
ABSTRACT 

WHITE, ANDREW STANFORD.  RadHand™ Test for Measuring Thermal Protective 

Performance of Structural Firefighting Gloves. (Under the direction of Dr. Roger Barker.) 

 

Structural firefighters are exposed to many dangers when responding to fire 

emergencies.  Of course, there are the obvious dangers, such as flames and conductive heat.  

However, one particular area that could be overlooked is the danger from low intensity heat 

for long durations of time.  When an individual thinks of the dangers that firefighters are 

exposed to in a structural fire, their first thought runs to exposure to flames.  While this is 

still a big concern for firefighters, sometimes it is the dangers that one cannot see that are the 

most dangerous.  In this case, it is exposure to the radiant heat produced by a fire.   

Typically, these scenarios involve exposure to relatively low heat intensities for 

extended amounts of time.  Usually, the firefighter is unaware that they have received a burn 

until after it is too late.  Another instance when a firefighter is burned, specifically to the 

hands, is when the firefighter’s hands are in a clenched position.  This could include 

situations when one is gripping an axe or a fire hose, or if the firefighter is simply making a 

fist.  When this situation occurs, it has a two-fold effect.  First, the glove material stretches, 

which decreases the thickness of the material through which the radiant heat has to travel.  

Second, it decreases the air layers between the layers of the structural firefighting glove and 

the skin, increasing the chance for second or third degree burns. 

There are several tests that are currently used to predict these injuries, such as 

Thermal Protective Performance (TPP), Conductive Heat Resistance (CHR) and the Stored 

Energy Tester (SET).  However, these tests fail to consider the construction of the glove, as 

well as, where burn injuries can occur on the hand. 



 

 

This research was conducted to demonstrate the RadHand™ system, an instrument 

developed to predict the degree of protection provided by structural firefighting gloves when 

exposed to radiant heat.  This research evaluated a selected group of prototype structural 

firefighting gloves to identify correlations with other thermal protective tests, the moisture 

preconditioning of gloves, and the benefits of the RadHand™ in comparison to bench level 

testing of glove thermal protective performance. 
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Chapter 1. Introduction 

1.1 Purpose 

The NFPA 1971 standard utilizes two bench level tests to evaluate the thermal 

protection provided by structural firefighting gloves.  These two tests, the Thermal Protective 

Performance (TPP) test and the Conductive Heat Resistance (CHR) test, evaluate the gloves 

using flame exposures and conduction.  Currently, there are no test methods that evaluate the 

protection provided by whole gloves when exposed to radiant heat.  However, a high 

percentage of hand burns are due not to contact or flame exposure, but to radiant heat 

exposure.  The Stored Energy Test (SET) evaluates protection against radiant heat exposure.  

However, this test only evaluates swatch level composites.   

The purpose of this research was to develop a test apparatus and method, the 

RadHand™ test, to evaluate the radiant protection provided by structural firefighting gloves.  

Although there is already a test method that evaluates fabric level composites for protection 

against radiant heat, it is felt that a test that could evaluate a whole glove would be more 

beneficial.  A whole glove test would be more valuable for evaluating not only the material 

effects of a glove, but also how glove construction affects burns to the back of the hand.  

Another potential benefit of RadHand™ is the ability to study the effects of air layers present 

in the glove. 

 

1.2 Research Objectives 

 The goal of this research was to develop a test method for the RadHand™ and to 

validate it for use as a tool for measuring the ability of structural firefighting gloves to reduce 
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burns to the back of the hand caused by radiant heat.  In addition, three experiments were 

performed to demonstrate the benefits of the RadHand™ and to establish correlations with 

bench level tests.  The research objectives were as follows: 

1. Method development and variability study – The RadHand™ was constructed, 

setup, and calibrated for exposures of 0.2 cal/cm
2
-sec heat flux.  Replicates of 

gloves were then tested over a sequence of days to evaluate variability of the 

apparatus. 

2. Material study – Eight prototype gloves were produced which were constructed 

identically, the only differences being the materials they were composed of.  

These gloves were tested on the RadHand™ as well as the Pyrohands®.  Fabric 

composites of these gloves were also tested on TPP, CHR and RPP to study 

correlations between these test methods. 

3. Moisture conditioning study – Two separate methods for moisture conditioning 

gloves were evaluated to determine the most consistent method.  Test gloves were 

evaluated on the RadHand™ to observe moisture effects. 

4. Construction effects study – A commercially available structural firefighting 

glove was tested with and without reinforcements on the back side of the glove in 

order to evaluate the usefulness of the RadHand™.  
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Chapter 2. Literature Review and Background 

2.1 Need for Research 

The need to conduct research in the area of radiant hand manikin test is validated by 

the evidence that shows that the danger to firefighters from exposures experienced during 

structural fire ground operations is greatest from radiant heat exposure than from clothing 

flammability. [1]  The protective equipment which is made up of a series of protective layers 

and designed to protect the firefighter from burns and the thermal environment has been 

found to potentially cause burns from stored energy.  While protective layers and air gaps 

prevent the energy of the fire environment from reaching the firefighter, if the layers become 

compressed during movement the energy stored within the materials can be transferred to the 

firefighter resulting in burns. [2]  Firefighters refer to these burns as stored energy burns, 

steam burns, and compression burns.  Characteristic to their nature is the fact that they 

generally show no visual damage to the outer shell material and are more common to the 

areas of the PPE covered with dense reinforcement materials. [3]  Figure 2.1 shows an 

example of a stored energy burn exhibited by firefighters while wearing PPE. 
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Figure 2.1 Stored energy burn [2] 

 

Utilizing information gathered on environmental conditions inherent in firefighter 

ground attacks, current test methods for measuring burn potential and a radiant hand manikin 

would allow researchers to get a comprehensive evaluation of how the whole glove would 

protect the firefighter during exposure.  The use of a radiant heat manikin would allow the 

whole glove to be evaluated for heat transfer incorporating all of the parameters exhibited in 

the firefighter’s glove due to flame resistant fabric combinations, design features, moisture 

preconditioning, heat source intensity, exposure time as well as human body motions.   

In addition to permitting more realistic data collection due to a more representative 

testing set up, this test would allow for conducting non-destructive evaluations.  The ability 

to perform non-destructive testing on firefighter gloves would permit evaluation of gloves 

currently being used by firefighters to validate their compliance with NFPA minimum 
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requirements and ensure the firefighter’s safety.  Having this capability would give 

firefighters peace of mind in knowing their PPE should provide adequate protection as well 

as reduce the cost associated with destructive glove testing practices. 

The development of a RadHand™ manikin test would provide the basis for 

development of new performance criteria, as well as the development of new materials and 

glove designs to minimize the firefighter hand burn injuries.  The testing conducted on the 

radiant hand manikin demonstrates the development of new testing technologies intended to 

assist in evaluating firefighter protective gloves for thermal heat exposures. 

 

2.1.1. Statistical data on Fire Fighter Injuries 

 The National Fire Protection Association (NFPA) in cooperation with the National 

Fire Incident Reporting System (NFIRS) collected detailed data on firefighter fire ground 

injury in the U.S. for the 2005-2009 periods.  Severity of injury was broken into two groups.  

The first group was characterized as minor injuries.  These injuries include report only, first 

aid only and those treated by physician with no lost injury time.  The second group was 

identified as moderate and severe.  This group included lost time injuries with little danger of 

death or permanent disability, and those injuries including time lost when there was a 

potentially life-threatening condition.  For the time periods of 2005 through 2009, an 

estimated annual average of 38,660 firefighter fire ground injuries in the U.S. were reported.  

Minor injuries accounted for 27,920, with the remaining 10,740 injuries classified as 

moderate or severe.  
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 The 2005-2009 fire ground injuries were further categorized by primary apparent 

symptoms.  Of the 38,660 total injuries, 3,975 (10%) were thermal burns only and 560 (1%) 

were burn or scald.  As shown in Table 2.1, the primary apparent symptoms were identified 

by part of the body that was injured.  For the 2005-2009 periods, 7,695 or 20% of injuries 

received by firefighters at the fire ground involved the arm or hand.  Of the 7,695 arm or 

hand injuries, 1,340 or 29% were burns. [4] 

 

Table 2.1 Fire ground injuries by primary apparent symptom and by part of body [4] 

 

 

 The 2005 through 2009 statistical data furnished by the NFPA reports attest fire 

fighting presents great risk of personal injury to firefighters.  These risks are inherent to the 

kind of work performed and the hazards of the incident scene environment. 

The previous statistics support the need for hand protection for fire firefighters.  They 

also indicate that hand burns represent a significant proportion of all fire ground injuries.  

Therefore, protecting the hands of firefighters is of paramount importance.  However, 

accomplishing this feat is a difficult challenge.  Firefighters rely on working with their hands 

in a variety of tasks while performing their duties and are faced with tough decisions 
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regarding trade offs for permitting hand function, providing insulation from heat, as well as 

protection from physical hazards. 

 

2.2 Exposure Conditions 

2.2.1. Classifications of Fire Fighting Environment 

To assist in understanding the firefighter’s environmental and inherent risk, 

experiments utilize personal alert safety system (PASS) devices, shown in Figure 2.2, to 

measure the thermal exposure of the environment. 

 

 

Figure 2.2 Personal alert safety system device [5] 

 

Measuring the conditions in this brutal environment is helpful in determining its effect on 

firefighters and their equipment.  Data such as air temperature, humidity, thermal radiation, 

air velocity, and length of exposure play vital roles in determining the health of a firefighter 
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during these harsh situations.  The data collected from fire fighting environments serve as a 

basis for developing bench level testing. [6]  As shown in Figure 2.3, these exposure 

conditions are divided into the following classifications: routine, hazardous, and emergency. 

[7] 

 

 

Figure 2.3 Firefighters exposure conditions [1] 

 

The first classification, routine conditions, is approximately equivalent to what one might 

experience outside on a hot summer day.  This typically applies to firefighters manning hoses 

or completing other activities at a distance from the source of heat.  These exposures could 

be as high as 0.04 cal/cm
2
-sec.  Hazardous conditions can occur during entry into burning 
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rooms or at close proximities to open flames and usually occur when fluxes are in the range 

of 0.2 to 0.3 cal/cm
2
-sec.  The final classification, emergency conditions, is encountered 

during a flashover or explosion.  Heat flux exposures can reach levels as high as 4 cal/cm
2
-

sec.  Firefighters who encounter this situation without special equipment would normally be 

forced to evacuate. [1]   

 The previous statistics support the need for hand protection for fire firefighters.  They 

also indicate that hand burns represent a significant proportion of all fire ground injuries.  

Therefore, protecting the hands of firefighters is of paramount importance.  However, 

accomplishing this feat is a difficult challenge.  Firefighters rely on working with their hand 

in a variety of tasks while performing their duties and are faced with tough decisions 

regarding trade offs for permitting hand function, providing insulation from heat, as well as 

protection from physical hazards.  

 

2.2.2. Heat Transfer 

 According to Incropera et al. heat transfer is defined as, “thermal energy in transit due 

to a spatial temperature difference.” [8]  There are three separate modes of heat transfer: 

conduction, convection, and radiation. 

 The first mode of heat transfer is known as conduction.  Conduction, as shown in 

Figure 2.4, is simply the presence of a temperature gradient in either a solid or liquid.  It may 

also be viewed as simply the transfer of energy from more energetic particles to less 

energetic particles.  This mode of heat transfer is mostly pertinent to the hands due to their 

contact with hot objects. [8] 
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Figure 2.4 Conduction through a solid or liquid [8] 

 

 Convection is the second mode of heat transfer, which occurs between a surface and a 

moving fluid when at different temperatures.  An example of this is shown in Figure 2.5.  

There are then two separate types of convection: forced and natural.  When flow is caused by 

external factors, such as a fan or breeze, it is known as forced convection.  In contrast, 

natural convection is created by buoyancy forces which exist due to density differences 

produced by temperature variations in the fluid. [8] 
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Figure 2.5 Convection from a surface to a moving fluid [8] 

 

 The third and final mode of heat transfer is radiation.  Radiation is defined as energy 

in the form of electromagnetic waves emitted by matter that is at a nonzero temperature.  

