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Introduction
It is estimated that, in general, 2/1000 workers 
are at risk for occupational heat stress 
(Parsons 2003*).  These include:

First responders (firefighters, law 
enforcement, EMS)

Construction 

Agricultural 

Manufacturing/foundry  
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Heat Stress 
 Humans have evolved physiological and 

behavioral mechanisms that allow survival for 
within a wide environmental temperature range

 However, internal body temperature is strongly 
regulated to within a vary narrow range 97.7-
98.6°F (36.5-37°C) 

 Humans can acclimatize to hot environments, 
but only up to a point

 Heat stress occurs when humans experience an 
increase in deep tissue (body core) temperature 
above 98.6°F (37°C) because of a reduced ability 
to transfer that heat away from the body to the 
environment
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Types of Heat Stress
 Exertional (or metabolic):
Generation of internal body heat by working muscles

Can cause heat stress/injury even in a relatively mild 
environmental temperature and relative humidity

 Environmental:
High air temperature may add heat to the body and/or 

high humidity defeats sweat evaporation

Radiant energy (fire, hot machinery, etc.) adds heat to 
the body

 The increase in body temperature from 
exertional and/or environmental heat stress can 
result in excessive core body temperatures 
leading to heat injury and death
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Exertional Heat Stress

 At rest, average metabolic heat production is 4.2 
kJ•kg-1•h-1 (1.155 watts•kg-1•h-1) or 1 MET 

 Physical work (increased muscle activity) 
increases metabolic heat production above the 
resting value

 For example (assuming a 75 kg man):
Rescue work = 6.8 METs or 595 watts•h-1

Firefighting = 9 METS or 788 watts•h-1

 This metabolically produced heat must be 
exchanged with the environment to maintain a 
stable internal body temperature
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Environmental Heat
 Humans can be exposed to a variety of sources 

of heat stressors including:
Hot air temperatures

High relative humidity (not heat itself but enhances 
effects of heat)

Radiant heat from the sun, fire, hot machinery, hot 
asphalt/tar (roadwork)

 These sources of heat can significantly affect 
body heat and must be transferred back to the 
environment (if possible) to maintain a stable 
internal body temperature
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Heat Index Chart
 Commonly used to determine heat stress 

imposed by a combination of air temperature 
and humidity
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Environmental Heat
 The previous heat index chart only estimates the 

thermal stress imposed on a person through a 
combination of heat and humidity

 More sophisticated equipment can be used to also 
determine the contribution of radiant energy 
(sunlight), and wind speed (convective cooling).

 These devices are called Wet Bulb, Globe 
Thermometers (WBGT) and anemometers
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Wet Bulb Globe Thermometer/Anemometer 
 Example of hand-held devices used  to 

estimate WBGT and wind speed in the field.  
Larger, more sophisticated instruments are 
also available (brands not endorsed by NIOSH)



NPPTL Year Month Day File name

Myths and Legends, Part 1

In spite of the risk of heat injury in 
many occupations, several myths 
persist about how to deal with 
occupational heat exposure.  These 
include:
• Real men don’t drink water
• Don’t drink unless you’re thirsty
• You can get a lot of cooling from a 
damp cloth on forehead, neck, or 
wrists
• Training decreases the need for 
water!



NPPTL Year Month Day File name

Myths and Legends, Part 2

Sports drinks are better than water
Salt tablets counteract dehydration
Women are more vulnerable to heat than 

men
Baseball caps are good protection against 

the sun
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We all must obey the laws of physics

 Regulation of body temperature is a tight 
balance between heat production and heat 
loss (exchange with the environment)

 The physiology of thermoregulation is a good 
example of the physics of thermodynamics

 The myths and legends are ultimately a 
violation of physics and this can have 
dangerous and/or fatal consequences 

 The following discussion will show why
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Mechanisms of Transfer Heat to the 
Environment (Physics)

 Conduction:  direct contact with a colder 
object (leaning against a cold wall)

 Convection:  movement of air across the skin 
surface which carries warmer air away from 
and cooler air closer to the body

 Radiation:  direct emitting of electromagnetic 
heat waves from the body (can visualized with 
infrared cameras)

 Sweat evaporation: the most powerful and 
efficient means of heat transfer to the 
environment
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Behavioral Mechanisms to Control Body 
Heat

Doffing clothing
Using air conditioning, moving indoors 

on a hot day
Moving into a shaded area (reduce 

radiant heat exposure)
Drinking fluids (aids in sweat 

evaporation by providing replacement 
fluids)

Take a rest break
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Physiological Response to Increased 
Body Temperature

 Body temperature is regulated by a part of the 
brain called the hypothalamus.  The 
hypothalamus receives signals from two 
primary sources:
Temperature sensors in the skin

Warm blood moving from the body core

 The hypothalamus triggers specific 
physiological processes to transfer excess 
body heat to the environment
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Physiological Responses (Continued)

 When the deep body core temperature 
increases, the hypothalamus protects against 
overheating by:
Moving warm blood from the deep body tissues to 

the skin for exchange with the environment via 
conduction, convection, and radiation

Increased sweating and moisture from the 
respiratory tract which is then evaporated taking a 
large amount of heat away from the body.

