
ABSTRACT 

KENT, MATTHEW E. Development of a Multi-Purpose and Multi-Hazard Daily Wear 

Garment for Firefighters, EMS, and Police. (Under the direction of Dr. Emiel DenHartog). 

 

 

 This research seeks to utilize advanced material selection methodologies to develop a 

multi-purpose and multi-hazard daily wear garment for first responders based on expert and 

user needs assessments. Project specific requirements were established that greatly narrowed 

the search area of possible materials. Preliminary materials research within these limiting 

requirements led to the collection and subsequent testing of nine new woven, three baseline 

woven, six knit, six membrane, and eighteen composite materials. The tests performed were 

specifically selected to showcase material differences in areas important to the acceptance 

and performance of the garment such as comfort and protection so as to expedite the down-

selection to the final garment materials.  

 This downselection process was conducted in a series of phases to shorten the 

timeline and avoid unnecessary testing. After each phase of testing, a project specific 

decision matrix, developed in-house, ranked the materials based on how well each material 

met the key project requirements. By conducting the selection in this manner, the optimal 

materials were determined in a shorter time frame than if a full test matrix had been 

conducted. Subsequent testing on the resultant materials provided a necessary feasibility and 

practicality check.  

 The goal of the project was to develop a multi-hazard and multi-purpose garment for 

first responders. While the materials development, testing, and selection indicated that it was 

a success it was necessary for the design and comfort of the garments to be tested for 

acceptability. Since comfort is subjective, the prototype garments were compared in a 

subjective manner against the baseline garments on the market today within the strict and 

designed structure of a wear trial. 

 The decision matrix developed in this research shows that it is possible to objectively 

design, select, and develop materials for a garment who’s proving factors and key 

requirements are entirely subjective. Use of this type of decision matrix within the field of 

textiles and garment development would provide a useful means for, within a larger sample 



set of materials and desired materials properties, determining an optimal fabric or garment 

configuration that meets the given needs and tradeoffs of any project. 
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1. Chapter 1: Introduction 

1.1. Purpose and Motivation 

 Comfort for a first responder is a concept that combines a multitude of physical, 

physiological and psychological aspects and is, therefore, difficult to achieve. Additionally, 

for first responders, the need for protection adds complexity as the protective needs need to be 

balanced with the physiological and psychological requirements to achieve comfort.  Most first 

responders (non-volunteer), whether firefighters or emergency medical technicians, will have 

additional high level protective garments to be utilized when required by their work. 

Firefighters, depending on the type of response, will usually wear their turnout gear which is a 

heavy garment (typically between 60-100 lbs depending on amount of additional gear; helmet, 

SCBA, boots… etc.) [1] that provides protection against not only heat and flame but also many 

hazardous conditions the responder may encounter. These additional protective garments are 

tailor made for a highly-specialized task and environment. As a result of the protective needs 

(as stated in NFPA 1971 [2] for turnout suits), they are uncomfortable for wearing in a range 

of conditions and for extended periods of time even in normal conditions, driving first 

responders to seek an increase in comfort in other areas such as their base ensembles. Base 

ensembles, also known as duty uniforms or station wear garments, are the clothes in which 

professional first responders spend the most amount of their time (when not responding) and 

are therefore required to provide some comfort during their daily activities and while being 

worn under their more protective ensembles. As stated by NFPA 1975 [3], the station/work 

uniform is not, of itself, a primary protective garment, however it should not cause or contribute 

to injury from an unexpected thermal exposure[3].  

 The environments to which first responders are exposed greatly vary and can depend 

on weather, location, and type of call they are responding to. The variable nature of their 

response environment means the wearers requirements for comfort vary accordingly. The base 

garment should provide optimal protection for a wide range of hazards, with minimal 

consequences in regards to user comfort, and wearability. While the tradeoffs between thermal 

comfort and protective performance are well documented [4] it becomes more difficult to 

determine an optimal combination when protection against multiple hazards is needed.  
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The purpose of this project was to evaluate a structured method of material selection in 

the creation of a ‘base garment’ for the protection of first responders against multiple hazards. 

With the aid of material properties and testing data, as well as available literature and previous 

studies, a structured and objectified approach was used to design a protective garment and 

select the most appropriate fabrics. Furthermore, the decisions that were made through the 

method were evaluated to prove that the material selection process was capable of supporting 

a product development scenario that required significant trade-off conflicts. The objective of 

this thesis was to evaluate the fabric properties and testing data and provide additional analysis 

to gain further insights in relationships between fabric properties and performance 

characteristics. Furthermore, a critical evaluation was made as to the added value of the 

objective trade-off methodology for future developments of complex protective clothing 

systems.  

These objectives were accomplished through: 

• Establishing tradeoff correlations between fabric and garment comfort and 

protection.  

• Creating and testing a down-selection method that could provide the ideal 

garment in an efficient and timely manner.  

• Testing the final garment against current market ensembles in a wear trial to 

understand if the increased the protection was not significantly reducing 

comfort and acceptability.  
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2. Chapter 2: Literature Review and Project Background 

According to the Project Responder 4: 2014 National Technology Plan for Emergency 

Response to Catastrophic Incidents document[5] prepared by the Homeland Security Studies 

and Analysis Institute, one of emergency first responders’ greatest needs is a duty/station 

uniform (known also as a base ensemble or daily wear uniform) with limited protection across 

a threat spectrum. The responders who participated in the Project Responder 4 workshops 

reported that their daily uniform consists of the clothes they wear for a majority of the time 

while on duty and since they “function in unpredictable environments and may encounter 

threats before they can don the most appropriate PPE” [5]. This poses a significant problem 

since even in the most mundane response scenarios, first responders could potentially be 

exposed to a multitude of threats which they need to be protected from such as fire, blood-

borne pathogens, extreme weather, and certain physical threats like sharp objects and impacts. 

In an ideal situation, their duty uniform/daily wear would be able to protect them against low 

levels of those threats and still maintain functionality on its own as well as within a system of 

other protective layers.  

 The current state of technology for duty uniforms differs slightly in style between 

agencies and professions, they are primarily constructed from cotton, polyester, or a mix of the 

two. These garments provide little to no protection from the hazards first responders face on a 

daily basis, from harmful liquids to increased thermal threats, and do not satisfy the needs 

identified in the Project Responder 4 report. 

While increasing the protection a garment provides is not necessarily difficult, it is 

much more difficult if the level of comfort needs to remain the same. There are almost always 

tradeoffs between comfort and protection, if one is increased the other decreases[4]. These 

tradeoffs can potentially lead to consequences for the first responder and should be considered 

when choosing fabrics and configurations that can protect the user and is moderately 

comfortable while the garment design itself fills whatever gaps are unavoidable.  

 

 

 



4 

 

 

2.1 First Responder Environments 

2.1.1 Firefighter 

2.1.1.1 Daily Wear 

According to the NFPA’s 2014 reporting[6], there are a total of 1,134,400 firefighters 

in the United States. At a total of 346,150 (just under a third of the total firefighter population), 

professional firefighters are present in almost every metropolitan area across the country.  

Beyond them, with 788,250, volunteer firefighters are available in even more municipalities 

than professional firefighters.  

Fires are an ever-present danger, whether due to human error, technical mishaps, or 

forces of nature. The modern fire service was developed to protect the population and their 

property from this danger at all times so there must always be firefighters available to heed the 

call and respond. Accomplishing that is no easy task and according to the Bureau of Labor 

Statistics[7], professional firefighters typically work extremely long, demanding, and varied 

hours. While some work shifts where they are on call for 10 hours followed by 14 hours off 

call, most firefighters work full day 24-hour shifts followed by two days off. During those 24 

hour shifts the firefighters are expected to remain on station unless they are called away and 

are also expected to keep their base station wear uniform on at all times until their shift has 

ended. These firefighters have a multitude of tasks to attend to while at the station that keep 

them fairly active as well as provide for lots of general wear and tear on their station uniforms.  

Since fires can occur anywhere under the right conditions, and since the human 

population is so spread out in the United States, it is necessary to have strategically placed 

departments so the highest percentage of the population is protected at all times. This means 

that each individual department is responding in a slightly different environment 

(geographically and climatically).  

There is a total of around twenty-seven thousand registered fire departments[8] in the 

United States, from Florida to Alaska, from hot and humid weather to cold and dry weather. 

Despite these differences, many firefighters wear the same base station-wear uniform, with 

small variations to help in more extreme situations.  
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2.1.1.2 Response Variability  

While the name would imply that the only service provided is that of fire protection, 

firefighters have a much greater role than many assume. Unlike large cities, local 

municipalities cannot necessarily afford both a fire department and an emergency medical 

services department and thus, many firefighters are trained and do respond to medical 

emergencies. Even in larger cities, firefighters might be ones who can get to the scene of an 

emergency the fastest and when time is of the essence they respond to all calls just in case.  

Firefighters are also the first responders on call in the possibility of hazardous materials 

and other hazardous conditions. In 2015 the NFPA published a report[9] on the statistics of 

different call types responded to by firefighters. In total, there were 336,025,000 different calls. 

Sixty-four percent of the calls were for medical aid, 7 percent for false alarms, 5 percent for 

mutual aid, 2 percent for hazardous conditions, 1.5 percent for hazardous materials, and only 

4 percent of calls were actually fires. These statistics point out the fact that fighting fires is 

only a very small portion of their job. Unfortunately for firefighters, when they respond to any 

of these calls, unless told otherwise, they will be responding in their full turnout gear, 

sometimes over inadequate base layers. This combination means that even if they respond to a 

call that ends up being rather benign, they may have to keep their turnout gear on because to 

take it off could expose them to small hazards that a more protective base garment could have 

shielded them from.  

Turnout suits are vital to the protection of the wearer in dangerous environments. 

Overuse of the turnout in low threat level situations might cause unnecessary wear and result 

in a less protective garment the next time the user needs it in a high threat situation such as a 

structural fire. Preventing this wear and increasing the thermal comfort of the user are just two 

benefits of an advanced protective duty uniform.  

 

2.1.1.3 Potential Hazards 

The more dangerous environments that firefighters respond to, expose them to different 

hazards; flame, heat, chemical, and liquid. When at the scene of a fire, the responders are 

susceptible to convective, radiative, and conductive heat. Conductive heat transfer occurs when 
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hot objects or surfaces are touched and this leads to burn injuries. Convective heat transfer is 

present in the form of flames and hot air. While responding to a fire, there are a number of jobs 

as well as locations a firefighter might be required to do or be in. Activities such as operating 

hoses or aiding in the extinguishing of a fire from a distance where the air temperature is lower 

than 100°C and the thermal radiation is less than 4 kW/m2 is referred to as routine conditions. 

Hazardous and emergency conditions refer to conditions where the air temperature is between 

100 – 300 degrees Celsius and 300 – 1100 degrees Celsius respectively. The thermal radiation 

for these conditions are between 4 - 25 kW/m^2 and 25 – 208 kW/m^2 respectively[10]. A 

firefighter’s turnout suit will protect the wearer against flames as long as the exposure time is 

short enough and the material itself does not ignite or melt.  

Although burns are dangerous, the greatest concern in recent years has been excess heat 

strain; a result of long periods of activity in low to moderate heat levels while wearing heavy 

protective clothing such as a firefighter turnout suit [11]. The addition of heavy layers keeps 

heat in and does not allow for proper cooling of the body.  

According to the Drug Enforcement Agency there were a total of 9,338 clandestine 

meth laboratory incidents including labs, dumpsites, and chem/glass/equipment across the 

country with over 80% in the southeast and great lakes region[12]. In many of these clandestine 

labs, chemicals like acetone, toluene, hydrochloric acid, and sulfuric acid can be found. 

Acetone is extremely flammable, toluene in the right concentrations can dissolve rubber, 

hydrochloric acid is extremely corrosive to human skin, and sulfuric acid will burn and dissolve 

skin on contact[13]. While many first responders take necessary precautions when it comes to 

PPE in these environments, there have been a significant number of reports of incidents where 

responders happen upon a clandestine lab unprepared and end up being injured by their 

exposure to these chemicals; approximately 51% of all injuries occurring at or around meth 

labs involved first responders. Even if the responders who enter the lab are prepared with the 

right training and equipment, the responders aiding the others who come out of the lab also 

need to be well protected and prepared. In Washington state, a person with burns from an 

explosion at a meth lab was handled by four first responders and three hospital employees. 
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Shortly after their exposure they became violently ill with acute chemical exposure even 

though they themselves had not been near the lab during the explosion[12].  

Both around the station and on call, firefighters are exposed to liquids that range from 

water and blood to battery acid. Water, while seemingly harmless to the everyday person, can 

be rather dangerous to a firefighter. In a report by Keiser and Rossi, the authors analyzed the 

temperature changes and transfer between layers of a firefighters thermal protective clothing 

at low levels of radiation[14]. Their research and a study by Lee and Barker[15] show that 

moisture within a protective garment can, under certain conditions and temperatures, evaporate 

and condense on the skin, resulting in a steam burn. Theoretically, the moisture barrier present 

in all modern turnout suits should prevent the migration of moisture close enough to the skin 

to cause damage. However, this barrier works both ways and moisture present underneath may 

not readily evaporate and has the potential to cause burns. As a consequence, the current 

consensus is to avoid excess moisture near to the skin. When the responders are not wearing 

their turnout, they still may encounter blood (responding to a health-related incident) or other 

harmful liquids that may be present from which they need to be protected. 

 

2.1.2 EMS 

Emergency Medical Services (EMS) provide emergency medical care out-of-hospital 

and transportation of patients to other care facilities. The overarching goal is to provide 

treatment to those in need of immediate medical attention. Their secondary purpose is that of 

medical transportation. Should a patient need medical attention or some sort of facility that 

cannot be provided through normal transportation methods, the emergency medical service 

will transport these patients from one point of care to another. In many large cities in the United 

States, the EMS is a separate agency from the fire department. In these situations, the daily 

wear uniform is provided by the department and does not include the same requirements as the 

fire department’s daily wear uniform. This uniform is traditionally cotton or poly/cotton cargo 

pants with large pockets for carrying extraneous gear that need to be easily accessible for the 

responder in an emergency, and a department issued shirt or jacket. In the state of the art 

research performed for this project, the EMS responders polled were concerned with looking 
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professional and having as much functionality within their uniform as possible with it still 

remaining comfortable.  

In smaller municipalities, the fire department and the emergency medical service are 

one and the same[6]. In these cases, the fire department requires that some of their firefighters 

are also trained medical technicians who respond along with the other firefighters. The daily 

wear uniform for these responders is traditionally the same as the firefighters they are 

responding with. 

While the EMS (when separate from the fire department) does not necessarily respond 

to the range of calls that the fire department does, any time there is the possibility of injury or 

health issues, they respond. This can include accidents, fires, and other health incidents. Just 

like firefighters, the nature of these calls puts the EMS responders in contact with many 

chemicals, liquids (blood, water, etc.), and other potential physical hazards[6]. Since many of 

the people the responders treat will be laying or sitting down, they will often find themselves 

kneeling for long periods of time on uneven and harmful surfaces which can damage their 

clothes and even their skin through direct contact, abrasion or penetration of harmful liquids 

through the clothing.  

 

2.2 Traditional Base Layer Protective Clothing 

2.2.1  Resistant Fabrics 

The fabrics used in flame resistant and thermally protective garments should ideally 

be providing similar comfort as regular clothing fabrics. Flame resistant fabrics should both 

prevent or end the propagation of any flame as well as not melt or drip after exposure and 

should do so for the entire usage lifetime of the garment[16]. The fibers used can either 

exhibit these protective and durability characteristics inherently or they can be 

treated/processed to attain them. Thermoplastic fibers are commonly avoided due to their 

tendency to melt, drip, and/or shrink in high heat environments. Inherently protective fibers 

are generally made from aramids and other high performance fibers such as 

polybenzimidazole or polybenzoxazole[17].  
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Aramid fibers are those where their polymer backbone is composed around aromatic 

amide structures and linkages. A sub-category, meta-aramids, do not melt in the presence of 

high heat but do degrade (typically around 250 ℃). Unfortunately, in these high heat 

situations, the excess energy causes shrinkage of the fibers and in turn the garment as a 

whole. This shrinkage is detrimental to the thermal protective performance of the 

garment[16]. While the fabric still prevents and stops the propagation of flame, the reduced 

air gap between the fabric and the user’s skin changes the heat transfer properties (reducing 

the amount of available insulating air and possibly contacting skin) and can result in severe 

burns.  

Para-aramid fibers, like Kevlar®, can usually resist temperatures in the range of 

590℃ and above. Para-aramids tend to be very high strength, low compression, and low 

flammability fibers. They are however rather expensive which inhibits their use and 

availability. The very factors that increase the strength and thermal performance of aramid 

fiber (aromatic rings and double bonds) also has the unwanted effect of increasing their 

absorption of ultraviolet light which increases their chances of photodegradation. Therefore, 

it is important for these fabrics to be cared for in the proper manner to reduce their overall 

exposure to UV light[16].  

Since these high-performance fibers are expensive and usually have tradeoffs in terms 

of comfort or viability as a garment fiber (dyeability, durability, …etc.), producers end up 

creating fiber blends that can deliver a compromise. The other fibers being added to the 

blends are usually cheaper FR fibers like treated cotton or viscose which can be easily 

processed and have better comfort and moisture transport characteristics. First responder 

work clothing is generally laundered at a higher rate and intensity (higher heat and 

mechanical agitation) than traditional clothes so the fabrics used must be able to not only 

stand up to the laundering cycles at a physical level but also still be able to provide the same 

level of protection after each wash. While inherently FR fibers will retain their fire resistance 

and will not be degraded by washing, however, the fibers can become flammable if the 

detergents or other flammable substances are not removed in washing[18].  
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The fibers used to create protective clothing are not the only factor influencing the 

overall protective performance. The properties defined by the construction of the fabrics 

(thickness, density, weight, thermal conductivity, air permeability, volume fraction) also play 

a role. These properties, either acting together or separately determine the amount of material 

and air between the wearer and the extreme environment.  In terms of the flammability of a 

fabric, the density is the greatest controlling factor since flame requires oxygen to burn; the 

more air available between and within yarns, the easier it is for flames to survive and 

propagate[19]. While difficult, the process of balancing these fabric factors to produce the 

desired thermal protection characteristics without negatively impacting the comfort and 

flame resistance is critical to the success of the fabric and garment.  

  

2.2.2 Repellent finishes (oil and water) 

In both the outdoor and protective apparel industries, when the term repellency is 

used, it is in reference to a water repellent finish (hydrophobic). Originally, since it is well 

known that oil and water are not mixable liquids, if a finish that chemically resembled oil 

(alkanes and benzene which are, like oil, non-polar) was applied to a fabric it would impart 

water (polar substance) repellency and visa-versa if a finish that resembled water was applied 

it would render the material oil repellent. For garments today however, water is not the only 

substance that needs to be repelled since having a fabric that is both oil and water repellent 

are considered to be self-cleaning and much more desirable. Since oil repels water and water 

repels oil, it would seem relatively difficult to create a treatment that would repel both at the 

same time. Many popular synthetic fibers (polyamides and polyester) are inherently repellent 

to water but are not repellent to oils. Through simple observation it can be found that a liquid 

is only repelled if its surface tension is higher than that of the material repelling it. For 

example, polyethylene has been measured to possess a surface tension of 31 mN/m, which is 

enough to easily repel water but not enough to repel oils with a lower surface tension than 

that of paraffin oils (surface tension of 30-31 mN/m). To adequately impart a lower surface 

tension to the fabric material there are two approaches, either chemically treating the fabric 
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with a substance that repels both or by physically changing the surface characteristics of the 

fabric to promote repellency[20].  

Repelling both water and oil chemically requires the application of a substance that 

can repel both equally; not simply more or less polar than the substance being repelled. The 

substance that is inherently repellent to both is part of the group called perfluorinated organic 

chemicals. These fluorocarbon based substances, by definition, are typically chemicals where 

a relatively high percentage of the hydrogen atoms that normally are bonded to the carbon 

atoms have been replaced by fluorine atoms[21]. The creation of these finishes can be 

difficult since the application method is usually a pad process requiring water-based 

solutions. As previously discussed, fluorocarbons are not easily dispersed within water, thus 

the molecule that includes the water repelling fluorocarbons must also include a hydrophilic 

part which allows for sufficient solubility in water. The primary determinant behind the 

performance of the fluorocarbon treatment is the length of the perfluorinated alkyl chains. In 

general, the longer the chain length the greater the repellency [fig. 1]. This is especially true  

 

Figure 1: Number of perfluorinated C atoms vs. repellency rating 

[20] 
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for oil repellency where the presence of a high number of -CF3 groups on the surface of the 

treatment is necessary. For water repellency this is not as much of an issue since after a 

certain chain length the increase in repellency is no longer significant.  

Research has shown that simply having a higher number of perfluorinated carbon 

atoms on the surface of the material is not enough. In fact, what is more important is how the 

carbons are ordered since near crystalline levels of order are most desirable for high 

repellency. Per the research by Honda et al, nothing below an octyl chain can exhibit the 

ideal crystalline formation[22].  

Unfortunately, from an ecological point of view, it has been shown that these 

fluorocarbon treatments have a tendency to degrade over time into potentially harmful 

byproducts. The higher the number of perfluorinated carbon atoms, the longer the half-life of 

the chemical and the more likely it is to not naturally degrade and to enrich in the 

environment (combine with other similar chemicals and bioamplify). In other words, the 

more repellent the perfluorinated finish, the worse it is ecologically. Since repellent finishes 

are so important to certain garment end uses, there has been a lot of research into altering 

lower level treatments with things like crosslinkers (like isocyanate block copolymers with 

aziridine compound) and other additives that increase the likelihood that the treatment will 

form an ideal oil and water-resistant film that can offer levels of repellency similar to that of 

a treatment featuring octyl chains. Today it is hard to find treatments available on the market 

that offer anything higher than CF6 (six perfluorinated carbons per chain)[20] because of the 

environmental concerns. 

The second option available for imparting an oil or water repellent characteristic to 

fabrics is changing the surface characteristics. Generally, the rougher the surface of the 

material the higher the possible contact angle (unmodified glass plate has a maximum contact 

angle of 120 degrees). The application of nanostructures to the surface of a fabric or material 

can do just that. applied through either a spray application or through vapor deposition, the 

size and shape of the structures themselves do not allow for liquids to wet the surface since in 

order to fill the nanoscale gaps between structures, the surface tension of the liquid would 

have to be incredibly low. The challenges associated with the use and application of these 
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repellents has to do with the durability and uniformity of application to ensure a near perfect 

spacing of the nanostructures[20].  

 

2.2.3 Protective Membranes and Laminates 

 Firefighters’ newer turnout suits include a moisture barrier composed of a membrane 

laminated to a thin fabric within the thermally protective layers[2]. This moisture barrier 

keeps water from penetrating from the exterior and keeps sweat buildup in the outer layers to 

a minimum. When firefighters an environment that might pose a threat chemically, this 

membrane in conjunction with the other thick layers of fabric helps to protect from these 

hazards. The advent of the AIDS epidemic built an enhanced understanding of the risks of 

blood-borne pathogens. Medical personnel began taking extra precautions to limit their 

exposure to blood including disposing of all contaminated garments and incorporating 

impermeable materials into their clothing and gloves. These precautionary measures never 

made it into the clothing of first responders due to the decreased comfort and lack of 

necessity[23].  

As many people who have worn a rain jacket can attest, there are significant comfort 

downsides to wearing a garment with an incorporated membrane layer. While it is relatively 

easy to create garments that are impermeable to water and water vapor, these garments tend 

to be uncomfortable since they do not allow a method for cooling the wearer. For membranes 

to allow the passage of water vapor and repel liquids, the water vapor molecules need to be 

able to pass from one side to the other either passively or actively. Possibly the most famous 

waterproof and breathable membranes are microporous membranes. These membranes may 

be made from polyurethane or polytetrafluoroethylene (PTFE), which can be made 

microporous. Manufacturers use a specialized drawing technique to stretch/expand the PTFE 

to increase the pore size. These pores (2-3 micrometers) are many times smaller than the 

smallest water droplet (100 micrometers) so it is impossible for liquid water to pass through. 

Although the pores are small, the membrane is still able to allow passage of water vapor and, 

to some extent, air (breathability), since the pores are still much larger than a water vapor 

molecule (40x10-6 micrometers). Microporous membranes passively allow the passage of 
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water vapor since the molecules are able to move through the empty space in the membrane. 

Alternatively, there exist monolithic membranes, which only allow water vapor to pass 

through the membrane molecularly. As their name alludes, monolithic membranes do not 

possess the pores that their counterpart does. Water vapor is transported through the 

membrane by means of diffusion facilitated by hydrophilic hydrogen groups on the polymer 

chain and these membranes are impermeable to air.[23] 

Differences in chemical makeup as well as surface characteristics between the two 

membranes mean that they both have their own advantages and disadvantages. Microporous 

films are easily contaminated with oils, dirt, and residual detergents/surfactants used in 

cleaning. Since the pores are specifically designed to be a certain size, mechanical motions 

easily affect the films as stretching can enlarge the pores, allowing more through than 

intended. Similar to blocking from dirt and oils, microporous films function less effectively 

when the surface is covered with condensation. Monolithic films so not have the same issues 

with quick contamination, however they do require a vapor reservoir to start breathing and 

also tend to wet out on the surface in the rain which creates an unwanted cold/clammy 

feeling.  

