finishes. 

Firefighter turnout gear is recommended to be washed regularly, especially right after 

fireground exposures [76]. Hoods are no exceptions to this recommendation. Mayer et al. 

observed how effective repeated laundering was in reducing contamination of PAHs and flame 

retardants from firefighter hoods that were exposed to simulated structure fires [126]. Post-

laundering evaluations found that repeated laundering drastically reduced fireground 

contamination when compared to hoods that were not washed regularly during the study. For fire 

departments with high call volumes, this may be an issue if hoods are damaged from regular 
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washes. The method in which firefighter hoods are washed should be chosen carefully by 

departments.  

It is common practice for firefighters to air dry their gear in a well-ventilated area that is 

away from sunlight [76]. There are cases where turnout gear may also be tumble dried. Like 

washing, conditions for tumble drying turnout gear must be chosen carefully. Overdying can 

cause fabric shrinkage or garment distortion [76]. Overloading the dryer may also cause 

inefficient drying issues with equal drying of garments inside. It is recommended to remove the 

gear from the dryer while they it’s slightly damp, followed by hang-drying it. 

Nayak et al. observed how Nomex® woven fabrics were influenced by repeated 

laundering [125].  Fibrillation in the washed fabrics were observed after laundering. This 

increase in fibrillation was coupled with higher thickness, thermal resistance, areal density, and 

water vapor resistance as wash cycles progressed on. Meanwhile, air permeability was reduced 

after several washes due to fabric swelling and shrinkage. It’s not exactly clear, however, how 

these results translate to Nomex® fabrics in the knit form. 

The firefighter hood needs to be donned in a particular way so that it adequately covers 

the firefighter’s skin. Firefighters will typically don the hood with the face opening halfway 

through the wearer’s face. This way, the firefighter can keep the crown of the hood above the 

jacket’s collar. By keeping the hood’s crown above the jacket collar, the firefighter will not have 

to reach inside of their jacket to pull the hood onto the lens frame of the SCBA facepiece. While 

the face and neck are covered, the bib of the hood is tucked below the jacket collar so that the 

hood’s edge cannot be seen from outside of the jacket. This overlap ensures that the hood stays 

in place while wearing the entire firefighter ensemble. 
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Literature pertaining directly to firefighter hoods and durability after wash and wear 

remains minimal compared to its ensemble counterparts. However, House and Squire assessed 

the thermal protection of PBI/Viscose FR fabrics after being used in a fire fighting school for 15-

20 days [127]. Hoods were washed up to 20 times total and were donned, doffed, and used in 

firefighting training exercises. When evaluating the physical integrity of the hoods at the garment 

level, it was observed that the hoods had “lost some of their elasticity and shape” as well as some 

staining. After performing manikin flame tests, it was concluded that the heavily used hoods had 

the same level of thermal protection as newly bought hoods as both new and old hoods exhibited 

nearly identical burn percentage results after 2,4,6,8, and 10s flame durations. Figure 29 shows 

the percentage of head surface area with a predicted second or third-degree burn when a hood 

was placed on a manikin with a SCBA mask and helmet. This study, however, only touches the 

surface of how wash and wear affect hoods because of introduction of new fibers, fabric types, 

and seam configurations in the realm of firefighter hoods in recent years. 

 

Figure 29: Percent burn for head surface while wearing used and new hoods [127] 

Kesler et al. provided one of the first publicly available studies showing how hood 

design, doffing method, and laundering affect the heat stress, wearability, and contamination 
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levels of firefighters after live fire training scenarios [128]. During the study, firefighters were 

exposed to smoke and soot produced from a fireground exposure simulator (FES). Firefighters 

were split into different groups based on hood design, whether or not hoods were laundered 40 

times, and hood removal method. Across these three treatment types, differences in soot 

contamination, heat stress, and wearability were assessed. Doffing method was performed (1) 

using the traditional method where firefighters pull the hood down on their necks before 

removing it or (2) using the overhead method where firefighters removed the hood by pulling the 

it over their heads while the hood is attached to the SCBA facepiece. Firefighters were also 

either wearing (1) a traditional knit hood or (2) a particulate-blocking hood. Particulate hoods 

given to firefighters were either (1) new or (2) laundered 40 times. Figure 30 illustrates how total 

PAH levels collected from the firefighters’ neck skin was influenced by doffing method, hood 

design, and laundering treatments.  

 

Figure 30: Boxplots showing PAH contamination on neck skin based on doffing method, hood design, and 

laundering treatments [128] 

When adjusted for ambient air concentrations and while using the traditional doffing 

method, wearing the laundered particulate-blocking hood significantly lowered total PAHs on 
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neck skin more than the new particulate hood and traditional hood. It was speculated that the 

repeated laundering may have increased the surface area of the particulate hoods fibers or 

affected the surface coatings, potentially allowing PAHs to become more embedded within the 

hood composite. When considering the neck skin temperature, core body temperature, and heart 

rate, no significant differences or interactions were observed after the live fire exercises. 

Wearability perception surveys from the firefighters slightly ranked new particulate hoods more 

positively than laundered particulate hoods which were rated as being heavy and thick. Handling 

of the hood had the most significant impact on preventing PAH contamination on the skin 

regardless of hood design. This finding, along with the other treatments, warrants additional 

scrutiny and publicity to assure that firefighters in the field are utilizing better practices in 

preventing dermal exposure to fireground smoke. Conclusively, particulate-blocking hoods, 

regardless of laundering regimen, showed a reduction in PAH contamination with minimal 

difference in comfort and heat stress when compared to traditional hoods. 

PPE manufacturers have grown cognizant of the fire service's hesitancy to adopt 

firefighter particulate hoods due to their short track record. To show the sustained performance 

of filtration efficiency of newer particulate hoods, Roche, Leys, and Xiang [114] show in Figure 

31 how design choices like quilted fabric construction can sustain a particulate hood's ability to 

block particulates after field use. Particulate-blocking hoods incorporating Nomex® Nano Flex 

material were found to maintain their particulate-blocking efficiency above 90% after nine 

months of firefighting activities and 50 laundry cycles. In addition to field use, accelerated stress 

exposures were performed by combining wear from don/doffing with wash/dry cycles to assess a 

hood's ability to retain filtration blocking efficiency. Volunteer firefighters donned and doffed 

three different particulate hoods 250 times and washed them after every 25 don/doff cycles. At 
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the end of the exposure regimen, the hoods were found to retain filtration efficiency above 90% 

with particle sizes ranging from 0.1-0.8 microns. While these tests provide evidence of long-term 

durability for particulate-blocking hoods, they lack examination from holistic standpoint as they 

do not discuss other crucial performance values like thermal protection, flame resistance, and 

physical strength. For instance, while a hood may provide excellent particulate-blocking 

efficiency after wash and wear, its physical integrity may potentially be compromised by 

overstretching of the hood face opening or fiber breakage in the fabric or stitches. 

 

Figure 31: Particulate-blocking efficiency of a traditional hood and hood containing quilted Nomex® Nano Flex 

after 9 months of firefighting activities [114] 

2.4.3 Thermal Exposures  

In the firefighting environments, heat can be imposed on the firefighter protective 

clothing through three modes of heat transfer: convection, conduction, and radiation. Several 

ways that a firefighter can get burned from conductive heat include touching embers and 

crawling on the floor of a room where a fire is present. Radiation from a flame surface to the 

firefighter is another way that thermal energy can be transferred to a firefighter’s protective 

clothing ensemble. Carbon particles from a flame surface can produce the equivalent of about 
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5% black body radiation at certain temperatures [91]. Above all, the primary mode of thermal 

heat transfer comes in the form of convective energy from superheated, gaseous molecules in the 

firefighting environment. Figure 32 shows how convective heat is transferred to the thermal 

boundary layer of firefighters’ protective clothing. 

 

 

Figure 32: Convective heat transfer through FPC [129] 

The thermal boundary layer is composed of laminar and turbulent regions. Hot gaseous 

molecules in the laminar region are highly ordered which make it possible to determine the 

direction that the hot gaseous molecules are moving. The turbulent region, on the other hand, is 

more disordered and composed of hot gaseous molecules moving in irregular and random 

motions, making the temperature gradient higher in the turbulent boundary region versus the 

laminar region. To put this in context, it is important to observe the connection between the 

source of exposure and the fibrous assembly in question, as Figure 32 refers to just FPC’s and 

not hood composites. Little to no published research exists on performance of firefighter hoods 

after high-heat exposures. Experimentation should be performed to assess how heat, by itself and 

in tandem with other stressors, affects hood durability at different exposure intensities, 

frequencies, and durations. 
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The damage and changes in hood performance are influenced by the type of exposed 

material, heat intensity, heat type, and the duration of the exposure. Chemical degradation 

processes like chain scission can cause changes in material strength in gear used by firefighters 

[123]. Analytical tools like X-ray diffraction, tensile testing, weight analysis, and scanning 

electron microscopy (SEM) have been used by researchers like Jain and Vijayan to study 

structural changes materials like Nomex® after they’ve been exposed [130]. After exposing 

Nomex® fibers to 200-400°C temperatures in a tubular furnace, X-ray crystallinity decreased, 

leading to weight loss and tensile strength. SEM imagery showed grooves, holes, and materials 

deposits on surface of these Nomex® fibers after exposure. Similar results were found in 

Kevlar® 49 fibers at similar exposure ranges [131] [132]. To understand how these chemical and 

structural changes affect performance, fabric-level testing is necessary. 

The high temperatures and heat fluxes that firefighters encounter can degrade the fabrics 

in firefighter protective clothing via thermal shrinkage, weight loss, and reduced strength. Day, 

Cooney, and Suprunchuk saw noticeable thermal shrinkage and weight loss for outer shell 

fabrics containing polyamide/FR viscose when exposed to NIST Class III thermal conditions for 

several minutes [123]. Nomex® III outer shell specimens, however, showed minimal weight loss 

and shrinkage under the same conditions. Both outer shell types, however, saw dramatic 

reductions in tear strength from these same exposures. Surprisingly, neither outer shell fabric 

experienced major decreases in TPP and flame resistance.  It is unclear how these results 

translate for knit hoods as outer shell fabrics are typically woven. To assess continuing 

performance of hoods in high-heat conditions, further study must be conducted in ways like how 

firefighter protective clothing like coats and pants are tested. While there has been some research 

in evaluating the thermal protection of hoods after simulated flashover [19], further research is 
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needed in assessing how low-to-moderate levels of heat flux and air temperatures affect the 

durability of firefighter hoods. 
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CHAPTER 3: Phase 1 - Continuing performance of hood materials after simulated on-the-

job exposures 

Excerpts from this chapter were from a symposia publication presented to the 2019 

ASTM International Committee F23 on Personal Protective Clothing and Equipment in Denver, 

Colorado [133] 

 

3.1 Abstract 

Protective hoods for firefighters offer users thermal protection to areas of the head and 

neck that are not covered by the turnout jacket, self-contained breathing apparatus facepiece, and 

helmet. Particulate-blocking hoods are a new class of firefighter protective hoods that are being 

utilized in today’s U.S. Fire Service. These newer hoods offer firefighters protection from 

carcinogenic particulates frequently found on today’s modern firegrounds. More departments are 

adopting this novel personal protective equipment (PPE) technology while phasing out 

conventional knit hoods that have been used for decades. Particulate-blocking hoods exhibit 

similar protection to their knit counterparts, but it is crucial to scrutinize hoods, both traditional 

and particulate-blocking, for their durability against the elements. These elements include 

ultraviolet (UV) radiation from the sun, laundering, and thermal exposure. This research 

investigates the effects that simulated sunlight exposures, advanced cleaning procedures, and 

high-heat environments have on the durability and performance characteristics of firefighter 

protective hood materials. Physical testing results display that the outermost layers of the hoods, 

when directly exposed to UV light and heat sources reminiscent of firefighting conditions, 

experience varying drops in mechanical burst strength. The findings also show that material-

type, fabric type, and layer configuration in firefighter hoods all play an essential role in 
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providing the user both thermal and particulate thermal protection in the head and neck’s 

interface areas, even after prolonged UV exposures, encounters with high-heat environments, 

and laundering cycles. 

3.3 Introduction 

Historically, firefighter hoods have provided wearers with protection from thermal 

hazards frequently found in immediately dangerous-to-life-and-health (IDLH) atmospheres like 

the interior environment of structure fires. With cancer being a main contributor to line-of-duty 

deaths (LODD) [134], more firefighters are wearing particulate-blocking hoods to protect 

themselves from fireground contaminants and carcinogens [135] [136]. The byproducts found in 

today’s structural house fires are harmful to anyone who is exposed via dermal absorption and 

through inhalation [1] [6]. Particulate-blocking hoods incorporate filtration or barrier layers 

between or behind the knit material of traditional firefighter hoods to not only limit the dermal 

absorption of these fireground contaminants but also to continue offering the user protective 

properties required for hoods as outlined in National Fire Protection Association (NFPA) 

1971:2018, Standard on Protective Ensembles for Structural Fire Fighting and Proximity Fire 

Fighting [4]. NFPA standards do not currently assess how exposure to ultraviolet (UV) radiation 

affects the durability and performance of firefighter protective hoods. Woven fabrics with a high 

composition of aramid fibers like the outer shell materials in turnout jackets have been found to 

weaken significantly when exposed to direct sunlight [137] [138]. While NFPA does have 

standards to assess hood performance after exposures such as laundering and thermal exposures, 

they may not adequately simulate real-life wear since firefighters and their protective gear 

typically undergo years-worth of thermal exposures and wash cycles before retiring the PPE. 