Unlike conduction and convection, radiation does not require a medium to transport energy 

through.  Thermal radiation occurs more efficiently in a vacuum, however this will never 

occur in a real-life situation.  Of the three modes of heat transfer mentioned, thermal 

radiation will be the main focus of this research study. [8] 
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Figure 2.6 Net radiation heat exchange between two surfaces [8] 

 

2.3 Personal Protective Equipment 

2.3.1. Definition of Personal Protective Equipment 

Personal Protective Equipment (PPE) refers to any clothing or equipment which is 

worn to protect firefighters from burn or injury.  The evaluation of the firefighter’s personal 

protective equipment enables them to be better protected and have more time to rescue 

victims than ever before.  The organization most responsible for setting performance 

specifications is the National Fire Protection Agency (NFPA).  They have been instrumental 

in the development of performance standards for firefighters’ protective clothing and have 

published the NFPA 1971, Standard on Protective Ensembles for Structural Fire Fighting and 

Proximity Fire Fighting. [9]  Firefighter protective clothing is intended to encapsulate the 

wearer while fighting fires to provide protection from the thermal environment which can 
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include thermal radiation, hot gas (convective heat transfer), as well as contact with hot 

surfaces (conductive heat transfer). [10] 

Protective clothing consists of helmets, turnout gear (coat and pants), boots, and 

Personal Safety Devices (PSDs) including the Personal Alert Safety System (PASS).  The 

NFPA 1971 Standard on Protective Clothing for Structural Fire Fighting requires a multi-

layer material construction consisting of three component layers.  The first is an outer layer 

of flame resistant fabric that cannot be destroyed through charring, separating, or melting 

when exposed to a temperature of 500 degrees Fahrenheit for a five minute period.  The 

second layer serves the purpose of preventing moisture from penetrating through to the 

wearer.  The third component layer provides thermal insulation from radiant, conductive, and 

convective heat. [11]   

The fire service industry stands to benefit from advanced testing practices and a better 

understanding for selection and use of structural firefighting gloves.  While burn injuries 

have declined over recent years, statistics show they continue to represent a significant 

proportion of all fire ground injuries.  Protecting the hands of a firefighter is a difficult 

challenge because the ratio of exposed surface area to volume of body mass is greater for the 

hands than any other body part except for the ears. [12]  In addition, the hands are generally 

extended toward the fire where they are more likely to receive a high heat flux. 

Currently, compliance testing of firefighter gloves for minimum requirements relies 

on component testing of glove materials for heat resistance and thermal protective 

performance.  Firefighters face a different set of challenges inherent to the nature of the fire 



14 

 

they are battling.  The requirements for hand protection can vary given the nature of the 

hazard. 

With new technological advancements of today, the fire industry has the advantage of 

collecting data through various recorder devices worn during firefighting or used during 

staged or controlled burns.  This information is useful because it offers insight into the 

ambient conditions a firefighter will most likely be subjected to during a firefighting rescue 

mission. 

Past, present, and future glove studies use this collected data in attempts to aid in their 

evaluation of current gloves available as well as look for newer materials and construction 

possibilities and combinations to continue to advance the safety benefits of firefighter gloves. 

[13, 14] 

NFPA utilizes a number of standards to evaluate PPE for minimum performance.  To 

name a few, the American Association for Textiles Chemists and Colorists (AATCC), 

American Standard for Testing and Materials (ASTM), and the International Organization for 

Standardization (ISO).  NFPA’s requirements for structural fire fighting gloves regarding 

thermal protection include the Thermal Protective Performance (ASTM F2700 and F2703 

[15, 16]) test and the Conductive Heat Resistance (ASTM F1060 [17]) test.  The room 

temperature conditioning of glove samples for testing require testing in accordance with 

ASTM D1776- Standard Practice for Conditioning Textiles for Testing. [18]  A wet 

conditioning procedure for gloves is also specified following paragraph 7.2 of AATCC Test 

Method 70 for Water Repellency: Tumble Jar Dynamic Absorption Test. [19] 
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2.3.2. Structural Firefighting Glove Construction 

 Firefighting gloves use the same layering of materials principles applied to fire fighter 

turnout suits, which consists of three layers, as shown in Figure 2.7: the shell, an inside 

moisture barrier layer, and a thermal liner. [12]  Design, material components, as well as 

performance requirements are governed by criteria set in the NFPA 1971, Standard on 

Protective Ensembles for Structural and Proximity Fire Fighting. [11]  The outermost layer, 

referred to as the outer shell, is typically made from leather materials, such as cow, elk, or 

goat leathers.  Other commercially available gloves utilize heat resistant fabrics, like 

Kevlar® or Nomex® to go on the back side of the glove.  Some manufacturers apply a 

water-resistant coating to the outer shell to prevent water from getting to the inner layers. 

 The second layer is known as the moisture barrier.  This layer’s purpose is to prevent 

penetration of liquids, such as bodily fluids and/or chemicals through the glove and onto the 

bare skin of the user.  It is typically found directly behind the outer shell layer.  There are a 

number of materials that are used for this purpose.  Some manufacturers utilize a thin 

membrane such as polyurethane.  The final layer is known as the thermal liner, which is 

located behind both the outer shell and the moisture barrier. 
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Figure 2.7 Layered Construction of Structural Firefighting Glove 

 

2.3.3. NFPA 1971 Requirements 

 1971 NFPA requirements include testing for the thermal protection of a glove, the 

penetration of liquids and chemicals, cut resistance, as well as several other factors that could 

present dangers to a firefighter. [11] 

 

Thermal Liner Moisture Barrier 
Outer Shell 



17 

 

 

Figure 2.8 NFPA 1971 structural fire fighting glove requirements [11] 

 

 This research is focused on the thermal protection of a glove, specifically the TPP and 

the conductive heat resistance test.  According to the NFPA 1971 standard, the composite of 

a structural fire glove must meet a TPP value of greater than 35.  Also, when tested on CHR, 

the glove composite must be tested for both the back of the glove and the palm.  When 

testing a composite representative of the palm, a pressure of 0.5 psi is applied, however, 

when testing a composite representing the back of a glove a pressure of two psi is utilized.  

The minimum requirements a glove has to pass to be certified are a time to pain of at least six 

seconds and a time to burn of ten seconds or greater. [11] 
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2.4 Human Skin Burns and Modeling 

 Skin burn models are based on mathematical models of human skin or data gathered 

from a small number of human or animal experiments.  Though these models can be useful, it 

must be understood that they are not precisely indicative of what could occur in the field.  

This is mainly due to the wide variety of human skin from one person to another and its 

thermal properties. [20]  To gain a better understanding of how these burn models work, it 

helps to provide information on the anatomy of human skin.     

 

2.4.1. Skin Anatomy 

 “Skin is the largest organ of the human body both in terms of surface area (1.6 to 1.9 

m
2
 for most adults) and weight (about 15% of total body weight).” [20]  This organ is split up 

into three main regions, which are described below: 

 Epidermis:  This is the outermost layer of skin which is composed of both living and 

dead cells.  It does not contain any blood vessels and has very few nerve endings.  

Dead cells are continually produced at the bottom of this layer, also known as the 

basal layer.  These cells constantly move up through the epidermis and replace older 

dead cells that fall of the surface of the skin. This layer of skin protects tissues 

underneath from ultraviolet radiation and extreme heat exposures. [21] 

 Dermis:  Unlike the first layer of skin, the dermis is thicker than the epidermis and is 

held together by a protein called collagen.  The dermis houses blood vessels, sweat 

glands, nerves, lymph vessels, and hair follicles.  Any damage to this layer of skin 

due to heat exposure is referred to as a second degree burn. [21] 
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 Subcutaneous:  Located at the base of the skin, the subcutaneous layer is comprised 

of connective tissue and fat.  It contains major blood vessels and nerves.  Any damage 

to this layer of skin due to heat exposure is referred to as a third degree burn. [21] 

 

 

Figure 2.9 Layers of human skin [22] 

 

2.4.2. Degrees of Burn 

 When classifying burn injuries, there are typically three main categories: first, second, 

or third degree burns.  These classifications have also been referred to as superficial, partial 

thickness, and full thickness burns.  Each of these three pertains to the depth of damage done 

to the skin.  These categories are explained in more detail below and are illustrated in Figure 

2.10.  

 First Degree Burn: This is when burn damage is sustained by the epidermis.  There 

is typically not much damage other than redness to the portion of skin that was 

affected.  Discomfort is only temporary, and healing time is fairly quick with little 
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to no risk of permanent scarring or damage.  Due to this, burn modeling does not 

account for first degree burns. 

 Second Degree Burn: This type of burn involves irreversible damage to the 

epidermis as well as damage to the dermal tissue.  These burns are typically 

characterized by blisters, severe pain, reddening, and swelling.  A second degree 

burn may cause damage to hair follicles, sweat glands, or the circulatory system.  

Usually, if a significant number of cells at the base of the dermis are not damaged, 

healing can begin on its own, with a rehabilitation time of anywhere from ten to 21 

days.  For more severe burns, where most of the dermal base is destroyed, medical 

treatment such as skin grafting may be necessary. 

 Third Degree Burn: This burn, the worst of the three, means that both the epidermis 

and the dermis have been irreversibly damaged.  This includes the destruction of 

blood vessels, which means there is no more blood flow to the cells in the burnt 

region.  Large amounts of vascular fluid are lost because of damage to the tissue.  

Spontaneous healing is not possible with third degree burns, so skin grafts are 

required to repair any damaged skin. [20, 21, 23]  
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Figure 2.10 Different degrees of burn injuries [24] 

 

There is also a category known as a fourth degree burn, which indicates the 

incineration of tissue.  Anything below the skin, such as muscle, bone and other structures 

underneath the subcutaneous may be damaged.  Healing is similar to what is seen with third 

degree burns; however, there are chances of, “greater complications due to the injuries to 

underlying tissue.” [20] 

 

2.4.3. Henriques 

One of the first investigations in skin burn modeling was performed in the 1940’s by 

Henriques.  His experiments were performed on porcine skin, otherwise known as pig skin.  
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This is often used as a substitute for human skin because of its similarities in anatomy.  At 

the conclusion of these experiments, a burn injury prediction equation was developed which 

 is shown below. 

         
  

  
   

 

 

 

Where, 

Ω = tissue damage 

P = integration constant 

ΔE = activation energy constant 

R = universal gas constant 

T = temperature of skin 

t = time of exposure 

 

During a burn, heat flux values are constantly collected and processed through 

Henrique’s burn integral. Using burn integral constants taken from data on pig skin, an 

omega value is calculated at each layer. An omega value of one at the dermis/epidermis 

junction results in a 2
nd

 degree burn and an omega value at the dermis/subcutaneous junction 

results in a 3
rd

 degree burn. [25] 

This prediction equation is used in several of the current ASTM standards, such as 

ASTM F2731 and ASTM F1930.  However, while Henriques’ research in this field was a 

step in the right direction as far as predicting burn injuries and provided others with a burn 

injury prediction equation, there were still needs for further studies in this area.  Up to that 
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point, researchers only had skin constants for porcine skin.  Further research by Stoll would 

yield to constants that would give a more realistic time to 2
nd

 degree burn using constants 

measured from human skin. 

2.4.4. Stoll et al 

 Alice M. Stoll, along with her research group from the United States Naval Air 

Development Center has performed the most important research for human skin burn models 

to date.  In the 1950’s, these researchers exposed living human subjects to a radiant heat 

source and recorded the time it took for subjects to receive a, “threshold pain,” or, “threshold 

blister,”.  [26] 

 The experiments performed by Stoll and her colleagues consisted of exposing an area 

of skin on the forearm to a known intensity of radiant heat produced by a projection lamp.  

Black India ink was applied to the area of skin being tested to help absorb as much radiant 

energy as possible.  Even though Stoll’s methods were frowned upon for performing these 

tests on living human beings, the results that were collected have proven to be invaluable for 

predicting burns today. 