 These mechanisms are extremely effective in 
maintaining a constant internal body 
temperature
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Physiological Responses (continued)

 Since sweat evaporation is the most effective 
means of heat transfer to the environment, it is 
the most important means of heat transfer in 
hot environments:

 Sweat evaporation depends on being well
hydrated NOT under-hydrated
For shorter duration activity (~1-2 hours) – water

For longer duration (>2 hours) –
electrolyte/carbohydrate containing “sports” drinks

 Acclimatization to heat involves recruitment of 
inactive sweat glands – this results in more 
water loss and a greater need to hydrate
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Physiological Responses – Exercise in 
the Heat

 This presents a significant physiological 
challenge with two competing demands for 
blood:
active muscle requires a large volume of blood 

carrying oxygen to power the muscles

A large volume of blood must be move to the skin for 
heat transfer

Significant sweating reduces the blood volume

 This can result in significant cardiovascular 
strain while attempting to maintain blood flow to 
both muscle and skin during same the time that 
heavy sweating is reducing the volume of blood 
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Exercise in the Heat (continued)

Thus, proper hydration is critical both in 
maintaining core body temperature AND
reducing cardiovascular strain during exercise 
in the heat

Dehydration will compromise both the 
regulation of body heat and cardiovascular 
stability



NPPTL Year Month Day File name

Physiological Responses During Heat 
Injury

 Heat injury occurs when the body cannot 
compensate for the heat exposure due to:
Excessive exertion in moderate to hot environments

Defeating sweat evaporation due to high 
environmental humidity (eliminating major source of 
heat transfer to environment)

Dehydration from excessive sweating without 
appropriate replacement of fluids
Results in increased cardiovascular strain

Elevated core body temperature
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Physiological Responses During Heat 
Injury

 Physiological responses reflect specific 
survival priorities:
Body will maintain cardiovascular function (heart 

rate, blood pressure, oxygen carrying capacity) at 
the expense of regulation of body temperature

Therefore, during heat injury, sweating often (but 
not always) stops (losing major source of cooling 
capacity)

Body core temperature rises rapidly → Heat Stroke

 This is a medical emergency – victim must be 
treated immediately to improve chances of 
survival!
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Physiological Heat Acclimatization
 2-4 hours of exposure to heat and/or humidity 

can acclimatize a person over several days.
 Process involves increased sweating 

responses at a lower temperature
 Recruitment of more sweat glands to facilitate 

sweat evaporation
 Increased physical fitness (partial heat 

adaptation)
 Increased blood flow to skin for heat exchange
 Redistribution of cardiac output to maintain 

blood pressure and muscle perfusion
 Dilution of sweat to conserve body sodium
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Reality Check
Death in the Line of Duty

Wildland firefighter
 Young (20’s)

 Fit

 At least partially acclimated

 Well hydrated

Environment
Hot (105°F, 20% RH, Heat index = 109°F)
High work output/16 hour shift, little or no 
respite from the heat

Outcome
Death due to exertional hyperthermia
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Factors That Compromise Physiological 
Adjustment to Heat

 Poor hydration (either water or other 
replacement fluid)

 Low physical fitness level
 Consumption of alcohol (diuretic)
 Lack of acclimatization to heat
 Age (older people are more susceptible to 

heat)
 Wearing PPE 
 Prescription medications (e.g., diuretics)
 High work output (exertional hyperthermia)
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Effects of PPE

 Many occupations require the use of PPE (i.e., 
firefighters, HAZMAT)
The type of PPE used often partially or fully encapsulates 

the wearer

The encapsulating nature of the PPE blocks the usual 
mechanisms of heat transfer to the environment 
(convection, conduction, radiation, and sweat evaporation) 
because of the nature of the material and the level of 
insulation

The use of encapsulating PPE then defeats heat transfer to 
the environment and increases the chance of heat injury or 
death
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Conclusion
 Through both physical, physiological, and 

behavioral mechanisms, humans strongly 
defend internal body temperature against a 
wide range of environmental temperatures

 Humans can acclimate to hot environments by 
increasing sweating and through other 
mechanisms 

 However, hot and humid environments, poor 
hydration and other factors can defeat the 
physical and physiological mechanisms used 
to maintain core body temperature

 Uncompensated heat stress can lead to heat 
injury and death if specific intervention is 
delayed 
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*Parsons, K.  (2003) Human Thermal Environments. Taylor and Francis, London.



The Story of Heroes: 
Firefighters in Extreme Heat

Virginia Sublet, PhD 
Sunshine ERC, USF and
National Institute for 
Occupational Safety and Health 
Meted.com



 Heat stress affects all firefighters due to 
extreme heat exposure on‐the‐job.