Firefighter hoods typically are constructed from these same types of protective materials but in a 
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knit fabric construction instead of being woven. It is unclear to what extent that those findings 

correlate to knit forms of similar flame-resistant materials. The studies in this chapter aim to 

observe changes in physical properties and performance levels of firefighter hoods, both 

particulate-blocking and traditional knit after they are exposed to simulated sunlight, laundering 

cycles in a washer extractor, and thermal exposures using a garment curing oven. The work also 

provides guidance for assessing the durability of hoods after these exposures and considerations 

on when to retire protective hoods after use. 

3.4 Materials  

Protective hoods in the U.S. fire service are fabricated from inherently flame resistant, 

knit materials. These materials usually take the form of 1 × 1 rib knits that allow for adequate 

stretching when donning, doffing, and wearing the hood. The traditional hood materials for this 

study were chosen based on their ubiquity and availability and can be viewed in Table 14. 

Particulate-blocking materials were chosen based on their availability in the marketplace and 

based on how the respective technologies are implemented in the final product. The layer 

constructions of particulate-blocking hood composites in this work were configured similarly to 

how commercially-available particulate-blocking hoods are, or at one point, configured in the 

U.S. market. Five traditional hood composites were evaluated based on their material 

composition and fabric construction. Samples included popular hood materials that include m-

aramid, blends of FR Viscose mixed with either Polybenzimidazole (PBI) or m-aramid, and a 

propriety blend of oxidized polyacrylonitrile (OPAN) mixed with an artificial fiber mixture. Four 

particulate-blocking composites were evaluated based on their differences in incorporating 

particulate-blocking layers. Composite P-1, as shown in Table 14, uses only two layers, one of 

which includes an air-permeable polytetrafluoroethylene (PTFE)-based membrane blocking layer 



  84 

 

that acts as both an inner layer material and the particulate-blocking layer. Composite P-2, which 

is also air permeable, has a filtration layer of nonwoven polyimide that is quilted between two 

polybenzimidazole (PBI) blend knit layers. 

Table 14: Traditional and Particulate-blocking (P-) Hood Composites 

Hood 

Sample   
# Layers Outer Layer Middle Layer Inner Layer 

Composite 

Thickness 

(mm) 

m-aramid 2 
100% Aramid  

1x1 rib knit 
- 

100% Aramid  

1x1 rib knit 
2.24 

PBI Blend 2 

20% 

polybenzimidazole/

80% FR Viscose  

1x1 rib knit 

- 

20% 

polybenzimidazole/

80% FR Viscose  

1x1 rib knit 

1.77 

OPAN 

Blend 
2 

65% oxidized 

polyacrylonitrile/35

% artificial blend  

1x1 rib knit 

- 

65% oxidized 

polyacrylonitrile/35

% artificial blend  

1x1 rib knit 

1.52 

OPAN 

(Thermal 

Knit) 

2 

65% oxidized 

polyacrylonitrile/35

% artificial blend  

thermal Knit 

- 

65% oxidized 

polyacrylonitrile/35

% artificial blend  

thermal Knit 

2.01 

m-aramid 

blend 
2 

20% m-aramid/80% 

FR Viscose 

 1x1 rib knit 

- 

20% m-aramid/80% 

FR Viscose 1x1 rib 

knit 

1.67 

P-1 2 
100% Aramid  

1x1 rib knit 
- 

Certified PTFE 

Particulate-blocking 

layer 

 

P-2 

3 (All layers 

quilted 

together) 

20% 

polybenzimidazole/

80% FR Viscose  

1x1 rib knit 

Nonwoven 

polyimide 

particulate layer 

20% 

polybenzimidazole/

80% FR Viscose  

1x1 rib knit 

2.30 

P-3 3 

65% oxidized 

polyacrylonitrile/35

% artificial blend  

1x1 rib knit 

Proprietary ePTFE 

laminate adhered to 

m-aramid knit 

65% oxidized 

polyacrylonitrile/35

% artificial blend  

1x1 rib knit 

1.98 

P-4P 

3 

(Middle/Inner 

layer 

laminated 

together) 

20% 

polybenzimidazole/

80% FR Viscose  

1x1 rib knit 

Air-permeable 

PTFE Particulate-

blocking layer 

100% FR viscose 

filament knit 

laminated to m-

aramid blend layer 

1.41 
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Composite P-3 utilizes a second PTFE-based membrane blocking layer (particulate-blocking 

layer 3) in a three-layer composite that rests between two separate layers of knit OPAN. 

Composite P-4P is made up of three layers, two of which are laminated together to reduce bulk 

with the purpose of maintaining wearer comfort. 

3.5 Experimental Design and Analysis 

A randomized block design was implemented to explore how the performance of hoods 

with differing design choices are influenced by individual exposures. Hood composites were 

organized into blocks that differed in material compositions, fabric constructions, and layer 

configurations which can be found in Table 14. Composites were then exposed to one of three 

simulated stressors experienced by firefighter PPE: ultraviolet radiation, laundering cycles using 

a washer-extractor, or thermal exposures inside of a garment curing oven. After exposure, the 

treated samples were then cut and prepared for performance evaluations which included 

assessments of fabric burst strength, thermal protective performance, and particulate-blocking 

efficiency. The main intention of this experimental design was to study the extent to which hood 

performance substantially changes after individual exposures. Table 15 illustrates what materials 

from Table 14 were treated to and which performance evaluations were performed after each 

treatment.  One way ANOVA tests were performed using JMP Pro 16 to test for differences 

between control and treated samples where appropriate. 
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Table 15: Matrix for Single-exposure Experiments 

 Exposure Treatment 

Performance 

Evaluation 
UV  Laundering Thermal 

Burst Strength 

m-aramid 

PBI Blend 

OPAN Blend 

m-aramid blend 

P-1 

P-2 

P-3 

m-aramid 

PBI Blend 

OPAN Blend 

m-aramid blend 

P-1 

P-2 

P-3 

P-1 

P-2 

P-4P 

OPAN (thermal 

knit) 

Particulate 

Filtration Efficiency 

m-aramid 

PBI Blend 

OPAN Blend 

m-aramid blend 

P-1 

P-2 

P-3 

- - 

Thermal Protective 

Performance 

m-aramid 

PBI Blend 

OPAN Blend 

m-aramid blend 

P-1 

P-2 

P-3 

- - 

 

3.5.1 UV Experiments 

Experiments for each exposure type were conducted at different points of time when 

conducting this research. UV-related experiments began first since UV light, as referenced in 

section 2.4.1, is a major contributor to accelerated wear for many FR materials. These 

experiments were run first as a means to see what performance properties should be monitored 

for experiments involving other exposure types. After UV-exposed samples were treated, 

specimens were cut from each sample composite. From each composite, three 15.24 cm × 15.24 

cm (6”. × 6”.) specimens were cut out for thermal protective performance (TPP) and particulate-

blocking efficiency (PBE) tests, and five 12.70 cm × 12.70 cm (5 in. × 5 in.) specimens were cut 
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out for material burst strength testing. Because the measure of filtration is a nondestructive 

assessment, the PBE of all specimens was measured first followed by the specimens being 

measured for TPP after UV exposures. For burst strength testing, specimens were tested one 

layer at a time to analyze the effects that UV radiation has on each layer as it would be similarly 

exposed in the field. The layers of the quilted particulate-blocking composite P-2 were not 

separated before burst testing because removing the quilting stitches would damage the integrity 

of the sample materials. 

3.5.2 Laundering Experiments 

All hood materials were treated together in the same washer-extractor during the 

treatment phase.Performance evaluations for laundering experiments were reserved to burst 

strength tests due to test capabilities being limited at the time of laundering-related experiments. 

All laundering samples were dried before beginning any assessments. After laundering-exposed 

samples were treated, specimens were extracted from each hood sample. Before extracting 

specimens, hood samples were measured for their composite thickness. For bursting strength 

testing, five 12.70 cm × 12.70 cm (5” × 5”) specimens were taken from each hood sample. 

3.5.3 Thermal Experiments 

Samples for thermal experiments were evenly rotated so that each sample had the ability 

to cool down to room temperature before being exposed to thermal exposures again. After 

exposing samples to thermal exposures, sample extractions for bursting strength replicated those 

used in UV and laundering experiments. All samples were preconditioned in a room at a 

temperature of 21.1 °C (±5 °C) and a humidity of 65% (± 10%). 
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3.6 Exposure and Evaluation Methods 

3.6.1 Procedures for UV Exposures 

NFPA 1971:2018, Section 8.62 specifies that moisture barrier materials for turnout 

ensembles be tested for light degradation resistance according to ASTM G155, Standard 

Practice for Operating Xenon Arc Light Apparatus for Exposure of NonMetallic Materials [139]. 

Although hood composites currently are not required by NPFA 1971:2018 to be evaluated for 

light degradation resistance, this approach with minor modifications was utilized for the study to 

provide an exposure methodology that was consistent with other materials in turnout ensembles. 

3.6.1.1 Modifications to Methodology 

Samples were cut into 53.34 cm × 53.34 cm (21 in. × 21 in.) squares from tubular rolls of 

fabric instead of the 15.24 cm × 15.24 cm (6”. × 6”.) square specimens specified in the standard 

method. This modification was intended to provide a larger specimen that could be utilized for 

total heat loss (THL) measurements on a sweating guarded hot plate and then cut into smaller 

specimens for thermal protection, particulate-blocking, and material burst strength assessments. 

Unfortunately, the THL testing was not possible after exposure because of the fabric distortion as 

further described in subsequent sections. According to the standardized method, the sample 

materials and composites are to be mounted on cardstock to provide stability during exposures. 

There were difficulties appropriately mounting the samples backed with the cardstock in the UV 

exposure chamber because of the larger sample size used in this study. Therefore, thermal liner 

material used in firefighter turnout jackets was sewn to the back of each specimen as shown in 

Figure 33 to provide even support and drape to samples while they were clamped onto the cage 

inside of the chamber. The use of a thermal liner allowed for more points of contact for clamping 

samples to the cage. 
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            Figure 33: Example of material composite sewn to thermal liner 

3.6.1.2 UV Exposure Methodology 

The Atlas Ci5000 Weather-Ometer was utilized for exposing the samples to UV light 

because of its ability to expose multiple larger samples while facilitating the desired exposure 

conditions. Conditions for the exposure followed parameters laid out in Cycle 8 of ASTM G155-

13 [139]. Exposure parameters include 0.55 W/m2.nm irradiance, 62°C (±2°C) chamber 

temperature, and 340-nm wavelength of light [139]. All sample composites were clamped to the 

inside cage of the chamber so that the samples themselves directly faced the UV bulb and the 

thermal liner faced the chamber walls. Each specimen was removed from the chamber after 

being exposed for the predetermined duration. After exposure, all samples were then stored in 

UV-resistant, amber-colored bags in a dark room to limit any further exposure to UV light before 

material testing. Each block had four 53.34 cm × 53.34 cm (21 in. × 21 in.) square composites. 

Each composite had a designated treatment of 0 h, 30 h, 60 h, or 120 h of UV exposure. 

3.6.2 Procedures for Laundering Exposures  

Laundering cycles in a washer extractor are defined by NFPA 1851 as an advanced 

cleaning procedure [84]. Advanced cleaning is a staple in the decontamination of firefighter 
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protective clothing. NFPA 1851 requires fire departments to perform advanced cleaning on 

firefighter protective clothing at least two times per year or after the clothing has been 

contaminated or soiled. Situations that call for advanced cleaning include, but are not limited to, 

exposure to smoke from structure fires, outside fires, or vehicle fires. In a survey conducted by 

the Textile Protection and Comfort Center (TPACC) at NC State University, firefighters in the 

United States respond to an average of 6-10 structure fire calls every year. NFPA recommends a 

10-year retirement period starting from the year that the PPE was manufactured. 

Table 16: Washer-extractor machine program utilized in laundering exposures 

Step Activity 

1 2-way wash / Warm Water / 9 minutes 

2 Extraction 1 minute 

3 First rinse / Cold Water / 5 minutes 

4 Extraction 1 minute 

5 Second rinse / Cold Water / 5 minutes 

6 Extraction 1 minute 

7 Third rinse / Cold Water / 5 minutes 

8 Extraction 6 minutes 

 

To understand how hoods may perform halfway through this service life, laundering 

hoods up to 50 times (10 times a year multiplied by half the maximum years of service) can aid 

in understanding hood durability from the date of manufacture to the halfway point of retirement. 

Traditional and particulate-blocking materials used in the production of firefighter protective 

hoods were acquired in roll form to perform a wide range of material-level performance tests 

after advanced cleaning procedures. After receiving the materials in roll form, they were cut and 

sewn into multi-layer composites to encourage inter-fabric friction like off-the-shelf hoods. 

When hoods were not being repeatedly washed during days of exposure, they dried in ambient 

conditions overnight for at least 12 hours before beginning exposures again. To limit outside 
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factors of damage, all exposed specimens were stored away from direct sunlight and fluorescent 

light. Laundering conditions fell within the guidelines exhibited in NFPA 1851: 

• A 45-lb capacity washer extractor from a local fire department was utilized for exposures 

• A popular liquid detergent formulated for washing turnout gear was used in each wash 

under conditions and quantities recommended by the detergent manufacturer. The 

ingredients are shown found in Table 17. Specific percentages of the detergent’s 

composition were excluded as a trade secret. 

• Washing conditions included a wash temperature of 104°F, ~80% capacity, and a drum 

centripetal force of 80 G during spin cycles. 

Table 17: Composition of ingredients in detergent used for laundering studies 

Ingredients CAS 

Number 

Percent 

Range 

Water 7732-18-5 60-90% 

D-limonene 

(Food Grade) 

5989-27-5 5-20% 

Non-ionic 

Surfactant 

9016-45-9 1-10% 

Mackamide C 68333-82-

4                                 

1-10% 

Glycol Ether 

EB 

111-76-2 1-10% 

 

3.6.3 Procedures for Thermal Exposures 

The National Fire Protection Association recommends evaluating hoods for protective properties 

after thermal exposures by using a hot air circulating oven [4]. While historically reliable in 

exposing hoods and other protective garments for research, these ovens are typically inefficient 

for conducting large-scale exposures. Structural firefighters and their gear are known to 

experience both convective heat and radiant heat while firefighting. As an alternative exposure 
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apparatus, a commercially available garment curing oven was employed to apply convective and 

radiant heat transfer to hood samples.  