 The Stoll curve is utilized in many ASTM and NFPA standards.  These include Arc 

Rating (ASTM F1959 [27]), Conductive Heat Resistance (ASTM F1060 [17]), and Thermal 

Protective Performance (ASTM 2700 and ASTM 2703 [15, 16]) as well as NFPA 1971 [11].  

These test methods will use data points shown in Figure 2.11 to determine whether heat 

fluxes collected over certain periods of time will yield a second degree burn. [28] 
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Figure 2.11 Stoll curve indicating the time to 2
nd

 degree burn for known heat fluxes 

 

2.4.5. Pennes 

 In other research towards predicting time to burn injuries for the human skin, Pennes 

was conducting human skin experimentation at Columbia University.  Pennes’ studies were 

investigating the temperatures that were found at different layers of skin at the forearm.  This 

was accomplished by placing thermocouples inside of the subject’s forearm.  The data 

collected from these experiments were not only instrumental for setting initial temperature 

boundary conditions for human skin burn modeling, but also for analyzing the effects of 

blood flow on burn prediction. [29] 
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2.5 Moisture and Air Gap 

 “Relative humidity (RH) and air gap size are two characteristic indices of clothing  

microclimate.” [30]  Fire fighters gloves are generally not an exact fit.  This results in air 

gaps between the fabric layers, as shown in Figure 2.12.  Due to these air gaps, it is 

imperative that all garments, including structural fire fighting gloves, be tested as a full 

ensemble and not just as a bench level composite. 

 

 

Figure 2.12 Schematic of a three-layer test garment on the manikin [31] 

 

 During a fire fighting situation, moisture accumulation inside the firefighter’s gloves 

is inevitable.  Research conducted by Veghte [32] showed fire fighters can produce a 

substantial amount of sweat ranging from 1200 to 1800 g/hr (2.64 to 3.96 lbs/hr).  Coupled 

with the inherent presence of water from the fire rescue environment, which can leak through 

the fire fighter gloves, moisture becoming trapped inside of the firefighters’ gloves is almost 
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a guarantee.  The combination of these two circumstances can result in injuries to the 

firefighter from steam or scald burns. [32] 

 Since moisture in structural firefighting gloves can originate from both the inside of a 

glove due to sweat and the outside of a glove due to the environment of a fire rescue scene, it 

is difficult to determine how to test a glove with moisture in a standardized test method.  

Moisture testing, in particular, sweating manikin testing would allow for a more accurate 

evaluation of whole glove testing of the multi-layer components to study the relationship 

between temperature and moisture content in regard to potential burn risk.  However, there 

should be some representation of moisture in the shell of the glove due to encounters in the 

fire rescue environment.  

 

2.6 Bench Level Testing 

 This research considered three different bench level tests used to evaluate structural 

firefighting gloves, and two whole glove level tests of thermal protective performance- 

PyroHands® and RadHand™.  Two of these test methods, the TPP test and the CHR test, are 

used in the NFPA standard to determine if a glove meets thermal protection requirements.  

The research also considered the stored energy test method. 

 

2.6.1. Thermal Protective Performance 

TPP is a test method developed to quantify the performance of firefighter turnout gear 

under an extreme thermal exposure. [33]  This bench scale test exposes a composite to both 

convective and radiant exposures.  The heat source of TPP includes two Meker burners, 
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providing flame exposure, and a bank of quartz tubes which provide radiant exposure.  TPP 

then utilizes the Stoll curve to calculate the time to burn for each exposure.  The basic 

principle of the TPP test is to place a sensor behind a test fabric exposed to an 83 kW/m
2
 (2 

cal/cm
2
-sec) heat flux and compare the measured heat transfer to the tolerance time of human 

tissue to thermal assault as obtained by Stoll and Chianta. [34]  When testing for TPP, fabrics 

can either be tested while in direct contact with the sensor, or with a ¼ inch spacer in 

between the fabric and the sensor.  The tolerance time for a second degree burn to occur is 

read directly from the sensor response curve by comparing the calorimeter trace with the 

human tissue tolerance to heat obtained by integration of Stoll's curve with respect to time. 

The TPP rating is defined as the total exposure energy which causes the test fabric to transfer 

a sufficient amount of heat to cause a second degree burn injury (blister), and is calculated 

as: 

                                             

The higher a TPP rating is for a garment, the greater protection it will afford to the wearer.  

As mentioned earlier, the requirement set forth by the NFPA for firefighter turnout gear on 

the TPP is a rating of 35 or higher. [35] 
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Figure 2.13 Setup of Thermal Protective Performance test [15] 

 

2.6.2. RPP Test 

 The stored energy test (SET), shown in Figure 2.14, is a recently developed method, 

designed at North Carolina State University.  Currently the SET is not utilized in the latest 

issue of the NFPA 1971 standard.   However, it has been added in the 2013 edition of the 

NFPA 1971.  The SET investigates thermal energy that may become stored inside of the 

turnout coats and pants worn by firefighters.  When these garments are compressed against 

the skin, this stored energy may cause burns to unsuspecting firefighters long-removed from 

the scene of the fire. [2] 
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Figure 2.14 Stored Energy Tester [2] 

 

 This test employs the use of radiant heat at an exposure level of 0.2 cal/cm
2
-sec to 

evaluate firefighter turnout suits.  After being exposed to radiant heat for a predetermined 

amount of time, typically around 120 seconds, the automated specimen holder slides from 

one side of the apparatus to the other by means of compressed air.  Once on the other side, 

after a five second cooling period, a cylinder is compresses the composite against the sensor 

with a pressure of two psi.  The compression phase lasts for 60 seconds and then the test is 

complete. [36]  This process is illustrated in Figure 2.15. 
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Figure 2.15 Operation of Stored Energy Test [2] 

 

The SET utilizes a copper sensor that is water-cooled.  This allows the sensor to be exposed 

for longer durations, as opposed to the TPP or CHR test.  The copper sensor is kept at around 

32.5 degrees Celsius for the duration of the test to simulate the temperature of human skin. 

The Stored Energy tester was utilized in this experiment strictly as a radiant test to 

draw better comparisons to the RadHand™.  There was no compression phase utilized in this 

testing.  Also, unlike the typical Stored Energy test, for this experiment there is no spacer 

incorporated between the sample and the sensor.  Usually, there is a quarter-inch space 

incorporated between the inner-most layer of the composite and the sensor when testing.  To 

avoid confusion, throughout the rest of this paper, the Stored Energy test will be referred to 

as a radiant protection performance test (RPP). 
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2.6.3. Conductive Heat Resistance 

 The conductive heat resistant test evaluates swatch level materials by placing them on 

a hot plate and measuring the amount of heat conducted through the composite.  Materials 

are tested at a temperature of 536 degrees Fahrenheit for a maximum of 30 seconds.  This test 

utilizes a copper slug sensor which is built into a block shown in Figure 2.16.  The sensor has 

a mass of 17.78 grams and an area of 12.57 centimeters squared.  

 

 

Figure 2.16 Schematic of CHR sensor assembly [17] 

 

 Composites that are tested using CHR are typically moisture conditioned using the 

protocol listed in the NFPA 1971 standard.  It states that for conditioning specimens should 

be a, “representative of the glove body composite construction,”. [11]  These specimens 

should be in the form of an 8 inch by 8 inch pouch which is sewn together.  These pouches 
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are immersed in water at a temperature of 21ºC, ±3ºC for two minutes.  The samples are then 

removed from the water and hung in a vertical position for five minutes so that all excess 

water is allowed to drip out.  After this, the pouch is laid horizontally with AATCC textile 

blotting paper both underneath and on top of the specimen.  The pouch is then put under a 

pressure of 0.5 psi for 20 minutes.  Finally, the specimen is set in a conditioned environment 

for 24 hours before testing.  Prior to testing the specimens, they are cut into a four inch by six 

inch composite. 

 Once the samples are conditioned properly, they are placed underneath the sensor 

assembly.  The entire apparatus is then placed onto the hot plate, as shown in Figure 2.17, 

with the composite still underneath the copper sensor.  Different pressures can be used when 

applying the composites to the hot plate.  These pressures are 0.5, two, and five psi. 

 

 

Figure 2.17 Conducting a CHR test 
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2.7 Manikin Testing 

 How well fire fighter protective clothing performs depends not only on the individual 

layers of a garment or glove, but also on the cut and design.  As previously mentioned, there 

are several bench level tests which are used to evaluate the thermal protective performance of 

fire fighter turnout gear.  However, these tests only evaluate swatch level composites, 

neglecting the effects of the full ensemble.  The ability of a garment to protect the user during 

a fire situation also depends upon potential shrinkage and the location of air layers present 

throughout the ensemble.  Manikin testing takes these factors into account, as well as the 

addition of design features such as zippers, seams and pockets. [37] 

 To date, there are currently eight manikin systems in the world that are capable of 

performing thermal protective performance tests for full scale garments: three in North 

America, three in Europe, and two in Japan.  These manikins are outfitted with dozens of 

sensors which are capable of predicting burns on the torso, arms, and legs.  Where bench 

level tests, such as TPP, utilize the Stoll curve to predict time to pain and second degree burn, 

manikins such as Pyro-man® utilize the Henriques’ burn model to predict both second and 

third degree burns.  The exposure levels of a typical manikin test are produced by propane 

torches used to simulate accident scenarios, with a desirable flux around two cal/cm
2
-sec. 

[20] 

 Though these manikins are capable of testing firefighter turnout gear, they are not 

capable of testing structural firefighting gloves.  However, new innovative test methods, such 

as Pyrohands® have been developed for this special area of research. 
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2.7.1. Pyrohands 

 Though there are multiple bench level test methods for evaluating structural 

firefighting gloves, currently there is only one test method which evaluates whole gloves.  

The Pyrohands® Fire Test system is capable of providing a TPP test on the whole glove 

level.  This system, developed at North Carolina State University, utilizes a similar protocol 

to that of ASTM 1930- Evaluation of Flame Resistant Clothing for Protection Against Flash 

Fire Simulations Using an Instrumented Manikin. [38] 

 

 

Figure 2.18 Pyrohands® fire test system [27] 

 

 The Pyrohands® fire test system utilizes two hand forms, both a left and a right, 

outfitted with ten sensors on each hand.  There are three located on the palm, three located on 

the back of the hand, and four located on the wrist and forearm area.  These hands provide a 

better analysis of structural firefighting gloves because of their ability to account for the 
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shrinkage of materials.  Typically, when testing on the bench level TPP, the composite has a 

tendency to move away from the sensor, creating better results than it actually provided.  

However, on the Pyrohands® when the glove shrinks, it will shrink towards the sensors, 

indicating what might actually happen in a real-life scenario. 

 

Chapter 3. Experimental 

3.1 Description of RadHand™ Test Apparatus 

The RadHand™ testing apparatus uses four radiant heater panels positioned in a 

semi-circular configuration, as shown in Figure 3.1.  The test glove is placed on a hand form 

outfitted with thermal sensors giving feedback on the levels of heat transfer transmitted 

through the glove.  The hand form is fastened to a rotating arm which allows it to pivot into 

the middle of the radiant heaters as to prevent injury to the operator.  Once in position, the 

glove remains there for the duration of the test, and is then removed from the heat source.  

The collection of data will then be analyzed using Henriques’ burn model to determine which 

areas of the hand received predicted second and third degree burns. 
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Figure 3.1 Full RadHand™ testing assembly 

 

 The hand form of the RadHand™ system, shown in Figure 3.2, was designed to 

simulate the characteristics of the right hand of a human being.  The four primary fingers are 

capable of bending utilizing internal cables and a pneumatic cylinder simulating the action of 

a firefighter clenching his/her fist.  Its thumb is designed to pivot, making it easier to don and 

doff a glove onto the apparatus, however, it does not flex like the other four fingers.  

Throughout the duration of the test, the hand is supplied with water and compressed air.  