When designing a laminate fabric for comfortable garments, it is important to keep 

certain considerations in mind to create the best product.  

• Water and oil resistance 

• Combined mass 

• Durability  

• Handle 

• Water vapor transmission 

• Washability 

• Hydrostatic resistance 

• End use of garment 

Water and oil resistance is the primary consideration since it is usually the property 

imparted to the product through lamination. This being said, properties like the combined 

mass of the laminate, the aesthetics, and washability are just as important to the final product 
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since they are more likely to influence the consumer’s perception. The combined mass is a 

reflection of the thickness and density of the materials included in the construction as well as 

the handle of the fabric itself. Traditionally the thicker/denser the material the greater the 

resistance to bending and shear, two properties that define how a fabric handles. Another 

property that affects the bendability and more specifically the shear is the elastic nature of the 

membrane. Woven and knit fabrics can be designed to stretch in one or two directions;  

lamination of a membrane to the fabric may reduce the bending and the degree of movement 

(shear) [24]. 

The moisture vapor transmission properties of different membranes are determined by 

the type of film (microporous vs. monolithic), polymer used, thickness of the film/number of 

layers, lamination technique. Given that water-resistant and water vapor transmitting 

membranes are implemented within garments used in very moist to severe weather, it is 

necessary for such membranes to effectively operate within those conditions. However, 

membranes are unable to selectively transport water vapor from only one side, to the other 

without having the ability for the water vapor to also go the opposite direction.  

In steady-state dry and steady state rainy conditions, tested breathability of traditional 

rainwear materials are shown in Table 1[24]. This data shows the importance of water vapor 

pressure on the performance of laminate fabrics. The membrane samples were prepared and 

tested using the upright cup method of determining their moisture vapor transport. By 

performing the tests under both dry and “rain” conditions the researchers could compare the 

performance of the membranes when the vapor pressure was both less than and near-equal to 

the vapor pressure within the cup.   

Table 1 [24] shows the results of using the upright cup method to determine the water 

vapor transport in grams per hour meters squared (g/hour×m2) through the fabrics.  
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Table 1: Moisture Vapor Transport through rainwear fabrics under different conditions 

Material Dry Rain 

Microporous PU coated fabric 1 142 34 

Microporous PU coated fabric 2 206 72 

Two-layer PTFE laminate 205 269 

Three-layer PTFE laminate 174 141 

Hydrophilic PU laminate 119 23 

Microporous AC coated fabric 143 17 

Microfiber fabric 190 50 

PU coated fabric 18 4 

 

Multiple studies [25] have shown that the moisture vapor transfer rate from the local 

environment between the garment and the wearer to the environment is directly proportional 

to the vapor pressure difference between the inner and outer side of the clothing. The custom 

test apparatus that produced the results above, based around the upright cup method 

apparatus, allowed the moisture within the cup under the sample to be held at the same 

temperature (33℃ to mimic skin temperature) and for a dynamic “rain” and atmosphere 

temperature (0 to 33℃). The tests proved that even in rainy conditions where the relative 

humidity outside the fabric was 100%, the membranes would still breathe, however the 

breathability decreases with increasing temperature. This is due to the difference between the 

absolute moisture content of the environments. As the temperature of the environment 

outside increases, the air can hold more moisture thus the gradient across the clothing 

generally decreases and the water vapor transport decreases. The only necessary requirement 

for moisture vapor to pass from the microclimate to the outside environment is a positive 

water vapor concentration gradient. Theoretically, there could be a condition in which the 

vapor pressure outside the fabric is higher than the microclimate within, causing a vapor flow 

towards the body that might enhance risks of steam burns. There is, however few 

publications demonstrating the importance of such effects.  

A byproduct of significant temperature gradients between the material surface and the 

microclimate is the potential for condensation to occur. This contributes not only to the 

overall discomfort of the wearer but also to the reduced performance of the membrane[23]. 
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Thermodynamically, the process of condensation is exothermic which means that the interior 

surface of the membrane or fabric will be warmed. If the exterior of the fabric/membrane 

collects liquid water through rain or other circumstances, the face will be cooled creating an 

even larger temperature differential.  

Secondary tests performed using the rain simulator to examine the performance 

characteristics of three fabrics after prolonged exposure to rain. The three fabrics tested were 

a polyurethane coated fabric, a PTFE laminated fabric, and a hydrophilic laminated fabric. 

Figure 2 [25] illustrates the differences between the fabrics’ vapor transmission rate over four 

days. The polyurethane acts as a significant continuous barrier to water but suffers in its 

ability to transfer water vapor. The PTFE laminated fabric, while it starts as the highest in 

terms of vapor transfer rate, it quickly decreases as the days pass to the point where its vapor 

transfer rate VTR is lower than that of the polyurethane coated fabric after day 6. The 

researchers point to the possibility the breathability of the laminate may have reduced in two 

ways: firstly that the liquid water coating the surface of the fabric acted as a barrier to the 

breathability, and secondly that the pores of the PTFE may have shrunk through a swelling of 

the material itself.  
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Figure 2: Water vapor transfer rate of select membranes over time 

 

The hydrophilic laminate material mentioned in the research refers to a monolithic 

membrane possessing hydrophilic properties allowing the water vapor to pass through 

diffusion. In comparison with PTFE, these membranes have relatively poor breathability in 

drier conditions since they need to build up a moisture vapor reservoir within the membrane 

in order to have complete diffusion across the film. In warm and rainy conditions the 

performance characteristics change. More than enough moisture is present to facilitate 

diffusion which means the membrane will suffer from a slightly undesirable clammy feeling 

but will also continue to breathe. This is best illustrated in figure 2 where although the 

performance was worse than the PTFE laminate through day 2, when the PTFE’s 

performance reduced due to prolonged exposure to the rain, the hydrophilic membrane 

remained highly breathable.  

Ten days of constant rain is a scenario most garments will not face within their 

lifetimes and is not a primary concern or worth consideration to the designers. For the 
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engineers of these laminates, it is the relationship between performance of the different 

membrane types and the potential conditions they will face coupled with the changing 

durability properties and how they affect the comfort of the final garment that garner the 

greatest interest and research.  

 

2.3 Balance of Comfort and Protection 

2.3.1 Physiology 

The human body is only capable of working optimally within a very specific 

temperature range and is vulnerable to changes in environmental conditions. Humans are 

homeothermic, this means that the body aims to maintain a thermal equilibrium. The result of 

heat production, heat loss and the physiological responses is a specific core temperature. To 

reduce changes in core temperature the body has a few thermoregulatory responses it relies 

on. Shivering is the body’s response to cold; by activating muscles in such a way it 

stimulates warming. On the other side of the equilibrium, sweating and increasing skin blood 

flow are the body’s way of shedding excess heat. Clothing can be seen as both beneficial and 

detrimental to the human body’s thermoregulatory responses since it acts as a simple 

extension of the body’s own barrier against the environment and influences both the 

production and dissipation of heat.  

As homeotherms, the body heat of a human can come from two places, the body itself 

or the environment the body is in at the time[26]. Metabolic heat production is started with 

the conversion of food to energy which is then used through a variety of physiological 

processes including the movement of the human body. A large majority of the energy that is 

created through this conversion is lost in the form of heat. While seemingly very inefficient, 

it is this heat that keeps the body’s vital operations at a thermoequilibrium. In more extreme 

conditions the human body has mechanisms such as shivering or sweating that it uses to 

combat drastic changes in the core temperature since even small changes of a few degrees 

Celsius can begin to cause damage. [27].  

The human body has several mechanisms at its disposal that it can use to aid in the 

regulation of body heat. Behavioral actions include changes in clothing or moving to a more 
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neutral environment. To release excess heat in warm conditions, the body relies on increases 

in skin blood flow to increase skin temperature, the evaporation of sweat from the skin, and 

respiration. These inputs and outputs can be simplified into an equation known as the heat 

balance equation[27].  

 

M – W = Qsk + Qres = (C+ R+ Cd+ Esk) + (Cres + Eres) + S 

Where: 

M = Metabolic rate 

W = Mechanical work rate 

Qsk = Heat loss from skin 

Qres = Heat loss from respiration 

Cd = Conductive heat loss 

C = Convective heat loss 

R = Radiative heat loss 

Esk = Evaporative heat loss rate from skin 

Cres = Convective heat loss rate from respiration 

Eres = Evaporative heat loss rate from respiration  

S = Storage of heat in the body 

  

The first half of this equation (metabolic rate minus the mechanical work rate) details 

the heat production of the human body. This heat production needs to be counteracted by a 

heat loss in order for the body to remain in thermal balance. If there is no balance the 

remaining S (heat storage) term will be non-zero and determine the amount of heating or 

cooling of the body. As stated previously, the modes of heat transport acting on the body are 

convective, radiative, conductive, and evaporative. Heat can be lost over two locations on/in 

the human body; the skin and the lungs through respiration. The lungs, being internal have no 

associated radiative loss and only lose heat through evaporative and convective means.  

Heat can only be transferred across gradients from an area of high energy to an area 

of low energy. Therefore, when the environmental temperature is the same or very similar to 
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that of the skin, no heat can be lost by through convection or radiation. Evaporation of sweat 

is then the only remaining pathway for heat loss. Evaporation is driven by the vapor pressure 

difference. According to Parsons, when there is no temperature gradient between the body 

and the surrounding environment and no evaporation occurring, even at rest heat would be 

stored and the core temperature would increase by around 1℃ per hour. This is what occurs 

in the effectively enclosed system of a firefighter turnout suit. Of course, this is only for an 

average human considered to be in a resting state. First responders are often engaging in 

physically demanding tasks over a relatively long period of time in which their body is being 

warmed not only by the increased metabolic heat production and work but also by exterior 

heat sources and the inability to evaporate moisture from the system due to the often humid 

environment in which they work[27].  

 

2.3.2  Comfort and Protection Relationship 

In occupations where protection is critical, such as firefighting and EMS, several 

articles of clothing may be layered to provide various levels or forms of protection. These 

occupations, may also require great amounts of physical exertion that increase the wearer’s 

heat production. In these instances, it is critical for the body to maintain thermal equilibrium 

since the excess heat strain could lead to heat related illnesses. The addition of protective 

layers , designed to protect, will end up interfering with the wearer’s natural ability to 

dissipate heat and performance of tasks necessary or required by the profession as well as 

increasing the metabolic, perceived, and cardiovascular strain on the wearer[28][29]. 

Currently, the recommended tests for evaluation of firefighting protective gear only take into 

account the turnout gear itself and not the combination of all protective layers the first 

responder might be wearing. To assess the thermal comfort of the turnout gear the NFPA 

recommends using the Total Heat Loss (THL) test as defined by ASTM F1868 which 

quantifies the ability of a fabric or fabrics to allow the loss of heat in dry and wet conditions. 

Using the dry heat loss (dry condition (25℃, 65%RH)) and evaporative resistance (wet 

condition (35℃, 40%RH)) measured at the materials level on a guarded sweating hot plate, a 
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prediction of the heat loss through these materials can be made and is referred to as the Total 

Heat Loss.   

Studies[30] have indicated that the addition of more protective layers underneath a 

traditional turnout suit (e.g. undergarments or duty uniform) would negatively impact the 

thermal comfort and contribute to the overall physiological strain. For this reason, it has been 

recommended that first responders should seek to minimize the layers under their turnout 

while staying within the bounds of what can be considered safe. Therefore, firefighters will 

often opt to wear a simple cotton t-shirt and whatever standard issue pants they are required 

to wear. In the event that a firefighter is required to also wear a more formal station shirt or 

uniform, it can either be worn over the cotton shirt or without any undershirt. The 

combination of all these possible layers has not yet been properly quantified for thermal 

strain and comfort. Smith at al. (2013) studied the effect of wearing a station uniform and a 

cotton shirt underneath the turnout gear during an alternating work/recovery protocol and 

conducted materials performance testing of the ensembles that included single layers and 

layers in combination using laboratory-based testing that is standard in the fire service.[30] 

The results of this study showed that the addition of the station uniform in combination with 

the cotton t-shirt underneath the turnout suit did not provide a significant physiological strain 

during normal work over an ensemble that did not include the station uniform. However, the 

addition of the station uniform did provide greater protection from thermal injury.  

Protection, while always desirable, often comes at the cost of comfort, not only 

thermally but tactilely as well. According to studies by Yoo & Barker [31], the hand 

(sensorial comfort) of a fabric is determined by the number of contact points (amount of 

fabric surface in contact with the skin in a given area), surface roughness, and overall fiber 

and yarn softness, flexibility, and compression. Traditionally, adequate moisture 

management requires the fabrics to possess lighter weight and finer fibers that can transport 

the moisture away from the skin. Unfortunately, these fibers that have such a high surface 

area in comparison with their weight are usually susceptible to heat/fire[32]. On top of that, 

the fibers ordinarily relied upon for their fire and heat resistant properties are usually very 

stiff and therefore uncomfortable. While there have been many fibers that are treated to be 
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more flame resistant such as FR cotton and viscose[16], the ideal fibers would be inherently 

resistant but also comfortable and useable as a garment fabric. This entails being relatively 

functionalized to accept dyes as well as to be able to wick moisture. Single type aramids are 

very hard to dye/functionalize and so blends of aramids with other FR treated fibers are used 

to increase the usability of the fabric[16].  

Textile materials are often designed and fabricated by the manufacturer with a single 

or few performance characteristics, aesthetic properties, or distinct purposes in mind without 

consideration for what alterations, like treatments for example, might be made by third party 

producers. Any changes to fabric construction or surface characteristics could result in 

differing comfort and performance parameters than those listed by the manufacturer. 

Therefore, it is necessary to at the very least theoretically analyze the potential effects. 

Possibly the largest single consumer of clothing and specific garments is the United States 

Army. Personnel need to be both protected and comfortable at the same time. Gibson et al 

studied the application of water repellent finishes onto traditional fabrics and their impact to 

the body’s physiological response and subjective comfort [33]. To determine this, several 

different style DWR finishes were applied to fabrics and tested for air permeability, pore 

size, and repellency. The results pointed to the DWR having minimal impact on the air 

permeability and breathability. This means that although there was a slight negative impact 

on comfort, it would not be noticeable to decrease comfort significantly. Since fabrics treated 

with DWR are inherently non-wicking, the researchers modeled the impact of non-wicking 

DWR coated clothing against a control fabric with no DWR coating. The authors claimed 

that the subjective comfort of the fabrics is primarily based around the moisture buildup and 

evaporation properties of the clothing. A non-wicking fabric does not allow for easy 

evaporation so the liquid accumulates between the skin and the fabric, this leads to much 

higher fabric and skin temperatures that over time impact even the core temperature of the 

wearer. Although it should be noted that the core temperature change was small enough to 

show that the heat strain difference between the two fabrics was not as large as the impact on 

comfort.  
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Figure 3: Average body temperatures over time during exercise comparison between wicking 

and non-wicking fabrics 

As shown in figure 3[33], there were significant differences in comfort between 

fabrics with and without DWR finishes due to the impact the finish has on the moisture 

wickability. Water repellency is a desirable property but may be negatively affecting liquid 

moisture management. 

DWR treatments are usually applied to a fabric/material through a padding process. 

This process involves fully wetting out the material with the agent being applied, using the 

pressure applied by the padding rolls to force the chemical/solids into the structure of the 

fabric itself from both sides. Padding ensures an even distribution of chemical throughout the 

entire width and thickness of fabric. Unfortunately, applying a DWR finish in this way 

guarantees that both sides of the fabric, face and back are treated. This, as shown in the above 

research, may increase the level of discomfort experienced, due to the accumulation of liquid 

phase water between the fabric and the wearer. To get around the problem, it is necessary to 

apply a repellent treatment to only a single side of the fabric; this way the fabric could wick 

moisture away from the skin while also providing a level of repellency. There are several 
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options for applying such a finish (UV irradiation, plasma treating, electro-spraying, foam 

finishing)[34]–[37] 

 

2.3.3 Heat Loss 

Firefighters wear their turnout gear in high heat environments to protect them in the 

chance that they encounter situations that require protection from heat and flames. This 

thermal protection works both for and against the responders; it prevents them from getting 

burns, but it also prevents them from losing heat to maintain a normal body temperature 

during prolonged exposures. This form of thermal stress on the body is dangerous since it can 

directly lead to heat related illnesses and other damaging physiological consequences. In 

2006 it was estimated that roughly 32% of firefighters were at risk of occupational exposure 

to heat strain due to the reasons stated above[38]. This excess heat strain has been linked to 

fatigue, headaches, nausea, muscle aches, heat palpitations, disorientation, and syncope. It 

has also been postulated that the excess heat strain has psychological effects such as lessened 

cognitive performance that can lead to poor decisions which cause injuries that are not 

technically associated with heat stress but are nevertheless a resulting factor[26]. As it is 

difficult to monitor the heat strain of a firefighter in their normal working conditions, it is 

necessary to develop protective clothing that will reduce the potential for dangerously high 

levels of heat strain.  

 

2.3.4 Mechanics, Fit, and Materials Impact 

The physiological impact of a garment can be heavily influenced by a number of 

factors. Firefighter turnout suits are notoriously heavy, bulky, and difficult to move. This 

difficulty is the consequence of the relatively thick protective layers that while not inherently 

stiff and heavy on their own, become so when layered with each other. This limits the 

mobility and comfort of the wearer to a degree where it may negatively impact performance 

[39], and can cause an additional rise in heat strain. While not the number one cause of 
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thermal strain, garments that require more work to move also lead to a higher heat production 

of the user. 

In two separate studies[39], [40], researchers sought to determine the physiological 

impact of protective ensembles. Hearn et al used gait monitoring technology to quantify how 

the addition of layers within a US Army Extended Cold Weather Clothing System causes 

greater strain during movement and how wearers tend to adapt their gait to minimize the 

level of exertion required to perform their tasks[40]. Doorman and Havenith monitored 

users’ metabolic rate and rate of perceived exertion to compare how the human body 

responded to protective clothing ensembles with differing weights and resistance to 

motion[39]. The findings of both studies agree that with increasing garment thickness and 

weight the user will experience a similar increase in necessary exertion to perform their given 

tasks. Applying the findings of the research from Dorman and Havenith and Hearn et al with 

the US Army this and similar research to the ensembles and situational work of first 

responders provides a helpful background. Firefighter turnout suits are extremely heavy and 

thick multilayer systems. In the studies, the participants had the luxury of adjusting their 

body position to efficiently handle changes in range of motion. In situations where 

firefighters are tasked with performing specific tasks, the range of motion required is fixed 

and the only variable becomes how much energy is expanded by the wearer to complete the 

task. It can be noted that it is important for the minimization of firefighter physiological 

strain to optimize their garments, in terms of ease of movement.  

The first responder workforce is constantly diversifying with more and more women 

entering the profession every year. The market perception of the first responder population 

has not changed however. Almost all garments created are created in line with the public’s 

view that the vast majority of first responders are male. The female first responders 

interviewed for this research spoke about how they only receive garments designed for the 

male body and have to get them tailored for a better and more comfortable fit. Not only do 

garments designed for men not feel comfortable on women, the differences in body form 

mean that the air gaps which determine thermal comfort for the male responder might not be 

present for females[41]. Ideally, a protective garment would create the necessary air gaps for 
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thermal insulation while also providing the air an escape and movement across the skin 

should the wearer need to reduce the thermal burden of the garment. Accomplishing this feat 

is not easy and is made much harder if the garment does not support the body shape of the 

wearer. Therefore, it is vital to provide protective garments that accommodate the ever 

diversifying first responder workforce.  

 

2.3.5 Fabric Characteristics and Comfort 

Fabric hand[42], the subjective feeling one gets upon touching a fabric, is known to 

be affected by many separate variables having to do with everything from the fiber to fabric 

scale. The number, stiffness and size of individual fibers dictate the bulkiness of the yarn and 

contribute to the drapeability of a fabric. Thickness, yarn count, weight, and weave pattern 

are considered to be the most immediately impactful to the overall feel. The fabric pattern 

creates both the weight and thickness while at the same time determining the permeability of 

air and liquids and the thermal insulation. Twills, for example, are typically stronger fabrics 

than their plain-woven counterparts, they are more abrasion resistant and possess good 

drapeability[43][44].  

How a fabric feels on initial contact is defined by its surface characteristics. 

According to Yoo and Barker[31], the more contact points between the fabric and skin, the 

cooler the sensation will be to the wearer. This property is directly proportional to the 

smoothness of the fabric. A satin weave has a very high number of floats between each 

crossover point in the pattern meaning in between each crossover point there is a stretch of 

straight and smooth yarn which can transfer more thermal energy from the skin to the fabric 

than the amount of yarn between crossover points in a plain weave.  

While it is well known that changing physical fabric characteristics such as the fiber 

type, shape, density, and weave will affect the hand properties of a fabric, how they affect 

thermal comfort is less studied. To determine this relationship, Karaca et al created eight 

fabrics of similar weave densities in plain and twill weaves from fibers possessing shapes of 

round, round-hollow, trilobal, and trilobal-hollow[45]. They measured the heat flux, 

temperature differences between upper and lower surfaces, and fabric thickness. They also 
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measured the air permeability and water vapor permeability; all under standard atmospheric 

temperature and pressure conditions. The results pointed to a combination of weave pattern 

and yarn thickness/density as the factors with significant influence over the thermal comfort 

properties. Since the individual fibers themselves possessed the same linear density, the 

diameter of the fibers was the variable which changed from solid to hollow. As this was the 

case, two fabrics, one woven from solid fibers and the other from hollow fibers, and having 

identical yarn densities, would not be identical in terms of overall fabric density, thickness, 

and pore size.  

 

2.4 Standards 

The following standards were used as reference within the project to determine a set of 

passing criteria for the materials and garment.  

 

2.4.1 NFPA 1975 [3] 

Titled the Standard on Emergency Services Work Clothing Elements, NFPA 1975 

aims to create an ideal protective standard for first responder station wear garments. 

Acknowledging that firefighters wear a large variety of clothes based on the work being 

performed, desired aesthetics, and geographic differences, NFPA created a standard that 

demands specific material performance levels and design features which when applied to a 

garment will ensure a level of safety for those wearing it.  

• Design requirements 

o Any metal findings of work apparel shall not come into direct contact with 

the wearer’s body 

▪ Where work apparel garments are constructed from flame resistant 

textiles, the garments shall be stitched with thread of an inherently 

flame resistant fiber. 
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▪ Upper garments are permitted to be in the style of a collared shirt 

with full length front opening, a polo style pullover, a sweatshirt 

pullover, and a jacket with full front opening. 

▪ Bottoms are permitted to be either in the style of shorts or pants. 

• Base Performance Requirements 

o Heat and thermal shrinkage resistance: Fabrics should not melt, drip, 

separate, or ignite, and not shrink more than 10 percent in any direction 

o Thermal Stability: Fabrics should not melt, ignite, or stick to the glass test 

plates, and shall have a rating of resistance to blocking of 1 or 2.  

o Seam Strength: Garment major seams shall have a minimum breaking 

strength of 133 N (30 lbs) for either thread or fabric. 

• Optional Performance Requirements 

o Flame resistance:  

▪ Average Char Length of not more than 150 mm (6 in), average 

afterflame of not more than 2 seconds, no melt or drip. 

▪ Garment trim pieces should not be fully consumed, have an 

afterflame of not more than 2 seconds, and no melt or drip. 

o Water Resistance:  

▪ Shall not have a water absorption of 15 percent or less.  

 

2.4.2 NFPA 1977 [46] 

NFPA 1977 is the standard governing Protective Clothing and Equipment for 

Wildland Fire Fighting. Wildland firefighters work in high radiant heat conditions for 

extremely prolonged periods of time and rarely are in direct contact with flames. Due to this 

specific work condition, the firefighters need comfortable fire resistant clothing that is 

lightweight and breathable enough to keep the heat stress low, which is why traditional 

turnout suits are not feasible protective garments in this situation. This standard provides 
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guidelines for garments that will protect wildlands firefighters from heat, flames, and thermal 

stress.  

• Performance Requirements 

o Radiant protective performance (RPP) 

▪ Average value not less than 7 

o Flame resistance 

▪ Average char length not greater than 100 mm, average afterflame 

of not more than 2 seconds, no melt or drip. 