The FireFly curing oven produced by Brown Digital, shown in Figure 34, featured 

thermal imaging cameras and garment temperature monitors that maintained thermal levels 

during exposures. The convective heat is distributed using powered blowers that can be 

configured to blow below and above the conveyor belt. Since the curing system was designed for 

curing ink on garments such as T-shirts, the belts were designed to be unreactive/nonconductive 

to the temperatures in the chamber. Temperatures and exposure times were programmed via a 

computer connected to the curing oven. Before exposures, the oven was preheated to the desired 

temperature. The experimental procedure for exposing hoods is shown in Figure 34. To begin 

exposures, samples were placed on a conveyor belt that transported these samples under the 

oven’s quartz heaters for preset exposure times. After the exposure rotation time was reached, 

the conveyor belt automatically transported the samples away from oven’s heaters and were 

either reinserted into the machine or stored away from direct heat and light. Two separate 

treatments were performed on traditional and particulate-blocking hood materials. These 

materials, cut into 18” × 18” squares, were configured identically to their product-level 

counterparts and oriented so that the outer-layered fabric was facing the oven’s heating elements. 

Since particulate-blocking layers in hoods are never positioned facing the wearers outside 

environment, they were covered by traditional knit materials during the treatments. Treatment 

1’s exposure schedule mimicked six 10-minute rotations of firefighting activity in NIST Thermal 

Class II conditions [10] that are typically encountered by interior fire attack teams. Treatment 2’s 

exposure schedule mimicked three 10-minute rotations of firefighting activity in Thermal Class 

III environments where more aggressive firefighting tactics are used. 
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Figure 34: Experimental design for thermal exposures (left) and FireFly curing oven (right) 

After exposures were completed, hoods were cut into 6” x 6” specimens for burst 

strength testing. For traditional hood configurations, only the outermost layer was tested. For 

particulate-blocking hood composites with unconnected layers, both the outer and inner layers 

were tested. 

3.6.4 Assessment of Material Burst Strength 

Physical durability of hood materials was measuring using fabric burst strength. ASTM 

D6797, Standard Test Method for Bursting Strength of Fabrics Constant Rate-of-Extension 

(CRE) Ball Burst Test [140] was utilized to assess burst strength as recommended by NFPA 

1971:2018. NFPA recommends that “the outermost hood material shall be tested for material 

strength as specified in Section 8.13, Burst Strength Test and shall have a burst strength of not 

less than 225 N (51 lbf) [4].” In addition, all layers beneath the outermost hood material were 

tested as well to observe to what extent that UV damage could transfer through the outermost 

hood layer. All burst strength testing that was performed required at least five replicates (n=5) 

per exposure level and material type.  

 

 

Total exposure Time/Temperature

Treatment 1

60 min/143 °C (6 rotations)

Treatment 2:

30 min/180 °C (3 rotations)

Oven Exposure Rotation Time 

10 minutes

Thermal Exposure Samples

Traditional Hood Composites Particulate Hood Composites
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3.6.5 Assessment of Thermal Protective Performance 

TPP specimens were tested as 15.24 cm × 15.24 cm (6” × 6”) composites as specified in 

NFPA 1971:2018 [4]. Specimens were preconditioned in a temperature and humidity-controlled 

room at 21.1 °C (±5 °C) and 65% (± 10%) relative humidity for at least 24 hours before being 

evaluated. Although NFPA 1971:2018 requires samples for TPP to be laundered five times 

before certification testing, no additional laundering was conducted on these test samples to 

focus the testing results solely on the effects of the exposures by themselves without additional 

stressors. All specimens were tested using contact configuration and the TPP rating (cal/cm2) 

was calculated by multiplying the heat flux (2.0 cal/cm2.s) by the predicted time to a second-

degree burn (seconds). For UV-exposed specimens, three replicates (n=3) were tested for each 

material composite in the “as-received” or zero exposure state and after 120 hours of UV 

exposures. 

3.6.6 Assessment of Particulate Filtration Efficiency (PBE) 

Although NPFA 1971:2018 specifies that the PBE of the optional particulate-blocking 

hood composites are to be evaluated according to the ASTM F2299M, Standard Test Method for 

Determining the Initial Efficiency of Materials Used in Medical Face Masks to Penetration by 

Particulates Using Latex Spheres [82], consistent availability and cost of conducting this test 

was a limitation at the time of research for single-exposure experiments. Therefore, to gauge the 

PBE of the material composites before and after UV exposures in-house, a newly developed 

field-level method was used. The Quantified Smoke Inspection Method (QSIM) shown in Figure 

35 and created by the Textile Protection and Comfort Center at North Carolina State University, 

was designed to provide an accessible means for firefighters to effectively access the particulate-

blocking performance of their hoods directly in the fire station [141]. This inspection test method 
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is based on the commonly used hydrostatic pressure test apparatus, specified in NFPA 

1971:2018, which is used to inspect the integrity of moisture barriers in turnout gear. Instead of 

water, the device creates a mineral oil-based smoke that is introduced to one side of the hood 

material composite. If the material composite has high particulate-blocking ability, then very 

little or no smoke will be observed moving through the material. If, however, the material 

composite does not block all particles, the smoke will be seen passing through the material. 

Although the visual, qualitative assessment is rather effective at differentiating between 

traditional and particulate-blocking hood composites, a light meter is also included to provide a 

quantitative value for smoke penetrating through the materials. The light meter is positioned so 

that a beam of light is projected just above and parallel to the fabric surface. The light meter 

reads a value of 100% light intensity if no smoke is present between the light source and the 

photoreceptor. As smoke particles pass through the fabric and then the light beam, a portion of 

the light is blocked by the particles, resulting in a representative decrease in the percentage of 

light that reaches the sensor. To evaluate a material composite on the test apparatus, the two- or 

three-layer composite is placed with the outer layer down facing toward the cylinder holding the 

smoke and then the whole composite is clamped into place. The smoke generation is turned on 

with a flow rate of 1.7 L/min, and the composite is exposed to the smoke for 2 min with light 

intensity measurements taken every 5 s. The reported value for the test is the light intensity 

(which is inversely related to the smoke density) averaged over the last minute of measurements 

to represent the steady-state measurement. The QSIM is a relatively new method that does 

provide an affordable, visual-based method to assess filtration efficiency, but it is not a direct 

replacement to the apparatus implemented in ASTM F2299/F2299M. PBE evaluations were only 

performed on UV-exposed hoods during Phase 1. 
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Figure 35: QSIM Apparatus 

Although the results are expressed as a percentage, the values represent the percentage of 

light reaching the sensor and not the percentage of particles that are blocked, as is the case with 

ASTM F2299/F2299M. At this stage in the development of the method, the results are not 

directly comparable to the NFPA 1971:2018 PFE performance requirement of 90% filtration, 

and therefore, this requirement is not included in figures in this manuscript. All samples were 

preconditioned in a temperature and humidity-controlled room at 21.1 ± °C and 65% relative 

humidity for 24 h prior to testing. Only UV-exposed samples were evaluated for PBE using the 

QSIM. PBE testing with the QSIM was discontinued following UV-related experiments due to 

concerns over its repeatability and accuracy. It should be noted that PBE was an in-house version 

of particulate-filtration efficiency (PFE) evaluations and not a direct replacement of ASTM 

F2299-complaint instrumentation used to evaluate PFE. Four replicates of each material 
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composite were evaluated for PBE in the “as-received” baseline state and after 120 h of UV 

exposure. 

3.6.7 Assessment of physical fabric properties 

Documenting how a hood’s fabric properties change after exposures may draw more 

specifics of how performance can transform over time. This includes observing fabric stitch 

density, composite thickness, and signs of damage (e.g. holes, overstretching). Examining 

physical properties of hood materials may sharpen the image of how on-the-job exposures may 

influence a hood’s behavior and durability. 

3.7 Results and Discussion 

3.7.1 Observations from modified UV exposure method 

Although the modified light degradation resistant test used in this study provided insight 

about the effects that UV radiation has on protective hood materials, issues with the 

implementation of this test may limit its use for future testing. Having the larger sample 

composites clipped to the cage in the exposure chamber drastically distorted most composites 

because of the combined influences of UV light exposure, gravity, and the fabric impingement in 

certain sections of each composite. Figure 36 shows the distortion effect on the PBI blend fabric. 

The knit material stretched out considerably, which prohibited the ability to run the THL test for 

thermal burden as fabric distorted composites would have produced misleading or inconsistent 

results. NFPA recommends the use of THL testing to evaluate a composite’s predicted thermal 

comfort level in the product form. Although, it is not anticipated that the UV exposures would 

have significantly affected the THL measurements of the composites, THL testing on these types 

of specimens would have been used to calculate the rate at which heat is able to escape from the 

composite. 
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Figure 36: PBI/flame-resistant rayon fabric before (left) and after (right) after 120 h of UV 

3.7.2 Effect of UV exposures on material burst strength 

3.7.2.1 Effect on outermost knit layers 

Following exposure to UV light, the outermost layer (one with direct contact with the UV 

light in the exposure chamber) of all traditional hood composites experienced a decrease in burst 

strength compared with their respective unexposed controls as shown in Figure 37. The burst 

strength from each traditional composite’s outer layer steadily lowered following exposures 

ranging from 30 h to 120 h. Fiber composition appears to play a major role in the physical 

durability of outer-hood layers. All knit outer layers, with the exception of the 100% meta-

aramid, experienced a point at which their burst strength dropped below the NFPA requirement 

of 225 N, as shown in the shaded region of Figure 37. The OPAN blend material dropped below 

the requirement between 30 h and 60 h of exposure, the PBI blend material dropped below the 

requirement between 60 h and 120 h of exposure, and the meta-aramid material narrowly fell 

below the requirement following 120 h of exposure. Outer layers fabricated without flame-

resistant rayon (100% m-aramid and OPAN blend) saw sharper declines in burst strength (51.7% 

and 78.2% decrease) as opposed to outer layers containing high compositions of flame-resistant 

rayon (PBI blend, 39.8%; m-aramid blend, 32.6%), as seen in Figure 37. When comparing the 
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100% m-aramid and the m-aramid blend, the 100% m-aramid does show a sharp decrease in 

burst strength, but its baseline value also starts out much higher than the m-aramid blend, with an 

average value of 651.3 N compared with the 322.3N for the m-aramid blend. The m-aramid 

blend only contains 20% m-aramid, so the major factor contributing to the material strength is 

the 80% flame-resistant rayon, which is less vulnerable to UV degradation but has a fraction of 

the initial strength as the m-aramid fiber. Some of this difference is due to the conjugated, 

aromatic structure of m-aramid fibers, which make them more vulnerable to photo-degradation 

compared with the flame-resistant rayon’s chemical structure. This trend is seen in the PBI blend 

materials as they also contain 80% flame-resistant rayon. 

 

Figure 37: Material burst strength results for the outermost layer of traditional composites 

 

3.7.2.2 Effect on underlying layers: Traditional Knit and Particulate-Blocking 

Regardless of whether the second or inner layer of the composite was another layer of 

knit material (as in the traditional hoods) or a particulate-blocking layer (as in the newer 

particulate-blocking hoods), there were no significantly different decreases from the baseline 

values to those following the 120-h UV exposures as indicated by the overlapping of the 95% 
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confidence interval error bars in Figure 38. This data suggest that the outer materials take the 

brunt of the UV exposure and provide a high enough cover factor to the underlying materials so 

that they maintain their mechanical strength. This pattern aligns with the observations made by 

Davis et al. regarding the outer shell materials of turnout ensembles blocking at least 94% of UV 

radiation from the moisture barrier and thermal liner layers beneath, despite the shell’s high 

degradation rate [137].  

 

Figure 38: Material burst strength results for the second or inner layer of traditional and particulate-blocking composites. 

 

Although particulate-blocking layers in hood samples P-1 and P-3 were measured as individual 

layers, sample P-2 was not able to be separated from the outer PBI blend knit layers because of 

the quilting of the composite. For sample P-2, the burst strength was measured for the whole 

three-layer composite, which is how the composite would be tested for certification testing 

according to NFPA 1971:2018.6 Because of this difference in testing, the large decrease in burst 

strength seen in Figure 38 (from 668.7 N to 393.6 N) shown for P-2 following 120 h of UV 

exposure cannot be directly attributed to either the outer or inner layers. Based on the trends 
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observed in the outermost layers, it is likely that the decrease in burst strength was the result of 

the susceptibility of the outer layer of PBI blend material degrading under the UV exposures. 

3.7.2.3 Observations from Color Change of Hood composites 

UV exposures have been shown to decrease the material strength of high-performance 

fibers, such as those used in firefighter turnout garments and hoods, but they typically are 

accompanied by a change in color that can be easily detected through visual inspection [141]. An 

initial component of this study was to visually assess the color change of the different materials 

after UV exposures and to compare the changes in material strength to determine whether 

firefighters could use visual inspections of hoods as an indicator of the material performance or 

need to retire the equipment. 