These components are routed through the control box shown in Figure 3.3, which controls 

the flow rate of water to the hand and the pressure at which the fingers can be flexed using 

compressed air and a pneumatic cylinder. 
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Figure 3.2 RadHand™ 

 

 

Figure 3.3 Control box 
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3.2 Calibrating the RadHand™  

 The next step in developing the RadHand™ test method was to determine how to 

calibrate the heat flux sensors on the RadHand™.  Other calibration methods were studied to 

find the best protocol, including the calibration procedures in ASTM F 2731 Measuring the 

Transmitted and Stored Energy of Firefighter Protective Clothing Systems, due to the 

similarities in exposure methods between it and the RadHand™ testing apparatus.  In the 

ASTM F2731 method prior to calibration, the heat source is allowed to heat up for a 

minimum of 30 minutes.  Before calibrating, the water bath used to cool the sensor must have 

a temperature of 32.5 ± 1ºC, and flow rate no less than 100 milliliters per minute.  Finally, 

the hood airflow must be lowered or turned off to “minimize forced convective air currents 

from disturbing the heat flux sensor response”. [36]  The Stored Energy Tester exposes the 

sensor to the radiant heat source for 60 seconds.  After data collection, the average heat flux 

over this time period is calculated. 

 The RadHand™ calibration process was modeled after this ASTM 2731 protocol.  To 

start a test, the four radiant panel heaters were turned on and allowed to heat up for a 

minimum of 30 minutes.  Prior to calibration, the hood airflow was dropped to the minimum 

level to prevent convective effects on the transfer of radiant heat to the heat flux sensors.  

The RadHand™ was equipped with interior water lines that kept the hand at a desired 

temperature.  The bath that was being circulated through the hand was kept at a temperature 

of 32.5 ± 1ºC, identical to the Stored Energy method. 
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The calibration procedure proceeded as follows: 

1. Prior to the first calibration run, the RadHand™ was preheated for 15 to 30 

seconds to allow the hand to reach the appropriate temperature.  If the hand is 

already at the correct temperature, the calibration process can begin.   

2. To start a test, the exposure time was adjusted to 60 seconds at an exposure heat 

flux value of 0.2 cal/cm
2
-sec.   

3. Once all parameters are set, the program gives a countdown before the test begins.  

The metal pipe on which the hand is located must be swung in front of the radiant 

panels manually.  Keeping a careful watch on the countdown to exposure, try to 

time the placement of the hand in front of the heaters exactly when the count 

reaches zero. 

4. After the exposure period is over and data collection is complete, swing the hand 

away from the heat source.   

5. The data that was collected is then saved and the average heat flux and standard 

deviation is manually calculated from the last 50 seconds of data collection.  The 

desired average heat flux is 0.2 ± 0.005 cal/cm
2
-sec with a standard deviation of 

less than 0.12.   

6. If the desired heat flux is not achieved, the temperatures on the radiant panels may 

need to be adjusted slightly to accommodate the appropriate sensors.  After 

changing the temperature on the radiant heater panels, allow them approximately 

ten to 15 minutes to adjust.  Repeat the calibration steps above until the heat flux 

is reached. 
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 When setting requirements for calibration protocols, an exposure time of greater than 

60 seconds was desired.  However, the heat flux sensors that were used in this research 

constrained the desire to extend that exposure time.  This was due to the heat flux sensors 

inability to reach temperatures of higher than 100ºC without risking damage.  After 

performing the first calibrations, it was obvious that the exposure time could not exceed 60 

seconds without one or more of the sensors reaching the maximum limit.  Another aspect 

discovered while designing a calibration protocol was the slow reaction time of the sensors.  

When observing the flux plots of each sensor, it is apparent that it takes approximately 30 to 

35 seconds to reach a constant heat flux as shown in Figure 3.4.     

 

 

Figure 3.4 Calibration heat flux plot 
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3.3 RadHand™ Pre-Conditioning and Test Procedures 

3.3.1. Pre-Conditioning Test Glove 

After assembling the testing apparatus, RadHand™ was capable of measuring the 

protection provided by a structural firefighting glove against radiant heat exposure.  

However, before testing any gloves a test method needed to be developed, including 

procedures for preconditioning the gloves prior to testing, calibration of the testing device, 

and heat exposure duration.  The first component taken into account when creating the test 

method was conditioning the structural firefighting gloves prior to testing.  There are two 

scenarios for testing firefighter glove materials: dry or with moisture in the glove material. 

 When considering the procedure for a dry preconditioning method, one of the major 

influences came from the test method ASTM F 1930- Evaluation of Flame Resistant Clothing 

for Protection Against Flash Fire Simulations Using an Instrumented Manikin.  Test 

specimens are placed in a conditioned environment, at a temperature of 21 ± 3º C and a 

relative humidity of 65 ± 10%.  Materials must remain in this environment for a minimum of 

24 hours before being tested.  After removing the test specimens from the conditioned 

environment, the operator has 30 minutes to perform the test before the garments must be 

reconditioned.  This same protocol was incorporated into the dry preconditioning method for 

the RadHand™. [38] 

 

3.3.2. Testing Procedure 

 Once the calibration was completed, the hand was ready for testing gloves.  When 

initiating a test, it must be determined at what conditions one wants to perform the test.  The 
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two main factors to be decided were the length of exposure time and whether the hand would 

be in the flexed or un-flexed position.  At the beginning of the testing phase for this research, 

the length of time to expose the specimen was a prominent issue.  The initial approach was to 

utilize information gathered on glove composites tested with the RPP.  There were a 

significant amount of composites that did not receive a second degree burn until around the 

three minute time period on the RPP.  Therefore, the original exposure time was set at four 

minutes for two purposes.  Firstly, to account for the gloves that provided more protection 

and ensure that they were receiving burns to provide valuable feedback.  Secondly, to 

account for the additional layers of air between the materials of the glove that would not be 

present in the RPP.  In subsequent tests, exposure times were reduced to two minutes to 

closely examine the effects of radiant heat on different materials. 

 A main goal of this research was to eliminate anything that could increase the 

variability of the RadHand™ test.  One cause of variability that was found in the test was 

when the hand was flexed.  Structural firefighting gloves are made out of many different 

materials and are constructed in numerous ways, so not all of them are going to flex utilizing 

the same force.  To reduce this variability, it was concluded that each style of glove should 

be clenched on the RadHand™ to determine how much force was required to flex that 

particular glove.   Therefore, when performing a test that utilizes the clenched fist position, 

prior to testing the operator should check to see how much pressure is needed to get the 

fingers to a horizontal position, as shown in Figure 3.5.  Initially, 30 psi is applied to the 

gloved RadHand™ to see how far the fingers will close.  Gradually, the pressure being 

supplied to the pneumatic cylinder is increased until the fingers are in a horizontal position.  
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Typically, the average firefighting glove required approximately 70 psi to achieve the 

clenched position desired. 

 

 

Figure 3.5 RadHand™ in clenched position 

 

 Once all of these parameters have been determined, the specimens were ready for 

testing.  The gloves were removed from the conditioning room one at a time while testing.  

Once removing the glove from the conditioned environment, the operator has 30 minutes to 

test the specimen before it must be reconditioned.  The glove was carefully placed onto the 

hand, to prevent any disturbance to any of the sensors.  Once all of the fingers were in the 

correct place, a screwdriver or a narrow rod of some type was slid in between the fingers to 

make sure the glove was completely in the creases of the RadHand™. 
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 After getting the glove onto the RadHand™, the glove was clenched to ensure it was 

flexing properly.  Once the exposure time has been set, the test was started.  Paying close 

attention to the countdown, the gloved hand was positioned right in front of the heaters to 

start collecting thermal data.  As soon as the sensors are done collecting data, the hand was 

removed from the radiant heat source.  The glove was allowed to cool for one to two minutes 

and then was removed from the hand.  Some gloves could be easily removed without any 

trouble.  However, leather gloves had the tendency to shrink after exposure to the high heat 

flux.  If it was not possible to get the glove off the RadHand™ without damaging the hand or 

the sensors, the glove was cut apart and then removed.  After removing the glove, the bare 

hand was allowed to cool down for an additional five minutes to get the average temperature 

of the sensors to around 30º C before performing the next test. 

 Once the results were collected, there were several different ways to display the 

results.  The burn results collected could be put onto graphical maps of the hand, as shown in 

Figure 3.6.  With this graphical display, one can determine where on the hand burns are 

predicted and to what extent, either second or third degree.  Another useful tool in this test 

was the ability to determine how long into the exposure the burns were occurring.   

A minimum of five replicates were tested for each type of glove.  These five 

replicates were tested without turning off the radiant heat panels or the RadHand™ system.  

Once these data were collected, the results were be evaluated by averaging the total burn 

percentage of the five replicates together. 
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Figure 3.6 Graphical output from RadHand™ test 

 

Chapter 4. Results and Discussion 

After developing a test procedure for the RadHand™ system and reducing variability 

from the test, four separate experiments were performed.  The first series of experiments 

studied the repeatability and the reproducibility of the RadHand™ test method.  These tests 

were performed using two different firefighting gloves, identical in construction but 

incorporating two different outer shell materials.  The two gloves were tested on four 

different days at five replications per day.  After collecting four sets of data across those four 

days, calculations were performed to discern how variable the test was.  These procedures 

and results are discussed in Appendix 2.  
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 The second experiment performed was a study of the material effects of structural 

firefighting gloves.  For this experiment, a special set of prototype gloves were constructed.  

The composites for each of the eight gloves are listed in Table 4.1.  Whereas most 

commercial gloves have different thumb styles, finger lengths, and the inner layers are 

connected using different methods, these eight gloves were constructed exactly the same for 

the purpose of isolating the effects of materials to a glove radiant protective performance as 

measured on RadHand™.  

 

Table 4.1 Test Gloves 

Glove 

ID 

Outer Shell 

(Palm) 

Outer Shell 

(Back) 
Thermal Liner 

Moisture 

Barrier 

CHR 

reinforcement 

layer 

1 Goat Leather 
Para-aramid 

Fabric 

Para-

aramid/Meta-

aramid spacer 

Non-

woven/knit 

bicomponent 

None 

2 Goat Leather 
Para-aramid 

Fabric 

Para-

aramid/Meta-

aramid spacer 

Non-

woven/knit 

bicomponent 

Meta-

aramid/PTFE 

membrane 

3 Goat Leather 
Para-aramid 

Fabric 

Para-

aramid/Meta-

aramid spacer 

Non-

woven/knit 

bicomponent 

Polyurethane 

4 
Para-aramid 

Knit Fabric 

Para-aramid 

Knit Fabric 

Para-

aramid/Meta-

aramid spacer 

Non-

woven/knit 

bicomponent 

None 

5 Cow Leather Cow Leather 

Para-

aramid/Meta-

aramid spacer 

Non-

woven/knit 

bicomponent 

None 

6 Goat Leather Goat Leather 

Para-

aramid/Meta-

aramid spacer 

Non-

woven/knit 

bicomponent 

None 

7 Goat Leather 
Para-aramid 

Fabric 

Para-

aramid/Meta-

aramid spacer 

None None 

8 Goat Leather 
Para-aramid 

Fabric 
None None None 
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The materials used in these gloves were evaluated using four other thermal protection 

tests: Thermal Protection Performance (TPP), Radiant Protection Performance (RPP), 

Conductive Heat Resistance (CHR) and Pyrohands®. These tests are correlated to the 

RadHand™ later in this chapter.   

  The third experimental series in this research investigated the effects of moisture on a 

glove radiant protection performance test.  In this experiment, two moisture conditioning 

methods were performed on a selected range of structural firefighting gloves.  Of these two 

methods, the most practical and consistent method was chosen, and then utilized before 

testing gloves on the RadHand™.  These method descriptions and results are shown in 

Appendix 3. 

 The final set of experiments investigated how reinforcements added to the back of a 

glove affected test results collected by the RadHand™.  One of the drawbacks of using the 

stored energy or RPP tester is that they only possess one sensor, located in the middle of a 

swatch level composite.  In this setup, these two radiant exposure tests can only evaluate the 

material effects of a structural firefighting glove and are unable to evaluate is the overall 

construction of the glove.  The RadHand™ is capable of evaluating material effects, as well 

as the construction of the glove, the effects of extra reinforcements and extra layers of air.  