▪ Trim pieces must not be fully consumed, have and afterflame of 

more than 2 seconds, and melt and drip. 

o Heat and thermal shrinkage: fabrics should not melt or drip, or shrink 

more than 10% in any direction 

o Thermal stability: fabrics should not melt or drip, ignite, or stick to the 

glass plate. 

o Total heat loss: Fabrics should have a total heat loss of not less than 450 

W/m2 

o Tear strength/burst strength: woven fabrics must have a tear strength not 

less than 22 N (5 lbf), and knit fabrics must have a burst strength not less 

than 225 N (50 lbf) 

o Seam breaking strength: woven fabrics must have a seam breaking 

strength not less than 315 N (70 lbf), and knit fabrics must have a seam 

breaking strength of not less than 180 N (40 lbf) 

 

2.4.3 NFPA 1971 [2]  

The standard on protective ensembles for structural fire fighting and proximity fire fighting. 

• Performance Requirements 

o Thermal Protective Performance (TPP) 

▪ Not less than 35.0 

o Garment shall allow no liquid penetration 
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o Flame Resistance 

▪ Average char length not greater than 100 mm, average after flame 

of not more than 2 seconds, no melt or drip. 

o Heat and thermal shrinkage: fabrics should not melt or drip, or shrink 

more than 10% in any direction 

o Thermal stability: fabrics should not melt or drip, ignite, or stick to the 

glass plate. 

 

o Conductive and compressive heat resistance test: Garment composite from 

the shoulder and knee areas must demonstrate passing performance.  

o Tear strength: Shall have a tear strength of not less than 100N (22 lbf) 

o Seam breaking strength: equal to or greater than 667 N (150 lbf) for major 

seams.  

o Water penetration resistance: all moisture barriers shall have a minimum 

water penetration resistance of 172 kPa 

Liquid penetration resistance: all moisture barriers 

shall show no penetration for at least one hour.  

• Additional performance requirements for structural fire fighting protective 

elements only 

o Total heat loss: garment composite shall have a THL of not less than 205 

W/m2 

 

2.5 Key Needs 

The Project Responder 4: 2014 National Technology Plan for Emergency Response 

to Catastrophic Incidents identified the need for a duty uniform with limited protection across 

the threat spectrum. The report, as part of the need analysis, suggested ten “goals” that the 

new generation of duty uniforms should meet. These goals are as follows: 

 

1. Integrates into a modular PPE system 



32 

 

 

2. Provides basic protection from most likely encountered threats 

3. Provides increased localized protection as needed 

4. Enhances comfort 

5. Provides an affordable option that can be utilized across disciplines 

6. Enhances, does not degrade, responder performance 

7. Balances wearability, comfort, durability, and dexterity 

8. Accommodates differences in gender and body size 

9. Able to be laundered repeatedly and frequently 

10. Ensures visual appearance is still in line with discipline and public image 

 To accomplish these goals, it was important to understand the specific needs of 

individual disciplines. Formal panels of volunteers from the local first responder community 

including firefighters, emergency medical technicians, and law enforcement personnel were 

formed. These panels were formatted so that at the start, the first responders would be 

exposed to the overall goal and reasoning that the advanced base ensemble project was trying 

to accomplish. Following this informational session, the first responders were asked to 

comment on the garment itself, how they saw it fitting into their daily regimen, and were also 

asked what features or capabilities they deemed necessary for the garment to possess if it was 

going to be able to succeed in their specific responder environments.  

 These panels provided the project with a great deal of useful information that could 

then be used to parse out the more critical components of the garment and its capabilities that 

were seen as vital for each of the communities. The information provided by the 

communities is listed below. 

Firefighters (8 participants with an average of 13 years of service) 

• Wear cotton t-shirts and athletic shorts (synthetic) or station pants (cotton) on a 

regular and daily basis  

• Job shirts and sweatshirts in colder months 

• Dress shirts (pressed button down with collar) required but only worn on special 

occasion 
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• Due to varying environments, a long sleeve shirt whose cuffs could be rolled was 

ideal 

• Heavy duty pants are more acceptable than shirts based on what is already worn  

• Pockets are ideal if they don’t interfere with the donning and doffing of outer 

protective gear (turnout) 

• Comfort (fabric hand and thermal) should always be prioritized over safety 

• Cushioning and reinforcement of some form in high wear and impact areas  

• Athletic fit preferred for ease of movement as long as the garment looks professional 

• Added protection (chemical or splash) is welcome as long as it doesn’t impact 

comfort 

• Garment should be approachable (acceptable and non-threatening to the public) 

• Lighter weight fabrics as long as they can be pressed and are durable  

  

Emergency Medical Technicians: 

• Wear cotton or poly/cotton twill or rip-stop pants and a department issued shirt 

(button down or polo) 

• Traditionally wear zippered jackets in winter months 

• Long sleeve vs. short sleeve based on personal preference or department decision 

• Pockets are extremely important (the more the better) since they carry so many items 

and need easy access 

• Comfort is high priority 

• Athletic fit not necessary  

• Liquid protection welcome 

 

Law Enforcement 

• Wear department issued pants and shirt 

• Professionalism and recognizability very critical 

• Ability to comfortably wear over ballistic vest ideal 
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• Comfort takes backseat to professionalism 

• Any additional protections welcome as long as outward appearance not changed 

 

2.6 Garment Objectives 

Before materials could be selected, a set of seven Key Performance Parameters 

(KPPs) was developed. A panel of experts from the Textile Protection and Comfort Center at 

NC State University was assembled and ranked and defined parameters they considered 

necessary for the success of the garment within the scope of the project. Some of the 

considerations were that the garment itself needed to appeal to the first responder community 

as well as provide higher protection and comfort over currently available garments. How a 

garment looks, feels, its durability, and added features, are just as important.  

The Key Performance Parameters that were decided upon, including their priority 

ranking, were:  

1) User comfort: The resultant system should be comfortable for both genders and people 

of all sizes to wear across multiple disciplines and in differing scenarios. 

2) Durability for daily wear: The resultant system should be made of materials robust 

enough to resist premature degradation due to daily station exercises and environments. 

3) Usability/practicality: The garment should possess value added functionality, 

customizability, and the ability to integrate into the existing and future frameworks of 

protective clothing. 

4) Aesthetics: The resultant system should possess a professional appearance with 

functional design elements that are acceptable to the target user audience. 

5) NFPA certification: The resultant system should be capable of NFPA 1975 base 

requirement certification. 

6) Enhanced Protection: The resultant system should provide additional limited 

protection against typical daily operation related hazards beyond the base requirements of 

NFPA 1975 
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7) Optional tradeoff protection: Should there be additional protections that can be 

included in the system without negatively impacting the key needs, they will be added.  
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Chapter 3: Needs Based Design Development 

2.7 Design Concepts Background 

The physical design of a protective garment is equally important to the materials 

selection as they will influence each other. The design of the new duty uniform was based on 

the requirements set by the project sponsor (DHS/FRG) and further refined during multiple 

workshops with active First responders. The results from this phase of the project were used 

as input for the development of novel concepts, consequent materials selection and test 

methods selection and specifications settings. This design process was considered out of 

scope for this thesis and its results are briefly presented here.  

 Upon analysis of the concepts, several common denominators were evident. Some 

form of barrier membrane was needed to provide protection against liquids. Venting through 

meshes and knits, which would allow for air movement within the garment, were selected as 

methods to reduce thermal strain. Lastly, additional protection and functionality was desired, 

such as specific protective areas against abrasion, puncture, splash, and impact. Furthermore, 

it was expressed that an acceptable outward appearance was essential for the new concept. 

The public image of the responder communities is one based on recognition as well as trust, 

something that is hard to develop but very easy to lose. Therefore, most first responders are 

inherently against making radical changes to their appearance which might have the negative 

affect of eroding the public trust.  

After the conclusion of the concept development phase of the project a single 

prototype was finalized. The design incorporated stretch panels and venting options made 

from FR knits into a garment similar in aesthetic to current models. The top portion of the 

garment was designed to ease the thermal burden of the clothing on the responders, adding a 

vent panel to the back and stretch panels on the sides and underarms. To increase the comfort 

and functionality of the pants, integrated kneepads, stretch panels and vents were added to 

the pants. To combat liquid contamination, the whole garment was to be treated with an 

antimicrobial and durable omniphobic repellent treatment. A traditional button-down design 

is not ideal for protection against liquid hazards, therefore, while keeping a faux button 

appearance, a zipper closure was included underneath the placket.  
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Figure 4: Labeled AMBER configuration 

 

2.8 Materials Acquisition 

Project Responder 4 from the Department of Homeland Security outlined the need for 

a multipurpose base ensemble for first responders. The Advanced Multi-hazard Base 

Ensemble for first Responders (AMBER) is the project based out of NC State University 

whose sole aim is to meet that need. The general garment and material requirements, as 

developed in the design development phase and before in the KPP determination phase, aided 

in the creation of a desired performance range which could then be applied to a materials 

selection process. The KPPs, in order of priority were: user comfort, durability, 
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usability/practicality, aesthetics, NFPA certification, enhanced protection, and optional 

tradeoff protection. The garment described above is composed of several different fabrics 

and materials: treated wovens, knits, liquid resistant membranes, and auxiliary materials for 

additional area specific protection. As outlined by the original concept and definition of the 

project, materials utilized within the prototype garment had to be readily available by the 

time of production or already available for consumer purchase. This ruled out any purely 

conceptual materials as the needed material would be unavailable. While potentially limiting 

the overall possible materials, the finally selected materials would then either have already 

proven or at the very least had a significant amount of verifiable data. Several routes were 

pursued to find the ideal materials which could be acquired and tested in house: attending 

trade shows, using prior materials experience, analyzing materials on the market currently, 

and contacting materials providers after research into offered products. The details of this 

process are out of scope for this thesis, but are briefly described below. 

To assess new materials, treatments, and designs making their debut in the 

marketplace during the timeline of the project, two trade shows were attended: the SHOT 

show and the Outdoor Retailer Showcase. The SHOT show is an annual show in Las Vegas 

that hosts a great number of companies whose products cater to hunters, the outdoor industry, 

and the military/law enforcement with a great number providing textile based protection 

(abrasion, cut/impact, fire resistance) solutions. The Outdoor Retailer Showcase is a biannual 

show that brings cutting edge outdoor apparel and gear technology into one place. The 

technologies of interest water and oil resistance materials, membrane technology, and 

workwear design. For materials already offered on the marketplace, benchmarking was 

performed where both woven and knit FR and non-FR workwear were purchased and 

evaluated for any perceived comfort differences between materials used, design trends, and 

common tradeoffs between protection and comfort. Generally, the trend seen was that the 

protective garments and workwear favored thick but cheap materials that could provide some 

protection while not being too expensive; a common tradeoff that is detrimental to comfort 

and can hopefully be overcome by proper materials research and knowledge.  
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The Textile Protection and Comfort Center at NC State University has a long history 

of protective materials research, contact with fabric/garment suppliers, and work with local 

first responder communities. Through projects such as improving garments for wildlands 

firefighters and structural firefighters, TPACC has developed a solid understanding of the 

relationships between certain materials and their performance both related to protection and 

to comfort. The materials used in such projects are often ones already on the market or they 

are materials in development. Since the materials in development might not be displayed at a 

trade show, the positive contact between TPACC and producers allowed for an extra level of 

research in case there was a material perfectly suited for the AMBER project that wasn’t 

quite available for benchmarking.  

Using the relationship between TPACC and local communities, first responders were 

polled on their current duty uniforms, improvements that could be made, and 

design/functional component ideas. From this polling, it was discovered that fire personnel 

are given basic cotton shirts/knit overgarments (cotton shirts were purchased thicker than the 

average t-shirt for durability) and their pants are usually purchased in bulk by the department 

or by the individual. The formal duty uniform is usually made from either cotton, 

poly/cotton, or Nomex® depending on the budget of the department/individual. Having this 

information meant that the firefighters’ duty uniform options could be used as baselines for 

both garment and material comparison. As the AMBER garment is supposed to provide a 

higher level of protection and comfort in multiple scenarios in comparison to the current 

standard for uniforms, the goal became to only acquire those materials which potentially 

would offer improved performance over the baselines.  

 

2.8.1 Wovens 

Durability of the garment construction and materials therein was not a major 

requirement from the KPPs but also mandated by the NFPA 1975 standard. As such, the 

shirt/pant material, being the primary constituent material of the garment, should be able to 

stand up to a long period of daily work type abuses such as the constant rubbing of getting in 

and out of seats and the possibility of snags and tears from constant movement. Fabrics for 
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the shirt/pant portion of the prototype were selected based on their theoretical potential 

ability to fulfill fabric based KPPs and also meet other specific needs of the project. 

 

Table 2: Measured weights and thicknesses of AMBER woven fabrics  

Fabric Label Fiber Content Construction Weight 

(oz/yd2) 

Thickness 

(mm) 

W1 (Cotton 

Baseline) 

100% Cotton 
Plain 6.3 0.45 

W2 (Nomex 

Baseline) 

Nomex 
Plain 4.7 0.49 

W3 (Polycotton 

Baseline) 
65/35 PET/Cotton Ripstop 4.8 0.27 

W4 50%Twaron (aramid), 

30%FR Viscose, 20%PBI 
Twill 4.8 0.36 

W5 50%Twaron (aramid), 

30%FR Viscose, 20%PBI 
Ripstop 5.3 0.39 

W6 37/33/30 Ara/synth/cell Twill 5.6 0.34 

W7 37/33/30 Ara/synth/cell Twill 5.9 0.43 

W8 Nomex IIIA Plain 6.0 0.53 

W9 Modacrylic, Cellulose, 

Aramid 
Twill 6.2 0.53 

W10 Modacrylic, Cellulose, 

Aramid 
Twill 7.3 0.56 

W11 Modacrylic, Cellulose, 

Aramid 
Twill 7.9 0.63 

W12 Modacrylic, Cellulose, 

Aramid 
Twill 8.6 0.67 

 

 Upon selecting the individual fabric type (construction and fiber content) for testing, 

several weights of the fabric were procured. The reasoning was that if fiber types and 

construction showed promise with regard to certain comfort characteristics, the tradeoff 

between comfort and protection could be quantified as it pertains to changing fabric 

densities.  

 Represented in the fabric selection, there were twill (W6, W7, W9, W10, W11, W12), 

ripstop (W3, W5), and plain weaves (W1, W2, W8), fabrics made from completely fire 

resistant fibers as well as blends, and in a range of weights from the previously decided upon 
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low to high limits. As discussed in the literature review the construction (how it is woven) 

will greatly determine many of the thermal comfort, hand/feel, and aesthetics of the fabric.  

The outliers of this list are the PBI fabrics. PBI has a long track record of being used 

in fire resistant garments and are by far the most expensive choice (appendix C), but are not 

well known for their comfort hand properties. By selecting these two fabrics, the hope was to 

compare fabrics with impeccable thermal performance against the cheaper fabrics created to 

satisfy the comfort side of the equation as well as provide decent thermal performance. This, 

along with the comparison against the baseline fabrics created a scale from low to high 

performance as well as quality and cost, all of which were primary concerns expressed in the 

product development meeting as well as the initial project outline.  

 

2.8.2 Knits 

From the product development phase it was understood that knit fabrics would feature 

a key role in modernizing the garment as well as serving as a comfort aspect. Most people 

with labor intensive daily lives prefer not to wear dress clothes that are designed for 

professional looks and not for comfort or performance. Incorporating knit fabrics into 

strategic areas of the design increases the thermal comfort performance of the garment, 

betters the fit, and should theoretically be more comfortable to wear. Since FR knits are 

expensive and much less durable relative to the FR woven fabrics, small comfort panels were 

added to the sides of the shirt and to the back of the knee, intended to increase the wearer’s 

comfort. The knits chosen for testing were proven materials currently on the market as well 

as being used in military applications. The availability, established reputation, and durability 

were deciding factors determining which fabrics were selected.  
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Table 3: Measured weights and thicknesses of AMBER knit fabrics 

Fabric 

Label  

Fiber Content  Construction Weight 

(oz/yd2) 

Thickness 

(mm) 

K1 68/29/3 Modacrylic/Rayon/Spandex Jersey 5.0 0.52 

K2 72/28 Modacrylic/Rayon Mesh 5.2 0.69 

K3 
36/30.5/30.5/3 

Nylon/MetaAramid/Modacrylic/spandex 
Jersey 7 0.5 

K4 94/6 Cotton/Spandex Jersey 6.4 0.47 

K5 Not Available Jersey 6.9 0.5 

K6 87/7/6 Cotton/Polyester/Spandex 
Pointelle 

Mesh 
5.5 0.48 

 

2.8.3 Liquid Repellent Finish 

First responders, firefighters, law enforcement, and EMS have a high potential for 

coming into contact with potentially harmful substances. While some responders are 

equipped with additional layering options, it is more common for them to enter a situation 

without adequate liquid protection. Providing first responders with garments that protect the 

wearer fully for every scenario is not feasible, practical, or economical. While in theory, if a 

first responder had an individual garment for each possible hazard, they could simply change 

into whatever garment the situation called for. Unfortunately, this concept would not be 

practical. By definition, first responders are the very first people to respond and thus do not 

always have the requisite information necessary to make such a judgement call. Similarly, 

when time is of the essence, it may not be possible for a responder to take the time needed to 

change into a specific garment away from their normal actions. For these reasons, it was 

deemed necessary to incorporate some liquid splash and penetration protection to the 

AMBER garment. As a duty uniform, the responders will at least be more protected against 

potential hazards than currently. Splash protection against water and similar liquids could be 

incorporated simply with the application of a water-repellent finish, whether physical or 

fluorocarbon based. In the NFPA 1971[2] standard however, 5 hazardous chemicals are listed 

to be repelled by garments aiming to protect first responders. These chemicals are aqueous 

film forming foam, battery acid (37% by weight sulfuric acid to water), fire resistant 

hydraulic fuel, surrogate gasoline fuel (50/50 toluene/iso-octane), and swimming pool 
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chlorine. Due to their inherently dissimilar composition from water, a repellent finish other 

than a durable water repellent finish was needed.  

As the treatment needed to provide both water and oil repellency, it was imperative to 

find a finish that could repel all five of the NFPA 1971 chemicals and have a durability 

respective of the garment lifetime and the daily wash conditions therein. After significant 

market research, a surface modification treatment used heavily in the outdoor apparel 

industry was selected as well as a fluorochemical finish that had just been made available to 

the average consumer. Upon contact with the manufacturers and upon obtaining the technical 

specifications of the treatments, the surface treatment was found to be non-compliant with 

the resistance properties necessary for the AMBER garment to be considered a successfully 

repellent garment. That is to say it could not be guaranteed to stand up to/provide protection 

from the 5 hazardous chemicals from the NFPA 1971 repellency standard. 

 

2.8.4 Liquid penetration resistant membrane 

First responders are concerned about the level of protection they receive against 

contact with harmful liquids such as bloodborne pathogens. While contact with a person’s 

own blood is not necessarily dangerous, contact with another individual’s blood can be 

hazardous. EMS, due to the nature of their job description, are the most likely to come into 

contact with blood on a daily basis over the other first responder professions (firefighters and 

law enforcement). As stated in the literature review, the greater the amount of coverage 

(body area) a human has, the greater the inherent thermal stresses and protection. For this 

reason, as well as because of expected deteriorating fabric hand, the prototype designs only 

utilized membrane technology in strategic locations. These locations are where external 

pressures would be most likely to force liquid through the fabric weave. There are five 

garment locations where humans are more prone to put pressure; the knees, feet, 

elbows/forearms, hands, and seat (major points of contact with external surfaces). First 

responders’ hands and feet are already protected and with the assumption that pressure is not 

often placed on the seat of the pants into hazardous liquids during traditional operations, that 

leaves only the forearms and knees as possible areas of membrane reinforcement. Ideally, 
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liquid penetration protective membranes would be added to both of these high need areas. 

The final product will be worn by first responder communities around the country and 

possibly around the world. Catering a singular product to such a diverse consumer base is 

difficult due to each group possessing different operating needs and climates. From a comfort 

and user control perspective, the most effective way to accomplish the task is to provide 

optional venting through specific closures and roll-able sleeves. To accommodate the needs 

of the users to as high of a degree as possible, it was decided that the addition of a laminated 

membrane into the elbow and forearm region prevented the essential feature that is being 

able to roll the sleeves. 

 To incorporate a membrane into a garment such as this, it is imperative that it be 

accomplished in such a way that the comfort is not compromised to an unacceptable degree. 

A tri-laminate configuration with a durable woven fabric on the exterior and a comfortable 

knit on the interior. This setup negates any negative tactile comfort properties of the 

membrane while protecting the fragile barrier from physical damage and prolonged contact 

with deteriorative liquids.  

 Membranes being used within the trilaminate needed to meet several requirements. 

Firstly, the membranes had to be fire resistant in that they would not sustain a flame or 

melt/drip. Secondly, the membranes needed to provide a high moisture vapor transfer rate. 

Although liquid barrier membranes are notorious for having low vapor transfer rates and that 

the Vapor Transfer Rate is often a tradeoff for protection, it was imperative that a balance 

between the two be found. Thirdly, the membrane, when in combination with the other 

fabrics, could not be a detriment to the hand of the fabric to a degree where the protection 

provided was not worth the discomfort.  The membranes selected for this project were 

chosen based on the suggestion of experts contacted within the industry, the general 

availability of the material, and the theoretical compatibility with the project needs. All of the 

membranes selected have either been used in resistant clothing prior to AMBER acquisition 

or have been designed for that purpose.  

 



45 

 

 

Table 4: Measured weights and thicknesses of AMBER membrane materials 

Membrane Label  Polymer Weight (oz/yd2) Thickness (mm) 

M1 Polyurethane 1.6 0.04 

M2 Polyurethane 0.9 0.02 

M3 Polyurethane 0.5 0.013 

M4 Expanded PTFE 0.7 0.02 

M5 Polyurethane 1.6 0.12 

M6 Polyurethane 0.8 0.04 

 

2.8.5 Auxiliary Materials 

Providing additional protection to an individual is difficult to accomplish through 

single layers of shirting and pant material alone. This is why composites of different 

materials are most often employed when higher protection is needed such as in a firefighter’s 

turnout suit. The AMBER garment was not intended to provide such levels of protection 

however it was necessary to increase the capabilities of the ensemble above what is currently 

offered in the marketplace. Many first responders interviewed for the project voiced concerns 

with the durability of specific areas on their station uniforms. Unsurprisingly the areas of 

interest were where most wear occurs such as the knees and elbows. The elbow region of 

garments needs to be flexible enough to move with the person, not restrict their movement, 

and roll up while at the same time be sturdy enough to resist high wear and possible thinning 

due to stretching of the fabric around the joint. It was therefore decided that the only extra 

protection that could be provided at the elbows was a reinforcement of the area with a 

secondary layer of fabric. The knees however, needed to have a much higher level of 

protection than the rest of the garment. A ceramic printed fabric finish (dots of a desired size 

and thickness) was found called Superfabric which provides cut and abrasion resistance; 

limited puncture resistance is possible only if the puncturing implement impacts the ceramic. 

Extra puncture, liquid penetration, cut, and impact resistance was provided by a 3- 

dimensional heat resistant rubber printed on top of cut resistant fabric. Since the impact 

resistant material was printed on top of the fabric instead of being a separate piece, it could 

be seamlessly incorporated within a protective composite structured as a kneepad panel.  
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4 Chapter 4: Creating a Testing Procedure and Downselection Method 

4.1  Phase Based Testing 

To reduce the overall amount of testing (22 tests performed in triplicate times 9 fabrics 

(wovens only) a phased approach was adopted. 

Phase 1 would be comprised of the tests necessary to determining critical properties of 

the fabrics such as the hand (how a fabric feels when being held), wicking (a moisture 

movement property), and thermal comfort performance (Total Heat Loss). These properties 

would allow for proper differentiation of the fabrics based on pure performance 

characteristics. Built into the phase based system of testing were fixed upper and lower 

boundaries which served to immediately filter any fabric that fell below an allowable level on 

any selected parameter. For example, NFPA 1975 requires that all fabrics have a char length 

of not more than 150mm and an afterflame of no more than 2 seconds. Within this setup, 

should a fabric fail to pass this performance metric, it would be dismissed as a possibility for 

the final garment. With phase one complete, only eligible material candidates would be 

allowed to proceed into the second phase of testing. The second testing phase was made up 

of tests that were either too demanding from a time standpoint or relied either on the 

application of some treatment or the combination of fabrics (such as the laminate). By 

creating a structured testing methodology such as this it greatly reduced the amount of time 

spent testing and also eliminated any now negligible tests on fabrics which should have 

already been eliminated.  
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Table 5: First phase tests with units 

First Phase Tests: Method Units 

Construction Manufacturer Data Construction type 

Weight ASTM D3776 Oz/yd2 

Thickness ASTM D1777 Mm 

Abrasion ASTM D4966 Cycles to hole 

Tear ASTM D1424 lbf 

Breaking ASTM D5034 lbf 

THL ASTM F1868 W/m2 

Stiffness KES Bending Rigidity gf*cm2/cm 

Drape  KES Shear gf/cm*degree 

Air Permeability ASTM D737 Cubic ft/min 

After flame ASTM D6413 Seconds  

Char length ASTM D6413 mm 

ASTM Puncture ASTM D1342 N 

EN Puncture EN 388 N 

Wicking Vertical wicking In/5min 

Burst ASTM D3786 lbf 

Pilling ASTM D3512 rating 

MVTR Upright cup method g/m2/24hrs 

 

Table 6: Second phase test with units 

Second Phase Tests: Method Units 

Liquid Resistance AATCC 118 rating 

Splash Resistance ISO 6530 Repellency index (%) 

Heat Storage ASTM F2731 Time to 2nd degree burn 

 

  To better illustrate the workings of the phase based downselection system as applied 

to this project, process maps have been provided in appendix A. 