 

 

Figure 39: Color change in (A) 100% m-aramid and (B) OPAN-blend composites after 120 hours 

Upon initial visual inspection, the UV-degraded samples were found to exhibit varying degrees 

of color change after exposure. When facing the UV bulb, 100% m-aramid knit fabrics 

experienced substantial color changes after 120 h, becoming more yellow in appearance and 

experiencing a 51% reduction in burst strength. Figure 39 illustrates the specimens of m-aramid 

and OPAN-blend composites in a two-layer configuration with the front-facing fabric partially 

coving the back-facing fabric as one would find in a conventional hood. The fabrics in Figure 39 



  102 

 

flipped over themselves in one corner to show both sides of the front-facing fabric as well as the 

fabric behind. Even though the m-aramid experienced the largest visible color change as seen in 

Figure 39, it still exceeded the NFPA 1971:2018 requirement of greater than 225 Newtons (N) 

[4]. Conversely, while experiencing the smallest degree of visible color change as shown in 

Figure 39, the outermost layer of the OPAN blend had the largest reduction in burst strength as 

high as 79% after 120 h of UV exposure. Additionally, it was also the quickest material to fall 

under the NFPA 1971:2018 burst strength requirement after just 60 h of exposure. These results 

reveal possible challenges that end-users may face if they retire firefighter hoods based on 

physical predictors like color change. The soiling of hood fabrics after fireground exposures may 

further complicate an end-user’s ability to retire hoods based on color change. Outside of fabric 

distortion and damage, visual inspections in the field may not be the most reliable indicator for 

firefighter hood retirement. Gear-retirement guidelines after UV exposure, however, may be 

beneficial to the firefighter if the guidelines were specific to the hood’s material, fabric 

construction, and layer configuration. 

3.7.3 Effect of UV exposures on Protective Performance 

Since the UV exposures were conducted with little to no additional physical stressors like 

stretching or simulated donning/doffing of hood materials, it was expected that the protective 

performance (both TPP and PBE) of the material composites would not change significantly 

after exposure to UV light. Therefore, for the assessments of thermal and particulate protection, 

only the baseline and 120-h exposure samples were evaluated to determine whether a significant 

change was present and warranted evaluating the intermittent exposure samples. 
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3.7.3.1 Thermal Protective Performance 

The average TPP ratings for each of the traditional and corresponding particulate-

blocking composites are provided in Figure 40. It should be reiterated that these values are for 

composites that were not laundered before testing as would be the case for NFPA certification 

testing. With the required five launderings, baseline measurements would likely be slightly 

higher because of the mechanical action of laundering causing the material composites to bulk up 

and have increased thickness and insulation. This preconditioning likely would have resulted in 

the P-1 composite and the m-aramid blend composite meeting or exceeding the NFPA 

1971:2018 TPP requirement of 20 cal/cm2 as opposed to falling just below the required value 

with 17.7 and 19.2 cal/cm2, respectively.  

All other composites exceeded the TPP requirement without the precondition laundering. 

The overall results confirm the initial hypothesis that UV exposure and material degradation in 

the absence of stretching or donning and doffing do not significantly affect the thermal 

protection provided by the hood materials. Although a few of the composites (particulate-

blocking composites P-2 and P-3) appear to have noticeable increases in protection following the 

UV exposure, these changes are within the error associated with the measurement as shown with 

the overlapping of the 95% confidence error bars in Figure 40. UV exposures alone do not 

appear to affect the TPP significantly, but the previously discussed decrease in mechanical 

strength of the composites warrants further investigation into the effect that UV exposures can 

have when combined with stretching or simulated donning and doffing. If the materials are 

weakening upon exposure, then it is more likely that larger rips or punctures could occur over the 

lifetime of the protective hood when the firefighters pull on the hood materials during the 
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donning and doffing, which would compromise the thermal protection in that specific area of the 

hood. 

 
Figure 40: TPP of hood composites after UV exposure 

Outside of the effect of UV exposures, the major factor that contributes to the thermal protection 

of the hood is the number of layers or thickness of the composite. This effect can be seen when 

comparing traditional and particulate-blocking samples of the 100% m-aramid and OPAN blend 

composites. The traditional composites for both the 100% m-aramid and the OPAN blend are 

two-layer composites, while their particulate-blocking counterparts have two-layers for the 100% 

m-aramid and three-layers for the OPAN particulate-blocking composite. In the case of the 100% 

m-aramid composites, the inner knit layer of the traditional composite was replaced with the 

thinner P-1 composite, resulting in a composite that is approximately 0.5 mm thinner (Table 14). 

This thinner composite leads to the 27.7% decrease in the TPP rating (from 24.5 to 17.7 cal/cm2). 

Conversely, the OPAN blend’s three-layer composite is approximately 0.5 mm thicker than the 

two-layer traditional composites and therefore the TPP rating increases by 27.2% (from 22.5 to 

28.7 cal/cm2). 
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3.7.3.2 Particulate-blocking efficiency 

As with the TPP measurements, the PBE results measured on the QSIM apparatus 

indicate that UV exposure alone does not significantly affect the ability of the material to block 

particulates. The QSIM results are provided in Figure 41 with the traditional and particulate-

blocking composites grouped by material type. The results of this test are expressed as the 

percentage of light transmitted across the top of the specimen. This is an indirect measurement of 

the density of smoke that is penetrating through the material. A high value of 100% light 

transmitted indicates no smoke has penetrated the material and all the light from the source is 

reaching the detector. As more smoke penetrates the material and partially blocks the light from 

reaching the detector, the percent light transmitted decreases. The traditional knit materials were 

all tested as two-layer composites and average a PBE rating or percentage of light transmitted of 

13.9% for the baseline and 16.7% after 120 h of UV exposure, which is within the variability of 

the technique. The most significant takeaway from this data is that all three particulate-blocking 

composites provide significantly higher particulate protection compared with their traditional 

knit counterparts.  

The membrane-based particulate-blocking layers found in P-1 and P-3 provide essentially 

complete protection and do not allow any smoke particles to penetrate the composite. Sample P-

2, while still providing a very high PBE rating (>80% light transmitted), has a slightly lower 

value than the other two composites because of its quilted construction. A small number of 

smoke particles can penetrate through the stitch holes used to quilt the materials together. These 

particulate-blocking composites showed no difference following the UV exposures as was 

originally hypothesized. Just as with the discussion of thermal protection, further investigations 

into the combined effects of UV exposure and simulated wear could indicate potential issues 
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with weakened composites that are more prone to rips or other damage and allow for more 

particles to penetrate through to the firefighter’s skin. 

 
Figure 41: QSIM results for PBE of traditional and particulate-blocking composites 

 

3.7.4 Effect of Laundering Exposures on material burst strength and other physical 

properties 

As shown in Figure 42, all treated samples experienced little to no reduction in burst 

strength regardless of fiber type, fabric construction, and particulate-blocking capabilities. 

Traditional hood materials did experience noticeable fibrillation on the fabric surfaces after 50 

wash cycles. Other fabric properties such as composite thickness, however, were largely 

unaffected after the 50-wash treatment across all samples as seen in Figure 43. These findings 

align with hood manufacturers’ that claim that their hoods sustain their physical integrity after 

excessive wash cycles. While these results show promise, it would be worthwhile to see how 

these results translate for commercially produced hood products at the 100-wash mark, a 

benchmark that hood manufacturers use to display hood durability. While this benchmark may 

still be valuable in predicting hood integrity in the field, exposing hoods to other stressors in-
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tandem with laundering could illustrate a clearer picture of how exposures may create additional 

or synergistic effects on hood performance and durability.  

 
Figure 42: Fabric burst strength before and after 50 wash cycles 

 

 
Figure 43: Composite thickness before and after 50 washes 
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3.7.5 Effect of thermal exposures on material burst strength 

After conducting burst strength tests, most hood materials maintained much of their burst 

strength post exposure, regardless of treatment. Due to their high degradation temperatures, m-

aramid, OPAN, and PTFE/m-aramid samples experienced negligible changes in burst strength. 

All composites mainly composed of FR viscose, however, experienced statistically significant 

decreases in burst strength (P<.01) after being exposed to 30 minutes of heat exposures at 180 

°C. The reduction in strength may be due to FR viscose’s comparably low degradation 

temperature as it typically begins experiencing decomposition around 150°C.  Because of its 

lower thickness and lower thermal protection, the PBI blended layer containing 80% FR viscose 

approached NFPA’s 225 N minimum requirement for burst strength post-exposure. Additionally, 

OPAN (thermal knit) hovered just above this minimum requirement, independent of treatment. 

That said, hood materials containing OPAN and high levels of FR viscose within the outermost 

material’s composition deserve further study in relation to fabric properties (e.g., fabric 

thickness) and degradation levels in firefighting thermal environments. 

 
Figure 44: Bursting strength after curing system exposures 
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3.7.8 Observations from alternative thermal exposure method 

The Firefly curing oven used for exposing hood samples to heat provided excellent 

productivity and procedural simplicity during sample treatment. The operator’s involvement in 

thermally exposing hood materials to heat using the curing oven is hypothesized to leave less 

room for error than when traditional convection ovens are used. This may be due to the 

apparatus’ automated sample handling and auto-regulated treatment conditions, lowering the risk 

of operator error during exposure regimens. However, the curing oven, on its own, does not 

record the heat flux experienced by samples nor the air temperature within each sample’s 

proximity. While the curing oven was adept in continuously monitoring and maintaining 

temperatures of the samples themselves, measuring the levels of radiant heat and air temperature 

in real time would provide a more relatable measure of heat intensity for the purpose of 

performance evaluation. As an alternative method for simulating exposures in firefighting 

environments, the Firefly curing oven remains a viable candidate, namely for high-volume 

testing. 

3.8 Conclusions 

Common on-the-job stressors were applied to firefighter hood materials in a controlled 

environment to understand how hood performance may change over the garment’s life cycle. 

Ultraviolet light was found to be a major contributor to accelerated wear for hoods due to 

dramatic losses in burst strength. Reductions in burst strength depended primarily on the fiber 

choice and whether the fabric in question was the outermost layer of the hood composite. 

Thermal protective performance and particulate-filtration efficiency of hood composites were 

largely unaffected by the UV treatments. While experiencing minor fibrillation and pilling, 

traditional and particulate-blocking hood samples maintained burst strength levels after 
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laundering procedures. While OPAN, PTFE, and m-aramid materials in hoods remained 

unaffected, viscose-based hood composites experienced noticeable drops in mechanical strength 

after exposure to heat levels commonly found in interior firefighting environments. The findings 

and actions taken during these experiments helped in choosing testing conditions for combined 

exposure studies in the next sections. 

3.9 Future Work 

Donning/doffing, one of the four main stressors, was not performed on hood materials in 

the roll form. Reproducing treatment methods that mirrored actions involved with 

donning/doffing the hood garment was found to be difficult. Methods to mimic mechanical wear 

associated with wearing and removing the hood should be explored and evaluated for durability 

testing of hoods. Future research also should study what parameters are relevant to the effects 

that direct sunlight has on firefighter hoods as well as other protective apparel. The use of a 

FireFly curing oven for exposing hoods to high-heat environments should be scrutinized with the 

inclusion of heat flux measurements and air temperatures taken within the FireFly curing oven’s 

conveyor area during exposures. To develop a deeper understanding of continued hood 

performance, hood materials should be assessed for performance characteristics when exposed to 

a different combination of the stressors included in this chapter. 
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Chapter 4: Phase 2 - Investigating novel methods for exposing and evaluating firefighter 

hoods for continuing performance. 

4.1 Abstract 

Protective hoods, like other elements of the structural firefighting ensemble, oftentimes 

receive repeated cycles of mechanical stress from laundering procedures and donning/doffing. 

Each hood in the field will undergo its own unique schedule of these wash-and-wear exposures. 

This makes it difficult for researchers to replicate the actions of job-related stressors and 

investigating their direct effects on hood performance. To begin understanding if or how 

exposures may interact to affect hood performance, commercially-available hoods were 

subjected to cycles of laundering and donning/doffing and then evaluated for performance 

characteristics. Performance evaluations included hood opening size retention tests and 

particulate filtration efficiency (PFE) using an automated filter tester and unique aerosol 

screening test. Clear distinctions in particulate filtration abilities were observed between 

particulate-blocking hoods and traditional hoods. After subjecting particulate-hoods to wash-and-

wear, particulate-filtration efficiency was maintained on the fabric portions but slightly 

decreased in areas over seams. Future research should delve into how non-thermal exposures 

combined together influence hood performance and durability over time. 

4.3 Introduction 

Simulating the service life of firefighter hoods or any PPE used by firefighters remains a 

complicated hurdle. A hood worn by one firefighter may never experience the same exposure 

regimen as another hood in the field due to the countless variables that play into the service life 

of PPE. This is especially the case regarding the intensity and duration of exposures that 

firefighter hoods may experience. To begin unraveling how multiple exposures may affect hood 
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performance, a pilot study was performed by exposing hood products to a realistic level of 

laundering and wear cycles. Samples were devised of commercially-available hoods instead of 

hood materials in the roll form to improve realism during the experimental phase. While also 

exploring unique ways to expose hoods to on-the-job exposures, novel and standardized 

evaluation methods were utilized to assess hood performance and durability after these 

exposures. These methods include utilizing an automated filter tester and the Fluorescent 

Aerosol Screening Test for particulate-blocking capabilities. Stemming away from standardized 

methods utilized in NFPA standards allows the possibility to discover unique findings in 

continuing performance and durability of firefighter PPE.  The findings and lessons learned from 

this phase, like Phase 1, will help shape the experimental parameters in Phase 3 with the goal of 

balancing realism and repeatability.   