This final experiment, shown in Appendix 4, shows how the RadHand™ test can be a more 

valuable test than either stored energy or RPP. 
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4.1 Effects of Glove Materials on Protection from Radiant Heat 

 This experiment explored the effect that materials have on protection against low 

level radiant heat exposures.  These experiments were performed by evaluating eight 

prototype gloves on the RadHand™.  Each glove was made identically construction wise, the 

only differences being the materials that they were comprised of.  These layers, described in 

Table 4.1, consist of three different outer shells, a para-aramid and meta-aramid blended 

thermal liner, a moisture barrier, and two different reinforcement layers that are utilized for 

protection for the back of the hand.   

 

 

Figure 4.1 Prototype gloves 
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The thickness of the materials used in the prototype gloves played an important role 

on the protection provided from radiant heat.  In Table 4.2, the physical characteristics of the 

materials used are listed including the basis weight and the thickness.  As shown in the table, 

the three outer shell materials all differ in thickness.  The goat leather is the thinnest of the 

shell materials, followed by the para-aramid fabric, with cow leather being the thickest. 

 

Table 4.2 Thicknesses of materials used in prototype gloves 

Material Thickness (mm) Basis Weight (g/m^2) 

Goat Leather 0.98 455.29
 

Para-aramid Knit Fabric 1.34 387.73 

Cow Leather 1.82 1080.36
 

Para-aramid/Meta-aramid spacer 

and Moisture Barrier 
2.24 n/a 

Meta-aramid/PTFE membrane 0.64 155.56
 

Polyurethane membrane 0.06 92.09
 

 

 

 Unlike the previous testing that was performed for exposure times of 240 seconds, 

these gloves were exposed for 120 seconds.  This was because after exposing the gloves for 

four minutes, they typically yielded burn percentages of 90 to 100 percent.  By reducing the 

exposure time to two minutes, the results revealed more differences in the radiant heat 

protection for this group of gloves, as shown in Figure 4.2.   
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Figure 4.2 Prototype gloves burn percentages 

 

The first material effect observed is related to the different outer shells in gloves one, 

five, and six, shown in Figure 4.3.  The knit Kevlar fabric shell glove yielded a predicted 

burn of about 27 percent.  The burn percentage increased to 33 percent when the goat leather 

outer shell is used in the same configuration.  Finally, for the cow leather shell, the overall 

burn percentage dropped to around 12 percent.  These data show the effect of increased outer 

shell thickness on radiant heat protection.  As the thickness of the shell materials decreased, 

the burn percentage increases, holding all other factors constant. 
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Figure 4.3 Effect of Shell Materials on RadHand™ test 

  

 The second material effect observed was the effect of the number of layers in the 

glove construction.  Figure 4.4 shows that by the typical three layer glove with a fabric outer 

shell material yielded a total burn percentage of about 26 percent.  With removal of the 

moisture barrier layer, the burn percentage increased to 48 percent.  When both the moisture 

barrier and the thermal liner components were removed, the burn percentage increased to 88 

percent. 
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Figure 4.4 Layer removal comparison from RadHand™ test 

 

Some commercially available structural firefighting gloves feature an additional layer 

inserted between the outer shell and the inner layer(s) of the back of the glove.  One of the 

reasons this insert may be incorporated into the back of the glove is to ensure that the glove 

will pass the CHR requirement of the NFPA 1971. [11]  The CHR test calls for applying a 

composite sample on a 536 degree Fahrenheit hot plate under a specified pressure.  The 

pressure applied to the back of the hand has increased from 0.5 to two psi due to more 

injuries occurring to the back of the hand.  To account for this increase in performance 

standards, glove manufacturers added these extra layers to pass the required limits.   

Two separate reinforcement layers were used in gloves two and three: a meta-

aramid/PTFE membrane and a thin polyurethane.  The meta-aramid/PTFE membrane was 

utilized in glove two and the polyurethane was used in glove three.  Other than these two 
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materials, glove two and three were constructed in exactly the same way.  The construction 

of the gloves was identical, the same moisture barriers and thermal liners were used, and both 

of the outer shells consisted of a para-aramid fabric on the back of the glove and goat leather 

on the palm.  Due to those factors, it was easier to draw comparisons between the two gloves 

when tested on the RadHand™. 

Figure 4.5 shows a comparison between the results collected on the RadHand™ for 

gloves one, two and three.  All three of these gloves are identical in construction and make 

up of materials.  The only differences are the extra layer of meta-aramid/PTFE membrane 

added to glove two and a layer of polyurethane in glove three.  These data show that the 

standard design for the prototype glove without any additional layers receives a total percent 

burn of approximately 33.33 percent.  When adding a layer of meta-aramid/PTFE membrane 

between the outer shell and the inner liners, the total burn percentage drops to 15 percent.  

However, when inserting a layer of polyurethane, the total burn percentage is higher than the 

glove without the extra layer, at around 48 percent. 
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Figure 4.5 CHR reinforcement comparison from RadHand™ test   

 

One would expect that adding extra layers of material would benefit the level of 

protection from radiant heat.  However, with the polyurethane, this is not the case.  When 

looking at the thicknesses of the two reinforcement layers, the membrane has a thickness of 

0.64 millimeters, which is approximately ten times as thick as the polyurethane membrane 

which has a thickness of only 0.06 millimeters.  So the meta-aramid/PTFE membrane is 

expected to provide more protection due to that factor, though it is not expected that the 

addition of the polyurethane would hurt the protection of the glove.  In examining glove three 

with the extra polyurethane layer after it had been tested, it was observed that the membrane 

had melted to both the outer shell and to the thermal liner. 

The cause of this thin polyurethane exacerbating predicted burn to the back of the 

hand is currently unknown.  One possible explanation of this unexpected result could be 
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some unforeseen chemical reaction occurring while the glove is being exposed the radiant 

heat flux.  However, further research is needed to study the effects of radiant heat on this 

particular polyurethane. 

 

4.2 Correlations Between Test Methods 

 The prototype gloves were used to study comparisons between other thermal 

protection tests and the RadHand™.  A total of three replicates of each prototype glove were 

tested on the RadHand™.  Three replicates of each prototype were also tested using the 

Pyrohands® Fire Test System.  In addition to these whole glove tests, three bench level tests 

were also used to evaluate the gloves when cut into swatch composites, using three replicates 

of each glove.  All of these tests were compared to see if there was any correlation between 

them. 

 As shown in Figure 4.6, there is a strong correlation between the RadHand™ test and 

the RPP test.  This is to be expected because these tests are similar in exposure parameters, 

with both tests providing a heat flux of approximately 0.2 cal/cm
2
-sec.  Though these tests 

seem to be very similar, there are certain aspects the RadHand™ test can show that couldn’t 

be shown by a bench level radiant test.  This is further examined in Appendix 4. 
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Figure 4.6 Correlation between RadHand™ and RPP of glove composite 

 

 The next comparison that is examined is between the RadHand™ and the 

Pyrohands®.  These two tests do not correlate very well, with an R-squared value of around 

0.328.  There were two outliers in this correlation that gave some unexpected results.  Glove 

five, which was constructed out of cow leather with the standard moisture barrier and thermal 

liner, performed very well on the RadHand™ as expected due to the thickness of the leather.  

However, on the Pyrohands® it performed poorly, yielding almost 70 percent total burn.  

This may have been due to a shrinkage factor with the cow leather, as shown in Figure 4.7. 
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Figure 4.7 Glove five after tested on Pyrohands® (left) compared to original (right) 

 

Glove six also provided unexpected results when tested on the Pyrohands®.  With the goat 

layer being one of the thinnest shell materials, one would think that it would not perform well 

when exposed to flash fire conditions.  It also shrank considerably compared to its original 

size, as shown in Figure 4.8.  However, it did not receive any burns on the back of the hand.   
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Figure 4.8 Glove six after tested on Pyrohands® (left) compared to original (right) 

 

Gloves one, seven and eight, a three layer glove, a two layer glove, and a single layer glove, 

respectively, performed as expected.  On both tests, glove eight received close to 100 percent 

burn percentage.  Glove seven performed at a moderate level, receiving close to 50 percent 

total burn on both tests and Glove one provided adequate protection.  On the RadHand™, it 

yield approximately 30 percent total burn and on the Pyrohands® it yielded no burns. 
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Figure 4.9 Correlation between RadHand™ and Pyrohands® 

 

 There was also little correlation between TPP and the RadHand™ with an R-squared 

value around 0.349.  The first factor that should be considered when comparing these two 

tests is the fact that they are two different types of exposures.  While the RadHand™ uses a 

low level radiant heat flux of 0.2 calories per centimeters squared per second, the TPP uses a 

flux of two calories per centimeters squared per second.   

Two of the outliers on this comparison are gloves five and six, both of which are 

comprised of leather material on the outer shell.  When testing leathers on the TPP, they tend 

to shrink and move away from the sensor, as shown in Figure 4.10, which will yield a false 

TPP value.  This could be another reason for the low correlation. 
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Figure 4.10 Shrinkage of leather from TPP test 
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Figure 4.11 Correlation between RadHand™ and TPP 

 

 The next correlation shown here is between the RadHand™ and CHR.  Again, there 

is no significant correlation between these two tests, with an R-squared value of 0.2443.  As 

with the previous comparison, there are two different exposure levels used for these tests.  

The CHR test is purely a conductive test, measuring the amount of heat transfer that is 

conducted through a glove composite when in contact with a 536 degrees Fahrenheit hot 

plate.  As shown in Figure 4.12, gloves two and three yielded the best values on the CHR test 

by far, due to the addition of an extra layer between the outer shell and thermal liner.  

However, on the RadHand™, these two gloves performed moderate to worse compared to 

NFPA Pass/Fail: 35 cal/cm^2 
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the other gloves.  Glove three was actually one of the worst performing three layer gloves on 

the RadHand™, the only ones performing worse being the one and two layer gloves.   

 The CHR test method is one of the two tests that are currently used in the NFPA 1971 

standard for thermal protection.  However, this test is not an accurate representation of what 

dangers are presented to the hands during a fire.  This is demonstrated by the correlation 

shown in Figure 4.12.  Even though gloves five and six perform just as well or better than 

any of the other six gloves on the RadHand™, they do not meet the CHR requirements set by 

the NFPA to be utilized as a structural firefighting glove.  According to the NFPA, a 

composite representing a structural firefighter’s glove must have a time to pain of six seconds 

and a time to burn of at least ten seconds.   
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Figure 4.12 Correlation between RadHand™ and CHR 

 

 Another comparison that is shown using these prototype gloves is between the 

Pyrohands® and the TPP test.  As shown in Figure 4.13, there is a good correlation between 

these two tests, with an R-squared value of 0.736.  This is an important correlation because 

the Pyrohands® test is just a whole glove test version of the TPP test.  However, the TPP test 

tends to yield misleading data when testing leathers due to their tendencies of shrinking when 

exposed to high heat fluxes.  The Pyrohands® test method is capable of accounting for this 

because when the gloves shrink, they contract towards the sensors, indicating what would 

happen in real situations. 

NFPA Pass/Fail: 10 seconds 

NFPA Pass/Fail: 6 seconds 
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Figure 4.13 Correlation between TPP and Pyrohands® 

 

Chapter 5. Summary and Conclusions 

5.1 Summary 

 The major finds of this research can be summarized as follows: 

 The RadHand™ is a repeatable test method.  After testing five replicates of two 

separate gloves in four different sittings, the coefficient of variability was found to be 

approximately ten percent using heat flux measurements from the ten sensors on the 

hand.  It is possible that these values could be even lower after improvements are 

made to the hand to protect the sensors. 