 

4.2 Quantitative Materials Downselection 

Key Performance Parameters (KPPs) were designed to help understand the 

importance hierarchy of fabric/product characteristics or goals. By setting up this system at 

the start of the project, it guarantees conformation of the product to the overall scope and 

goal. Materials testing, especially of so many fabrics in so many different tests produces a lot 

of data. Since materials comparison is the goal of the testing, not all of the tests will show the 
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same results or general relationships between the fabrics. All data interpreted at the same 

level of importance might for instance show that the heaviest fabric performed, on average 

over the whole gamut of tests, the best in comparison with its counterparts. However, 

implementing such an approach might not account for the importance placed on fabric 

comfort or appearance. Thus, using the KPPs as a guide it is possible as well as necessary to 

create a weighted downselection system which guarantees the best fabric is chosen based on 

the project needs.  

The weight value of each performance value and then each category were determined 

through a simple methodology. Each performance value within each category (comfort, 

protection, durability, …etc) was, one by one, pitted against another performance value 

within the same category. Each time, using the information gathered from the first responder 

focus groups and local communities combined with expert opinion, the more important value 

would be given a value of two, and the less important a value of one. When the process had 

been finished within a group, the total score for each of the values would be added up and 

then divided by the total possible for the group as a whole, assigning a percent importance to 

that value. The same process was repeated on the next level with the categories themselves 

until each iteration possessed a weight percentage.  

Example of weight determination process for AMBER woven fabrics. In this example 

it can be seen how the KPPs and garment objectives determined with the help of the first 

responder community is represented within the weighting process.  

 

Table 7: Example of property weighting process 

n N 

Category 

1&2 1&3 1&4 2&3 2&4 3&4 Sum of 

higher 

prefere

nces 

Relative 

Weight 

1 Thermal 

comfort 

1 1 1       3 0.176 

2 stiffness 2     1 2   5 0.294 

3 drape   2   1   2 5 0.294 

4 Air Perm     2   1 1 4 0.235 

  
      

Total 17 
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Assigning weight values to large sets of data can sometimes prove impractical 

especially when certain tests fall within categories of importance different than those around 

it. For this reason, a two-tiered weight system was devised that placed tests within the 

specific category to which they belonged. Each test within an individual category was 

weighted based on its ranked importance therein. Once each test was given a weight value, 

the whole category was assigned a weight value to rank its importance against the other 

categories. Both the categories and the tests were both weighted out of 100%. Structuring the 

downselection method this way meant that each category represented a specific trait of the 

fabric and each test within the category was used to rank the fabric’s performance at that 

trait.  

Example: The categories created to accurately describe the general traits of the 

AMBER woven fabrics and the tests within are shown in Tables 8 and 9. 

  

Table 8: Fabric performance categories and assigned weights 

Category Shirt/Pant (woven) 

General Characterization 7% 

Cost 18% 

Durability 21% 

Comfort 29% 

Protection 25% 
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Table 9: Tests within each category for woven fabrics only 

Performance Type Test Method Units Shirt/Pant (woven) 

Basis Weight ASTM D 3776 Oz/yd2 50.00% 

Thickness ASTM D 1777 Mm 50.00% 

Unit Cost Manufacturer Data $/yd2 100% 

Abrasion ASTM D 4966 Rubs to Failure 28.57% 

Tear ASTM D 1424 lbf (N) – Average 42.86% 

Breaking ASTM D 5034 Lbf (N) – Average 28.57% 

Thermal Comfort ASTM F 1868 W/m2 17.65% 

Stiffness KES – Bending 

Rigidity  

gf.cm2/cm 29.41% 

Drape KES – Shear gf/cm*degree 29.41% 

Air Permeability ASTM D 737 ft3/min/ft2 (CFM) 23.53% 

Vertical Flame ASTM D 6413 Afterflame 37.50% 

Vertical Flame ASTM D 6413 Char Length 37.50% 

Puncture ASTM F 1342 Lbf (N)  25.00% 

 

 While possible to arbitrarily assign round weight numbers based on perceived 

importance, that method does not give a truly accurate representation of how each test should 

be weighted. The design was set up so each time only two tests were mutually compared led 

to a matrix with weighing factors. The resultant weight value tables such as the one above 

can be found in appendix B. 

 Once the first phase of testing was complete, the corresponding weight values were 

applied to the collected data to achieve an overall ranking of the fabrics within each category 

and finally, using the category weight percentages, the top fabrics for the AMBER garment 

specifically could be found. 

 The downselection method employed in the development of the AMBER garment, is 

a method that has been published and used in the past for material selection in other 

engineering disciplines[47], but is novel to the development of a clothing type product. Using 

such a method guaranteed a data based decision process which reduced the number of system 

level prototypes needed for analysis. It also allowed the prioritization of certain and even 

combinations of performance aspects which could be linked back through the data to 

decisions made based on user needs (KPPs) and garment requirements.  
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 The second phase of testing involved the treatment of the downselected fabrics, 

creation and testing of the trilaminates for the kneepad section of the garment, and the tests 

for heat and thermal shrinkage and thermal stability. The high cost and time-consuming 

nature of manufacturing the trilaminates meant that iterations of them would be made with 

the top performing knits, membranes, and woven fabrics already tested in the first phase. For 

the sake of project efficiency, it was necessary to determine whether the fabrics used for the 

garment body would perform as well in the laminate and what the relationships were between 

the base properties of such fabrics and the comfort/protection/durability performance of the 

laminate.  
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5 Chapter 5: Defining Materials Testing 

During the initial project development phase, seven KPPs were settled upon to direct 

the decisions and criteria afterwards. The KPPs put an emphasis on three areas for 

improvement: comfort, durability, and protection. The following are test methods used in this 

research for defining a material’s performance within those categories.  

 

5.1 Test Methods 

5.1.1 ASTM D3776 Basis Weight 

To accurately measure the basis weight of the AMBER project fabrics, ASTM D3776 

(test method for mass per unit area of fabric) was used. The weight of a fabric is measured by 

weighing a conditioned sample of a predetermined size on a certified scale. Using traditional 

US conversion methods, the final weight/unit area (oz/yd2) is calculated from the initial 

weight/unit area of the sample. [48] 

 

5.1.2 ASTM D1777 Thickness 

As discussed herein the thickness of fabrics often translates directly to negative or 

positive influences on both objective and subjective comfort as well as durability and 

protection performance. ASTM D1777 is the standard test method for measuring the 

thickness of textile materials. Fabrics, unlike solid materials, are known to change their 

thickness based on given conditions, structure, and external stresses. Placing any pressure on 

a fabric, despite the type of fibers used, will change the thickness due to movement of the 

individual fibers and yarns around each other. To standardize the measurement of fabric 

thickness, ASTM requires a fixed pressure dependent on the material measured. The dead 

weight mass, diameter of dead weight and anvil, pressure applied therethrough, and sample 

conditioning are all standardized to maximize the possibility of repeatable measurements. 

The space between the bottom anvil and the top presser foot is the resultant measured 

thickness of the fabric. [49] 
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5.1.3 KES Fabric Comfort Testing 

Comfort testing of fabrics at TPACC is performed by a system of machines and test 

methods called the Kawabata Evaluation System (KES). The KES uses relatively low applied 

forces to make objective measurements of fabric hand properties. By using these low forces, 

the system can measure the mechanical properties and responses that accurately correspond 

to the way fabrics naturally deform and behave in hand manipulation.   

Two tests were performed on the AMBER project samples; bending(stiffness) and 

shear(drape). The bending test places a standardized fabric sample into the KES-FB2 

bending tester and measures bending rigidity, the force required to bend the fabric sample 

approximately 150° in units of gf.cm2/cm. The higher the value obtained through this test, the 

greater the stiffness/resistance to bending.  

 

 

Figure 5: KES-FB2 bending tester 

 

The shear testing is performed on the KES-FB1 tensile-shear tester. The conditioned 

fabric sample is loaded into the tester, a pretension of 10gf/cm is initially applied and then 

the tester applies apposing but parallel forces to the fabric (shearing) until a maximum angle 

of 8° is reached. This measurement represents the ease with which the fibers/yarns slide 

Bends 

Forward  

then 

Backward 
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against each other, giving an impression of the fabric’s pliability/rigidity. In this instance, the 

lower the values, the less the fabric resists the shearing motion. 

 

 

Figure 6: KES-FB1tensile-shear tester 

 

5.1.4 ASTM D4966 Martindale Abrasion Test 

Currently there is no agreed upon (as satisfactory) standard for determining a fabric’s 

abrasion resistance. The discrepancy is not due to any issues with the mechanism for testing 

but is due to the unreliability of abrasion as a measurable characteristic even though the 

general consensus is that abrasion resistance is a critical measure of a fabric’s durability. 

Conditions such as the type of abradant used, the specific action of the abradant over the 

fabric, the pressure between the specimen and abradant, the tension of the sample, as well as 

any dimensional changes to the specimen over the course of the test. Since there are many 

different types of abradant surfaces, and each one is subject to variable wear over time, 

repeatability from one test to the next is difficult. The Martindale abrasion test is the most 

widely used abrasion test both in and out of the United States. The test is performed by 

subjecting the fabric sample to rubbing motion that starts as a straight line in one direction 

and gradually transitions through an oval shape until it becomes a straight line in the opposite 
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direction. The apparatus applies constant tension and pressure on the sample while counting 

the number of cycles performed until the abradant makes contact with the surface below the 

sample having abraded through it or until the test is stopped. Testing thicker fabrics or highly 

durable fabrics with this method can be very time consuming; performing upwards of 30,000 

cycles. Because of this inconvenience, operators will often stop the test after a satisfactory 

number of cycles has been reached (for NCSU physical testing – 36,000 cycles).[50] 

 

5.1.5 ASTM D1424 Elmendorf Tear Test 

As tear formation occurs at the site of imperfection/damage, to test a fabric’s 

resistance to tearing it is necessary to first start a tear and then use some method to determine 

how much force is necessary to propagate that tear through the fabric. A widely used method 

and the method employed for the testing of the AMBER fabrics is the ASTM D1424 

Elmendorf Tear Test. A cut is placed in the fabric to create a standardized single-rip tear. By 

placing this now compromised fabric in to a falling pendulum (Elmendorf) device which 

grips both sides of the tear and uses the force of the falling pendulum mass to move each side 

away from each other, operators can determine the force required to propagate the tear by 

simply multiplying the full scale capacity (weight added to the pendulum by the operator 

prior to the test) by the reading from the pendulum scale.  [51] 

 

5.1.6 ASTM D5034 Tensile Strength Test 

The tensile strength test is used to determine the effective strength of a fabric. 

Effective strength is the numerical representation of the strength of yarns within a specific 

width of fabric including the additional strength imparted by nearby yarns within the weave 

structure. The test method used for this determination is the ASTM D5034 tensile strength 

test method which utilizes a tensile testing machine such as an Instron tensile tester to grab 

both sides of a specifically sized strip of fabric and pulls the ends apart. Ideal for woven 

fabrics, it is not recommended for knits due to their propensity for high stretch and extreme 

necking of the fabric strips. Conditioned test samples should be tested in both the warp and 

weft directions for a better understanding of the weave structure’s effects on the fabric 
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strength. The resultant values produced by the method are simply the average force required 

to break the fabrics in each direction and the overall average between warp and weft. [52] 

 

5.1.7 ASTM D3787 Ball Burst Test 

The structure of knits allows them to be extensible in all directions, meaning that a 

simple grab and pull test cannot accurately describe their strength. Therefore, knits must be 

tested in a way that stresses the material equally in the warp and weft directions. To solve the 

problem, ASTM D3787 places conditioned knit fabrics over top of a steel ball and clamps 

them in place. The steel ball is pressed into the material at a constant rate of elongation until 

failure. Similar to the tensile strength test, the average force applied (in all directions; this 

test cannot does not distinguish between warp and weft) at burst is the reported value.[53] 

 

5.1.8 ASTM D3512 Pilling Test 

Pills on the surface of fabrics (especially knits) are considered undesirable and 

unsightly. They are the small balls of fibers which have formed over time due to everyday 

abrasion on the material. Pills form when fibers ends within yarns become no longer 

entangled by the yarn twist and stick out from the general mass. These fibers, through 

abrasion form small balls of tangled fiber which attract other free fibers and eventually form 

larger and larger balls of fuzz. To better understand the tendency of a fabric to pill, ASTM 

D3512 places test samples within a cylindrical tumbling machine lined with a lightly 

abrasive material such as cork. While pills do form over time, for the sake of time, small 

fibers are also added into the tumbling chamber and increase the speed of pill formation by 

providing free floating fibers which can become entangled with the already free fiber ends on 

the fabric. A fabrics resistance to pilling is evaluated using an arbitrary visual rating scale. 

That is to say, the fabrics at the end of the test are compared against photos visually 

representing degrees of pilling. [54] 
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5.1.9 ASTM F1868 Thermal Heat Loss Test 

Clothing, especially those designed to offer additional protection, are made of 

materials that hinder the flow of air, moisture, and heat away from the body. It is important to 

understand the thermal resistance provided by such garments to possibly prevent unnecessary 

heat buildup and strain. While insulation values are a good fundamental basis for this 

understanding, it is necessary to incorporate the effect of moisture within the system. ASTM 

F1868 uses a bench scale sweating hot plate to calculate the total heat loss (calculation 

incorporating both thermal and evaporative resistance) of a fabric or fabric composite. The 

sweating hot plate (20” X 20”) is constructed from the combination of a test plate (10” X 

10”), outer guard section (5” margin surrounding test plate), and bottom guard plate within 

an environmental chamber (maintained in a thermoneutral state with the hot plate). The test 

plate is maintained at standard skin temperature of 33-36 degrees C through the electronic 

heating system. To measure the thermal resistance (Rct) provided by a fabric, it is placed on 

the sweating hot plate in dry conditions with a uniform wind speed across its surface. Once 

steady state has been achieved within the system (fabric and plate are thermally identical), 

the power required to maintain that steady state condition is recorded. Rct is calculated using 

the following equation. [55] 

 

𝑅𝑐𝑡 = (𝑇𝑠 −  𝑇𝑎)𝐴/𝐻𝑐 

 

Where: 

Rct = the total dry heat resistance of the fabric and air layer ((K×m2) /W) 

A = area of the test plate (m2) 

Ts = surface temperature of the plate (Celsius) 

Ta = air temperature (Celsius) 

Hc = power input (W) 

 

Once the thermal resistance (dry) is calculated, the evaporative resistance (ARet) can 

be calculated by testing the same sample in wet (sweating) conditions. To simulate the 
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production of moisture vapor from human skin, a vapor permeable barrier is placed over the 

hot plate which supplies water through strategically placed pores on its surface. Once the 

sample is added and reaches steady state within the system, the power input is again recorded 

and the evaporative resistance can be calculated from the following equation.  

 

𝐴𝑅𝑒𝑡 = [(𝑃𝑠 −  𝑃𝑎)𝐴]/[𝐻𝐸 − (𝑇𝑠 −  𝑇𝑎)𝐴/𝑅𝑐𝑡] 

 

Where: 

ARet = apparent evaporative resistance of the fabric and air layer (kPa×m2/W) 

Ps = water vapor pressure at the surface of the test plate (kPa) 

Pa = water vapor pressure in the air surrounding the sample (kPa) 

A  = area of test plate (m2) 

Ht = power input (W) 

Ts  = surface temperature of the plate (℃) 

Ta  = air temperature (℃)  

Rct = Total thermal resistance (dry) (K×m2/W) 

 

The total heat loss (dry and sweating combined) can now be calculated with the 

following equation. 

 

𝑄𝑡 =
10°𝐶

𝑅𝑐𝑓 + 0.04
+

3.57𝑘𝑃𝑎

𝐴𝑅𝑒𝑓 +  0.0035
 

 

Where: 

 

Qt = total heat loss (W/m2) 

Rcf = average intrinsic thermal resistance of the sample (K×m2/W) 

(calculated by subtracting the resistance of the bare plate from Rct) 

ARef = average intrinsic thermal resistance of the sample (kPa×m2/W) 
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(calculated by subtracting the resistance of the bare plate from ARet) 

 

Figure 7: Benchtop sweating hot plate in environmental chamber 

5.1.10 ASTM D737 Air Permeability Test 

The ASTM D737 standard uses air pressure differentials between the sides of the 

fabric to determine the air permeability. The goal of the apparatus (Frazier Air Permeability 

Tester) in question is to maintain a specific air pressure (0.5 inches of water) on the machine 

side of the fabric by only adjusting the rate of air flowing perpendicular to the fabric surface. 

If a higher flow rate is necessary to maintain the pressure, the fabric has a higher air 

permeability (measured in cubic feet per minute; CFM). For comfort in hot/humid 

environments such as the AMBER garments might be used in, it is necessary to optimize the 

level of protection provided by the fabric and the air permeability so as to minimize the 

potential buildup of heat stress. [56] 

 

Figure 8: Frazier Air Permeability Tester 
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5.1.11 ASTM D6413 Flame Resistance Test 

As discussed herein, one of the primary objectives of the AMBER garment was to 

make a base ensemble that complied with NFPA 1975 with the addition of the optional 

requirements for liquid repellency and flame resistance. The vertical flame test establishes a 

way to test the flame resistance response of fabrics in a standardized laboratory environment. 

A swatch of fabric (12 inches by 4 inches) is hung lengthwise vertically inside a draft-less 

static chamber over a specified ignition source. The response of the fabric to the flame is 

measured in three ways; char length, after-flame, after glow and if any melting or dripping is 

visible. Char length is the measured distance from the edge of the fabric exposed to the flame 

to farthest location of fabric damage visible after a tearing force has been applied. After-

flame is the measured time a fabric continues to burn (show visible flame) after the ignition 

source has been removed. Afterglow on the other hand is the measured time the fabric 

continues to luminesce (glow) after the ignition source has been removed and any residual 

flame has ceased. While the test does not provide an accurate representation for real life 

scenarios, it is the best way to test a fabric’s response to flame in a standardized manner. [57] 

 

5.1.12 ASTM F1342 Puncture Resistance Test 

To ensure the fabrics used for the AMBER garment provided a desirable level of 

protection against puncture, ASTM F1342 was used to gather required data. The method 

employs three separate protocols based on the probe being used and the material to be tested. 

Probe A has a rounded tip of radius 0.25 mm and a shaft thickness of 2.03 mm, probe B has a 

full rounded tip of radius .51 mm and a shaft thickness of 1.02 mm, Probe C has a round tip 

of radius 0.51 mm and a shaft thickness of 2.03 mm. In each protocol a probe is moved 

toward the sample surface at a constant speed and does not vary from that speed until 

puncture occurs. The force required to puncture the sample is recorded as well as any 

elongation to the specimen that occurs before puncture. After twelve replications have been 

performed, the average is the reported puncture resistance. [58] 
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5.1.13 Gravimetric Absorbency Testing System Test 

To evaluate moisture uptake and spreading TPACC uses the Gravimetric Absorbency 

Testing System (GATS). The GATS measures what is known as the demand wettability of 

fabrics; it measures the ability of a fabric to spontaneously take up liquid in a direction 

perpendicular to its applied plane. To accomplish this, the GATS uses calibrated scales to 

measure the total amount of liquid a fabric removes from the surface of a porous test plate 

that is refilled by the weighed reservoir.  

   

5.1.14 AATCC TM 197 Vertical Wicking Test  

The wicking of moisture by a fabric is regarded as an important factor in determining 

a material’s comfort properties. Quite simply AATCC TM 197 is a way to compare the speed 

of a liquid’s movement within a fabric against gravity. Strips of specifically sized fabric 

(165x25 mm) are hung lengthwise into a pool of liquid so only the bottom 5mm is actually 

under the liquid’s surface. Measurements are taken at specific time increments to determine 

the distance up the fabric the liquid traveled. Just as with most test methods, comparisons can 

only be made with other fabrics tested in the same manner. [59] 
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 Thermal imaging is often used to aid in the measurement of the liquid’s progress 

since the delineation between dry and wet fabric can be difficult to see with the naked eye. 

Figure 9: Thermal image of vertical wicking test 

 

5.1.15 ASTM E96 Moisture Vapor Transmission Test  

There are many test methods to determine a materials moisture vapor transmission 

rate (MVTR). TPACC uses a method similar to ASTM E96 that most accurately simulates 

the environment in which the materials would be operating. Test samples are placed onto a 

small water dish (82 cm in diameter and 19mm in depth) where the samples are precisely 

9mm above the water surface. The test dishes are placed onto a slowly rotating turntable that 

ensures even ambient conditions between all samples tested. The dishes of water are weighed 

both at the start and at the end of the test period (24 hours). This allows the true calculation 

of the moisture vapor transmission rate as the grams of water per area in 24 hrs (g/m2 – 24 

hrs). The higher the reported value, the more moisture the sample specimen allows to pass 
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through in a 24 hr period. This test relies on a perfectly constant and set ambient condition 

since the potential rate of evaporation needs to be identical between all test dishes. [60] 

 

Figure 10: MVTR rotating turntable 

 

5.1.16 AATCC 118 Liquid Resistance Test 

To protect first responders from potential liquid hazards it was necessary to apply a 

fluorochemical finish to the AMBER fabrics. The treatment was designed to repel not only 

liquid water but also other chemicals possessing differing surface energies such as oil. 

AATCC TM 118 provides a way to grade the degree to which the finish could repel such 

liquids. The 8 test liquids, each representing a different grade in the system, are listed below. 

 

Table 10: Numbering of AATCC 118 test liquids with viscosities (*= extrapolated value) 

# Liquid Dynes/cm 

1 Mineral oil 31.5 

2 65:35 mineral oil:hexadecane by volume 28.7* 

3 Hexadecane 27.3 

4 Tetradecane 26.4 

5 Dodecane 24.7 

6 Decane 23.5 

7 Octane 21.4 

8 Heptane 19.8 

 

Starting at the lowest numbered test liquid, a drop (~5mm in diameter) is placed on 

the surface and observed for 30 seconds. If at the end of 30 seconds, no penetration or 
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wetting occurs, a drop of the next highest numbered test liquid is placed on a clean area of 

the fabric and again observed for 30 seconds. This is continued until the fabric fails (shows 

obvious wetting or penetration) the test. The grade assigned to the specimen is the number of 

the highest numbered test liquid at which the fabric did not fail. This method is beneficial to 

determining the washfastness of a fluorocarbon finish or simply assessing the initial level of 

repellency. [61] 

 

5.1.17 ISO 6530 Gutter Test  

To ensure that the fabrics and composites being created for the first responder’s base 

ensemble could withstand limited exposure to hazardous liquid chemicals test method ISO 

6530 was used. Known as the gutter test, the method measures the liquid penetration and 

repellency of given fabrics. The gutter test places the fabric within a 45 degree inclined gutter 

lined with an absorbent fabric and then 10 ml of the chemical is released within 10 seconds at 

the top of the test fabric. The weights of the fabric, absorbent paper, and collection beaker are 

weighed before and after the test [62]. Using those values, the following indexes can be 

calculated: 

 

Absorption index (Ia) = percentage of 10 ml liquid absorbed into the fabric 

Penetration index (Ip) = percentage of 10 ml liquid absorbed by the absorbent paper 

backing 

Repellency index (Ir) = percentage of 10 ml liquid collected in beaker at end of test 

 

The liquids used to test the AMBER fabrics and composites in the EN 6530 gutter test are as 

follows (provided by NFPA 1977[46]) 

 

1- Deionized water 

2- Blood simulant 

3- Gasoline simulant 

4- FR Hydraulic fluid 
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5- 65% calcium Hypochlorite 

6- Aqueous foam forming solution 

7- Sulfuric acid 

 

5.1.18 ASTM F2731 Stored Energy Test 

Firefighters are exposed to low levels of radiant heat at most times when working a 

fire. This radiant heat can build up within their garments and cause burns even when the 

material is not directly exposed to flame if the material retains the thermal energy too well. 

Combining this excess of heat within the garment with compression of the material against 

the skin can lead to severe burns. ASTM F2731 was developed to test the effect certain 

materials and combinations have in the storage and transmission of thermal energy. The test 

method exposes preconditioned samples to a radiant heat flux of 8.5 kW/m2 for a desired 

time period. 8.5 kW/m2 was determined to be an ideal radiant heat flux as it approximates 

half of highest estimated radiant heat in a fire response situation and also does not produce 

much damage to most fabrics considered for this test. After exposure for the set time, the 

sample and sample holder shift positions to be situated in front of the compressor assembly. 