4.4 Materials 

All samples in Phase 2 were NFPA-certified firefighter hoods that, at the time of 

evaluation, were commercially available to the U.S. Fire Service. Most of these samples, shown 

in Table 18, were the product version of the samples used during Phase 1 in Section 3.4 

Materials. Like in Section 3.4 Materials, hoods were chosen based on their availability and 

popularity in U.S. markets. Implementing off-the-shelf hoods into performance evaluations 

provides the opportunity to conduct product-level tests that relate to the hood’s face opening and 

the use of human-sized manikins. Hood materials in the product level can also be exposed to 

donning and doffing which involves flexing the garment to fit on the wearer.  
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Table 18: Hood materials used in Phase 2 

Hood 

Sample   
# Layers Outer Layer 

Middle 

Layer 
Inner Layer 

Composite 

Thickness 

(mm) 

m-

aramid 
2 

100% m-Aramid  

1x1 rib knit 
- 

100% m-Aramid 

1x1 rib knit 
2.24 

PBI 

Blend 
2 

20% 

polybenzimidazole/80% 

FR Viscose  

1x1 rib knit 

- 

20% 

polybenzimidazole/80% 

FR Viscose  

1x1 rib knit 

1.77 

OPAN 

Blend 
2 

65% oxidized 

polyacrylonitrile/35% 

artificial blend  

1x1 rib knit 

- 

65% oxidized 

polyacrylonitrile/35% 

artificial blend  

1x1 rib knit 

1.52 

OPAN 

(Thermal 

Knit) 

2 

65% oxidized 

polyacrylonitrile/35% 

artificial blend  

thermal Knit 

- 

65% oxidized 

polyacrylonitrile/35% 

artificial blend  

thermal Knit 

2.01 

P-1 2 
m-Aramid  
1x1 rib knit 

- 

Certified PTFE 

Particulate-blocking 

layer 

 

P-2 

3 (All layers 

quilted 

together) 

20% 

polybenzimidazole/80% 

FR Viscose  

1x1 rib knit 

Nonwoven 

polyimide 

particulate 

layer 

20% 

polybenzimidazole/80% 

FR Viscose  

1x1 rib knit 

2.30 

P-3 3 

65% oxidized 

polyacrylonitrile/35% 

artificial blend  

1x1 rib knit 

Proprietary 

ePTFE 

laminate 

adhered to 

m-aramid 

knit 

65% oxidized 

polyacrylonitrile/35% 

artificial blend  

1x1 rib knit 

1.98 

P-4M 

3 

(Middle/Inner 

layer 

laminated 

together) 

20% m-Aramid /80% 

FR Viscose  

1x1 rib knit 

Air-

permeable 

PTFE 

Particulate-

blocking 

layer 

100% FR viscose 

filament knit 
1.41 

 

4.5 Experimental Design  

Hoods were subjected to NFPA-compliant laundering procedures and wear cycles to 

investigate how the two exposures together may affect hood performance. The treatment 

schedule for all laboratory-tested hoods is shown in Figure 45. Hoods were consecutively 

washed 25 times before being donned/doffed 50 times in a row. This cycle continued until 100 

washes and 200 don/doffs was achieved. After samples were treated, specimens were evaluated 

using three nondestructive evaluations. 
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Figure 45:

 

Treatment schedule for Phase 2 exposure study  

 

 The first evaluation was the hood opening size retention test which evaluates how tight 

or loose a hood may fit while being worn. The second evaluation involved using an automatic 

filter tester that measures a fabric’s ability to block particles. The third evaluation was the 

Fluorescent Aerosol Screening Test (FAST) which can be used to observe how airborne aerosol 

particles can pass through PPE worn by manikins and test subjects and deposit on their surface. 

In addition to evaluating lab-treated samples, a batch of hoods from Sample P-4M were given to 

trained firefighters for duty use in the field for six months. After six months, these hoods were 

included in the FAST evaluation for comparison against laboratory-treated and control 

specimens. 

4.6 Exposure Methods 

4.6.1 Procedures for laundering exposures 

The procedures and conditions chosen for laundering exposures mirrored those used in 

Section 3.6.2 Procedures for Laundering Exposuresduring the single-exposure experiments. 

Hood products were placed into a 45-lb washer-extractor commonly used by fire departments in 

the United States. Hoods in Phase 2 were laundered subsequently five cycles before drying 

overnight in a well-ventilated room. After all hoods were dried, they were laundered again until 
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they reached the end of their treatment regimen. When hoods were not being treated to drying or 

laundering, they were placed in plastic containers away from direct sunlight or fluorescent light. 

4.6.2 Procedures for the donning/doffing of firefighter hoods 

Like laundering procedures, donning/doffing is an inevitable source of stressor for 

firefighter hoods. A firefighter hood cannot protect the wearer’s skin if the hood does not cover 

it. Exposed skin leaves a firefighter vulnerable to severe burns in a firefighting environment. 

Firefighters typically don/doff their hoods with the rest of their turnout gear when responding to 

fire calls, regardless of if the call is a false alarm or involving a structure fire. Donning and 

doffing is also performed repeatedly during training sessions which can differ in frequency based 

on the type of training, department, and individual. A protective hood’s opening can be 

overstretched in ways like how a t-shirt can be overstretched at the neckline/collar region. To 

don a hood, the face opening of the hood, starting from around the neck, is pulled and stretched 

to the front of the head. From here, the edges of the face opening are stretched to overlap with 

the frame/lens of the SCBA facepiece. These actions require the hood’s fabric to stretch, hence 

why firefighter hoods are universally sewn from knit fabrics. The hood is removed either the 

reverse order of donning or by taking the SCBA facepiece off with the hood still attached (a less 

common method). The seams that anchor these fabrics in place have anecdotally fallen victim to 

loosening from these actions in the field. Firefighters surveyed by TPACC generally donned 

hoods using two different methods as shown in Figure 46. Firefighters usually donned the hood 

over the frame of the SCBA facepiece or over both the frame and the edge of the lens. 
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Figure 46: Firefighter hood over the lens and frame (left) and over the frame (right) of the SCBA facepiece 

Some firefighters justify placing the hood over the frame and the lens’ edge so that it is 

less likely to unravel and back out to expose skin. It is suspected, however, that this increased 

stretching on the hood’s face opening may cause accelerated wear that could loosen the face 

opening and readily allow more particulates and heat through. Exploring these suspicions can be 

done by donning/doffing hoods on silicone manikin headforms. Originally designed for the 

animatronic industry, the manikin headforms were made from silicone material that behaves 

similarly to human skin. The procedure for donning/doffing is as follows: 

1. Place the manikin on a stable, flat surface. 

2. Rest the hood over the manikin’s neck. 

3. Don an SCBA facepiece on the manikin’s facepiece and tighten each strap until it is snug. 

4. Don the hood over the SCBA facepiece so that the hood covers the facepiece’s frame and 

begins covering the facepiece’s lens. 
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Figure 47: Procedure for one donning/doffing cycle 

4.6 Evaluation methods 

4.6.1 Evaluation for hood opening size retention test 

The hood’s face opening overlaps with the firefighter’s SCBA facepiece. If it unravels 

and exposes skin, a wearer risks burns on his/her neck and head. NFPA 1971:2018 employs the 

hood opening size retention test using the hood measuring device illustrated in Figure 49. The 

main application of the test is to evaluate the hood’s ability to retain its shape after repeated 

donning and doffing. 

 



  118 

 

Tight 

 

Fitted 

 

Loose 

 

Figure 48: Hood opening size retention test rating system 

The hood opening size retention test will evaluate how well a hood is able to resist gaps 

on the lower half of the measuring device when slid freely over the top half of the device. The 

test can serve as an indicator of dimensional change and/or hood damage that can render a 

firefighter’s hood dangerous for duty use. Size retention will also be evaluated using the same 

headforms as those used in Phase 1’s donning/doffing task. This evaluation involved assessing 

the hood’s fit as it was worn with an SCBA facepiece, much like how it is worn in the field. A 

grading system was created to rate the hood’s level of fit on the hood measuring device. Figure 

48 illustrates the rating system. A hood was classified as “tight” if the opening showed no gaps 

on the top half of the hood measuring device. If the hood opening showed gaps on the top half 

but not the bottom half of the hood measuring device, it was classified as “fitted.” If the hood 

opening was loose on both the top and bottom of the hood measuring device, it was designated as 

“loose.” All specimens (n=6) were tested at each interval of exposure. 
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Figure 49: Hood measuring device utilized in Hood Opening Size Retention Test 

 

4.6.2 Particulate filtration efficiency (PFE) using an automated filter tester 

Wash-and-worn hoods were evaluated and compared to their untreated counterparts for 

their particulate-blocking efficiency using two separate methods. The first method utilized the 

Automated Filter Tester 3160 by TSI shown in Figure 50. Typically used for evaluating medical 

masks, the TSI 3160 produced 0.1-micron latex spheres that penetrated full hood composites 

after being washed 100 times and donned/doffed 200 cycles. The apparatus adhered to ASTM 

F2299 Standard Test Method for Determining the Initial Efficiency of Materials Used in Medical 

Face Masks to Penetration by Particulates Using Latex Spheres and automatically calculated 

upstream and downstream latex aerosol concentrations in the controlled airflow chamber. 

Samples (n=6) were taken from the hoods’ bibs and crown where the hood overlaps the ears. 

Seams of particulate-blocking hoods were also tested to examine any areas of weakness in 
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particulate protection. Hoods were evaluated by directly mounting them onto the testing area 

located between the particle counter’s sample clamps. 

 

Figure 50: TSI 3160 Automated Filter Tester 

4.6.2 Fluorescent Aerosol Screening Test (FAST) 

The Fluorescent Aerosol Screening Test (FAST) was conducted at RTI International 

located in the Research Triangle Park in North Carolina. The FAST evaluates firefighting 

protective ensembles for protection against aerosol penetration using a wind tunnel in a large 

enclosure. The aerosol generated during the test consists of amorphous silica. Fluorescent tracers 

were tagged onto the silica with a 2.5-micron diameter to observe deposition under ultraviolet 

(UV) light in a dark room.  Two separate tests were conducted at a wind speed of 5 mph. The test 

lasted 30 minutes and was proceeded by photographic analysis under UV light. 

4.6.2.2 Head form manikins for hood testing 

During the aerosol exposures, manikin head forms were mounted onto a turntable that 

rotated 1 revolution/minute as seen in Figure 51. Nine of the headforms were the same as those 
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described in section 4.6.2. The other nine head forms were made from fiberglass and were 

smoother in feel compared to the silicone skin. During the donning process, firefighter PPE was 

donned using industry standard practice for structural firefighters. To reduce undesired 

contamination, stretch wrap and adhesive tape sealed the bottom portion of the head forms where 

the turnout jacket would typically overlap with the hood. To reduce reflectance from black light 

photography, fiberglass head forms were covered with a white paint that removes background 

fluorescence. This makes visual comparison more consistent due to the more uniform backdrop 

afforded by the head form’s surface. Removing the hood from the headform was done using the 

overhead method. The overhead method involves loosening the SCBA straps and pulling the 

hood and SCBA facepiece as one unit with uncontaminated hands between the skin and skin 

layer of the hood. 

 

Figure 51: Head forms mounted onto turntable in RTI wind tunnel 
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4.6.2.3 Evaluation for aerosol deposition 

The level of aerosol deposition was evaluated based on the intensity and color of the 

fluorescent-tagged silica. Heavy aerosol deposition was indicated by bright green color while 

lighter deposition appeared dimmer with blue color. Some of the silicone head forms, however, 

naturally glowed blue due to its inner structural components and therefore were not signs of 

aerosol ingress. Visual comparison was performed by comparing each headform from the front, 

back, and sides before and after each wind tunnel exposure. Like past fluorescent aerosol 

screening tests, visual comparisons of hoods based on their treatment and hood type can provide 

valuable insight into their particulate-blocking performance that cannot normally be achieved via 

benchtop evaluations. 

4.7 Results and Discussion 

4.7.1 Effect of wash-and-wear on hood opening size retention 

During the wash-and-wear experiments, no hoods were rated as “loose” since all 

specimens showed no gaps when placed on the lower half of the hood measuring device. Thus, 

hoods were found to either be “fitted” or “tight” during the evaluations for hood opening size 

retention. Table 19 displays the percentage of specimens that were rated as “tight” for each 

sample. All m-aramid hoods retained a “fitted” rating through the wash-and-wear regimen and 

exhibited trivial changes in appearance aside from the printed label fading off the garment. The 

other hood samples were rated as “tight” before exposures began. For several hoods, a pattern 

formed between the exposure types where hood openings would stretch wide right after the 

donning/doffing treatments and then tighten again after 25 laundering cycles. Hoods containing 

PBI blends in their outer and inner layers retained the highest levels of tightness across all 

exposure stages. The tactile differences between control group and treated PBI Blend hoods were 
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like those differences identified by House in which the hood slightly lost its original shape and 

appeared thinner [127]. However, as the reinforced seams around the hood opening of these 

hoods may have negated these physical changes in the openings of hoods containing PBI/FR 

viscose-blends. This appeared more so the case for the PBI Blend’s particulate equivalent, P-2, 

as the quilting may have reinforced the garment’s fabric against major dimensional changes. It is 

unclear, however, how this behavior was not mirrored by m-aramid blend hoods. Future research 

should investigate the effects that FR viscose at different blend ratios has on the dimensional 

stability of hoods after exposure to wash-and-wear. 