 A very high correlation was found between the RadHand™ and the RPP when 

conducting the prototype glove material testing.  However, there was a low 

NFPA Pass/Fail: 35 cal/cm^2 
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correlation when comparing the RadHand™ to the TPP and CHR tests.  Since the 

RPP is more comparable, it is not surprising to see such a high correlation.  The low 

correlation with the TPP could have to do with the shrinkage effect that is present 

when testing leather shell materials.  The low correlation with the CHR could be a 

result of the two tests using two different means of heat transfer, the CHR using 

conduction and the RadHand™ using radiation, as well as the intensities of the heat 

exposures.      

 The RadHand™ provides more useful data on the construction of a glove than any 

bench level test could.  The RadHand™ processes information not only on the 

material effects of a glove, but where on the back of the hand the burns are occurring 

due to the inclusion or omission of extra layers and reinforcements.  Another factor 

that isn’t considered in bench level testing, such as the RPP, is the layers of air that 

are typically found in between the glove.  

 

5.2 Conclusions 

 After examining all the data collected from this study, several conclusions can be 

drawn: 

 From the testing performed in this research, it was shown that the construction of a 

glove can be highly indicative of whether or not a certain portion of the hand will 

receive a predicted burn.  After getting the results, it could be determined if the 

constructional design of one glove is better or worse than another.  However, another 

key component of making a good quality structural firefighting glove is material 
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selection.  In this research, both knit fabric as well as leather was used as outer shell 

materials.  Leather is used in most firefighting gloves because of its thickness.  There 

are two drawbacks of using leather, however.  When exposed to flames, some leathers 

have a tendency to shrink more than fabrics.  Also, while the thickness of the material 

may be instrumental in protecting the hands from heat flux, its stiffness can be 

extremely prohibitive to the dexterity of a glove.  The knit fabric shell on the other 

hand permits more dexterity due to a decreased thickness.  The results gathered in this 

study also show that the knit fabric gloves performed almost just as well as the two 

leather gloves.  This result is ideal because it illustrates that the knit fabric outer shell 

can provide a glove with better dexterity while still providing just as much protection 

as a leather outer shell. 

 While it was shown when correlated that the RadHand™ and RPP have a strong 

correlation, there are still benefits to be gained from using a whole glove test as 

compared to a composite level test.  The RadHand™ is capable of not only predicting 

time to burn, but can also predict which portion of the hand is receiving the burn.  

This feature, which is not possible on the RPP due to the presence of only one sensor, 

can help determine which portion of a glove is not providing enough protection.  

Also, on the RPP, there are no air gaps present as one would find when adorning a 

glove to one’s hand.  The RadHand™, however, is capable of evaluating a glove as it 

would when worn in the field.  Furthermore, it has the capability of flexing to 

simulate how a glove would respond if flexed in the field. 
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 Throughout this research, a total of five different tests were performed: TPP, CHR, 

RPP, RadHand™, and Pyrohands®.  As stated before, only the TPP and CHR are 

utilized in the NFPA 1971 standard for evaluating structural firefighting gloves 

against dangers such as flammability and contact with hot objects.  Both the TPP and 

Pyrohands® simulate how a glove would respond to high heat fluxes at shorter 

durations.  Although, the Pyrohands® are a better representation of how a finished 

product would respond in the field since the TPP only tests swatch composites.  Not 

only do the Pyrohands® account for the construction of a glove when testing for 

thermal protection, they also eliminate ambiguity caused by the shrinkage of leathers 

when testing with TPP.  The addition of these radiant performance tests would 

evaluate gloves against a threat that is sometimes overlooked due to the fact that it is 

not as dangerous except for long durations of time.  By evaluating the protection 

provided by against low level radiant heat, the hands can be afforded more protection 

against the more prominent threats, specifically to the back of the hand.  While 

radiant heat is felt to be more of a threat to the back of the hand, the CHR is still a 

valuable test.  However, it may be a more realistic scenario for protecting the palm of 

the hand, not the back. 

 

These experiments demonstrate that the RadHand™ is a valuable tool for studying 

the effects of radiant heat on the back of the hand.  This testing device provides useful 

feedback about structural firefighting gloves and the protection they provide against radiant 
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heat.  These data will assist manufacturers in creating better gloves for firefighters and 

reduce burn injuries.   

 

5.3 Future Work 

 There are many other studies that could be conducted utilizing the RadHand™, 

including: 

1. Periodic Flexing: One of the benefits of the RadHand™ is its ability to flex a glove 

while exposing it to radiant heat.  The protocol that was utilized in this research was 

testing the hand in a “closed fist” position for the entire exposure.  This procedure 

was used because it was deemed to be a worst-case scenario and would be a simple 

way of comparing different gloves.  This feature is similar to that of the Stored 

Energy tester, which heats up the sample and then compresses it.  One of the 

drawbacks of this apparatus is that the sample can only be compressed after removing 

it from the heating source.  However, the RadHand™ is capable of compressing the 

sample while still being exposed to the heat source. 

A firefighter may be asked to perform a number of activities while fighting a 

fire that utilize their hands, such as manning water hoses or gripping the hand of an 

axe.  Whatever the task may be, it is accurate to say that a firefighter’s hands will be 

continuously flexing and relaxing during their endeavors.  The RadHand™ is also 

capable of flexing at certain time intervals throughout an exposure.  With this ability, 

an interesting study that the RadHand™ could analyze would be the effects of how 

flexing the hand numerous times while exposed to a radiant heat source affects the 
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burn potential of the hand.  This experiment could provide useful data in determining 

if how often a firefighter flexes their hand correlates to higher total burn percentage.  

 

2. Moisture Conditioning: Moisture conditioning was briefly explored in this research, 

but the results that were obtained did not deviate from the results that were obtained 

when testing the glove dry.  As discussed in Chapter 3, there were two methods that 

were investigated when trying to introduce moisture into the gloves which were the 

full immersion method and the shower spray method.  The full immersion method 

yielded the most consistent percent moisture pick up, therefore this was the method 

that was adopted.  However, it was determined that when soaking the gloves for too 

long, the excess moisture on the gloves were causing negative effects to the sensors 

and the hand.  On the other hand, when reducing the amount of moisture pickup in the 

glove, there was little to no difference between the wet gloves and the dry gloves. 

The full immersion method of moisture conditioning seems to be an effective 

technique for consistently getting a certain amount of moisture into a structural 

firefighting glove.  However, finding the point at which a certain amount of moisture 

put into a glove hurts protection rather than help it is something that could be 

explored in future research. 

 

3. Degradation Study: Unless a glove is physically damaged on the exterior by flame 

exposure, it is continuously worn even though there may be damage to that cannot be 

discerned from the physical appearance.  However, extended exposure to radiant heat 
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may degrade the not only the shell material of a glove, but the inner layers as well.  

Another interesting study that could be explored is the effects of testing gloves over 

several days.  For example, expose a glove to a radiant exposure for a length of time, 

and then return the glove to a conditioned environment for a period of time.  After 

that time has passed, expose the glove again to see how much protection that glove 

has lost after already being exposed to radiant heat. 
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Appendix 1.  Description of RadHand™ Apparatus 

 This section gives a detailed description of the RadHand™ apparatus and its different 

features.  The RadHand™ itself is made up of three separate subsystems: a water cooling 

system, a pneumatic flexing mechanism, and heat flux sensors.  Also described in this section 

are the radiant heater panels which provide the heat source for the test system.  

 

Water Cooling System 

The back of the hand and the fingers are water cooled with water lines that are 

embedded internally in the apparatus.  These lines keep the hand as close to the internal 

temperature of a human being as possible prior to testing.  Water is circulated through the 

system utilizing a heated water pump, shown in Figure A.1, which sends the heated water 

through the control box and to the hand.  After passing through the hand, the water is then 

recycled back through the control box and back into the pump reservoir, where it begins the 

cycle anew. 
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Figure A.1 Heated water pump 

 

Pneumatic Flexing System 

For the four primary fingers to bend, the apparatus has to be supplied with a line of 

compressed air.  The air lines pass through the control box where a regulator is located which 

allows the operator to choose the amount of pressure needed to flex the hand.  This feature is 

paramount, as not all gloves are capable of being flexed at the same pressures.  Certain 

gloves are stiffer than others depending on material, construction, and number of layers.  

Once given the signal from the computer, the control box will release the compressed air to 

pneumatic cylinder stored in the forearm section of the hand.  Connected to the cylinder is 

the connection hub which holds the cables which are connected to the four fingers of the 

hand.  This assembly is shown in Figure A.2.  When the cylinder moves to the downward 

position, it pulls the connection hub with it, which in turn pulls the fingers attached to the 
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cables into the clenched position.  The cables are inserted at the top of each finger into a 

designed opening and fed through a tube that comes out near the connection hub, where the 

cables are attached.  Each of the cables is crimped on the end so that they will not slide 

through the entry at the top of the finger.  After testing, the compressed air is released from 

the cylinder, allowing it, the connection hub, and the fingers to return to their normal 

position.  For testing purposes, the hand can flex for the entire duration of the exposure or 

periodically.  Periodic flexing is not studied in this research, mainly due to the fact that once 

the hand is unclenched, the stiffness of the glove prevents the fingers from completely 

returning to an unclenched position.   

 

 

Figure A.2 Pneumatic system assembly 

  



80 

 

Thermal Sensors 

 The sensors typically used for thermal protection testing are made from a copper 

material, shaped in a cylindrical fashion.  This type of sensor is utilized in short duration heat 

exposures, such as TPP and CHR.  The Pyrohands® sensors do not need water cooling, 

unlike the sensor used in the Stored Energy test.  Since radiant exposure tests are performed 

at longer durations, the sensors utilized have to be water cooled to prevent damage to the 

sensor.  It would be ideal if there was a way to incorporate a copper slug sensor into the hand 

similar to the one that the stored energy tester uses.  This would allow for better correlation 

to the stored energy test and could possibly yield more consistent results. 

 The sensors used on the RadHand™ are the micro-foil® heat flux sensors, made by 

RdF, one of which is shown in Figure A.3.  These sensors are both extremely thin and 

flexible, making them ideal for this application.  As shown in Figure A.4, there are ten 

sensors located on the back of the hand.  Two rows of four are found on the dorsum of the 

hand, and then one row of two is found on the wrist.  They are numbered from one to ten, 

which is also shown in the Figure A.4. 

 



81 

 

 

Figure A.3 Micro-Foil® heat flux sensor 
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Figure A.4 Heat flux sensor placement  

 

 Before heat flux sensors, the typical protocol for measuring heat transfer was to equip 

two temperature measuring devices on both sides of the object one was trying to measure the 

heat transfer through.  One would then calculate the difference between the two readings and 

use this to determine the heat gain or loss through the object.  However, to do it this way, one 

must know the thermal characteristics of the material.  Often, it is not desirable, or even 

possible, to install temperature reading devices on both sides of the rigid object.  Another 

problem with this approach is the fact that the thermal characteristics of a material are not 

always known. 
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 The heat flux sensor used on the RadHand™ eliminates these problems.  Each sensor 

uses two temperature reading thermocouple elements separated by a thermal insulating 

material.  A schematic of this setup is shown in Figure A.5.  The thermocouples are oriented 

to oppose each other, so that the combined output is zero when there is no temperature 

difference.  As heat is introduced to the sensor and begins to heat the first thermocouple, T1, 

it generates an increased voltage.  As the heat travels through the insulating material to reach 

the second thermocouple, T2, the voltage at the first thermocouple remains higher to produce 

a differential voltage output. 

 

 

Figure A.5 Schematic of heat flux sensor  

 

These sensors are attached to the back of the hand using a chemical bonding 

adhesive.  After placement of the sensors, a piece of cardboard or a thin sheet of plastic is 

placed over the sensors.  The entire hand is then wrapped with electrical tape to apply 

pressure to the sensors while they are drying, as shown in Figure A.6.  The sensors are given 

T1 

T2 

Thermal insulating material 
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24 hours to dry, and afterwards the tape is removed and the sensors are spray painted black.  

It is important that the sensors are in complete contact with the hand.  Due to the rounded 

shape of the back of the hand, a thin and flexible sensor allows the sensors to remain intact.  

Thicker, more rigid sensors have a tendency to peel off. 