The compressor assembly presses the material into the data collection sensor after 5 seconds 

at an applied pressure of 13.8 kPa. After 60 seconds of data recording and compression, the 

numerical results are plugged into a skin burn model to determine the degree of burn that 

would have theoretically occurred during the exposure or during the 60(s) of following 

compression. [63] 

 

5.1.19 ASTM F2370 Sweating Manikin THL  

ASTM 1868 for measuring the total heat loss addresses the insulation characteristics 

of fabrics only. To assess the insulation properties of a garment as a whole tests on a 

sweating thermal manikin can be conducted. ASTM F2370 uses a full-scale sweating thermal 

manikin to measure heat loss through clothing. Just like the sweating hot plate, the manikin 

resides inside an environmental chamber and employs 34 bodily sections (all capable of 

sweating) to mimic the thermal response of a human. Preheated water is supplied at body 
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temperature to the sweating system within the manikin which distributes it throughout the 

sections to simulate a desired sweat rate. A form fitting and moisture wicking suit acts as the 

manikin’s skin so as to evenly distribute water exuded from the glands to the surrounding 

areas. Two test conditions are used; isothermal and non-isothermal. The isothermal 

conditions are identical to the conditions used by the sweating hot plate and ensure that 

condensation does not occur within the system. Non- isothermal is a cooler condition which 

promotes condensation during sweating tests. In both tests, the manikin/clothing system is 

allowed to reach steady state and then an average of the amount of power required and 

temperatures are recorded. [64] 

 

 

Figure 11: Sweating manikin test configuration 

 



67 

 

 

Through both the dry and sweating tests, the following heat loss parameters can be 

calculated: 

 

Total thermal resistance (Itot) – the total thermal resistance provided by the manikin, 

garment ensemble and air layers. 

Total evaporative resistance (Itot,e) – the total evaporative resistance provided by the 

manikin, garment ensemble, and air layers. 

Intrinsic thermal resistance (Icl) – the total thermal resistance provided by the 

garment ensemble only. 

Intrinsic evaporative resistance (Icl,e) – intrinsic evaporative resistance provided by 

garment ensemble only.  

Total Insulation Value (It) – total insulation provided by the manikin, garment 

ensemble, and air layers expressed in units of clo.  

The permeability index (im) – indicates the moisture-heat permeability through the 

material on a scale of 0 to 1 where 0 indicates a totally impermeable material and 1 

indicates naked skin.  

Predicted heat loss potential (Qpredicted) – a predicted value of the total amount of heat 

that could potentially be transferred from the manikin to the ambient environment for 

a specified condition.  

 

The Itot,e value can be calculated using the following equation. 

 

𝐼𝑡𝑜𝑡,𝑒 = [(𝑃𝑠 − 𝑃𝑎)𝐴]/[𝐻𝑒 − (𝑇𝑠 − 𝑇𝑎)𝐴/𝐼𝑡𝑜𝑡 

 

Where: 

Ps = water vapor pressure at the manikin’s skin (kPa) 

Pa = water vapor pressure of the ambient air (kPa) 

A = sweating area of manikin’s skin (m2) 

He = power required to maintain temperature of sweating zones 
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Ts = manikin skin temperature (℃) 

Ta = ambient temperature (℃) 

Itot = total thermal resistance of clothing and surface air layer 

(℃×m2/W)(calculated by performing a purely dry test in accordance with 

ASTM F1291 

 

Once the total evaporative resistance has been calculated, the average intrinsic evaporative 

resistance of just the clothing ensemble can be calculated using the following equation.  

 

𝐼𝑐𝑙,𝑒 =  𝐼𝑡𝑜𝑡,𝑒 −
𝐼𝑒𝑎

𝑓𝑐𝑙
 

 

Where: 

Icl,e = intrinsic evaporative resistance of the ensemble (kPa×m2/W) 

Itot,e = (mean) total evaporative resistance of the clothing ensemble and surface air 

layer (kPa×m2/W) 

Ia,e = evaporative resistance of the air layer on the surface of the nude manikin’s 

sweating surface (kPa×m2/W) (calculated by performing a resistance test with 

the manikin sans clothing) 

Fcl = clothing area factor (estimate of degree of ensemble coverage) 

 

 

 

  



69 

 

 

6 Chapter 6: Testing Results and Downselection Method Application  

6.1 Initial Testing Phase Results Overview 

For a project such as AMBER, the initial phase of testing tends to be the most critical 

since it is when the greatest amount of potential fabrics are discarded. The first phase of 

testing for the AMBER project was built around performing tests that would not be impacted 

by further additions to the fabric. An example of this would be testing the woven fabrics for 

tear strength with or without the omniphobic repellent finish applied. Since it would be more 

time consuming to treat all nine fabrics in quantities that would support the subsequent 

replications, it was decided that, as the finish was to be applied to all fabrics equally, to test 

the fabrics and perform the initial downselect without the treatment.  

The base characteristics that were evaluated prior to testing were the basis weight and 

the thickness of the materials. The porous nature of textile materials means that neither 

weight or thickness alone can properly describe them, so a combination of the two as a rough 

calculation of density. This value is simply the basis weight (oz/yd2) divided by the thickness 

(yd) and scaled to oz/in3. As stated, this is a rough representation of the fabric density since it 

does not account for changing material densities of the fibers due to compression during the 

thickness measurement.  

It is important to note that the following analysis, comparisons, and potential 

correlations found are to show only what could be seen from the fabric test data. It was not 

possible to draw accurate or verifiable conclusions due to the nature of the data and therefore 

any correlations seen, while interesting and useful for proving a broader point, should not be 

used in any capacity beyond the scope of this paper.  

 

6.1.1 Woven Fabrics 

Because the motivation for this research was to to evaluate the effectiveness of the 

materials down-selection method to optimize and analyze the trade-offs between comfort, 

protection and durability, the data is presented in sections based on the categories for 

comparison: comfort, durability, and protection.  
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The list of fabrics for testing in the AMBER project contained seven fabrics of a twill 

construction, three of a plain construction, and two of a ripstop construction. Unfortunately, 

the construction type had such a strong influence on the fabric performance, and therefore, 

the performance needed to be analyzed for fabric construction types individually. For 

example, Figure 12 compares the density of the fabrics to the abrasion resistance. 

 

 

Figure 12: Density vs abrasion resistance for woven fabrics (Abrasion test upper limit of 

36000 cycles)  

Upon first observation, there was no correlation between the density and abrasion 

resistance. However, when the twill fabrics (orange data points) are isolated from the other 

construction types a significant correlation was obtained. For this reason, the relationships 

between fabric parameters were based only on trends seen between twill fabrics tested for the 

AMBER project unless otherwise stated, whereas the other constructions (ripstop and plain) 

mostly reached the maximum number of cycles (highest durability), with the exception of the 

W5 fabric. This does not necessarily mean that should the density decrease even more for the 

better performing (ripstop and plain) fabrics that the abrasion resistance would also decrease. 

For most fabrics, the factor determining the abrasion resistance is the fiber type, followed by 
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the thickness and as such, all that can be said of the data set above is that for the twill fabrics, 

there is a significant relationship between the density as calculated and the abrasion 

resistance.  
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Comfort Test Results and Discussion 

 Table 11 summarizes the results from performing the weight, thickness, THL, stiffness, drape, and air permeability tests per 

the methods detailed above. The output/units for each are as follows: weight (oz/yd2), thickness (mm), density (oz/in3), THL(W/m2), 

stiffness (gf*cm2/cm), drape (gf/cm*degree), air permeability (ft3/min/ft2), and vertical wicking (inches in 5 mins).  

 

Table 11: Comfort testing results (woven fabrics) 

Fabric Weave 
Weight 

(oz/yd2) 

Thickness 

(mm) 

Density 

(oz/in3) 

THL 

(W/m2) 

Stiffness 

(gf*cm2/ 

cm) 

Drape 

(gf/ 

cm*degree) 

Air 

permeability 

(ft3/min/ft2) 

Wicking 

(in/5min) 

W1 (cotton 

baseline) 
Plain 6.3 0.45 0.27 568.79 0.090 0.729 23.2 7.42 

W2 (Nomex 

baseline) 
Plain 4.7 0.49 0.19 636.83 0.108 0.471 221 6.83 

W3 (polycotton 

baseline) 
Ripstop 4.8 0.27 0.35 541.93 0.075 1.119 39.4 0.50 

W4 Twill 4.8 0.36 0.26 775.73 0.101 0.617 101 2.72 

W5 Ripstop 5.3 0.39 0.27 672.31 0.328 2.515 72.8 0.35 

W6 Twill 5.6 0.34 0.32 611.07 0.180 1.519 12.1 0.43 

W7 Twill 5.9 0.43 0.27 830.78 0.267 0.629 80.7 9.33 

W8 Plain 6.0 0.53 0.22 729.41 0.093 0.675 61.1 12.55 

W9 Twill 6.2 0.53 0.23 754.50 0.091 0.583 82.8 8.15 

W10 Twill 7.3 0.56 0.26 756.02 0.189 1.060 38.9 10.27 

W11 Twill 7.9 0.63 0.24 741.83 0.140 0.886 46.7 7.25 

W12 Twill 8.6 0.67 0.25 684.97 0.165 1.005 41.7 7.67 
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From the raw data, it can be seen that neither weight nor thickness alone influence the 

stiffness, drape, THL, or air permeability. However, changes in the density as calculated was 

seen to correlate to changes in all the comfort values except for the vertical wicking. 

Increasing density corresponds to an increase in stiffness and drape (higher value is less 

desirable) and a decrease in THL and air permeability. While (with the data gathered) no 

statistically significant relationship between the comfort values and the fabric characteristics, 

regression analysis showed density to have the most promising correlation (p- values of 0.21, 

0.14, and 0.13 for THL, air permeability, and stiffness respectively). Analysis of thickness 

and weight yielded p-values in the range of 0.47 – 0.79. Figure 13 shows the drape values 

obtained on the KES shear tester for only the twill fabrics with the density being displayed on 

the X-axis and the drape on the Y-axis. Each data point is labeled with its corresponding 

fabric ID. The other fabrics followed the same trend for each fabric type but display as 

outliers when superimposed with the twill fabrics.  

 This result seems to suggest that simple fabric measures such as weight and thickness 

are, by themselves, poor representatives of the complex mechanical/structural properties that 

could more accurately describe the drapability and stiffness of a textile material. It also 

suggests that the density as calculated is a more spatially aware value which is dependent on 

enough fabric structural properties (crimp, fiber/yarn dimensions, volume fraction, …etc.) to 

be a determinant of drape and stiffness.  

  

 



74 

 

 

 

Figure 13: Density vs drape for AMBER twill fabrics 

 

Durability Test Results and Discussion 

 The results of the durability testing performed on the woven fabrics during the first 

phase are shown in table 12 below. The output/units for each is as follows: abrasion (cycles 

to hole), tear strength (lbf (N)), breaking strength (lbf (N)). 
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Table 12: Durability test results (woven fabrics) 

Fabric Weave 
Weight 

(oz/yd2) 

Thickness 

(mm) 

Density 

(oz/in3) 

Abrasion 

(cycles to 

hole) 

Tear 

strength 

(lbf) 

Breaking 

strength 

(lbf) 

W1 (cotton 

baseline) 
Plain 6.3 0.45 0.27 36001 6.30 78.20 

W2 (Nomex 

baseline) 
Plain 4.7 0.49 0.19 34333 11.54 153.75 

W3 (polycotton 

baseline) 
Ripstop 4.8 0.27 0.35 36001 4.81 118.50 

W4 Twill 4.8 0.36 0.26 20667 14.20 149.95 

W5 Ripstop 5.3 0.39 0.27 21333 14.20 169.30 

W6 Twill 5.6 0.34 0.32 36001 12.50 146.50 

W7 Twill 5.9 0.43 0.27 36001 14.15 145.50 

W8 Plain 6.0 0.53 0.22 36001 10.80 196.00 

W9 Twill 6.2 0.53 0.23 14333 10.50 92.50 

W10 Twill 7.3 0.56 0.26 22333 11.00 110.00 

W11 Twill 7.9 0.63 0.24 25333 9.00 110.00 

W12 Twill 8.6 0.67 0.25 18000 11.00 117.50 

 

Just as in the comfort results, the data above shows a heavy dependence on the 

construction (weave) of the fabric that overshadows the impact of other factors such as 

weight and thickness. When evaluating only the twill fabrics it could be seen that the 

breaking strength and abrasion resistance were influenced by the density (regression analysis 

yielded p-values of 0.03 [Appendix D] and 0.06, and r-squared values of 0.62 and 0.53 for 

abrasion and breaking strength respectively). The tear strength and breaking strength were 

more dependent on the thickness of the fabric than the weight. The abrasion resistance 

however was not significantly impacted by either the weight or the thickness but was 

dependent on the density as calculated. Figure 14 shows the relationship between density and 

abrasion for the twill fabrics with density on the X-axis and abrasion on the Y-axis.  
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Figure 14: Density vs abrasion for AMBER twill fabrics 
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Protection Test Results and Discussion 

 The results of the protection testing performed on the woven fabrics during the first phase are shown below. 

Output/units of each test is as follows: after flame (seconds), char length (mm) ASTM puncture (N), EN puncture (N).  

 

Table 13: Protection test results (woven fabrics) 

Fabric Weave 
Weight 

(oz/yd2) 

Thickness 

(mm) 

Density 

(oz/in3) 

After flame 

(seconds) 

Char length 

(mm) 

ASTM 

puncture 

(N) 

EN 

Puncture 

(N) 

W1 (cotton 

baseline) 
Plain 6.3 0.45 0.27 17.97 304.8 7.562 34.47 

W2 (Nomex 

baseline) 
Plain 4.7 0.49 0.19 0.17 71.7 10.675 37.18 

W3 (polycotton 

baseline) 
Ripstop 4.8 0.27 0.35 16.67 304.8 20.016 32.66 

W4 Twill 4.8 0.36 0.26 2.17 3.3 15.123 36.25 

W5 Ripstop 5.3 0.39 0.27 2.10 10.0 13.789 35.55 

W6 Twill 5.6 0.34 0.32 1.03 123.3 9.786 32.41 

W7 Twill 5.9 0.43 0.27 0.01 96.7 7.117 22.33 

W8 Plain 6.0 0.53 0.22 0.01 69.2 20.906 42.19 

W9 Twill 6.2 0.53 0.23 2.13 56.7 9.341 30.86 

W10 Twill 7.3 0.56 0.26 3.00 75.0 15.568 36.16 

W11 Twill 7.9 0.63 0.24 2.47 60.0 14.234 48.65 

W12 Twill 8.6 0.67 0.25 1.20 56.7 12.010 43.03 
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Testing the AMBER woven fabrics for their protective ability showed only a 

significant correlation between char-length and density (regression analysis yielded p-value 

of 0.003 [Appendix D]). No other significant relationship was found although both puncture 

values were very slightly dependent on the material thickness.  

 The ease with which a flame propagates can be traced to how much fuel and air it has 

to burn. Since the density calculated here is a measure of the ratio between the amount of 

material and air within a given volume it makes sense that it would be a significant factor 

determining the char length. Common sense would say that decreasing the density of the 

material would provide the flame with more oxygen and would result in a greater char length. 

This is the opposite of what was observed. Decreasing the air permeability and increasing the 

density seemed to produce a longer char length. It should be noted that the after-flame is 

more determined by the overall flammability of the material (how long it can sustain a flame) 

which is why it is not influenced by the weight, thickness, or density. It is important to note 

that W4 is made from almost solely polybenzimidazole and was tested to have greater flame 

resistance.  

Based on the testing performed and results found, while some tradeoffs between 

comfort, durability, and protection could be seen (regarding effect of changing a fabric’s 

construction, weight, thickness, and density), a separate analysis of trade-offs that allows for 

the weighting of different properties in comfort, protection, and durability, is needed. To 

increase the protection provided by a material, the density can be increased as a simple 

solution. This would add to both the protection and durability of the material but, as seen in 

the comfort testing data, would be detrimental to the hand/comfort by increasing the stiffness 

or even decreasing the air permeability. The separate weighted analysis would allow for a 

prioritization of one value over another depending on which is most important to the project 

goals.  
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Figure 15: Plotted density vs air permeability of twill fabrics 

 

 

Figure 16: Plotted density vs char length of twill fabrics 
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Ranking and Selection 

Ranking and comparing fabrics across multiple tests with different units is difficult. 

The purpose of fully normalizing the test results was to create a dimensionless scale that 

represented how a fabric compared to its counterparts within the same test. The 

normalization relies on the maximum and minimum value as tested to create a scale from 0 to 

1 that encompassed the full range of values. If a higher value within the test was more 

desirable, the maximum value was divided into 100, likewise if a smaller value was more 

desirable, the minimum value was multiplied by 100 to create a set of ‘x-values’. From this 

new set of values, a fabric’s place among its counterparts could be found by either dividing 

the x-factor into or multiplying the x-factor by the test value. Once this had been calculated, 

the result was a completely unweighted ranking of the fabrics on the 0 to 1 scale, 

independent of whether the range of original test values was small or large. For fabrics such 

as those tested in the AMBER project, this is an important step since the separation of one 

fabric from another could be extremely small. 

 

Example: 

Table 14: Weights of AMBER woven fabrics 

Fabric Weight 

(oz/yd2) 

W1 6.30 

W2 4.74 

W3 4.76 

W4 4.80 

W5 5.34 

W6 5.60 

W7 5.90 

W8 6.00 

W9 6.20 

W10 7.29 

W11 7.86 

W12 8.55 
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Table 15: Normalizing multipliers for AMBER woven fabrics 

Max Value 8.55 

Min Value 4.74 

X-Factor 474 

Top Value 100 

 

In this example, a lower weight is more desirable for the amber fabrics so the lowest 

weight (W2: 4.74) is multiplied by 100 to yield the x-factor of 474. To get a value from 0-1 

for W12 for example, the x-factor is divided by 8.55 and then divided by 100.  

 

Table 16: Normalized AMBER woven fabric weights 

Fabric Normalized Weight Value 

W1 0.75 

W2 1.00 

W3 1.00 

W4 0.99 

W5 0.89 

W6 0.85 

W7 0.80 

W8 0.79 

W9 0.76 

W10 0.65 

W11 0.60 

W12 0.55 

 

Once completed, the normalized values can either be compared to show which fabric 

performed better within the test or the values can be summed across a category to show 

which fabric was best overall. Figure 17 charts the comparison between fabrics across all 

categories to show which fabric had the highest summed value. It should be noted that these 

values are unweighted and so while a fabric might have a higher summed value, it is possible 

that it was not the best fit for the project.   
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Figure 17: Sum of normalized values within performance categories for each AMBER woven 

fabric 

 

From the chart, fabrics who were (if all categories were equal) the best performers 

were determined. W4 and W8 recorded the highest protection values and also performed well 

in comfort and durability. It is worth noting that other fabrics, while not performing well in 

protection, were markedly better in comfort or in weight/thickness which, for this project, are 

just as or more important. The unweighted fabric rankings (not including baselines) are as 

follows:  

Table 17: Unweighted rankings of AMBER woven fabrics 

Ranking Fabric 

1 W8 

2 W4 

3 W7 

4 W5 

5 W6 

6 W11 

7 W9 

8 W10 

9 W12 
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At this point in the ranking process, each fabric was compared based solely on how 

well it performed against the competition by using the knowledge of whether a higher or 

lower value was more desirable in a given test. This part of the process does not take into 

account the importance of each performance metric to the deliverables of the project.  

For a greater understanding of how each fabric and its performance abilities pair with 

the goals and needs of the project, a weight factor was applied to the ranking values through 

assessment of the project team’s expert opinions. The weights used reflect the importance of 

a given test or performance category to the project’s deliverables and are listed in appendix 

B. The weights, being simple percentages, were multiplied by the unweighted normalized 

numbers calculated earlier.  

To aid in visualization, an idealized fabric (perfect fabric for project based on needs) 

was added to the chart of final weighted values. In total, the fractions add to 1 and within 

each category the maximum value any fabric can achieve is that of its weighting. It is 

important to note that in this representation, the higher the value representing a category, the 

better. For example, W9 has a larger cost segment than W8, this means W9 is the cheaper of 

the two fabrics.  

 

Figure 18: Summed weighted normalized values across categories for each AMBER woven 

fabric 
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Figure 18 visually shows the evident tradeoffs between the measured categories such 

as protection and comfort in fabrics like W9 (increased comfort; decreased protection). One 

of the key issues remaining, despite all tests of material properties, is the tradeoff between 

cost and performance. Prioritizing the minimization of tradeoffs between comfort, durability, 

and protection, has highlighted the fact that higher performing fabrics catering to a multitude 

of uses are likelier to be more costly than their counterparts. One of the AMBER garments 

key features should be its relative affordability considering the increased protection level 

provided in comparison with current market garments. It is increasingly necessary to 

consider cost when fabrics of similar performance are being compared. While potentially not 

practical to make decisions based off cost initially, if two fabrics show no meaningful 

difference in key parameters, cost can be allowed to become the sole determinant. 

 

Table 18: Woven fabric cost 

WID Cost ($/yd2) 

W1  $      9.00  

W2  $    20.00  

W3  $      9.00  

W4  $    37.00  

W5  $    37.00  

W6  $    23.75  

W7  $    32.00  

W8  $    21.95  

W9  $    13.17  

W10  $    13.56  

W11  $    11.78  

W12  $    15.40  

 

The weighted rankings of the woven fabrics (not including the baselines), where #1 is 

best and #9 is lowest, are as follows: 
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Table 19: Final ranking of AMBER woven fabrics 

Ranking Fabric 

1 W8 

2 W4 

3 W7 

4 W9 

5 W10 

6 W11 

7 W12 

8 W5 

9 W6 

 

 

6.1.2 Knit Fabrics 

 The final design of the AMBER garment utilizes knit fabrics in strategic locations to 

increase the perceived comfort and fit. For first responders, non-active garment ventilation ( 

without removal of clothing) is critical to their perceived comfort. A large majority of the 

tests performed on the potential knit fabrics are identical to the ones performed on the 

wovens with a few notable exceptions. Burst strength is used in place of the breaking 

strength since knits behave differently under tension and shouldn’t be tested in the same 

manner. Also, while the abrasion test was used to establish a woven fabric’s durability, 

pilling is used for knits. The pilling test visually rates a fabric on the degree of pilling that 

occurs throughout the test instead of cycles to failure/hole as in the abrasion test. As before, 

the data is presented based on the categories for comparison: comfort, durability, and 

protection.  

 Six fabrics were chosen for testing in the AMBER project from research/acquisition 

and covered a wide range of constructions, weights, and thicknesses. With so few fabrics for 

comparison and without a groupable characteristic (construction for wovens), the calculated 

density was expected to be equally important here.  
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Comfort Test Results and Discussion 

 Table 20 summarizes the results from performing the weight, thickness, THL, stiffness, drape, wicking, and air 

permeability per the test methods detailed above. The output/units for each is as follows: weight (oz/yd2), thickness (mm), 

density (oz/in3), THL (W/m2), stiffness (gf*cm2/cm), drape (gf/cm*degree), air permeability (ft3/min/ft2), and vertical 

wicking (inches in 5 mins). 

 

Table 20: Comfort test results (knit fabrics) 

Fabric Construction 
Weight 

(oz/yd2) 

Thickness 

(mm) 

Density 

(oz/in3) 

THL 

(W/m2) 

Stiffness 

(gf*cm2/ 

cm) 

Drape (gf/ 

cm*degree) 

Wicking 

(in/5min) 

Air 

permeability 

(ft3/min/ft2) 

K1 Jersey 5.0 0.52 0.19 686.0703 0.0184 0.5765 9.98 310 

K2 Mesh 5.2 0.69 0.15 630.9115 0.01045 0.5755 9.08 553 

K3 Jersey 7.0 0.5 0.27 769.19 0.08755 1.7766 4.9 363 

K4 Jersey 6.4 0.47 0.27 591.21 0.0243 0.6024 6.8 120 

K5 Jersey 6.9 0.5 0.27 580.91 0.03095 1.3185 4.65 88.3 

K6 
Pointelle 

Mesh 
5.5 0.48 0.23 637.48 0.05625 0.6274 6.15 243 
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From the raw data above, the weight and thickness alone were not significant determinants of 

any comfort values. The combination of the two in the form of the weight/unit volume 

(density) however was seen to place significant direction upon the knit fabrics wicking and 

air permeability. Figure 19 is a visualization of the relationship between the density and 

vertical wicking performance with the density being displayed on the X-axis and vertical 

wicking on the Y-axis. The data points are labeled with the corresponding fabric identifier.  