Table 19: Percentage (%) of hood specimens rated as “tight” during exposure regimen  

Hood Sample 0w 25w 25w + 50d 50w 50w + 100d 75w 75w + 150d 100w 100w +200d 

m-aramid 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

m-aramid 

blend 
100.0 33.3 16.7 66.7 16.7 33.3 33.3 100.0 66.7 

PBI Blend 100.0 100.0 66.7 100.0 83.3 100.0 100.0 100.0 100.0 

OPAN Blend 100.0 83.3 66.7 100.0 66.7 100.0 100.0 100.0 100.0 

OPAN Blend 

(thermal knit) 
100.0 50.0 16.7 66.7 50.0 66.7 66.7 66.7 33.3 

P-1 100.0 80.0 40.0 80.0 60.0 100.0 100.0 100.0 66.7 

P-2 100.0 83.3 66.7 100.0 83.3 100.0 100.0 100.0 100.0 

P-3 100.0 83.3 33.3 100.0 66.7 100.0 100.0 66.7 66.7 

P-4M 100.0 66.7 50.0 100.0 83.3 100.0 66.7 100.0 66.7 

 * w = wash, d = don/doff cycles  **Dark shade represents higher % specimens rated as “tight” 

 

4.7.2 Effect of wash-and-wear on particulate-blocking efficiency (PFE)  

4.7.2.1 PFE of hood fabrics and seams using fractional particle counter 

Except for the OPAN Blend, the laundering and wear cycles appeared to have minor 

effects on particulate-blocking efficiency in fabric portions of hoods when exposed to 0.1-micron 

latex spheres. Particulate-blocking composites averaged just below and above the 90% 
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requirement called for by NFPA 1971:2018 [4], outperforming their traditional counterparts. The 

m-aramid hood experienced unexpected variability at the 0-wash level but otherwise maintained 

efficiency after 100 washes and 200 wear cycles.  The PBI blend and OPAN blend experienced a 

slight improvement in efficiency, likely due to fabric fibrillation and tighter cover factor in their 

1x1 rib knit fabrics. PBI Blend had the lowest particulate filtration efficiency, possibly due to its 

low fabric weight, thinness, and knit structure.  

 
Figure 52: Hood fabric filtration efficiency of 0.1 latex spheres after wash/wear 

 

After testing the fabric portions of hoods, particulate hoods were evaluated at the seams 

in areas that included the right side of the crown (RC), left side of crown (LC), bib (B), and 

center crown (C). The P-3 hood was excluded from seam filtration tests due to difficulty 

clamping the seam of the particulate-blocking layer inside of the TSI 3160’s test area. Samples 

P-1 and P-4M, both of which have PTFE-based membranes, experienced significantly lower 

efficiencies in filtering 0.1-micron particles (P<0.001) at the seams. PFE at the seam locations of 

0

10

20

30

40

50

60

70

80

90

100

m-aramid PBI Blend OPAN Blend P-1 P-2 P-3 P-4M

P
a
rt

ic
u

la
te

 F
il

rt
a
ti

o
n

 e
ff

ic
ie

n
cy

 (
%

)

Hood

New 100 washes
*error bars represent 95 percent confidence interval

*error bars represent 95 percent confidence interval

**(LC) = Left Crown (C) = center crown (B) = bib



  125 

 

the PTFE-based hoods worsened after the wash-and-wear exposures, possibly due to abrasion 

during laundering and repeated tensile loads from the donning/doffing process.  

 
Figure 53: Hood seam filtration efficiency of 0.1 latex spheres before and after wash/wear 

Despite the drops in PTFE-based hoods, they still fared better in PFE when compared to 

new and 100-washed traditional hoods. P-2, the only nonwoven-based particulate hood included 

in this evaluation, did not experience significant changes in performance-based locations tested 

on the hood. A high-lumen, high-candela flashlight was placed under the particulate hoods seams 

to observe light’s ability to travel through the seams. As shown in Figure 53, stark differences 

were identified between these two particulate-blocking technologies at seam locations based on 

the amount of light cast through the seams of PTFE-based particulate hoods versus nonwoven-

based particulate hoods. After cutting P-2 hoods along and over their seams, the nonwoven 

barrier appeared to exhibit loft and noticeable hairiness within the construction of the seam 

which may have helped maintain PFE. The seam portions of hoods, especially those containing 

PTFE membranes, warrant further scrutiny after experiencing lower filtration efficiency 

percentages after the wash-and-wear cycles. Lastly, physical inspection through luminated 
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inspection instruments should be further explored as an in-field indicator of particulate-filtration 

efficiency. 

4.7.2.2 PFE of hoods evaluated using the Fluorescent Aerosol Screening Test (FAST) 

Imagery taken after the FAST evaluation reiterate the main shortcoming of traditional 

hoods in environments filled with particulates – effective particulate protection. To establish a 

baseline of performance, comparisons were made to the hood sample that is popular amongst fire 

departments in the U.S, the m-aramid hood (shown in Figure 54). After subjecting the m-aramid 

hood to the FAST, images taken under ultraviolet (UV) light found considerable deposition of 

fluorescent aerosol deposed throughout the manikin head-and-neck regions that were not already 

covered by the SCBA facepiece.  

    

Before After 

Figure 54: m-aramid hood before and after the FAST evaluation 

 

When pulling the OPAN blend (thermal knit) hood through the same process, the glow 

and color observed on the manikin headform intensified, indicating high levels of aerosol ingress 

as shown in Figure 55. The inferior protection against silica aerosol is likely due to the thermal 

knit’s more open fabric structure versus the more tightly knitted 1x1 rib knits evaluated in this 

work. This photographic evidence upholds the findings posted by Hill and Hanley when 

particulate hoods were not as commonplace [3].  
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Before After 

Figure 55: OPAN Blend (thermal knit) hood before and after FAST Evaluation 

While differences in performance were identified between traditional hoods during the 

FAST evaluation, the more dramatic disparities were recognized between particulate-blocking 

hoods and traditional hoods. Figure 56 shows the front view of a manikin that wore laboratory-

treated and untreated versions of the P-4M particulate hood during the FAST.  The treated and 

untreated P-4M hoods provided excellent particulate protection during the exposures, even after 

the 100 washes and 200 wear cycles. After testing the P-4M hoods extracted from six months of 

field use, however, a noticeable amount of aerosol amassed on the clavicular areas of the 

manikin. This area is also where several seams intersect on the hood, suggesting that aerosol 

could have penetrated through the hood’s seams just as the latex spheres did on the TSI 3160 

filter tester. Since exposures to the field-worn hoods were not logged by their wearers, it was not 

possible to pinpoint direct causes to the drop in particulate protection in these areas. Regardless, 

these results from the FAST illustrate the merit in incorporating particulate-blocking technology 

in protective firefighter hoods, even in the vulnerable seam areas. 
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Before After Before After 

Control After 100 washes and 200 wear cycles 

Figure 56: Treated and untreated P-4M hoods before and after the FAST evaluation 

4.7.3 Key observations regarding methodology employed in Phase 2 

Even though some differences were identified amongst hoods after being tested for 

opening size retention, it was difficult to relate the results to real-life performance when using 

the hood measuring device. While a “fitted” hood may feel snug on one wearer, it may feel too 

tight or too loose on another wearer based on their mask size and head anatomy. When handled, 

hoods employed in Phase 2 had different levels of elasticity which may play a key factor in the 

fit of a hood since stretching is required to fit hoods over the wearer’s head, neck, and SCBA 

facepiece. Alternatives for measuring hood opening size retention should be explored with the 

focus of relating better to the wearer and the wearer’s PPE.  

The employment of the TSI 3160 filter tester provided key data on the particulate-blocking 

performance of hood materials in the product form. Some hoods, however, were difficult to 

position and clamp onto the apparatus’ testing area without producing leaks. This was largely the 

case for specific hoods were garment edges and seams create an uneven testing area between the 

testing clamps. Lastly, the limited availability, high cost, and time investment associated with 

using the filter tester significantly limited the extent at which hoods were tested. Whenever 
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financially and logistically feasible, particulate-filtration efficiency testing using an automated 

filter tester is highly encouraged. 

    

Before After Before After 

Overhead method Over-the-neck method 

Figure 57: P-2 aerosol ingress based on doffing method 

During the FAST, the doffing method for firefighter hoods was also found to play a key 

role in minimizing fireground contamination. One P-4M particulate hood was doffed by resting 

the hood over the neck, unstrapping the SCBA facepiece, and then removing the hood by lifting 

it off the neck and head. This “over-the-neck” method, shown in Figure 57 is commonplace in 

the U.S. Fire Service and increases the potential for undesired contamination from the 

fireground. While contamination from doffing the hood may be unavoidable, the “overhead” 

method, seen in Figure 57, may help minimize contamination. This may require training the end-

user to doff the hood with the SCBA facepiece instead of resting the hood on the neck before its 

removal. Similar findings and suggestions were made by Kesler et al [128] where soot 

contamination levels on trained firefighters were recorded to be lower when using this overhead 

removal technique. The principle of this technique runs parallel to the “glove-to-glove / skin-to-

skin” technique used by medical providers to remove medical gloves in healthcare environments 

[142]. 
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4.8 Conclusions 

The pilot study, with its novel approaches to exposure and treatment methods, laid 

groundwork for future research regarding the continued performance of firefighter hoods. The 

use of silicone headform manikins for mimicking donning/doffing exposures showed potential 

for use in durability studies concerning protective hoods due to its ease of use and realism when 

compared to using a tensile tester as specified in NFPA 1971. Hood opening size retention was 

inconsistent across hood technologies while also being difficult to relate results back to the 

wearer. The automated filter tester used for testing particulate filtration efficiency showed 

promise in reliably evaluating most hood materials at the product level. The fluorescent aerosol 

screening test provided excellent visual insight on how particulates may pass through hoods as 

well as how well hoods block particulates from the wearer. Both methods used to evaluate PFE 

highlighted the improvement that particulate-blocking hoods exhibited over traditional hoods in 

mitigating dermal absorption of fireground particulates. The pilot study only scratched the 

surface on the countless ways that firefighter hoods can be evaluated for their long-term 

performance and durability. That said, additional research is warranted to close the gaps 

pertaining to hood durability. 

4.9 Future work 

Future work should explore ways to realistically expose hoods to non-thermal on-the-job 

stressors, especially the actions associated with donning/doffing. Since laundering and excessive 

wear are prevalent exposures for firefighter hoods, it would be valuable to experiment with job-

related exposure methods that balance realism, reproducibility, and repeatability. New candidate 

methods should be considered in evaluating hood opening size retention in ways that the end 

user can relate to. This includes evaluating the hoods for their coverage and interoperability on 
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standardized headforms that differ in size and shape. As the popularity of hoods increases, it 

would be beneficial to log the exposures that on-duty hoods in the field experience and then 

acquire them for performance evaluations. That way, a deeper understanding can be achieved 

regarding how on-the-job stressors affect the lifespan and characteristics of firefighter hoods. 
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Chapter 5: Phase 3 - Assessing continuing performance of particulate hoods after 

compounding on-the-job exposures 

 

5.1 Abstract 

Particulate-blocking hoods are quickly becoming more mainstream in the U.S. Fire 

Service due to their ability to block particulates on the fireground. Phase 3 uses what was learned 

from Phases 1 and 2 to systematically investigate how compounding on-the-job exposures can 

impact long-term performance and usability of particulate-blocking hoods. Materials consisted of 

particulate-blocking hoods that were commercially-available at the time of experimentation. 

Hoods were exposed to one of three treatments with each treatment containing different amounts 

of exposure types. Treatments were applied to samples in a manner that balanced realism with 

repeatability/reproducibility to encourage further research. Evaluations included the subflash 

radiant protective performance test (SRPP), burst strength, particulate filtration efficiency (PFE), 

and several forms of physical inspection. Most hoods experienced varying reductions in burst 

strength after each treatment. All samples maintained particulate filtration efficiency in garment 

areas not covered by seams. Results from SRPP become more variable in most samples after 

receiving any treatment. Filtration testing and luminated inspection instrumentation highlighted 

increased potential of particle ingress in the seam portions of PTFE-based particulate hoods. 

Future work and improving public awareness concerning the continuing performance of 

particulate-blocking hoods is highly encouraged. 

5.3 Introduction 

Particulate hoods deserve scrutiny for their sustained performance and safety due to their 

short track record in the field. Understanding the cumulative effects that on-the-job exposures 

have on hoods may aid the fire service community in preventing hood-related injuries and 
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improving fireground effectiveness. Evaluating hoods treated to simulated versions of these 

exposures may help improve that understanding. While acquiring hoods from the field holds 

value in understanding hood performance and identifying damage from real-life hazards, 

performing simulated exposures in a controlled environment is warranted on the grounds of 

repeatability and reproducibility. The main objectives of Phase 3 were to (1) observe how 

particulate-blocking hoods perform against three main on-the-job stressors and (2) evaluate 

treatment and evaluation methods for their practicality in predicting continuing hood 

performance. It is hypothesized that hoods tested will each have their own unique advantages 

and drawbacks in performance based on hood manufacturer, material choice, and the unique 

implementation of particulate-blocking technologies. Findings from this work may potentially 

identify distinct changes in post-exposure performance that deserve further scrutiny. 

5.4 Materials 

Due to their growing popularity and short track record, hood samples were strictly limited 

to particulate-blocking hoods that differed by material composition, particulate-blocking 

technologies, layering style, seam locations and other manufacturing-related properties while 

balance feasibility and project scope. Table 20 lists the samples used in Phase 3 along with their 

garment-related properties. Samples with the same letter in their ID were produced from the 

same manufacturer. Hoods A1, A2, and B1 each had 2 separable layers, a manufacturing choice 

shared with most traditional hoods in the PPE market. Hoods B2 and C, on the other hand, had 

inseparable layers that adhered to each other through a lamination process. Hoods A1, B1, and C 

contained blends of m-aramid within their outermost layer while hoods A2 and B2 contained a 

PBI blend. As opposed to many hoods utilized in Phase 1, Phase 3’s hoods all contained FR 

viscose within their outermost layer. FR viscose-containing hoods were investigated because 
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they (1) were the most common material shared by popular particulate hood manufacturers and 

(2) experienced noticeable drops in burst strength after exposure to moderate heat levels during 

Phase 1 experiments. Including FR viscose-based hoods in Phase 3 allows the ability to see how 

adding the other two exposure types may exacerbate their performance and durability. 