 

 

Figure A.6 Installation of sensors onto the RadHand™ 

  

Radiant Heaters 

The heat source for the RadHand™ is provided by four 38 × 7.5 centimeter radiant 

panels, arranged in a semi-circle to provide an incident heat to the hand form, as shown in 

Figure A.7.  The radiant panels are attached to a thick slab that serves as the platform for the 

entire device.  After determining where to place each of the heaters, holes were drilled into 

the platform, and the heaters were attached using quarter-inch bolts. 
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Figure A.7 Radiant heater panel arrangement  

 

 After attaching the heater panels, the next step was to angle the heaters away from the 

hand so that the heat exposure was equally distributed up and down the back of the hand, and 

not only from side to side.  This is important, because the top row of sensors, being at the top 

of the hand, are a little closer to the heater panels than the two bottom rows.  Therefore, the 

heaters need to be slightly tilted away from the hand to obtain a more uniform distribution.  

To accomplish this, shims utilized in automotive applications to adjust the clearance between 

two parts are used to angle the heaters.  Shims of different thicknesses were placed under the 

base of each heater panel while observing the effect of the heat flux on the hand.  After 
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getting as close as possible to an equal distribution of heat up and down one portion of the 

hand, the other three heaters are adjusted the same way. 

 

Appendix 2.  Repeatability and Reproducibility of the RadHand™ 

The purpose of this section is to address variability that was originally found in the 

RadHand™ testing procedure.  The RadHand™ is a tool utilized for evaluating the 

protection a structural firefighting glove provides against radiant heat exposures.  However, 

this device was deemed to be somewhat variable upon initial testing.  This section will go 

through the adjustments that were made to the testing method as well as the testing apparatus 

to eliminate some of the variability.  Also, the experiment that was used to analyze the 

variability of the RadHand™ test will be discussed in detail.  These tests were performed 

utilizing two different firefighting gloves, similar in construction, however containing two 

different shell materials.  These gloves, shown in Figure A.8, will be referred to as Glove X 

and Glove Y.  Glove X (red trim) has a goat leather outer shell while Glove Y (yellow trim) 

uses a Kevlar knit layer on the back side of the glove.  These two gloves were used in this 

experiment because of their similar constructions.  
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Figure A.8 Glove X and Glove Y used for variability testing 

 

Initially, when the hand was first assembled, the tests were performed inside a 

ventilated hood.  At the time, there seemed to be great amounts of inconsistency when trying 

to calibrate the hand.  Not to mention, when testing replicates of the same glove in one 

sitting, the results obtained were inconsistent.  After investigating both the setup of the hand 

and the apparatus, several aspects were noticed that could have played roles in the increased 

variability of the test.  The main factor that weighed into the variability of the hand was the 

air velocity produced by the ventilation hood.   

Originally, tests were conducted with the hood air velocity set at moderate to high.  

This was causing air to move in between the hand and the radiant heater panels during 

exposures.  Not only was this interrupting the heat flow to the hand and creating inconsistent 
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heat flux readings, the air flow was introducing a convective heat transfer method in addition 

to the radiant heat transfer.  Another factor contributing to the increased airflow across the 

hand was the height of the hood sashes.  As shown in Figure A.9, the RadHand™ apparatus 

is situated on the left hand side of the fume hood.  In previous testing, the hood sashes were 

pulled approximately half way down.  With a smaller area for the fume hood to pull air 

through, this was inadvertently increasing the air velocity across both the RadHand™ and the 

radiant panels, causing even more variability. 

 

 

Figure A.9 RadHand™ setup with hood sashes partially open 

  

To help alleviate some of the variability caused by the air flow across the hand, two 

adjustments were made.  First, the velocity at which the fume hood pulled air was reduced to 

the minimal setting so that little to no air was passing across the RadHand™ or the radiant 
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panels.  Secondly, to ensure that each exposure was consistent, when testing the RadHand™ 

apparatus, both hood sashes are elevated to their highest positions, as shown in Figure A.10.  

 

 

Figure A.10 RadHand™ setup with hood sashes fully open 

  

Where the previous adjustments were specific towards the calibration of the bare 

hand, there were also adjustments made to ensure that each of the gloves tested were flexed 

to the same degree.  When beginning the preliminary testing after the hand was first setup, it 

was noticed that not all replicates of the same glove flexed to the same position when 

utilizing the same pressure.  To try and correct this, prior to testing the gloves, each replicate 

would be placed on the RadHand™ and flexed to the point where the fingers were oriented in 

a horizontal position, as shown in Figure A.11.   



90 

 

 

Figure A.11 Appropriate clench position for RadHand™ 

  

Initially, 30 psi is applied to the gloved RadHand™ to see how far the fingers will close.  

Gradually, the pressure being supplied to the pneumatic cylinder is increased until the fingers 

are in a horizontal position.  Typically, the average firefighting glove required approximately 

70 psi to achieve the clenched position desired.  Once the fingers are in the correct position, 

the pressure is recorded for that particular glove.  After performing this for each of the 

gloves, all of the pressures are recorded and this pressure is used to flex each of the 

replicates.  Hopefully, by utilizing this procedure, some of the variability will be eliminated 

from the test.  

One factor that gets overlooked when testing whole gloves and not composites is the 

fact that even though the gloves may be manufactured by the same company, not all of them 

are going to be constructed identically.  Some of the gloves inner layers may get attached in 



91 

 

different places or more adhesive may be utilized in one glove as opposed to another.  When 

testing fabric composites on the SET or TPP, it is easy to duplicate a 6" by 6" swatch and 

because it is lying flat against the sensor, there are no concerns of construction factors.  

However, when testing a glove, there is somewhat of a, “3D effect” 

Once all of the adjustments were made to remove as much variability as possible 

from the test, an experiment was performed to observe if the results yielded repeatable and 

reproducible results.  These two gloves were tested on four different days at five replications 

per day.  Each glove was exposed to 0.2 cal/cm
2
-sec for 240 seconds, conditioned using the 

dry preconditioning protocol, and remained clenched for the entire exposure.  After 

collecting four sets of data across those four days, calculations were performed to discern 

how variable the test was. 

To assess the variability of the RadHand™, the coefficient of variability was 

calculated using the total heat flux collected by each of the ten sensors, using the equation 

below.   

    
 

 
 

Where, 

 σ = standard deviation 

 µ= mean 

 

The ten heat flux values that were collected from each of the sensors on the back of the hand 

were added together and then the coefficient of variation was calculated.  These results, 
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shown in Figure A.12, illustrate that the results obtained on each day of testing produced a 

coefficient of variability of approximately ten percent.  This proves that the RadHand™ test 

method is repeatable.  

 

 

Figure A.12 Coefficient of variability within each day 

  

Also shown here in Figure A.13 is the coefficient of variability when looking at all four days 

of testing.  Here it is illustrated that not only is this test repeatable, but it is also reproducible. 
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Figure A.13 Coefficient of variability over all days of testing 

  

 

Appendix 3.  Effects of Moisture 

When evaluating procedures for preconditioning structural firefighter gloves with 

moisture, three approaches were considered.  The first two designs included wetting only the 

shell material of the glove, and not the interior layers.  For the first method, the glove was 

immersed into a pool of deionized water.  The second method involved saturating a glove by 

holding it underneath a showerhead for a set allotment of time.  After each of these two 

separate methods, the glove was placed in a gallon bag and sealed and placed in a 

conditioned environment as previously described for 20 to 30 hours.   

In addition to these two methods, another protocol was used to introduce moisture on 

the interior of a glove to simulate sweat from fire fighters’ hands.  Typically, shell materials 
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used in firefighting gloves are water-resistant, so moisture will infrequently reach the interior 

layers.  Therefore, a mechanism for introducing moisture to the inside of the glove was 

thought necessary.  This involved soaking a cotton glove in deionized water and wringing 

them until they achieved a moisture pickup of between 60 to 70 percent.  After determining 

the moisture pickup, the cotton glove was inserted into the structural firefighting glove.  It 

was then placed in a plastic bag and left in a conditioned environment at 21ºC and 65% 

relative humidity for at least 20 hours.  This process proved to be tedious and time 

consuming.  Also, after observing several of the gloves that were moisture preconditioned 

with the showerhead and immersion methods, it was determined that moisture was still 

saturating the inner layers due to being sealed in a plastic bag. 

The full immersion moisture preconditioning method is similar to another method 

found in the NFPA 1971 Standard on Protective Ensembles for Structural Fire Fighting and 

Proximity Fire Fighting.  This method entails immersing a structural firefighting glove in 

water at a temperature of 21 ± 3ºC for two minutes.  Afterwards, the glove is hung in a 

vertical position with the opening facing downwards for five minutes. [11] The immersion 

method that was investigated for use on testing with the RadHand™ utilized this same 

protocol. 

Gloves were dipped into a bucket of water at the appropriate temperature for two 

minutes.  In the NFPA 1971 standard it calls for the glove to be completely immersed in the 

water.  However, in this method the glove was only dipped into the water up to 

approximately a 0.5 inch above the cuff, as shown in Figure A.14.  The reasoning for not 

completely immersing the specimen was concern about causing damage to the RadHand™.  
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When completely saturating the glove, inside and out, it becomes much more difficult to don 

the glove onto the RadHand™.  When trying to pull down the glove over the hand, the added 

moisture to the interior layers causes the sensors to start peeling away at the corners.  This 

can be a problem since the thermal sensors must remain in complete contact with the surface 

to be able to effectively measure the heat flux coming from the radiant panels.   

 

 

Figure A.14 Partial immersion moisture conditioning method 

  

After immersing in water, the method continues to follow the same one from the NFPA 

standard, by hanging the glove by the pinky finger for five minutes, as shown in Figure A.15.  

Lastly, the gloves were placed in an air sealed gallon sized plastic bag and left for 24 hours.   
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Figure A.15 Glove hung vertically in moisture preconditioning 

 

 The second moisture preconditioning method that was studied in this research 

focused on saturating the glove specimen by using a spray method as opposed to the partial 

immersion method.  To achieve this, a device equipped with a showerhead was designed to 

saturate the gloves.  Before each day of conditioning, the output of water from the 

showerhead was measured to ensure that the flow rate remained constant.  The flow rate was 

kept at approximately 1.2 gallons per minute throughout the study.  When conditioning with 

this method, the gloves were first donned by a human subject.  The subject would begin 

conditioning by placing the gloved hand under the showerhead, orienting the glove so that 

the palm was facing to the side, as shown in Figure A.16.  The glove was then held there for 

two minutes.  After this period of time passed, the subject rotated his hand 90 degrees, as to 

soak the back of the glove.  All four sides of the test specimen were held underneath the 
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showerhead for two minutes as described here.  After soaking all four sides, the gloves were 

then removed and hung for two minutes like from the first method, and then placed in a 

sealed gallon bag for 24 hours. 

 

 

Figure A.16 Shower spray moisture conditioning method 

 

 As shown in the results that follow, it was decided that the partial immersion method 

was the most consistent form of moisture preconditioning, as well as the least time 

consuming and labor intensive.  However, it was determined that submerging the gloves for 

two minutes was saturating them too much, whereas the gloves were still dripping wet and 

creating problems when donning them to the RadHand™.  Therefore, test gloves were 

immersed for shorter periods of time and hung for longer periods to allow as much excess 

water to drip off the specimen.  Ultimately, the gloves were submerged for 15 seconds and 
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then hung for four minutes.  After sitting for 24 hours, it was confirmed that the shortened 

immersion time did not saturate the gloves nearly as much, causing less potential damage to 

the sensors and the RadHand™. 

The first goal when investigating moisture preconditioning was to identify a protocol 

that would provide a means of adding the same amount of moisture to a glove sample 

consistently.  The two methods that were explored, the full immersion method and the 

shower spray method, were tested using three commercial structural firefighting gloves.  