 

 

Figure 19: Density vs wicking for AMBER knit fabrics 

Vertical wicking depends on the capillary action of the fibers/yarns within a given 

fabric construction as well as the absorptive capabilities of the fibers. Generally, fabrics 

made from yarns with finer fibers and more fibers per yarn (increasing density) have better 

wicking capabilities. While this data was not available, a relationship was seen in the knit 

fabrics that points to the wicking decreasing with increasing density (regression analysis 

yielded p-value of 0.02 and an r2 value of 0.74 [Appendix D]). This could be due to a number 

of factors, including fiber type and knit construction, but further research would be necessary 

to determine the true cause.  
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Durability Test Results and Discussion 

 The results of the durability testing performed on the knit fabrics during the first 

phase are shown in table 21 below. The output/units for each is as follows: Burst (lbf), Pilling 

(visual rating). Whether as a consequence of the small sample size or the nature of knits, no 

correlations were seen between the weight/thickness/density and the durability parameters 

tested. It is no real surprise that pilling was unaffected since it is reliant on acute factors such 

as individual fiber length, fiber strength, method of yarn spinning, level of twist, and even 

possible applied finishes. 

 

Table 21: Durability test results (knit fabrics) 

Fabric Construction 
Weight 

(oz/yd2) 

Thickness 

(mm) 

Density 

(oz/in3) 

Burst 

(lbf) 
Pilling 

K1 Jersey 5.0 0.52 0.19 57.9 3 

K2 Mesh 5.2 0.69 0.15 53.5 3.7 

K3 Jersey 7.0 0.5 0.27 126.7 3.25 

K4 Jersey 6.4 0.47 0.27 40.5 4.25 

K5 Jersey 6.9 0.5 0.27 72.2 5 

K6 
Pointelle 

Mesh 
5.5 0.48 0.23 37.5 5 

 

Protection Test Results and Discussion 

 The results of the protection testing performed on the knit fabrics during the first 

phase are shown below in Table 22. Output/units of each test is as follows: After flame 

(seconds), char length (mm).  
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Table 22: Protection test results (knit fabrics) 

Fabric Construction 
Weight 

(oz/yd2) 

Thickness 

(mm) 

Density 

(oz/in3) 

After flame 

(seconds) 

Char length 

(mm) 

K1 Jersey 5.0 0.52 0.19 1.73 98.33 

K2 Mesh 5.2 0.69 0.15 1.93 106.67 

K3 Jersey 7.0 0.5 0.27 2.67 100.83 

K4 Jersey 6.4 0.47 0.27 1.43 81.67 

K5 Jersey 6.9 0.5 0.27 0.1 88.33 

K6 
Pointelle 

Mesh 
5.5 0.48 0.23 0.1 93.33 

 

 Of the two parameters evaluated as part of the vertical flame testing of the knit 

fabrics, only the char length could be linked to any of the material descriptors. Different from 

the woven fabrics tested, the density seemed to have the largest effect on the ability for a 

flame to propagate and form char within the knit fabrics. In this situation, the increasing 

density seemed to decrease the char length. 

  

 

Figure 20: Density vs char length for AMBER knit fabrics 
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 Both the air permeability and char length are affected by the density of the fabric. The 

reason for including knit fabrics within the system is to increase the overall level of 

ventilation provided by the garment. Since the NFPA 1975 standard has a set maximum for 

how much a fabric can char, the current data suggests a density minimum at which the air 

permeability is at its highest while staying within the bounds of the standard. This means that 

while possible to provide a higher level of comfort for the wearer, a reduction in comfort as 

determined by air permeability might be necessary for compliance. It should be noted that 

differences between fabrics, such as fiber type, could be contributing significantly to this 

relationship but without sufficient data, it cannot be proven here. 

 

 

 

Figure 21: Plotted air perm vs char length for AMBER knit fabrics 
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unconditional (non-weighted) standpoint. The data represented is unweighted so the rankings 

inferred from the visual representation are not final. It is also important to note that the 

normalized data represented herein can only be compared within each fabric type. The 

summed comfort values for example have the largest overall sum for the knit fabrics because 

there were more comfort tests performed on the knits than on the wovens. 

 

 

Figure 22: Summed normalized values across all categories for AMBER knit fabrics 

 

Once the values had been normalized, they were weighted based on the 

predetermined weight values created during the same expert session as the weight values for 

the woven fabrics. The test and category weight values are as follows. As before, these 

weights represent the importance of a given test or performance category to the project’s 

deliverables. 
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Table 23: Weight percentages of each performance category for AMBER knit fabrics 

Category Weight Value 

General 7% 

Cost 18% 

Durability 25% 

Comfort 29% 

Protection 21% 

 

Table 24: Weight percentages of each performance type for AMBER knit fabrics 

Performance Type Weight Value 

Basis Weight 50% 

Thickness 50% 

Cost 100% 

Burst 33% 

Pilling 66.66% 

THL 22% 

Wicking 33% 

Air Permeability 44.44% 

Afterflame 50% 

Charlength 50% 

 

 

Figure 23: Summed weighted normalized values across categories for each AMBER knit 

fabric 
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The above chart illustrates the difficulty behind downselecting knits of similar 

performance but different constructions since individual values like comfort can remain 

constant across the knits but the protection can change dramatically. Making sense of this 

data in spreadsheet form while also incorporating the subjective needs of the end user 

without a completely objective downselection matrix would have proved daunting. As it is, 

through the methods applied in this project, the data is both more understandable and 

manageable. An idealized knit, derived from the simple combination of weight values, was 

added to the visual to represent what would be considered a perfectly performing fabric.  

 The combination of cost and comfort was the primary concern regarding the AMBER 

garment knits since the performance needed only to be NFPA 1975 base certification 

compliant. That being said, if all fabrics were compliant with NFPA 1975, the highest 

performer would be considered above the rest. From figure 23 it can be noted that both K1 

and K2 possess the best cost to comfort ratio while also providing relatively adequate 

durability.  

 The final weighted rankings of the knit fabrics, where #1 is best and #6 is lowest, are 

as follows: 

 

Table 25: Final rankings of AMBER knit fabrics 

Ranking Fabric 

1 K2 

2 K6 

3 K5 

4 K1 

5 K3 

6 K4 

 

6.1.3 Membranes 

Six membranes that cover a wide range of physical properties from thickness and 

weight to polymer and membrane type were tested to be included within the protective 

kneepad. Besides weight and thickness, two other tests were performed on the selected 

membranes: moisture vapor transmission and liquid resistance. Table 26 summarizes the 
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results of those tests. The units for each are: weight (oz/yd2), thickness (mm), density 

(oz/in3), MVTR (g/m2/24hrs), liquid resistance (visual rating). 

 

Table 26: Membrane test results 

Membrane Polymer 
Weight 

(oz/yd2) 

Thickness 

(mm) 

Density 

(oz/in3) 

MVTR 

(g/m2/24hrs) 
Liquid Resistance 

M1 PU 1.6 0.04 .80 506 4 

M2 PU 0.9 0.02 .88 702 1 

M3 PU 0.5 0.0127 .80 725 1 

M4 e-ptfe 0.7 0.02 .70 721 1 

M5 PU 1.6 0.12 .27 418 4 

M6 PU 0.8 0.04 .39 597 5 

 

From the in-house moisture vapor transmission test, it was seen that the weight and 

thickness had the largest influence on the transmission of vapor. This makes sense since, 

especially for the monolithic membranes, the further the distance vapor has to travel, the 

lower the transmission rate will be for molecules traveling from one side of the membrane to 

the other.  

 

 

Figure 24: Weight vs MVTR for membranes 
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Figure 25: Thickness vs MVTR for membranes 

 

 The moisture vapor transmission property of a membrane is only a valid measurement 

to consider if a significant area was going to be covered. One of the original designs called 

for a majority of the garment to be made from the trilaminate material. As that design would 

have compromised the comfort of the garment too much, it was not pursued. The AMBER 

design that was finally decided upon only incorporated the laminate into the kneepad region 

and a great deal of venting options, including a knit panel behind the knee, was added to 

increase comfort. This means that the MVTR measurement was no longer the primary 

performance factor, but the liquid resistance was. Applying the AATCC 118 liquid resistance 

test to the membrane samples received through the materials acquisition phase showed that 

the high density monolithic polyurethane membranes provided considerably higher liquid 

resistance.  
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Table 27: Test results for AMBER membrane samples 

Membrane Weight (oz/yd2) Thickness (mm) Liquid Resistance Rating 

M1 1.6 0.04 4 

M2 0.9 0.02 1 

M3 0.5 0.0127 1 

M4 0.7 0.02 1 

M5 1.6 0.12 4 

M6 0.8 0.04 5 

 

   

6.2 Initial Downselection  

After the full gamut of tests had been performed on the acquired materials, the 

selection was performed to obtain four shirt/pant woven fabrics, three knits, and three 

membranes. The rankings after all tests were as follows:  

 

Table 28: Ranked AMBER woven fabrics 

Ranking Fabric 

1 W8 

2 W4 

3 W7 

4 W9 

5 W10 

6 W11 

7 W12 

8 W5 

9 W6 

 

Table 29: Ranked AMBER knit fabrics 

Ranking Fabric 

1 K2 

2 K6 

3 K5 

4 K1 

5 K3 

6 K4 
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Table 30: Ranked AMBER membranes 

Rank Membrane 

1 M6 

2 M3 

3 M1 

4 M4 

5 M5 

6 M2 

 

 Of the nine woven fabrics tested, four were selected for the second phase of testing: 

W8, W4, W7, and W9. If none of the final four fabrics violate any of the project’s minimum 

requirements, W8 would provide the highest protection, W7 the most durability, and while 

W9 is the most comfortable it is also the least protective of the four.  

 

 

Figure 26: Weighted results of selected woven fabrics 
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Figure 27: Weighted results of selected knit fabrics 
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the sample used was a non-oleophobic version. It was determined that as long as the 

oleophobic version could be procured, the membranes utilized for the trilaminate 

construction and testing phase would be M1, M3, and M4.  

 

6.3 Trilaminate Construction and Testing 

The production and testing of different trilaminate constructions was held off until 

after the downselection since it did not make sense to include fabrics which had not 

possibility of being incorporated into the final garment. As it was, three woven fabrics, three 

membranes, and two knits were selected as the components from which a singular 

combination would be selected for prototyping/production. Constructing all iterations of the 

original materials list into trilaminates would have resulted in 324 separate fabrics. By only 

making trilaminate fabrics from materials with a higher chance of being in the final garment, 

that number was reduced to only 18 separate fabrics on which a range of comfort, durability, 

and protection tests were performed: weight, thickness, stiffness, drape, after flame, char 

length, and laminate bond strength.  

The woven fabrics selected for inclusion within the trilaminate were W8, W4 and 

W9. W7, while testing well enough to make it into the final downselection process, was 

found to only be available in a ‘sage’ color and the fabric could not be purchased in the 

traditional (necessary) navy color. This departure from their general aesthetic was determined 

to be unacceptable for use in the AMBER garment. The knits were selected expert evaluation 

of immediately available fabrics. K2 was readily available in the quantities needed for 

construction of a large role of trilaminates. Since K5 and K6 were a jersey and mesh 

respectively, the decision was made to manufacture and test trilaminate fabrics made from 

K1 and K2 because they share the same construction relationship as their counterparts. 

Constructing the trilaminate using these as stand-ins this way ensured that if either the mesh 

or jersey perform significantly better than the other, it could be inferred that the same 

relationship could be applied to K5 and K6 knits. All three of the downselected membranes 

would be tested in the trilaminate since it was at that point unknown how the weight and 

thickness of the membranes would affect the end fabric after lamination.  
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Using those materials, test trilaminate fabrics were constructed in the following 

configurations: 

 

Table 31: AMBER laminate components 

Laminate Knit Membrane Woven 

L1 K2 M4 W4 

L2 K2 M4 W9 

L3 K2 M4 W8 

L4 K2 M3 W4 

L5 K2 M3 W9 

L6 K2 M3 W8 

L7 K2 M1 W4 

L8 K2 M1 W9 

L9 K2 M1 W8 

L10 K1 M4 W4 

L11 K1 M4 W9 

L12 K1 M4 W8 

L13 K1 M3 W4 

L14 K1 M3 W9 

L15 K1 M3 W8 

L16 K1 M1 W4 

L17 K1 M1 W9 

L18 K1 M1 W8 

  

 By performing the same series of tests on this set of trilaminate configurations, it was 

possible to derive basic relationships between trends seen in the test results and the individual 

material component within the trilaminate that contributed most to the trend. As their name 

suggests, trilaminates are constructed from three separate materials that have been laminated 

together to form one singular material/fabric. Due to this layering effect, it is possible for the 

tradeoffs between comfort, functionality, and protection in one layer to compound upon or 

reduce the effect of other layers. For example, a comfortable (low stiffness) yet less 

protective (char length) knit and an uncomfortable (high stiffness) yet protective (low char 
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length) woven might produce a trilaminate that is only average in each area (comparatively to 

other trilaminates). 

 Table 32 shows the trilaminate fabrics and their basic characteristics (weight (oz/yd2), 

thickness (mm), density(oz/in3)).  

 

Table 32: Laminate basic characteristics 

Laminate Configuration 
Weight 

(oz/yd2) 

Thickness 

(mm) 

Density 

(oz/in3) 

L1 K1/M4/W4 11.31 0.97 0.23 

L2 K1/M4/W9 13.01 1.11 0.23 

L3 K1/M4/W8 12.43 1.12 0.22 

L4 K1/M3/W4 11.22 0.96 0.23 

L5 K1/M3/W9 12.22 1.05 0.23 

L6 K1/M3/W8 12.24 1.12 0.21 

L7 K1/M1/W4 12.02 0.97 0.24 

L8 K1/M1/W9 13.37 1.12 0.23 

L9 K1/M1/W8 13.25 1.20 0.22 

L10 K/2M4/W4 10.87 0.81 0.26 

L11 K2/M4/W9 12.59 0.91 0.27 

L12 K2/M4/W8 11.80 0.91 0.26 

L13 K2/M3/W4 10.53 0.78 0.26 

L14 K2/M3/W9 11.99 0.89 0.26 

L15 K2/M3/W8 12.24 0.95 0.25 

L16 K2/M1/W4 12.31 0.83 0.29 

L17 K2/M1/W9 13.33 0.91 0.29 

L18 K2/M1/W8 13.17 0.97 0.27 

 

 Density was calculated for the trilaminates in the same manner as it was calculated 

for the individual materials except it was not calculated as a sum of the constituent parts 

meaning that the density was calculated based on the measured laminate, not the sum of each 

part of the laminate (knit, membrane, woven). The equation for density is simply 

mass/volume, if mass increases while volume stays the same, the density increases and the 

opposite is true should volume increase while mass remains the same. The thickness to 
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weight ratio of knits is much larger than that of the wovens. Due to the nature of knit 

construction (more space between yarns), a similar amount of weight will take up a greater 

volume. As a result, it is evident in the data that knits are the primary influencing factor when 

it comes to determining the density of a trilaminate with a knit/membrane/woven 

construction.  

 

 

Figure 28: Density of AMBER laminates  

Figure 28 shows this relationship clearly, although there is fluctuating density based 

on the membrane or woven used, all nine of the K2 fabric densities (dark blue) fell below all 

nine of the K1 fabric densities (light blue). For the most part, within each knit subsection, the 

tri-laminates are sorted by the woven fabric and then by the membrane, establishing a 

relative hierarchy of importance. This can be attributed to the fact that K2 is a mesh type knit 

with a much lower density than K1, a jersey type knit. Figure 29 is the same density data but 

plotted by alternating the knits so each K1 is next to its K2 counterpart of the same 

membrane and woven fabric. For example, the difference between L6 and L15 (only 

difference in structure is knit) is 0.04 oz/in3 and the difference between L9 and L7 (same knit 

and membrane, different woven) is 0.025 oz/in3.  
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Figure 29: Density of AMBER laminates sorted by knit fabric 

Trilaminate Testing Results and Discussion 

 Table 33 shows the results of the trilaminate fabric tests performed. Tests and units 

are as follows: stiffness (gf*cm2/cm), drape (gf/cm*degree), after flame (seconds), char 

length (mm) 
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Table 33: Test results for AMBER laminate fabrics 

Laminate 
Stiffness 

(gf*cm2/cm) 

Drape 

(gf/cm*degree) 

After flame 

(seconds) 

Char length 

(mm) 

L1 0.290 5.076 3.60 11.67 

L2 0.366 5.052 1.00 38.33 

L3 0.423 4.548 3.67 31.67 

L4 0.303 5.789 3.43 10.00 

L5 0.355 5.843 2.97 58.33 

L6 0.484 5.643 2.60 38.33 

L7 0.518 8.773 2.70 3.33 

L8 0.527 9.601 4.00 59.17 

L9 1.000 9.777 4.30 40.83 

L10 0.681 5.680 1.33 8.33 

L11 0.770 5.427 3.97 44.17 

L12 0.999 5.991 2.30 32.50 

L13 0.645 5.657 2.70 27.50 

L14 0.717 5.669 5.43 63.33 

L15 0.951 6.075 0.47 35.00 

L16 1.000 8.704 3.13 5.00 

L17 0.449 9.476 4.47 60.83 

L18 1.001 9.696 0.10 52.50 

 

 Interestingly, despite the influence the knits and wovens had on the thickness and 

densities of the trilaminate fabrics, they did not play the most significant role in determining 

a comfort ranking. Figure 30 illustrates that, within this sample set, the laminate component 

which was most significant in determining the drape of the fabric was the membrane. While 

the densities of the woven fabrics all altered the drape similarly, the membrane contained 

within the laminate had the greatest effect on the drape.  
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Figure 30: Plotted drape of AMBER trilaminates 

The relationship between the membrane and trilaminate was not as clearly present for 

the stiffness. Upon analysis of the data, the trilaminate stiffness was primarily affected by the 

density of the knits, followed by the density of the membrane. When a set of trilaminate 

fabrics containing the same woven fabric are plotted, they are grouped first by their knit 

composition and then sorted/ranked by their constituent membrane.  
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Figure 31: Plotted stiffness of AMBER laminates 

 

 

Figure 32: Density vs Stiffness of laminates sharing a common woven 

One of the primary concerns behind incorporating a trilaminate fabric into a garment 

designed for first responders, especially firefighters was that the fire resistant properties of 
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despite the influence of the FR back and face materials. The data proved that these concerns 

were generally unfounded (NFPA1975 requires a char length of less than 150 mm). From the 

original data on the FR wovens, W4, W8, and W9 ranked from most resistant to least 

resistant respectively. This trend was present in the trilaminate char length data as the range 

of performance values was almost perfectly delineated between the wovens.  

 

 

Figure 33: Char Length of AMBER Laminates  

Among the initial tests performed on the trilaminates was a bond strength test. Should 

the face or the back delaminate under daily wear conditions, the protection provided, the 

aesthetic of the garment, and the confidence in the garment are compromised. Only one set of 

the trilaminates was marked by the tester as FID (failed to initiate delamination), those 

containing the M1 membrane.  

The downselection process of the trilaminate fabrics was largely the same as it was 

for the wovens, knits, and membranes. Using the same method, expert weight values were 

determined prior to the fabric rakings and are as follows: 
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Table 34: Weight percentages of each performance category for AMBER laminates 

Category Weight Value 

General 14% 

Cost 17% 

Durability 21% 

Comfort 21% 

Protection 28% 

 

Table 35: Weight percentages of each performance type for AMBER laminates 

Performance Type Weight Value 

Basis Weight 50% 

Thickness 50% 

Cost 100% 

Bond Strength (front) 50% 

Bond Strength (Back) 50% 

Stiffness 50% 

Drape 50% 

Afterflame 50% 

Charlength 50% 

 

After normalizing the test results and applying the weights seen above, the 

trilaminates were ranked.  
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Table 36: Rankings of AMBER laminates 

Laminate Materials Rank 

L4 K2/M3/W4 1 

L16 K1/M1/W4 2 

L18 K1/M1/W8 3 

L5 K2/M3/W9 4 

L15 K1/M3/W8 5 

L14 K1/M3/W9 6 

L7 K2/M1/W4 7 

L17 K1/M1/W9 8 

L1 K2/M4/W4 9 

L13 K1/M3/W4 10 

L6 K2/M3/W8 11 

L12 K1/M4/W8 12 

L10 K1/M4/W4 13 

L2 K2/M4/W9 14 

L3 K2/M4/W8 15 

L8 K2/M1/W9 16 

L11 K1/M4/W9 17 

L9 K2/M1/W8 18 

 

  

6.4 Second Testing Phase Results Overview 

6.4.1 Thermal Shrinkage/Thermal Stability 

Before any testing or prototype production could progress past the initial 

downselection phase, it was necessary to ensure that the materials being pursued could pass 

the base NFPA 1975 tests. NFPA 1975’s base performance requirements only require 

materials to pass three tests: heat and thermal shrinkage, thermal stability, and seam strength. 

Seam strength was not tested at this point in the project since the materials being used were 

the main concern and since it would be tested at a later date once the production sample of 

the garment was procured.  

Heat and thermal shrinkage testing is designed to test how well a sample resists 

dimensional changes from exposure to high heat in a convective oven. The conditioned 
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samples are suspended by metal hooks within the oven parallel to the movement of air and 

are exposed to a temperature of 260℃ for 5 minutes after which their dimensions are 

measured and compared against the samples original measurements to determine the percent 

change in both warp and weft directions. The samples are also examined for evidence of 

ignition, separation, and melt/drip.  

The thermal stability test takes a fabric sample and sandwiches it between two 

borosilicate or soda lime glass plates and exposes it to 265℃ heat for 6 hours in a convective 

oven. Once the sample has been removed from the oven and left to cool for sixty minutes it is 

placed on a flat and smooth surface, the top plate is lifted and if it separates cleanly from the 

sample, the same procedure is repeated for the other glass plate. Ideally the sample will not 

remain in contact with either plate. Each sample is rated on how easily it is separated.  

Four woven samples and three knit samples were sent to Underwriters Laboratories 

for testing under these methods as required by NFPA 1975 and the results are as follows: 

 

Table 37: Thermal shrinkage and thermal stability results for downselected materials 

Materials 

Thermal 

Shrinkage 

Warp 

Thermal 

Shrinkage 

Fill 

Thermal 

Stability 

(blocking) 

Thermal 

Stability 

(sticking) 

W9 -3.1 -4.7 1 N 

W4 -2.8 -2.3 1 N 

W8 -1.1 -1.1 1.33 Y 

W7 -6 -1.9 3 Y 

K2 -20 -20 3 N 

K5 3.3 2.1 1 N 

K6  -6.5 2 N 

 

Thermal shrinkage in both directions is represented by the either positive or negative 

dimensional change from the original sample size. Thermal stability (blocking) is rated on a 

scale from 1 to 3 where 1 represents there is no sticking to the glass plates, 3 represents that 

there was significant difficulty during the removal of the sample from the plate.  
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 Based on this new information, a second level of downselection could occur. To pass 

NFPA 1975 certification, the fabrics must pass the thermal stability test with a rating from 1 

– 2, anything above is considered failing. To pass the thermal shrinkage test, fabrics must not 

shrink more than 10% in either direction and exhibit no melting, dripping, or ignition. Using 

these performance cutoffs, W8, W7, and K2 were immediately removed from consideration. 

Leaving W9, W4, K5, and K6 as the only materials available for use in the final garment.  

 With only two knits and two woven fabrics remaining of the original test groups, it 

was possible to decide which fabrics were to be used in the final garment. The final AMBER 

garment design needed one woven fabric to be used for the shirt and pant material and had 

knit stretch/ventilation panels situated in several areas that possessed different needs for each 

location. The side panels were designed to increase comfort and fit as well as provide greater 

ventilation than a woven would, for this an open knit or mesh would be desirable. However, 

the knit fabric used behind the knee, in the gusset, and in the yoke of the pants needed to be 

more durable and have a similar aesthetic to the surrounding woven fabric, for these reasons 

a mesh would not be viable. Both knits K5 and K6 were both used in the final garment. Of 

the two remaining woven fabrics, one is made from polybenzimidazole (PBI) and is highly 

durable, protective, and comfortable. The second fabric is the most comfortable fabric of all 

the fabrics, but less durable and protective. The decision turned to a more practical issue of 

the fabrics and also one of the key parameters: the cost. Polybenzimidazole is known to be a 

very expensive fabric and because of this is not often used within traditional next to skin/thin 

garment applications. W9 is a modacrylic/aramid/cellulose blend, already used extensively 

by the military, and has a relatively low price point. This availability, as well as the reduced 

cost, outweighed the durability and protection differences between the two fabrics.  

 The difference in durability between W4 and W9 was deemed acceptable for the shirt 

material but since the primary durability concern of the first responders had to do more with 

their pants than any other area of the garment an alternative construction type or material was 

needed. Since having completely different materials between the shirt and pants is not 

aesthetically acceptable, the lightweight (6.2 oz/yd2) W9 was kept for the shirt but the pants 

were changed to the slightly heavier (7.9 oz/yd2) but more durable W11 as the two are from 
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the same manufacturer, possess the same fiber makeup, and can be purchased in the same 

color.  