Table 20: Phase 3 Hood Samples 

Sample Outer Layer Composition Inner Layer Composition Stitch/Seam 
Thickness 

(mm) 

A1 
20% m-aramid / 80% 

Viscose FR rib knit 

8 osy rib knit 

Trilaminated multifilament FR viscose, 

Air-permeable PTFE Particulate-

blocking layer 

4.1 osy 

Panels – 

607/Fsa-1 

Bottom hem – 

406 

0.98 

A2 
20% PBI / 80% Viscose FR 

6 osy rib knit 

Trilaminated multifilament FR viscose, 

Air-permeable PTFE Particulate-

blocking layer 

4.1 osy 

Panels – 

607/Fsa-1 

Bottom hem – 

406 

0.86 

B1 
20% m-aramid / 80% 

Viscose FR 

8 osy rib knit 

Air-permeable PTFE Particulate-

blocking layer 

 

Crown – 

607/Fsa-1 

Bib – 

504/Ssa-1 

0.94 

B2 

Nonwoven polyimide nanofiber particulate membrane laminated 

between two layers of 20% PBI /80% Viscose FR 

6 osy 1x1 rib knit 

 

Crown – 

607/Fsa-1 

Bib – 

504/Ssa-1 

 

1.56 

C 

Crown: m-aramid blend 

13.8 osy 

Bib and center of crown: Nonwoven polyimide nanofiber particulate 

membrane laminated between 2 6 osy layers of proprietary tri-blend of 

Viscose FR, p-aramid, and high tenacity nylon. 

 

Crown – 

607/Fsa-1 

Bib – 

504/Ssa-1 

 

1.65 

*osy represents fabric weight in oz/yd2 

5.5 Experimental Design and Analysis 

Given the innumerable ways to combine on-the-job exposures together, research in 

pinpointing how exposures may interact to affect hood performance remains in its infancy. To 

begin filling this gap in research, a randomized block design, illustrated in Figure 58, was 

implemented in Phase 3 to investigate how different commercially-available hoods perform after 

treatments to simulated on-the-job exposures.  
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Figure 58: Experimental Design for Phase 3 

Subgroups were organized by hood types that were exposed to one of three treatments. 

Results and observations made from Phases 1 and 2 were used to solidify conditions for Phase 3 

sample treatments and evaluations. Phase 3 involved steadily combining exposures and cycling 

them to mimic a firefighter hood’s service life in the field. The extent of exposures replicated 2.5 

years’ worth of service-related stressors based off survey results acquired by the Textile 

Protection and Comfort Center (TPACC) at NC State University. During this phase, samples 

were assigned to one of three treatments as organized in  
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Particulate-blocking 
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Laundering
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Treatment 3: 
Laundering/Wear/

Heat
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Laundering/Wear/

Heat/UV
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Figure 59. Treatment 1 consisted solely of laundering cycles. Treatment 2 combined 

laundering and donning/doffing cycles like the procedures performed in Phase 2. Lastly, 

Treatment 3 combined cycles of laundering, donning/doffing cycles, and thermal exposures 

together. Treatments were chosen this way to investigate possible interactions and additive 

effects that exposures may have on hood performance when exposures are cycled together. 

Treatments 2 and 3 were organized in cycles so that the exposures were applied in blocks before 

exposing hood sample to another exposure type. For example: Hoods in Treatment 3 underwent 

six 10-minute rotations of thermal exposure in a row before being exposed to 60 consecutive 

donning/doffing cycles. Once 60 donning/doffing cycles were reached for hoods in Treatment 3, 

all hoods were laundered together six times before beginning the cycle again. Although the 

initial experimental plan included UV radiation exposures in Treatment 4, time restraints and 

logistical challenges prohibited the inclusion of Treatment 4 samples in this dissertation. 

However, samples of all hoods included in this phase are available for UV exposures as part of 

future/on-going work within TPACC. Methods shown in Figure 58 were utilized to evaluate 

hoods for their continuing performance and durability. Instead of employing the hood measuring 

device for hood opening size retention, an ISO-standardized manikin wearing an SCBA 

facepiece was used to evaluate hood fit. The Subflash Radiant Protective Performance Test 

(SRPP) replaced the Thermal Protective Performance test (TPP) to evaluate the potential of 

second-degree burns when protective clothing is exposed to moderate radiant heat levels for 

longer durations. Particulate filtration efficiency (PFE) was evaluated using a TSI 3160 

Automated Filter Tester at multiple particle sizes instead of strictly at 0.1 micron like in Phase 2. 

After discovering light passing through seams in the Phase 2 experiments, a luminated inspection 
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instrument designed for particulate hoods was utilized to evaluate seam integrity of all hoods in 

Phase 3. 

                     

 

Figure 59: Phase 3 Treatments  

5.6 Exposure Methods 

5.6.1 Procedures for Laundering Exposures 

Many PPE manufacturers use laundering as a go-to exposure to predict and advertise 

long-term wear of firefighter hoods. As concerns grow regarding occupational cancer risk, more 

fire departments may begin washing their hoods at higher frequencies. In this work, laundering 

will serve as a base exposure for all treated hoods. Laundering was performed using a front-

loading Unimac wash-extractor located in the Pilot Lab within NC State’s Wilson College of 

Textiles. All other wash parameters and procedures matched those carried in Section 3.6.2.  

Hoods across the three treatments were washed in batches of 30 so that the different samples 

were mixed during the washing process. Hoods were laundered consecutively six times before 

being dried overnight and prepared for the next scheduled exposure or until completion of 

treatment. Sample drying was performed using a forced air turnout gear dryer shown in Figure 

60. 

Treatment 1 (L)

24 Laundering cycles

Treatment 2 (L/D) 

4 cycles

60 donning/doffings

6 Laundering Cycles

Treatment 3 (L/D/T) 

4 cycles

6 10-minute rotations 
of thermal exposure

60 donning/doffings

6 Laundering Cycles

Treatment 4* 
(L/D/T/U)

4 cycles

6 10-minute rotations 
of thermal exposure

60 donning/doffings

6 Laundering Cycles

20 hours UV
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Figure 60: Turnout Gear Dryer used to dry hood samples 

 

5.6.2 Procedures for Donning/Doffing of Particulate-Blocking Hoods 

The action of putting on or taking off a hood is a prevalent stressor for hoods because the 

task is performed on the way to calls, as part of training, during gear inspection, and for public 

showcase. The number of cycles was chosen to be ten times more than the number of 

launderings since many firefighters wear their hoods multiple times before washing them. This 

10:1 ratio of donning/doffing-to-laundering is most likely a conservative or underestimation of 

the number of times hoods are actually donned/doffed in field use, but it represented a reasonable 

number of cycles that could easily be performed within the project scope. The donning/doffing 

portion of treatments mirrored procedures laid out in Section 4.6.2.  

5.6.3 Procedures for Thermal Exposures 

Due to its consistency in applying heat, being user friendly, and high productivity, the 

Firefly curing oven from Phase 1 was employed to expose hood samples to thermal exposures. 
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To begin thermal exposures, hood samples were placed on the conveyor belt where they were 

automatically transported passed the curing oven’s quartz heaters as shown in Figure 61. Hood 

orientation on the conveyor belt was alternated one of 4 sides before each pass: (1) front, (2) 

back, (3) left, (4) right. Hoods were evenly exposed on each side upon completion of thermal 

exposures in Treatment 3. Before each pass, 2-ply m-aramid material was placed inside of hoods 

so that the underlying sides of hoods were insulated from the heaters’ radiant heat. For each 

treatment cycle, hoods were rotated through the curing oven during until each hood had 

undergone six 10-minute passes. The oven temperature was set to 140°C during thermal 

exposures. This temperature was chosen to ensure apparatus reliability while also replicating 

moderate thermal conditions encountered in firefighting environments. 

 

Figure 61: Hoods placed on their left side on the Firefly Curing Oven 
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5.7 Evaluation Methods 

5.7.1 Fabric Bursting Strength 

After treatments, burst strength testing was performed on hood samples to evaluate their 

physical durability. As done in Section 3.6.5, procedures adhered to ASTM D6797, Standard 

Test Method for Bursting Strength of Fabrics Constant Rate-of-Extension (CRE) Ball Burst Test 

[140]. Samples (5” × 5” (n=3)) were each cut from separate hoods in preparation for burst 

strength testing. Since the materials of hoods B2 and C were adhered to through a lamination 

process, burst strength was performed on their composites versus the outermost hood material. 

Only the outermost layer was tested for Hoods A1, A2, and B1 as recommended in NFPA 

1971:2018 [4].  

5.7.2 Subflash radiant protective performance (SRPP) 

Firefighters and their PPE are more likely to encounter milder temperatures at longer 

time durations than the extreme temperatures encountered in NIST Class IV thermal 

environments [10]. While thermal protective performance, conducted in Phase 1, remains a 

crucial measure of protection in firefighting environments, its parameters represented situations 

where extreme levels of heat are applied immediately. The Stored Energy Tester (SET), shown 

in Figure 62, was employed to analyze how particulate hoods, both untreated and treated, protect 

against radiant heat when pressed against the wearer’s skin. SRPP test procedures followed Test 

Procedure A and used apparatus that adhered to ASTM F2731 Standard Test Method for 

Measuring the Transmitted and Stored Energy of Firefighter Protective Clothing Systems [143]. 

Samples (n=3) were cut directly from hoods and tested as 6” × 6” composites with the outermost 

fabric facing the stored energy tester’s heat source. Specimens were preconditioned within two 
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minutes of the test by applying 3.4 grams (± 0.2 grams) of water to the side of the hood specimen 

that faces the wearer’s skin. 

 
Figure 62: Stored Energy Tester used to perform SRPP evaluation [144] 

This was performed to simulate sweating while performing firefighting activities. During 

the test, specimens were exposed to a radiant heat flux of 8.5 ± 0.5 kW/m2 until the device’s 

sensor detected a second-degree burn. All samples were tested in contact and spaced 

configurations. The contact configuration simulates the composite pressing against the wearer’s 

skin as radiant heat is applied while the spaced configuration represents a composite that has a 

layer of air between itself and the wearer’s skin. The contact configuration replicates the hood 

being pressed against the wearer’s skin (namely by the ear) while the spaced configuration 

replicates a loose-fitting hit. Both configurations were chosen to observe how the fit of the hood 

may influence thermal protection for the wearer. Specimens were evaluated for estimated time to 

second-degree burn (seconds) following exposure. Due to time restraints and technical 

difficulties, the control group for the spaced-configured SRPP evaluations could not be evaluated 

in this work. 
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5.7.3 Particulate Filtration Efficiency (PFE) 

Testing particulate-blocking hoods for PFE after simulated on-the-job exposures in Phase 

3 may be valuable in predicting their continued ability to dermally protect firefighters from 

fireground particulates. The TSI 3160 Automated Filter Tester was employed to evaluate the 

PFE of hoods in their fabric and seam areas. Filtration tests were conducting using a modified 

version of ASTM F2299 Standard Test Method for Determining the Initial Efficiency of 

Materials Used in Medical Face Masks to Penetration by Particulates Using Latex Spheres [82]. 

Samples (n=3) were taken from fabric and seam areas of hood samples which were directly 

mounted onto the TSI 3160’s sample holder. Specimens were tested for their filtration efficiency 

against latex spheres ranging between 0.1-0.8 micron at a flow rate of 6 liters/min. PFE was 

calculated by averaging the filtration efficiencies recorded for each micron size. 

5.7.4 Physical Inspection using a luminated particulate hood inspection instrument 

The use of power light sources as referenced in Section 4.7.2.1 showed promise in 

identifying potential defects in the seam portions of particulate-blocking hoods. In response, the 

LumiPHI® (Luminated Particulate Hood Inspection) instrument was utilized to investigate the 

inner layers and seams of particulate-blocking hoods. The instrument contained a high-output 

light source inside of rotating glass dome. To mount hoods onto this device, they were placed 

over this dome as shown in Figure 63. Hoods were slid over this glass dome so that the hood’s 

face opening was over the blacked-out area. A foot control switch was used to turn on the light 

source. The glass dome was rotated so that light could shine through all the hood’s sections for 

defects. All hoods in Treatments 1-3 were inspected before being exposed. Hoods in Treatment 1 

were then evaluated after every six laundering cycles until 24 laundering cycles was achieved. 
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Hoods in Treatments 2 and 3 were evaluated after laundering exposures were completed in every 

cycle until treatments were completed. 

   

Figure 63: Procedures for mounting hoods onto the LumiPHI® (starting from left to right) 

5.7.5 Physical Inspection using ISO-certified respirator testing headforms 

While the hood measuring device utilized in NFPA 1971:2018 could detect differences in 

hood opening size retention during Phase 1, it may be limited in its ability to predict 

interoperability with a firefighter’s SCBA facepiece. To assess their hood opening size retention 

and overall fit, hoods in Phase 3 were donned onto respirator testing headforms with sizes that 

adhered to ISO 16900-11:2013 Respiratory protective devices - Methods of test and test 

equipment [145]. Hood samples were donned with a medium Scott AV-3000HT respirator on a 

medium-sized headform (i-Bodi, Buckingham, UK). The hood donned only over the frame of the 

SCBA facepiece as shown in Figure 46. Sideview photos of the outfitted headform, like the 

photo shown in Figure 64, were taken for all hood specimens before being treated. Photos of 

hood samples in Treatment 1 were then taken after every six laundering cycles until 24 

laundering cycles was achieved. Hood samples in Treatments 2 and 3 had their photos taken after 

laundering exposures were completed in every cycle until treatments were completed. 
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Figure 64: Side view of hood over an SCBA facepiece on an ISO-certified headform 

5.8 Results and Discussion 

5.8.1 Material color changes identified from physical inspection 

Hood sample B2 experienced significant color changes after undergoing any treatment. 