These three gloves, shown in Figure A.17, represent three gloves all produced by different 

manufacturers.  These gloves were selected because they represent three different 

constructions of structural firefighting gloves.  Glove J, the middle glove in Figure A.17, was 

a two layer glove with a shell constructed out of brushed pigskin.  Both glove A (left) and N 

(right) had three layers.  However, glove A had a shell material made out of cow leather, 

while glove N was made out of kangaroo skin.  Each of these gloves was subjected to the full 

immersion method as well as the shower spray method using five replicates.  Afterwards, 

they were placed in a gallon sized plastic bag and left in a conditioned environment for 20 to 

24 hours, as seen in Figure A.18. 

 



99 

 

 

Figure A.17 Gloves A, J, and N used in moisture conditioning experiments 

 

  

Figure A.18 Gloves A, J, and N after moisture conditioning 
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 Once the gloves were removed from the bags, their masses were recorded and then 

the percent moisture pickup was calculated using this value and the mass of the glove before 

conditioning.  The equation used for calculating this value was: 

            
                       

            
      

 

These results are shown in Figures A.19 and A.20. 

 

 

Figure A.19 Percent moisture increase for glove A, J, N using full immersion protocol 
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Figure A.20 Percent moisture increase for glove A, J, N using shower spray protocol 

 

After these values were calculated, they were compared by calculating the coefficient 

of variability between the two methods.  These results, shown in Figure A.21, show that the 

full immersion protocol was a more consistent method than the shower spray.  Therefore, it 

was adopted into the test method. 
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Figure A.21 Coefficient of variation for moisture pickup in gloves A, J, and N 

 

 As stated, the longer immersion time had to be reduced because of the potential 

threats to the sensors and the hand.  A shorter immersion time was set at 15 seconds to try 

and reduce the amount of water that was absorbed into the glove.  The gloves were also 

allowed to hang for four minutes to allow the gloves to finish dripping.  These tests were 

performed with the same gloves that were utilized in the variability study, gloves X and Y.  

Each glove was exposed to 0.2 cal/cm
2
-sec for 240 seconds, conditioned using both the dry 

and wet preconditioning protocols, and remained clenched for the entire exposure.  Figure 

A.22 reveals that there is not a lot of difference between the dry and wet gloves when tested 

on the RadHand™. 
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Figure A.22 Burn percentages of moisture preconditioned gloves 

 

This could be occurring because there is not a great deal of moisture left in the glove after 

letting it hang for four minutes during the conditioning phase.  By reducing the amount of 

moisture that is absorbed into the glove, the glove provides approximately the same level of 

protection that a dry glove would. 

 

Appendix 4.  Construction Effects 

The final portion of this research investigated what benefits the RadHand™ could 

provide that would be overlooked by using a bench level test, such as an RPP test.  The main 

goal of this experiment was to show how the removal of reinforcements on the glove would 

be easily detected when testing it on the RadHand™.  While the RPP tester only utilizes one 

sensor, the RadHand™ incorporates ten sensors which allow one to see how the addition or 

subtraction of reinforcements can affect where a burn is found on the hand.  For this 
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experiment, a commercially available structural firefighting glove was utilized, which is 

shown in Figure A.23.  This glove was ideal for this testing because it possessed 

reinforcements on the back of the hand which could be easily removed.   

 

 

Figure A.23 Glove used to study construction effects 

 

 The gloves that were used in this experiment did a good job of illustrating this idea.  

The upper portion of the glove is reinforced underneath the strips of black fabric with two 

layers of coarse sand paper.  To see how these extra layers of reinforcement affected the 

percentage of burn encountered by the hand, this glove was tested as it is normally 

manufactured and then tested with these extra layers removed.  These results are shown in 

Figure A.24.  These gloves were tested under the same conditions which are found in 

Appendix 2.  Each glove was exposed to 0.2 cal/cm
2
-sec for 240 seconds, conditioned using 

the dry preconditioning protocol, and remained clenched for the entire exposure. 
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Figure A.24 Burn percentages of glove with and without reinforcement 

 

As illustrated, with the reinforcement removed, the burn percentage is increased by 

approximately 15 percent.  Though this information is useful, it is only a portion of what is 

shown from this test.  In Figure A.25, the burn maps taken from two of the tests performed 

specifically show how removing the extra layers at the top of the hand affect the overall burn 

percentage.  The burn map on the left is the glove with the reinforcements intact, while the 

burn map on the right shows the glove with the reinforcements removed. 
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Figure A.25 Burn maps of glove with (left) and without (right) reinforcement 

 

This experiment illustrates the usefulness of the RadHand™ and how it is capable of not only 

predicting the time it takes to reach a second or third degree burn, but also provides 

information on where on the back of the hand the burn is occurring.  Not only is this useful 

for assessing the placement of reinforcement, but also the overall construction of a glove and 

the effects it has on burn potential. 

 

Appendix 5.  Recommendations for Engineering Improvements on RadHand™ 

While operating the RadHand™ and performing tests on gloves, several notes were 

taken on possible improvements that could be made to this device for future models.  This 

section will elaborate on some of these ideas. 
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Protective Cover for Sensors 

 One of the biggest issues with the RadHand™ are the sensors tend to come loose after 

extensive testing.  This typically occurs when attempting to the get the gloves on and off of 

the hand.  Some of the structural firefighter gloves are tighter on the hand than others, and 

require more force to pull down.  When adorning a glove to the hand, the glove tends to 

scratch and pick at the corners or the sensors, so that after a few days of testing, some of the 

sensors are beginning to peel off.  As stated before in the method section, for the sensor to 

give the most accurate reading it must remain in complete contact with the surface it is 

attached to.  If there is any gap, then the sensors will not yield an accurate reading.  Due to 

this, any time after testing, if there appears to be any sensor that is starting to peel off, the 

sensor must be reattached.  After getting the sensor reattached, it will take at least 24 hours to 

dry.  So having to reattach sensors this frequently is not conducive to testing on successive 

days.   

As mentioned previously, adding moisture to the gloves also tends to have a negative 

effect on the sensors.  Because the glove is saturated with water after moisture conditioning, 

it becomes a little bit heavier and a little more difficult to get onto the hand.  Again, the glove 

seems to pick at the corners of the sensors, causing them to peel off and yield inaccurate heat 

fluxes. 

 Earlier, it was proposed that this problem could be solved by replacing these sensors 

with a more durable copper slug sensor.  However, there is another option that would allow 

the hand to continue using the micro-foil sensors.  As was previously stated, the problem 

with the current sensors is their tendency to peel off near the upper corners when pulling a 
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glove onto the hand.  One way to remedy this issue is by placing some type of protective 

cover over the top part of the sensors.  However, this could cause damage to the sensor itself, 

and it would have to be capable of being removed fairly easily to repair any loose or faulty 

sensors.  Not to mention, there could be the potential risk of pulling these attachments off 

when trying to get a glove onto the hand for testing. 

 Another option that seems to have a better upside is the idea of implementing grooves 

above the area where each sensor is supposed to be located, as shown in Figure A.26.  This 

way, each sensor that is applied will be slid underneath this tiny slot, so that the top corners 

of the sensor are covered up.  By using this strategy, no attachments on the hand will be at 

risk of peeling off while adorning a glove to the hand. 

 

 

Figure A.26 Sensor slid underneath groove for protection 
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Implementation of Copper Slug Sensors 

 Besides adding protective measures to help ensure that the sensors do not peel off and 

become loose, another idea was to replace the micro-foil sensors with copper slug sensors.  

There are a number of reasons to use this type of sensor.  However, there are a number of 

 drawbacks as well.  Figure A.27 gives an example of what the new sensor arrangement 

might look like.  Obviously the sensors will be a little larger than the sensors being used now, 

so there would not be enough room for more than five or six of them. 

 

 

Figure A.27 Implementation of copper slug sensors 

 

 One of the main reasons why these sensors would work better on the RadHand™ is 

their durability.  As stated previously, the sensors currently used on the RadHand™ do not 
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hold up very well, and begin to peel off after repeated testing.  Unlike the micro-foil sensors, 

however, the copper sensors will be attached through the inside of the hand rather than being 

stuck to the outside of the hand using industrial strength adhesive.  This should ensure that 

the sensors will remain on the hand without the concern of needing reattachment on a 

consistent basis.  Another positive about these sensors is the fact that they are used in all the 

other test methods, including TPP, CHR, Stored Energy, and Pyrohands®.  If they were to be 

included in the RadHand™, this test would correlate even better with these other thermal 

protection testing. 

 However, there are many issues with using these sensors such as how they will be 

fitted into the hand apparatus.  The pneumatic cylinder and all of the connections used to flex 

the fingers of the hand are located all along the interior of the hand.  There is not a lot of 

space to incorporate a copper slug sensor without rearranging these mechanisms.  Not to 

mention the fact that these sensors will have to be water cooled.  Since radiant testing is 

performed at low intensity heat fluxes for long durations, the sensors must be water cooled to 

keep them from becoming damaged.  Having to run four or five water lines to each of the 

sensors would make it even tighter inside the hand.  So in the end, even though these sensors 

would be more durable, they would be tough to fit into the existing model of the hand 

without interfering with the design.    

 

Smaller Fingers with Radial Motion 

 The most difficult part of having to adorn the gloves onto the RadHand™ is at the 

end when trying to direct the individual fingers into the correct holes.  This is so difficult 
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because of the fingers.  They are a little too close together and can sometimes go down the 

same hole and leave one finger empty.  One way to improve this would be to make the 

fingers smaller and to space them apart a little more.  Hopefully by doing this, the fingers 

will not have as much trouble fitting into their designated spots. 

 Another feature that could benefit the RadHand™ is having fingers that are capable 

of moving laterally.  As the fingers are currently designed now, the fingers are only capable 

of moving in one direction, which can also exacerbate the problem of getting the fingers into 

their specific position inside the glove.  Not only is it difficult to get the fingers inside the 

glove, it also presents a danger of damaging them in the process.  Having fingers that could 

also move laterally would make it easier to get them into the correct position without risking 

the structural integrity of the hand.  One way to achieve this would be to attach the fingers to 

the hand using ball and socket joints, so that they are capable of moving in any direction as 

shown in Figure A.28. 
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Figure A.28 Improvements to fingers on the RadHand™ 

 

Protective Cuff 

 Another improvement that could be made to the hand is the application of a heat 

resistant sleeve or cuff that covers the lower portion of the hand.  This would provide three 

benefits to the RadHand™ test method.  First, it would help to create a more realistic test 

scenario by simulating something that an actual firefighter would wear when engaging a 

structural fire.  Presently, the gloves that are tested are gauntlet style meaning they open up 

wider towards the bottom, as opposed to the wristlets which cling tightly around the wrist.  

Typically, when wearing gauntlet style gloves, the turnout gear that a firefighter wears will 

cover up the opening exposed by the gloves. 
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One of the problems with testing replicates of the same glove is that not all of them 

are made exactly the same way.  This is illustrated best when flexing the glove during 

exposure.  Even though the pressures are measured beforehand to ensure that gloves are 

flexed to the same point, the lower portion of some gloves are pulled up high enough to 

expose sensors nine and ten.  This introduces some inconsistency to the test, where some of 

the replicates of a glove cover to the wrist sensors on the hand, while other replicates do not, 

increasing the overall burn percentage.  Incorporating a heat resistant cuff, as shown in 

Figure A.29, would help to ensure that these sensors are not completely exposed to the 

radiant heat source.  Having sensors directly exposed to the radiant panels is dangerous also 

because those sensors could become damaged due to extended exposure to high 

temperatures. 

 

Figure A.29 Heat resistant cuff 
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Another issue that the sleeve will help out with is any convection effects occurring 

with the lower sensors.  As stated before, the ventilation hood was causing problems with the 

calibration of the hand due to the air moving between the sensors and the radiant heater 

panels.  This is similar to what is occurring at the bottom of the hand when testing a glove.  

The upper sensors, one through eight, are in contact with the inner most layer of the glove.  

However, the bottom two sensors are not in contact and are open to the air that is being 

pulled up through the ventilation hood.  This can cause some disturbance in the data 

collection as seen in Figure A.30.  A protective cuff would prevent any air flow from 

reaching the uncovered sensors.   

 

 

Figure A.30 Interference with data collection of sensors nine and ten 
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