 The final iteration of the garment was to contain fabrics W9, W11, K5, and K6.  

 The downselection process of the materials was slightly flawed since it expedited 

certain rank determination measures of specific components such as the trilaminate. 

Proceeding with the rankings from the very first set of tests and downselection meant the 

trilaminates tested were composed of the two knits (of the four) that performed the best and 

that were determined to have the best hand feel since they would be in constant contact with 

the skin, and three woven fabrics of which two were incompatible with NFPA 1975. The 

trilaminate testing was in no way fruitless as the relationship data between the fabric 

properties and the overall performance of the trilaminate, such as how the thickness/density 

of the knit fabrics influenced the comfort properties, was vital to the decision about which 

materials would comprise the final trilaminate fabric.  

The trilaminate construction determined to best suit this project is comprised of W9, 

M3, and K5. Again, using the same wovens and knits as in the body of the garment was 

beneficial to the project. The unique combination of material parts that make up the final 

trilaminate configuration allowed the whole to be low cost, high comfort, relatively durable 

as well as protective, and most importantly NFPA 1975 compliant. The comfort aspect, 

although not tested within the original trilaminate test phase, could be almost guaranteed 

since the knit type, membrane thickness, and woven fabric combined within the testing to 

create one of the most comfortable of the trilaminates. Further testing (after DOR treatment) 

would confirm whether the trilaminate, as implemented within the garment, could provide 

the level of liquid protection desired in the project goals.      

 

6.4.2 Heat storage  

A great concern for firefighters as well as some first responders dealing with high 

heat situations is the ability of their garments/gear to store unwanted thermal energy. The 

fabrics comprising the AMBER garment, due to their composition and construction, are of 

less concern than the areas providing enhanced protection such as the kneepads. The main 
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component of the AMBER kneepad is an impact and vibration resistant rubber panel printed 

on a thick and cut-resistant knit fabric. To ensure the addition of the kneepad panel would 

store no more energy, or increase the risk of burns, than that of the surrounding materials, a 

stored energy test was performed in accordance with ASTM F2731 and an average heat flux 

of 8.5 kW/m2. The results of this test are shown graphically and numerically below.  

 

Table 38: Time to second degree burn for each repetition of tested materials 

Description Rep # Time to 2nd 

W11 1 66.78 

  2 58.26 

  3 62.09 

Kneepad120s 1 126.78 

  2 130.21 

  3 130.86 

Kneepad60s 1 N/A 

 2 N/A 

 3 N/A 
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Figure 34: Temperature and omega values of each simulated skin layer during heat storage 

test (W11) 

The first step in determining the heat storage properties of the kneepads was to 

develop a baseline understanding of the heat storage properties of the fabrics that surround it, 

in this case that is the woven fabric W11. W11 was exposed to a heat flux of 8.5 kW/m2 for 

120 seconds, after which the sample was quickly transferred in front of the compression plate 

and compressed against the sensor behind it. Upon analysis of the data it is evident that the 

sensor reached conditions for second degree burn around the 65 second mark, well before 

compression. Using the exact same process, the kneepad was exposed for 120 seconds and 

then pressed against the sensor. The data collected and seen in figure 35 showed that over the 

full exposure time the sensor never reached the conditions necessary for second degree burn. 

Upon compression however, the conditions were rapidly met.  

It was then obvious that at some point during the 120 second exposure, the kneepad 

itself reached the point where it held enough thermal energy to cause burns upon 

compression. For the kneepad to be successful, it could not produce second degree burns 

before the material around it, otherwise it would be detrimental to the whole instead of 
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beneficial. With this in mind, a second experiment was run on an identical kneepad where the 

exposure time was reduced to 60 seconds, approximately the time it took for the 

uncompressed sensor behind W11 to reach second degree burn conditions. From figure 36 

below, it can be seen that at no point during the 60s exposure or after compression did the 

sensor reach the appropriate temperature that would signal the onset of second degree burn. It 

can then be argued that the heat stored within the kneepad is of less importance to the 

protective nature of the garment. This outcome is most likely to do with the excess amount of 

material that must be heated within the given time than is the case for a single layer of W11 

fabric. In fact, while wearing the AMBER garment, the wearer would have to experience 

second degree burns over the rest their body before the kneepad would induce the same 

effect.  

 

 

Figure 35: Temperature and omega values of each simulated skin layer during heat storage 

test (Kneepad 120s) 
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Figure 36: Temperature and omega values of each simulated skin layer during heat storage 

test (Kneepad 60s) 

6.4.3 Splash/liquid repellency testing 

The final compatibility test for the materials selected thus far for the AMBER project 

and one of the most important factors of the project as required by the key performance 

parameters was the repellency test. Water repellency is found across a broad range of 

garments these days with many different levels of performance. A guarantee from the 

company and a theoretical compatibility was not enough to base an entire prototype 

production run upon. To test whether the chemicals as purchased were in fact what the 

AMBER garment needed, multiple treatment tests were performed to optimize the wet 

pickup of the fabric and the proper treatment application methodology, then the fabrics were 

tested for their ability to repel a full gamut of liquids. 

 The samples to be tested include the three baseline woven fabrics, W11 treated, W9 
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washing was documented. The ISO 6530 ‘gutter test’ was used to evaluate the repellency of 

the fabrics and the liquids to which the materials were exposed were taken from the NFPA 

1977 hazardous chemicals list: deionized water, sulfuric acid, gasoline simulant, blood 

simulant, fire resistant hydraulic fluid, 65% calcium hypochlorite (pool chlorine), and 

aqueous film forming foam solution. Through the use of the ISO gutter test it was possible to 

plot the performance of the treated AMBER fabrics vs. the fabrics that are currently being 

used on the market today to see if the treatment could repel the test chemicals at an 

acceptable level and how that compared to the baselines.  

 

 

Figure 37: Average repellency index of W9 fabric vs baselines for each chemical test 
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Figure 38: Average repellency index of W11 fabric vs baselines for each chemical test 

The repellency index value here is the average across the tests in both warp and weft 

directions for each fabric.   

 The data above shows that the treated AMBER fabrics were able to repel almost all of 

the test chemicals significantly better than the baselines. The only chemical that caused 

trouble for the treatment was the gasoline simulant. A possible explanation for the difference 

in performance between the AMBER treated fabrics and the Teflon coated polycotton fabric 

is that the polycotton was tested as received, direct from the package to the laboratory. 

Further testing of a washed sample of polycotton showed a marked decrease in its repellency 

against gasoline to a more reasonable level on par with the performance of the AMBER 

fabrics.  

 Importantly, the trilaminate fabric was also treated and tested for its ability to repel 

the test liquids in the ISO gutter test scenario. In testing, it was observed that while a small 
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time frame of the test.  
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Figure 39: Average repellency of trilaminate material vs 4 hazardous chemicals 

 

Figure 40: Comparison of penetration index between polycotton and trilaminate fabrics 

(lower penetration index is more ideal) 
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6.4.4 Full Garment Thermal Performance 

Once all of the fabric level testing was completed and the materials had been 

downselected, a set of prototype garments were created for the purpose of testing the thermal 

performance of the entire garment.  

 A “Newton” type sweating manikin was used to test the AMBER prototypes in 

accordance with the ASTM F2370 test method for determining the evaporative resistance of 

clothing and the ASTM F1291 test method for determining the thermal insulation of clothing. 

The table below shows the results of the test. Ensembles A, B, C, and D, are representative of 

the AMBER prototype (3.1 lbs), Nomex baseline (2 lbs), cotton baseline (2.6 lbs), and 

polycotton baseline (2.2 lbs) respectively.  

 

 

Figure 41: Garment A (AMBER prototype - 3.1 lbs) 
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Figure 42: Garment B (Nomex baseline – 2 lbs) 
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Figure 43: Garment C (Cotton baseline – 2.6 lbs) 
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Figure 44: Garment D (Polycotton baseline – 2.2 lbs) 

The Qpredicted value refers to the predicted total heat loss of the garment in a given 

condition using the thermal and evaporative resistance values. Obvious from the data 

represented in table 37, the Nomex baseline possessed the greatest total heat loss potential in 

both conditions perhaps due to the relatively high air permeability of the fabric. The AMBER 

prototype garment outperformed only the polycotton baseline in this test. Due to the greater 

protective capabilities of the prototype, this result is not unexpected; the prototype’s fabric 

layering, impact resistant kneepads, higher durability, more numerous pockets, and liquid 

resistance were all expected to independently lower the total heat loss for reasons mentioned 

herein. Considering the large increase in protection over the baselines, having the prototype 

place within the same range was not as large a tradeoff as expected. It is important to note 

that the large difference seen between the fabric level THL and the garment Qt is expected as 

it is due to the insulating air layers that are a biproduct of the design as well as the garment 

orientation during manikin testing.  
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Table 39: Qpredicted (W/m2) of tested garment ensembles in two conditions 

Ensemble Qpredicted walking (1 m/s 

wind, 25C, 65%RH) 

Qpredicted standing (0.4 m/s 

wind, 25C, 65%RH) 

A 271.9 149.2 

B 318.2 168.9 

C 308.4 160.8 

D 282.0 141.5 

 

 Garment level THL testing is different and can produce different results from the 

benchtop fabric tests performed on a sweating hot plate. While the values being measured are 

indeed the same, the very nature of the test sets them apart. A sweating hot plate 

measures/calculates the total heat lost through a wrinkle, stitch, and defect free 20 inch by 20 

inch sample fabric in a contained environment with airflow parallel to the fabric surface. In 

this situation, gravity is the only force acting to make slight physical changes (compression) 

to the fabric and in this instance it is acting equally in all areas of the fabric. In a sweating hot 

plate configuration the water vapor being produced by the plate can only be evaporated from 

the fabric itself or from the small amount of airflow between the structure of the fabric. A 

sweating Newton type manikin measures the total heat lost through a garment as it 

hangs/rests on an object with organically shaped surface geometry. Garments, as they rest on 

the human form, are only making slight contact with the body relative to the large potential 

surface contact area. The rest of the area that is not making contact, is occupied by an air gap. 

These air gaps act as places in which air can either be trapped and provide additional 

insulation or where air can flow and provide evaporative cooling within the garment instead 

of simply from the surface. The organic and three-dimensional nature of the human body also 

means that the air flow will not be parallel to the fabric surface. Additional garment features 

such as pockets, layers, zippers, collars, or simply how closely it fits the body will all 

influence the total heat loss measurement. These differences often compound to reduce the 

predicted heat loss to a value far below what is seen on the sweating hot plate.  
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Table 40: Hot plate vs Manikin THL 

 

Fabric THL hot 

plate 

Manikin Qpredicted 

walking 

Manikin Qpredicted 

standing 

W1  568.79 308.4 160.8 

W2 636.83 318.2 168.9 

W3 541.93 282 141.5 

W9 754.50  

 

271.9 

 

 

149.2 

W11 741.83 

K5 580.91 

K6 637.48 

 

 

6.4.5 Comparison between AMBER and baseline fabrics 

To help determine the viability of the method used in downselection and to verify that, in 

alignment with the KPPs, the AMBER fabrics (accounting for influence of garment design) 

are indeed superior to the fabrics used in the current market garments, a statistical 

comparison is necessary. Performing an ANOVA on the results of the fabric level tests 

(bending resistance (warp and fill), shear resistance (warp and fill), abrasion resistance 

(woven only), air permeability, and THL) followed by a post hoc Tukey HSD showed 

whether any of the results were statistically different and from which other fabrics that 

designation could be applied.  

Bending resistance: In the warp direction the knit fabrics as well as W9 outperformed the 

three baselines (W9 was significantly different than W1 and W2 baselines; better but not 

different than W3). In the fill direction, All fabrics with the exception of W11 performed 

similarly.  

Resistance to shear: In the warp direction, W9 and K6 were statistically better than each 

baseline except for W2. K5 performed the worst over all of the fabrics. In the fill direction 

only the W2 baseline performed better (not significantly) than W9.  
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Abrasion Resistance: In this performance metric, the baselines performed significantly 

better than both of the AMBER fabrics.  

Air Permeability: Each fabric’s results were significantly different than the others. W2 

baseline, due to its plain and very open weave, performed better than all fabrics except for 

K6. The AMBER fabrics performed significantly better than W1 and W3 baselines.  

Total Heat Loss: The AMBER woven fabrics (W9 and W11) performed significantly 

better than the baseline fabrics. K5 performed significantly worse than only W2 baseline.  

 While in most scenarios, the AMBER fabrics performed as well as or better than the 

baselines, these statistical comparisons do not take into account the garment design and 

additional protections provided but do show some of the performance tradeoffs allowed in 

some areas in favor of others. For example, the AMBER fabrics do not perform as well as the 

baselines at resisting abrasion. This specifically was allowed because of the knowledge that 

specific garment features such as area specific reinforcements and the novel kneepad 

structure would cover the difference in performance but allow better comfort properties such 

as bending and THL. The downfall of these comparisons is where the selection method 

utilized in this project has its strength. Statistically comparing each of the fabrics against 

each other in a single category provides only a portion of the answer to the question being 

asked. The weighted downselection accounts for each strength and weakness of each fabric 

as well as the value added by each of the strengths.   
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Figure 45: Example of THL analysis (each analysis can be seen in Appendix D)  
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7 Chapter 7: Feedback Based Design Validation 

The only test remaining, after objective testing completed, was to have the resultant 

garment subjectively evaluated by the very people for whose needs the garment was 

supposed to satisfy. To accomplish this, two methods were employed: a series of design and 

performance feedback groups with first responders and a comprehensive subjective wear trial 

where the participants were also active first responders. It is important to note that while all 

of the objective minimal requirements were met, subjective garment assessment also needed 

to be achieved. It was unnecessary to test thermal performance or other qualities of the 

garment in the wear trial since they have already been tested in-lab. 

 

7.1 Feedback Groups 

To get direct feedback on the design and functionality of the AMBER garment, three 

feedback group meetings were held, one for each first responder discipline. As was expected, 

the responses from each group were distinctly different although they echoed many of the 

same original concerns. In design, both the firefighters and the EMS were pleased with the 

increased functionality and fit of the garments and agreed that the increased ventilation, both 

in the knit panels as well as the mesh back and deployable leg vents were an improvement. 

The law enforcement group were concerned about the outward appearance of such a 

functional and protective garment (as mentioned before, their daily wear uniform is very 

neat, clean, and professional) but lauded the effort to maintain its formality. All disciplines 

greatly appreciated the larger padded and generally more supportive waistband as it could 

accommodate the large belts and amount of gear worn on them that greatly increases their 

level of discomfort. All disciplines noted that as they do a large amount of kneeling in their 

day to day activities, the integrated kneepad was very much appreciated but noted that 

despite it being the same color, the visibility of it could be a barrier to acceptance to some.  
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Figure 46: AMBER prototype drawings 

The protective aspects of the garment such as the NFPA 1975 compliance, the 

laminate kneepad, and the liquid repellency were all well received. In general, the consensus 

among all personnel within the disciplines was that all increased protection would be 

welcome as long as the garments were no less comfortable or easy to don/doff as the current 

garments on the market. It is relatively easy to design and deliver a garment that caters 

directly to a singular group such as firefighters, however, finding ways to accommodate each 

profession was the greatest challenge of the project and from the responses received in these 

design feedback sessions, it would seem that the goal was accomplished to a degree 

acceptable by all. While the feedback sessions allowed the participants to understand and 

judge the prototype deliverables as well as being able to handle the garment, it is no 
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substitute for actually wearing them. For this reason, it was necessary to conduct a subjective 

wear trial.  

 

7.2 Wear Trial 

Wear trials are traditionally performed to specifically gather two types of information, 

subjective and/or objective data. Since the fabrics of the AMBER garment were already 

thoroughly objectively tested, a subjective comparison between the AMBER prototype and 

the baseline market garments was conducted to assess subjective responses on comfort. 

 

7.2.1 Desired Information 

The information being sought in this wear trial was related specifically to perceived 

comfort. As mentioned herein, comfort is a metric comprised of the complex interactions 

between fabric, the physiological and psychological responses of the wearer, and the climate 

in which its being worn. Fabric tactile comfort is associated with both the physical properties 

of the fibers and fabric construction as well as the thermal and moisture properties. These 

properties are easily measured individually in the lab and have been for the AMBER project. 

The combined effect of these properties on an individual wearer’s perceived comfort, 

however, can only be determined through subjective evaluation. As such, the wear trial was 

designed to compare the perceived comfort of the AMBER garment against the baselines 

(only the two baseline garments which outperformed the AMBER prototype in the thermal 

performance test were used; 100% cotton and 100% Nomex) using human subjects 

performing a set of various activities within an environmentally controlled chamber.  

 

7.2.2 Protocol 

The wear trial methodology was designed to allow the participants to evaluate their 

comfort in the trial garments during periods of physical activity and rest, including specific 

exercises targeted at the certain areas of the body so as to better assess the local comfort. The 

protocol consisted of twelve periods: 7 rest and 5 exercise. The first two periods were rest 

periods, one outside and one inside the environmental chamber (25℃, 50% RH) during 
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which they recorded their initial impressions of the garment. Each subsequent exercise period 

was followed by another period of rest in which they again evaluated the perceived comfort 

of the area being evaluated (legs and knees, upper body mobility, full body engagement 

tasks).  
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Table 41: Wear trial procedure 

 

     

   -Environmental Condition- 

Test Period Time  Temperature* Relative* 

(rating) (minutes) Activity C (F) 
Humidity 

(%) 

1 30 Sitting at rest ~ 21 (70) ~ 50 

     

2 10 
Sitting at rest in environmental 

chamber 
~ 25 (77) ~ 50 

     

3 6 Warm-up/stretch exercise ~ 25 (77) ~ 50 

  T-25 Cardio Alpha-1   

     

4 10 Rest ~ 25 (77) ~ 50 

     

5 6 Leg and knee tasks** ~ 25 (77) ~ 50 

  

Static one side kneeling (1 min) 

Both sides kneeling and peg board task (2 min) 

Dynamic kneeling and standing (1 min) 

Step ups (2 min) 

  

 

6 

 

10 

 

Rest 

 

~ 25 (77) 

 

~ 50 

 

7 

 

5 

 

Upper stretch movements** 

 

~ 25 (77) 

 

~ 50 

 

 

 

 

8 

 

 

 

 

10 

Torso twists 

Toe touches 

Arm wraps 

Extended arms 

 

Rest 

 

 

 

 

~ 25 (77) 

 

 

 

 

~ 50 

 

9 

 

5 

 

Full body engagement tasks** 

 

~ 25 (77) 

 

~ 50 

  

Squats and twists 

Side leg lifts 

Jumping jacks 

Elbow to knees 

 

  

10 10 Rest ~ 25 (77) ~ 50 

 

11 

 

5 

 

Turnout suit donning/doffing 

 

~ 21 (70) 

 

~ 50 

 

12 

 

15 

 

Rest 

 

~ 21 (70) 

 

~ 50 
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Afterwards, the participants were asked to perform a timed donning and doffing of a 

turnout suit and then subjectively evaluate the ease of which they could do so. Each 

participant scheduled separate sessions in which to evaluate each of the four uniforms, they 

were not informed exactly which garment they were evaluating. Since fit is such a critical 

aspect of perceived comfort, the participants were specifically selected to make sure the fit 

was as ideal as possible across all garments.  

The response form that each participant filled out for each period was designed to 

evaluate the user’s perception of the garments based on both a set of negative descriptors 

representing specific physical properties and four specific parameters. The four parameters 

were: comfort, breathability, softness, and moisture sensation. The overall moisture sensation 

and comfort were evaluated at specific locations within the garments such as the collar, 

underarms, back, front, waist, seat, and legs. After each period of exercise the participants 

were asked to rate the garment (by location and by component), on a bipolar 1-7 scale. This 

was followed by a question asking the participants the degree to which they were aware of 

each of the negative descriptors on a scale from 1-5. A list of negative descriptors and their 

associated physical properties is shown below. Negative descriptors were used because it has 

been determined[65] that an individual is more likely to be able to discern differences in 

levels of unpleasantness than pleasantness. 

 

Table 42: Negative descriptors 

Negative Descriptors  Associated Physical Property 

Tight Garment Fit 

Non-breathable (hot) Moisture Permeability/ coolness from sweat evaporation 

Heavy Fabric Weight 

Stiff Bending Rigidity 

Sticky Moisture Vapor Absorption 

Non-absorbent Liquid Moisture Management 

Damp Liquid Moisture Absorption 

Clingy Moisture and Surface 

Non-stretchy Tensile Extensibility 

Inflexible Bending Rigidity 

Rough Hand and Surface 



134 

 

 

7.2.3 Results 

The full AMBER comfort wear trial results can be found in Appendix E. The 

following tables and figures were chosen to represent the method of analysis and because 

they show similar relationships to the average results from the analysis.  

Figure 47 below represents the combined average rating of each garment A-C (A: 

cotton baseline, B: Nomex baseline, C: AMBER prototype) across the four parameters 

evaluated in the tests on the scale of 1-7: overall comfort, breathability, softness, and 

moisture sensation. 

 

 

Figure 47: Combined average rating of each garment on scale of 1-7 (higher is considered 

better) 

Figure 48 represents the fabric rankings across the parameters that were evaluated 

upon donning, before the active portion of the wear trial began.  

 

Overall Comfort Breathability Softness Moisture Sensation

A 4.89 4.19 5.05 5.88

B 3.64 4.32 4.18 5.72

C 4.73 4.58 4.72 5.53

0

1

2

3

4

5

6

7
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Figure 48: Average rating of each garment at donning on scale of 1-7 (higher is considered 

better) 

From the analysis performed, the AMBER prototype performed as well or better than 

the other baseline garments tested in the wear trial in all categories except for aesthetic, 

appearance, and moisture sensation. These, as in the feedback sessions before, were not 

unexpected. The AMBER garment is designed to push the envelope of performance and 

comfort while striving to maintain a degree of professionalism desirable by the first 

responder community. Since these parameters usually correlate negatively to one another 

some trade-offs were expected. The baselines that the AMBER garment was tested against in 

this wear trial (cotton and Nomex) are not treated in any way to repel liquid contaminants 

like the AMBER garment is. As mentioned in the literature review, the application of 

repellent finishes has the tendency to reduce the comfort on “perceived moisture sensation” 

of a fabric.  

 The negative descriptor rating system was used at each of the evaluation periods of 

the wear trial. Such a method allowed the targeted areas to be evaluated as the level of 

activity, exertion, and sweat production increased. The AMBER prototype shirt was 

perceived to be as or more comfortable across the timeline of the wear trial than the 

competing baselines. A paired t-test analysis (determined whether the differences in means 

were statistically significant) was performed and a summary of some of the results are shown 

Overall
Comfort

Breathability Softness
Ease of

Donning
Aesthetic Appearance

Temperature
Sensation

A 5.11 4.74 5.11 5.74 4.58 5.84 4.53

B 4.05 4.79 4.42 6.05 4.84 5.58 4.68

C 5.21 5.79 5.37 6.26 4.05 4.84 5.58

0

1

2

3

4

5

6

7
R
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below (a full analysis and visual comparison of each metric is available in Appendix E). In 

table 43 the comparison is listed so the first garment is the one expected to perform better 

than its counterpart (A vs B in overall comfort; A is significantly better at the 90% 

confidence level). This information along with the wear trial notes from the participants 

highlighted areas for improvement (kneepad location and aesthetics, fastening methods, fit, 

and closure locations) that in the following months were corrected and approved by first 

responders and fit testers alike.  
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Table 43: Statistical analysis of wear trial comparisons 

 Overall 
Comfort 

Donning 

Breath-
ability 

Softness Moisture 
Sensation 

Tight Heavy Stiff Rough Stretch Flexibility 

A vs B * N N N * ***(-) N N *** N 

C vs A N ***  N N *** N N N *** * 

C vs B **  ** ** N *** ** * ** *** ** 

 

*** = Significant @ 99% level  ** = Significant @ 95% level 

* = Significant @ 90% level  N = Not significant 

(-) = Reverse comparison (B vs A, since in this case B was significantly better than A) 
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8 Chapter 8: Conclusion 

8.1 Conclusions 

The success of this project/research can only be measured against the ability of the 

final product to meet/deliver the seven key performance parameters outlined at its inception: 

user comfort, durability for daily wear, usability/practicality, aesthetics, NFPA certification, 

enhanced protection, and optional tradeoff protection. First responder feedback sessions and 

subsequent wear trials confirmed that this research produced a garment that fulfilled the key 

performance parameters of the AMBER project (subjectively rated to be more favorable and 

objectively shown to provide a greater level of protection than the current market garments) 

and also satisfied the base certification requirements for NFPA 1975 compliance. The 

research confirmed the usefulness and viability of applying objective testing practices and 

downselection methods to the creation of a garment whose measure of success is based 

largely on subjective criteria. The laboratory tests performed, accurately represented the 

comfort, durability, and protection capabilities of the possible fabrics to a degree by which 

they could be ranked based on the understood connection between the objective results, their 

subjective counterparts, and potential performance tradeoffs as found in testing. It was also 

shown that a common knowledge understanding of relationships between fabric parameters 

is not adequate for the selection of materials to be used in a complex and multi-faceted 

product such as a protective garment. In such an endeavor, a data driven approach that can 

incorporate objective factors and user requirements is needed. These fabric parameter-

performance relationships established through the large number of tests performed and seen 

in the data also enabled the creation of a protective and relatively comfortable trilaminate 

fabric for use as a hazardous liquid penetration resistant kneepad.  