Figure 65 shows a side-by-side comparison of a control hood versus a hood subjected to 

Treatment 3. It was discovered that the hoods were cut and sewn from a defected fabric lot 

acquired by one of manufacturer’s suppliers. The lot of knit material experienced a “drift” in 

fiber blend of PBI and FR Viscose fibers. Some panels of the B2 specimens came from different 

parts of this fabric roll that didn’t have the defect. Defects were only detectable via color change 

after treating specimens to several laundering cycles since the hoods looked normal initially. The 

manufacturer also acquired field-worn hoods that were from the same lot of knit material 

manufactured into the B2 hood sample. They discovered that darker shades of this fiber blend 

resulted in reduced weight, low thermal protective performance (TPP) values, and signs of layer 
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delamination after post-use evaluations. In response, test specimens were extracted from panels 

that did not display these defects.  

  

Figure 65: Control B2 hood (left) and treated B2 hood (right) 

 

5.8.2 Effect of Phase 3 treatments on particulate-filtration efficiency (PFE) 

Filtration testing using the TSI 3160 provided evidence that high filtration efficiency of 

particulate-blocking hoods may be dependent on where samples are taken from on the hoods 

themselves. When taken on their fabric portions, the PFE of all treated and untreated hood 

samples averaged above NFPA’s 90% minimum requirement for filtration efficiency [4]. When 

tested over seams (which were not required to be tested according to NFPA 1971:2018), hoods 

using PTFE-based particulate-blocking layers experienced significant reductions in PFE. These 

reductions, shown in Figure 66 occurred in treated hoods and control hoods. Average filtration 

efficiencies on tested seam areas progressively worsened as more exposure types were applied to 

PTFE-based hoods. 
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Figure 66: PFE of PTFE-based particulate-blocking hoods based on their test location and treatment 

On the other hand, the fabric and seam portions of hoods using nonwoven-based barriers 

retained their PFE, even after each treatment. Figure 67 shows the discrepancies in PFE based on 

the filtration technologies used in Phase 3’s particulate-blocking hoods. Despite having similar 

seam/stitch types, seam PFE in the nonwoven-based particulate hoods fared better than PTFE-

based particulate hoods at every condition.  

 

Figure 67: Hood seam PFE based on particulate-blocking technology 
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5.8.2.1 Signs of seam damage from luminated inspection instrument 

Luminated inspections were performed on all hood samples using the LumiPHI® 

instrument. Direct light from the LumiPHI® leaked through the seams of most hoods using 

PTFE-based particulate-blocking layers as shown in Figure 68. In contrast, hood sample C, did 

not readily leak direct light despite having similar seam and stitch types as PTFE-based 

particulate hoods. It is unclear exactly why sample C’s seams appeared more closed exhibiting 

better PFE in this area. It is hypothesized that the nonwoven material used in sample C’s 

particulate-blocking layer may overlapped the stitching of the seams themselves, sustaining the 

PFE in seam areas. Similar observations were made with hood sample B2 in the unstretched 

state. When hood sample C was inspected using the LumiPHI®, direct light also appeared to 

penetrate through when placed on the device per the instrument manufacturer’s instructions. 

Sample B2 exhibited lower extensibility than the other hood samples. This may be due to the 

combination of the laminated composite prohibiting the rib knit layers from stretching and using 

the laminated particulate-blocking composite in every panel of the hood. When seam portions of 

Hood B2 were loosely placed over the glass of the LumiPHI® seams appeared to be as tight as 

Hood C’s seams in Figure 68. 
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Figure 68: Luminated inspections on a PTFE-based particulate (left) and nonwoven-based (right) hood 

 

  

Figure 69: Hood B2 experiencing particulate-filter bunching (left) and light leakage (right) using the LumiPHI® 
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5.8.4 Effect of Phase 3 treatments on fabric and composite burst strength  

Following each treatment and preconditioning, bursting strength tests were performed on 

all hood samples. Apart from Hood B2, average bursting strength lowered if hood samples had 

undergone any treatment as seen on the heatmap in Table 21. Despite the reductions in bursting 

strength, all treated samples exceeded NFPA’s 225 N strength requirement shown in Figure 70. 

Hood samples B2 and C were tested as composites since layers could not be physically removed 

from each other.  

Table 21: Percent changes in bursting strength based on exposure task 

Hood 
Treatment 1 

L 

Treatment 2 

L/D 

Treatment 3 

L/D/T 

A1 -19.95% -14.52% -25.58% 

A2 -16.80% -17.88% -30.53% 

B1 -15.82% -21.82% -22.11% 

B2 14.79% 16.78% 0.02% 

C (Crown) -4.81% -9.66% -15.60% 

 

This likely attributed to their average bursting strength faring higher than the outermost 

fabrics tested in samples A1, A2, and B1. Sample A2 experienced the largest bursting strength 

reductions after each treatment, especially after heat exposures from Treatment 3. It was the only 

hood that fell below NFPA’s bursting strength requirement after each treatment. Samples A1 and 

B1 shared similar burst strength levels and reductions in burst strength after treatments. Samples 

A1 and B1’s higher fabric weight and thickness might have given them a slight edge in bursting 

strength over A2. Reasons for sample B2’s increased burst strength after treatments is uncertain. 

In reference to the “fiber drift” in section 5.8.1, it is speculated that specimens from B2’s treated 

hoods contained more PBI in their fiber content than the specimens extracted from B2’s 

untreated hoods, increasing their bursting strength. 
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Figure 70: Fabric Burst Strength after Phase 3 Treatments 

5.8.4 Effect of Phase 3 treatments on stored energy 

All hood composites, regardless of test configuration, avoided sharp declines in SRPP 

levels. As expected, hoods in the spaced configuration had higher SRPP ratings than hoods tested 

in the contact configuration. This can be attributed to the air gap between the hood samples and 

skin sensor acting as an insulator of heat during the evaluation, as has been referenced for 

firefighter protective clothing in past research [146]. Depending on the specific fit of a hood on 

an individual’s head, both contact and spaced configurations are realistic. Particulate-blocking 

composites tested in the contact configuration experienced higher variability in SRPP when 

subjected to any treatment while the knitted bib of Hood C stayed rather consistent. 
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Figure 71: SRPP after Phase 3 Treatments (Contact Configuration) 

 SRPP results in the spaced configuration, however, provided more consistent results 

across the board. Under visual inspection, particulate-blocking samples were generally uneven 

due to wrinkling or sagging. These fabric distortions might have had a stronger influence when 

run in the contact configuration from uneven placement on the SET device’s sample holder. 

These results show optimism in a particulate-blocking hood’s continued ability to offer thermal 

protection to wearers after exposure to on-the-job stressors. More research is needed, however, in 

investigating how these results compare to traditional hoods and equivalent evaluations that use 

garments instead of extracted 6” × 6” specimens. 
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Figure 72: SRPP after Phase 3 Treatments (Spaced Configuration) 

5.9 Conclusions 

Phase 3 experiments provided valuable insight into the continued performance of 

particulate-blocking hoods after exposure to on-the-job stressors based on their materials, style, 

and construction. Physical inspections identified product defects in some hood samples 

containing fiber blends which, if not accounted for, may have dramatically influenced test 

results. The defected hoods, should they have been used in the field, might have provided 

performance levels different from those advertised by the manufacturer. All hood samples 

performed well in maintaining their PFE in their fabric portions after all treatments. Filtration 

tests and luminated inspections, however, highlighted concerning vulnerabilities related to PFE 

in the seam portions of hoods using PTFE-based particulate-blocking layers. The LumiPHI® 

was particularly useful in rapidly identifying these seam defects. All Phase 3 treatments had a 

detrimental effect in lowering burst strength in most hood samples, particularly FR viscose-based 

fabrics with light fabric weight and thickness. The test configuration of the SRPP evaluation 
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appeared to have the biggest effect on thermal protection of hood samples in the face of 

moderate heat levels found in structure fires. More research, however, is required to corroborate 

such results. As an evaluation method, the SRPP shows potential in predicting thermal protection 

in moderate thermal environments encountered by firefighters.  

5.10 Future Work 

While this work provides insight on how particulate-blocking hoods are influenced by 

job-related stressors, it only scratches the surface in ways to replicate on-the-job exposures, 

apply the exposures, and perform post-exposure evaluations. Ultraviolet (UV) radiation had a 

dramatic impact on the physical durability of firefighter hoods as shown in Chapter 3. 

Combining this exposure type with the stressors mentioned in this chapter would be particularly 

useful in understanding a firefighter hood’s continuing performance. The Firefly curing oven, 

while efficient in treating hoods, should be probed for its ability to replicate the thermal 

conditions encountered while performing firefighting activities. Research pertaining to the 

SRPP’s ability to evaluate a hood’s thermal protection is strongly encouraged. Future work 

should experiment with the SRPP’s testing parameters including test configurations, 

preconditioning methods, and heat intensities. Lastly, opportunities to improve the PFE in the 

seam areas of PTFE-based hoods should be sought. 
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Chapter 6: Research Conclusions and Recommendations 

6.1 Summary of Research and Overall Conclusions 

This research systematically investigated the effects that on-the-job exposures may have 

on the continuing performance and physical integrity of firefighter protective hoods. Four on-

the-job stressors were evaluated for their effect on hood performance: ultraviolet radiation (UV), 

laundering, donning/doffing, and thermal exposure. These exposures were replicated in 

controlled environments using instrumentation that balanced realism and 

repeatability/reproducibility. Hood materials were evaluated at the material level and product 

level for properties that include fabric bursting strength, thermal protective performance (TPP), 

particulate filtration efficiency (PFE), subflash radiant protective performance (SRPP), and 

physical properties of the materials themselves. Experimentation was separated into three 

separate phases.  

Phase 1 investigated how individual on-the-job exposures may affect hood performance. 

In this phase, ultraviolet (UV) was found to be a major contributor to hood damage. The 

outermost hood fabrics appeared to take the brunt of UV damage during exposures as underlying 

layers maintained most of their burst strength post-exposure. All samples retained much of their 

thermal protection and PFE after every level of UV exposure. During thermal exposure 

experiments, the physical integrity of hood materials was observed to be dependent on the 

environmental temperatures and specific materials being exposed. Hood materials containing FR 

viscose experienced noticeable reductions in burst strength following moderate thermal 

exposures while showing negligible color change. Laundering appeared to have little to no effect 

on hood integrity and negligible differences in fabric properties. 
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Phase 2 researched new ways to treat hoods to on-the-job exposures, evaluate hoods for 

particulate-filtration efficiency, and observe continuing performance of particulate hoods 

acquired from the field. Hood samples were treated to cycles of laundering and donning/doffing 

to understand if the combined stress of these exposures negatively impacted hood performance 

more than if hoods were exposed to only one exposure type. Hood samples were evaluated for 

particulate filtration efficiency using the fluorescent aerosol screening test and an automated 

filter tester. Evaluation and treatment methods were also critiqued for their usefulness in 

predicting a hood’s continued performance. All hood samples passed the hood opening size 

retention test after 100 launderings and 200 donning/doffings. Filtration tests using an automated 

filter tester showed clear distinctions in performance between traditional hoods and particulate-

blocking hoods. When tested for PFE using the automated filter tester, particulate-blocking 

hoods excelled in maintaining their PFE in fabric areas after the wash-and-wear exposures. 

Seams of PTFE-based particulate-blocking hoods, however, showed worrying drops in PFE 

when undergoing the same test. During the fluorescent aerosol screening test, particulate-

blocking hoods provided excellent protection against aerosol ingress if the “over-the-heat” 

doffing method was utilized for removing PPE from the manikins. Particulate-blocking hoods 

acquired after 6 months of duty use maintained their ability to block aerosol particulates during 

the FAST evaluation.  

Phase 3 tied the findings and methodology from Phases 1 and 2 to rigorously examine 

how cycled on-the-job exposures can affect hood performance over time. Particulate-blocking 

hoods were exposed compounding on-the-job exposures of laundering, donning/doffings, and 

thermal exposures. Laundering was served as the base exposure for three different treatments. 

Treatment 1 consisted of laundering, Treatment 2 cycled laundering and donning/doffing, and 
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Treatment 3 rotated between laundering, donning/doffing and thermal exposures to simulate 

hoods undergoing field use. Hood samples were evaluated through various forms of physical 

inspection and performance tests that included fabric bursting strength, subflash radiant 

protective performance (SRPP), and particulate filtration efficiency. Benchtop filtration tests and 

luminated hood inspections found weak points in the seam areas of PTFE-based hoods when 

tested for particulate filtration efficiency. SRPP appeared to vary more if particulate-blocking 

composites were tested in the contact configuration. Hoods collectively performed better in the 

SRPP evaluation when tested in the space configuration, indicating that sizing may play a crucial 

role in maximizing a hood’s thermal protection. The physical durability of most hood samples 

was negatively affected after being subjected to any treatment. This was especially the case for 

the outermost layer of hoods that contained low fabric weight and fabric thickness.  

6.2 Recommendations 

Research concerning the continuing performance of hoods, both traditional and 

particulate-blocking, is still in its infancy. Future research should explore ways to set parameters 

in simulating the four on-the-job exposures while maximizing realism with 

repeatability/reproducibility. Methodology and apparatus related to ultraviolet (UV) light 

exposure should be investigated for realistically exposing hoods to simulated sunlight. Since 

hoods experience radiant and convective heat in structural firefighting environments, new 

alternatives to exposing hoods to thermal exposure for the purpose of durability testing should be 

explored. While thermal protection remains a core aspect of a hood’s performance, thermal 

comfort deserves a similar level of attention. Future research should evaluate how thermal 

comfort measures like total heat loss (THL) and evaporative resistance (Ret) are affected by on-

the-job stressors. To maximize particulate protection, efforts to improve PFE at the seam areas of 
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PTFE-based particulate-blocking hoods is highly encouraged. While the SRPP evaluation 

showed potential in evaluating hoods for thermal protection in moderate firefighting 

environments, more research utilizing the stored energy tester is encouraged to observe how heat 

intensity, sweat, and garment parameters affect a hood’s thermal protection levels. Lastly, hoods 

containing high fiber ratios of FR viscose should be heavily scrutinized for their long-term use in 

the field. 
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