  

8.2 Future potential  

The tests performed within this project were able to determine some relationships 

between the comfort, protection, and durability parameters which influenced the decision 

making process. A more in-depth examination is needed to determine what factors are the 

driving forces behind these relationships. For example, air permeability affected the 
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flammability of the fabrics; with enough data it may be possible to see the degree to which 

each fabric, fiber, and yarn parameter influenced this outcome and whether, for example, 

there exists a threshold where increasing the weave density ends up decreasing the 

flammability. Understanding such relationships would be valuable for future downselection 

and trade-off analysis of materials. 

Additionally, the fabrics selected for this research were relatively similar in 

construction, fiber types, and performance. In the analysis of some of the test results, the 

range of values exhibited by the fabrics seemed large, but in practice was not, as many of the 

fabrics performed well beyond any threshold/criterion. For this research, the fabric with the 

best weighted combination of performance was considered the best. This did not take into 

consideration whether any increase in performance was a value-added increase when 

compared to cheaper fabrics. Since cost is such an important determinant, this would be 

another avenue for research; performing, the same tests on a wider range of fabrics to see if 

the more expensive fabrics are truly the best option.  

The use of a phase based method for downselection greatly reduced the amount of 

time needed and, for the number of fabrics used, the method was adequate  

The true benefit of the methodology used to select the AMBER fabrics lies in the 

ability to account for multiple performance metrics unique to a project/design and the 

inherent tradeoffs present as well as being able to filter the list of possible materials through 

the use of established performance thresholds and downselection process checkpoints. 

Shrinking the number of materials being examined meant that more tests could be performed 

on the remaining fabrics to further differentiate them and save time. 

 By incorporating the weighted evaluation, allowances could be made in certain areas 

in favor of another. For example, allowing a small decrease in the abrasion resistance of the 

woven fabric (W4) so the comfort could be increased since it was the comfort was the more 

important metric of the two. The material product of this method was one which, thanks to 

the weight analysis, performed best in regards to the needs of the project, not necessarily the 

most protective, comfortable, or cost effective. By tying the downselection process in to the 
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weighted analysis, the project was sufficiently expedited without compromising the quality 

of the finished product. 

Despite these benefits, there are still areas in which this could be improved, 

specifically the assignment of weight values. The weighted analysis allowed for the initial 

mass of fabrics to be downselected to a more manageable group of fabrics that best met the 

project needs. It worked well in this scenario since there was a suitably large difference in 

performance totals, once the group of fabrics became smaller, this was no longer the case. It 

is possible that when the performance of a fabric is determined by the sum of a number of 

weighted factors, the greater the number of factors, the less the discrimination between 

fabrics. This could be the case since the weight values are assigned percentages that sum to 

100. If the total (100) is divided into too many times (by the number of separate weighing 

factors) the less importance can be assigned to any one factor. In the case of this project, 

there were 5 weight factors (cost, comfort, durability, protection, and general fabric 

characteristics); unweighted they would each make up 20% of the total. In this case, even 

with differing weights, the range between the highest and lowest value was only 14%. To 

correct this issue, it is recommended that future use of this methodology incorporate another 

level of grouping (to decrease the number of factors being weighted at any one time), or at 

the least an increase to the total sum of the weight values if a greater range could be allowed.  

The usefulness of this process is a direct result of the ability to tailor the weights 

(importance) of each parameter to the needs of the project. While a weighted decision matrix 

is common practice for many industries, it has not been used widely by the textile apparel 

trade. This project has demonstrated that with understanding of the objective and subjective 

nature of fabric parameters and the proper methodology, such a process would be suitable to 

improve and the materials selection process of the apparel field.  
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Appendix A: Materials Selection Process Maps 

 
Figure 49: Overall fabric selection process map 
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Figure 50: Woven materials process map 
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Figure 51: Knit materials process map 
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Figure 52: Membrane materials process map 
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Figure 53: Membrane materials process map 
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Figure 54: Treatment process map 
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Appendix B: Weight Tables 
Weight tables for woven fabrics 

Table 44: Weight tables for woven fabric categories 

Category Shirt/Pant (woven) 

General Characterization 7% 

Cost 18% 

Durability 21% 

Comfort 29% 

Protection 25% 

 

Table 45: Weight tables for woven fabric performance types 

Performance Type Test Method Units Shirt/Pant (woven) 

Basis Weight ASTM D 3776 Oz/yd2 50.00% 

Thickness ASTM D 1777 Mm 50.00% 

Unit Cost Manufacturer Data $/yd2 100% 

Abrasion ASTM D 4966 Rubs to Failure 28.57% 

Tear ASTM D 1424 lbf (N) – Average 42.86% 

Breaking ASTM D 5034 Lbf (N) – Average 28.57% 

Thermal Comfort ASTM F 1868 W/m2 17.65% 

Stiffness KES – Bending 

Rigidity  

gf.cm2/cm 29.41% 

Drape KES – Shear gf/cm*degree 29.41% 

Air Permeability ASTM D 737 ft3/min/ft2 (CFM) 23.53% 

Vertical Flame ASTM D 6413 Afterflame 37.50% 

Vertical Flame ASTM D 6413 Char Length 37.50% 

Puncture ASTM F 1342 Lbf (N)  25.00% 
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Weight tables for knit fabrics 

Table 46: Weight tables for knit fabric categories 

Category Weight Value 

General 7% 

Cost 18% 

Durability 25% 

Comfort 29% 

Protection 21% 

 

Table 47: Weight tables for knit fabric performance types 

Performance Type Weight Value 

Basis Weight 50% 

Thickness 50% 

Cost 100% 

Burst 33% 

Pilling 66.66% 

THL 22% 

Wicking 33% 

Air Permeability 44.44% 

Afterflame 50% 

Charlength 50% 

 

Weight tables for trilaminate fabrics 

Table 48: Weight tables for trilaminate fabric categories 

Category Weight Value 

General 14% 

Cost 17% 

Durability 21% 

Comfort 21% 

Protection 28% 
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Table 49: Weight tables for trilaminate fabric performance types 

Performance Type Weight Value 

Basis Weight 50.00% 

Thickness 50.00% 

Cost 100.00% 

Abrasion 17.24% 

Tear 17.24% 

Breaking 13.79% 

Laminate Bond Strength 24.14% 

Laminate Bond Strength (5 wash) 24.59% 

THL 21.43% 

Stiffness 25.00% 

Drape 25.00% 

Air Permeability 14.29% 

MVTR 14.29% 

Afterflame 11.48% 

Charlength 11.48% 

Puncture 9.84% 

Liquid Resistance (AATCC 118) 16.39% 

Liquid Resistance (AATCC 42) 14.75% 

Liquid Resistance (ISO 6530) 18.03% 

Liquid Resistance (Inv. Expulstion) 18.03% 
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Appendix C: Woven Fabric Cost Breakdown  
 

 

Table 50: Woven fabric cost breakdown 

WID Cost ($/yd2) 

W1  $                                       9.00  

W2  $                                     20.00  

W3  $                                       9.00  

W4  $                                     37.00  

W5  $                                     37.00  

W6  $                                     23.75  

W7  $                                     32.00  

W8  $                                     21.95  

W9  $                                     13.17  

W10  $                                     13.56  

W11  $                                     11.78  

W12  $                                     15.40  
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Appendix D: Statistical Analysis  
 

 

 
 

Figure 55: Woven twill fabrics - abrasion by density 

JMP®, Version 13. SAS Institute Inc., Cary, NC, 1989-2017 
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Figure 56: Woven twill fabrics - breaking strength by density 

JMP®, Version 13. SAS Institute Inc., Cary, NC, 1989-2017 
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Figure 57: Woven twill fabrics - char length by density (minus outlier - W4) 

JMP®, Version 13. SAS Institute Inc., Cary, NC, 1989-2017 
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Figure 58: Knit fabrics - wicking by density 

JMP®, Version 13. SAS Institute Inc., Cary, NC, 1989-2017 
 

 

 

 

 

 

 

 

 

 

 

 

 



164 

 

 

 
 

Figure 59: Knit fabrics - air permeability by char length 

JMP®, Version 13. SAS Institute Inc., Cary, NC, 1989-2017 
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Figure 60: Bending warp 

JMP®, Version 13. SAS Institute Inc., Cary, NC, 1989-2017 
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Figure 61: Bending fill 

JMP®, Version 13. SAS Institute Inc., Cary, NC, 1989-2017 
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Figure 62: Shear warp 

JMP®, Version 13. SAS Institute Inc., Cary, NC, 1989-2017 
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Figure 63: Shear fill 

JMP®, Version 13. SAS Institute Inc., Cary, NC, 1989-2017 
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Figure 64: Abrasion resistance 

JMP®, Version 13. SAS Institute Inc., Cary, NC, 1989-2017 
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Figure 65: Air Permeability 

JMP®, Version 13. SAS Institute Inc., Cary, NC, 1989-2017 
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Figure 66: THL 

JMP®, Version 13. SAS Institute Inc., Cary, NC, 1989-2017 
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Appendix E: Comfort Wear Trial Results 
Table 51: Summary of rating scale (1-7) for period 1 donning 

Garment ID  Ease of 
donning 

 

Aesthetic 

 

Appearance 

 

Temperature 
sensation 

A average 5.7 4.6 5.8 4.5 

median 6 5 6 5 

mode 7 5 6 5 

B average 6.1 4.8 5.6 4.7 

median 6 4 6 5 

mode 7 4 5 5 

C average 6.3 4.1 4.8 5.6 

median 6 4 5 6 

mode 7 3 6 6 
More desirable  Very easy: 7 Very attractive: 7 Very professional: 7 Very cool: 7 

Less desirable  Very difficult: 1 Very unattractive: 1 Very unprofessional: 
1 

Very warm: 1 

 

Table 52: Summary of rating scale (1-7) for period 11 donning and doffing turnout 

Garment ID  Ease of 
donning 

 

Ease of 
doffing 

 

Bulkiness with 
turnout suit 

on* 

 

Ease of 
movement 

with turnout 
suit on 

A average 6.3 6.4 4.8* 5.5 

median 5 5 5* 5 

mode 6 6 6* 6 

B average 5.8 5.9 4.2* 4.6 

median 6 6 4* 4 

mode 7 7 4* 4 

C average 5.1 5.6 4.4* 4.9 

median 5 6 5* 5 

mode 5 6 5* 5 
More desirable  Very easy: 7 Very easy: 7 Very light: 1* Very easy: 7 

Less desirable  Very difficult: 1 Very difficult: 1 Very bulky: 7* Very difficult: 1 

*The scale for the Bulkiness attribute is opposite that of the other scales, with the most desirable 

function being the lowest rating, and the least desirable being the highest rating.  
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Figure 67: Descriptive terms for combined average rating scale (1-7), periods 1, 4, 6, 8, 10 

 

 
Figure 68: Descriptive terms for combined average rating scale (1-7) 

Table 53: T-test analysis on donning  

Donning Overall Comfort Donning Breathability Donning Softness 

 B C  B C  B C 

A *** N A N * A N N 

B  ** B  ** B  ** 

Ease of Donning Aesthetic Appearance 

 B C  B C  B C 

A N N A N N A N * 

B  N B  *** B  *** 

Temperature Sensation   

 B C       

A N *       

B  **       

* = Significant @ 99% level  ** = Significant @ 95% level 

*** = Significant @ 90% level  N = Not significant 

Overall Comfort Breathability Softness
Moisture
Sensation

A 4.89 4.19 5.05 5.88

B 3.64 4.32 4.18 5.72

C 4.73 4.58 4.72 5.53
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ity
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Ease of

Donning
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A 5.11 4.74 5.11 5.74 4.58 5.84 4.53

B 4.05 4.79 4.42 6.05 4.84 5.58 4.68

C 5.21 5.79 5.37 6.26 4.05 4.84 5.58
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The following figures represent the average ratings for specific items by test period 

where higher ratings are more desirable. Accompanying each figure is a table showing the 

results of the t-test analysis which reveal the extent of perceived differences between 

garments.  

 
Figure 69: Descriptive terms for donning rating scale (1-5) 

 

Table 54: T-test analysis on donning 

Donning Tight Donning Heavy 

 B C  B C 

A *** * A * N 

B  * B  ** 

Donning Stiff Donning Rough 

 B C  B C 

A N N A N N 

B  *** B  ** 

Donning No Stretch Donning Inflexible 

 B C  B C 

A * * A N *** 

B  * B  ** 

T-test analysis on donning 

* = Significant @ 99% level  ** = Significant @ 95% level 

*** = Significant @ 90% level  N = Not significant 

Tight Heavy Stiff Rough No stretch Inflexible

A 3.78 3.79 4.00 4.11 3.95 4.16

B 3.05 4.58 3.84 3.74 3.00 3.79

C 4.68 3.84 4.37 4.37 4.58 4.58
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Figure 70: Average overall comfort rating (1-7) 

 

 

Table 55: T-test analysis on average comfort 

Period 4 Shirt Period 8 Shirt 

 B C  B C 

A * ** A * N 

B  * B  * 

Period 4 Pants Period 6 Pants 

 B C  B C 

A N * A N ** 

B  N B  N 

Period 10 Ensemble  

 B C    

A ** N    

B  **    

T-test analysis on average comfort 

* = Significant @ 99% level  ** = Significant @ 95% level 

*** = Significant @ 90% level  N = Not significant 

 

Period 4 Shirt Period 8 Shirt Period 4 Pants Period 6 Pants Period 10 Ensemble

A 4.74 4.79 5.21 4.84 4.68

B 3.21 2.53 4.63 4.11 3.32

C 5.58 5.42 3.84 3.68 4.63
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5

6

7

Overall Comfort
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Figure 71: Average breathability rating (1-7) 

 

 

Table 56: T-test analysis on breathability 

Period 4 Shirt Period 8 Shirt 

 B C  B C 

A N N A N N 

B  N B  N 

Period 4 Pants Period 6 Pants 

 B C  B C 

A ** N A N N 

B  N B  N 

Period 10 Ensemble  

 B C    

A N N    

B  N    

T-test analysis on breathability 

* = Significant @ 99% level  ** = Significant @ 95% level 

*** = Significant @ 90% level  N = Not significant 

 

Period 4 Shirt Period 8 Shirt Period 4 Pants Period 6 Pants Period 10 Ensemble

A 4.00 4.16 3.89 4.00 4.37

B 3.79 3.89 4.79 4.32 4.32

C 4.58 4.58 4.11 3.95 4.47
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5

6

7

Breathability
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Figure 72: Average moisture sensation rating (1-7) 

 

 

Table 57: T-test analysis on moisture sensation  

Period 4 Shirt Period 8 Shirt 

 B C  B C 

A N N A N N 

B  N B  N 

Period 4 Pants Period 6 Pants 

 B C  B C 

A N N A N N 

B  N B  N 

Period 10 Ensemble  

 B C    

A N N    

B  N    

T-test analysis on moisture sensation 

* = Significant @ 99% level  ** = Significant @ 95% level 

*** = Significant @ 90% level  N = Not significant 

 

Period 4 Shirt Period 8 Shirt Period 4 Pants Period 6 Pants Period 10 Ensemble

A 5.74 6.16 6.16 5.63 5.74

B 5.58 5.58 6.16 5.53 5.74

C 5.68 5.11 6.05 5.47 5.32
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6

7

Moisture Sensation
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Figure 73: Average softness rating (1-7) 

 

 

Table 58: T-test analysis on softness questions 

Period 4 Shirt Period 8 Shirt 

 B C  B C 

A * N A N/A N/A 

B  * B  N/A 

Period 4 Pants Period 6 Pants 

 B C  B C 

A N ** A N/A N/A 

B  N B  N/A 

Period 10 Ensemble  

 B C    

A ** N    

B  N    

T-test analysis on softness 

* = Significant @ 99% level  ** = Significant @ 95% level 

*** = Significant @ 90% level  N = Not significant 

Period 4 Shirt Period 4 Pants Period 10 Ensemble

A 4.84 5.32 4.95

B 3.53 4.89 3.89

C 4.89 4.21 4.42
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7
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Figure 74: Average tight rating (1-5) 

 

 

Table 59: T-test analysis on tight questions 

Period 4 Shirt Period 8 Shirt 

 B C  B C 

A * ** A * ** 

B  * B  * 

Period 4 Pants Period 6 Pants 

 B C  B C 

A * N A ** N 

B  N B  ** 

Period 10 Ensemble  

 B C    

A * N    

B  *    

T-test analysis on Tight 

* = Significant @ 99% level  ** = Significant @ 95% level 

*** = Significant @ 90% level  N = Not significant 

 

Period 4 Shirt Period 8 Shirt Period 4 Pants Period 6 Pants Period 10 Ensemble

A 3.79 3.63 3.95 3.74 3.58

B 2.42 1.84 3.16 2.84 2.32

C 4.58 4.47 3.79 3.79 3.95
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1

2

3

4

5

Tight
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Figure 75: Average heavy rating (1-5) 

 

 

Table 60: T-test analysis on heavy questions 

Period 4 Shirt Period 8 Shirt 

 B C  B C 

A *** *** A *** ** 

B  N B  N 

Period 4 Pants Period 6 Pants 

 B C  B C 

A ** * A ** ** 

B  * B  * 

Period 10 Ensemble  

 B C    

A N N    

B  *    

T-test analysis on Heavy 

* = Significant @ 99% level  ** = Significant @ 95% level 

*** = Significant @ 90% level  N = Not significant 

Period 4 Shirt Period 8 Shirt Period 4 Pants Period 6 Pants Period 10 Ensemble

A 3.79 3.68 4.16 3.95 3.89

B 4.37 4.21 4.74 4.53 4.26

C 4.26 4.47 3.05 3.11 3.47
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2

3
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Heavy
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Figure 76: Average stiff rating (1-5) 

 

Table 61: T-test analysis on stiff questions 

Period 4 Shirt Period 8 Shirt 

 B C  B C 

A N * A ** ** 

B  * B  * 

Period 4 Pants Period 6 Pants 

 B C  B C 

A N N A N N 

B  N B  N 

Period 10 Ensemble  

 B C    

A N N    

B  **    

T-test analysis on stiff 

* = Significant @ 99% level  ** = Significant @ 95% level 

*** = Significant @ 90% level  N = Not significant 

 

 

Period 4 Shirt Period 8 Shirt Period 4 Pants Period 6 Pants Period 10 Ensemble

A 3.68 3.89 4.16 4.05 3.84

B 3.21 3.11 4.05 3.74 3.16

C 4.74 4.47 3.84 3.74 4.16
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2

3

4

5

Stiff
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Figure 77: Average sticky rating (1-5) 

 

 

Table 62: T-test analysis on sticky questions 

Period 4 Shirt Period 8 Shirt 

 B C  B C 

A N N A N N 

B  N B  N 

Period 4 Pants Period 6 Pants 

 B C  B C 

A N N A N N 

B  N B  N 

Period 10 Ensemble  

 B C    

A N N    

B  N    

T-test analysis on sticky 

* = Significant @ 99% level  ** = Significant @ 95% level 

*** = Significant @ 90% level  N = Not significant 

Period 4 Shirt Period 8 Shirt Period 4 Pants Period 6 Pants Period 10 Ensemble

A 4.42 4.32 4.47 4.42 4.32

B 4.32 4.05 4.37 4.26 4.21

C 4.63 4.32 4.56 4.21 4.37
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3

4

5

Sticky
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Figure 78: Average non-absorbent rating (1-5) 

 

 

Table 63: T-test analysis on non-absorbent questions 

Period 4 Shirt Period 8 Shirt 

 B C  B C 

A N N A N N 

B  N B  N 

Period 4 Pants Period 6 Pants 

 B C  B C 

A N N A N N 

B  N B  N 

Period 10 Ensemble  

 B C    

A N N    

B  N    

T-test analysis on non-absorbent questions 

* = Significant @ 99% level  ** = Significant @ 95% level 

*** = Significant @ 90% level  N = Not significant 

Period 4 Shirt Period 8 Shirt Period 4 Pants Period 6 Pants Period 10 Ensemble

A 4.32 4.05 4.32 4.26 4.05

B 4.16 3.89 4.42 4.00 4.00

C 4.37 4.00 4.26 4.11 3.95
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2

3

4

5

Non-absorbent
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Figure 79: Average non-breathable rating (1-5) 

 

 

Table 64: T-test analysis on non-breathable questions 

Period 4 Shirt Period 8 Shirt 

 B C  B C 

A N N A N N 

B  N B  N 

Period 4 Pants Period 6 Pants 

 B C  B C 

A N N A N N 

B  N B  N 

Period 10 Ensemble  

 B C    

A N N    

B  N    

T-test analysis on non-breathable questions 

* = Significant @ 99% level  ** = Significant @ 95% level 

*** = Significant @ 90% level  N = Not significant 

Period 4 Shirt Period 8 Shirt Period 4 Pants Period 6 Pants Period 10 Ensemble

A 3.58 3.58 3.79 3.63 3.53

B 3.63 3.84 3.95 3.74 3.79

C 3.89 3.89 3.58 3.26 3.63
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4

5

Non-breathable
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Figure 80: Average damp rating (1-5) 

 

 

Table 65: T-test analysis on damp questions 

Period 4 Shirt Period 8 Shirt 

 B C  B C 

A N N A N N 

B  N B  N 

Period 4 Pants Period 6 Pants 

 B C  B C 

A N N A N N 

B  N B  N 

Period 10 Ensemble  

 B C    

A N N    

B  N    

T-test analysis on damp questions 

* = Significant @ 99% level  ** = Significant @ 95% level 

*** = Significant @ 90% level  N = Not significant 

Period 4 Shirt Period 8 Shirt Period 4 Pants Period 6 Pants Period 10 Ensemble

A 4.16 3.79 4.26 4.00 3.89

B 4.21 4.05 4.37 4.00 3.95

C 4.37 4.05 4.37 3.89 3.95
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4

5

Damp
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Figure 81: Average clingy rating (1-7) 

 

 

Table 66: T-test analysis on clingy questions 

Period 4 Shirt Period 8 Shirt 

 B C  B C 

A N ** A N *** 

B  ** B  *** 

Period 4 Pants Period 6 Pants 

 B C  B C 

A N N A N N 

B  N B  N 

Period 10 Ensemble  

 B C    

A N N    

B  N    

T-test analysis on clingy questions 

* = Significant @ 99% level  ** = Significant @ 95% level 

*** = Significant @ 90% level  N = Not significant 

 

Period 4 Shirt Period 8 Shirt Period 4 Pants Period 6 Pants Period 10 Ensemble

A 4.26 4.11 4.16 4.00 4.21

B 4.21 4.05 4.21 4.05 3.89

C 4.84 4.63 4.16 3.95 4.21
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4

5

6

7

Clingy
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Figure 82: Average rough rating (1-5) 

 

 

Table 67: T-test analysis on rough questions 

Period 4 Shirt Period 8 Shirt 

 B C  B C 

A N N A ** N 

B  ** B  ** 

Period 4 Pants Period 6 Pants 

 B C  B C 

A N ** A *** * 

B  ** B  N 

Period 10 Ensemble  

 B C    

A N N    

B  N    

T-test analysis on rough questions 

* = Significant @ 99% level  ** = Significant @ 95% level 

*** = Significant @ 90% level  N = Not significant 

Period 4 Shirt Period 8 Shirt Period 4 Pants Period 6 Pants Period 10 Ensemble

A 3.95 4.16 4.32 4.42 3.84

B 3.42 3.11 4.37 3.84 3.26

C 4.21 3.95 3.58 3.21 3.32
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4

5

Rough
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Figure 83: Average no stretch rating (1-5) 

 

 

Table 68: T-test analysis on no stretch questions 

Period 4 Shirt Period 8 Shirt 

 B C  B C 

A ** *** A * ** 

B  * B  * 

Period 4 Pants Period 6 Pants 

 B C  B C 

A N N A N N 

B  N B  N 

Period 10 Ensemble  

 B C    

A ** N    

B  *    

T-test analysis on no stretch questions  

* = Significant @ 99% level  ** = Significant @ 95% level 

*** = Significant @ 90% level  N = Not significant 

 

Period 4 Shirt Period 8 Shirt Period 4 Pants Period 6 Pants Period 10 Ensemble

A 3.32 3.16 3.74 3.79 3.32

B 2.32 1.74 3.16 3.11 2.16

C 4.05 4.05 3.68 3.42 3.63
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5
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