 Heat stress is largely preventable but 
remains a very serious problem for these 
heroes in the U.S. Fire Service.



Heat Stress
The various physical work and environmental 
components that combine to create the heat 
load under which an individual works.

Heat Strain
The physiological response and temperature 
regulating responses to combat heat stress.
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 Heat Rash‐ prickly.
 Heat Syncope‐pooling of blo0d in lower extremities, 
fainting‐like symptoms 

 Heat Cramps – profuse sweating, thirst, muscle 
cramps, rapid pulse. 

 Heat Exhaustion‐ intense thirst, fainting, 
nausea/vomiting, weakness, headache, blurred vision, 
confusion, rapid pulse, low BP.  

 Heat Stroke‐ chills, restlessness, irritability, euphoria, 
red face and skin, disorientation, hot/dry skin, 
collapse, unconsciousness, convulsions and death, 
contributes to heart attacks.



 Lack of acclimatization
 Hot and humid climate
 Dehydration
 Obesity
 Excessive clothing
 Low physical fitness
 Previous history of heat 
stroke

 Medications
 Sweat gland dysfunction
 Upper respiratory illness
 Heart disease



Assess the safety behaviors (heat 
stress, safety belts, vehicular 
accidents) of firefighters in Florida.

IAFF



 Design:  Qualitative
 Methodology: Focus groups and 
interviews with firefighters in north, 
central, and south Florida



Demographic
Gender 3 Females 57 Males

Type of Fire 
Department

1 Volunteer 3 Paid

#FGs and Interviews 7 FGs 1 Interview

Firefighters 59 L‐O‐D 1 Assistant 
Chief

Size of F.D. 1 Small 2 Medium 1 Large



1. North:     Clay County
2. Central:  Kissimmee

Winter Park
3.    South:   Fort Lauderdale





 Most firefighters did not recognize the 
seriousness and potential lethal effects of 
heat stress.

 The majority of firefighters indicated that 
they are significantly influenced by the 
opinions of fellow firefighters and managers 
regarding their own safety.

 Firefighters tended to ignore heat stress 
symptoms until they were so severe they 
were forced to leave the hot environment.



“There is no one else to do the job. ”

“You go on auto pilot and continue doing your 
job until the fire is out or you can’t function.”  

“Sometimes it is only when you come out that 
you realize what has happened to you.”

“ You can’t walk or you feel your whole body 
overheated but you can’t sweat.” 



“If you don’t have rehab and get water and stuff, I mean, I 
had a couple of guys go to hospital with heat‐related 
emergencies last year.”

“People get pulled out, because for us no one wants to 
come out. No one‐everyone‐you have a goal and you 
want to keep going until it’s finished.”

“You try to find some shade if you can.”

“If they bring the rehab stuff we have protection but
sometimes the truck isn’t working or they don’t think   
the fire is going to be big enough.”



 Increase use of rehab facilities. 
 Reduce weight of equipment and 
clothing.

 Introduce new technology to cool down 
firefighters.

 Improve awareness and 
safety practices.   



 Continue focus groups with firefighters in 
states outside of Florida to assess heat stress 
in these fire professionals.

 Develop educational intervention.



For More Information: 

Virginia (Ginny) Sublet
321 939‐1315
vsublet@health.usf.edu
vxs3@cdc.gov
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Heat Stress Video Presentations

Video – part 1 
narrated by Dr. Jon Williams 

(human studies) 

Video – part 2 
narrated by Dr. Aitor Coca 

(manikin studies)



National Personal Protective 
Technology Laboratory

Heat Stress Workshop

MITIGATION OF HEAT:
PHYSIOLOGICAL EFFECTS OF COOLING 

Aitor Coca, Ph.D.

Stakeholders meeting Pittsburgh, PA
March 21, 2012,



Overview
 Sources of the problem
 Prevention of heat stress

 Hydration
 Acclimatization
 Work/rest schedule
 Cooling

 Types of cooling
 Research background: 

 Factors affecting liquid cooling garments design and performance 

 Cooling study at NPPTL
 Summary 
 Future research/questions



HEAT STRESS

Environment

Clothing

Work



Prevention
Prevention of heat stress

Hydration:
water intake needs from 2 to 15 liters/day

Acclimatization and fitness level
Fit individuals have partial adaptation to heat 

stress and acclimatization is usually faster

Work/rest schedule
Adjust to heat stress conditions

Cooling



Types of Cooling
 Gas ventilation (used since 1940)

 Phase Change Materials

 Ice Packs

 LIQUID COOLING GARMENTS (LCG)
Most efficient method (100W to 1400W heat removal)

Use in occupational, medical, space, military settings

Heat generation in adults ranges from 70W rest to 
>1000W maximal exertion



Performance of LCG
 Heat removal capacity

 Stationary systems 100W to 1200W

 Portable systems 100W to 600W

 Weight of the systems
 Garments: 1 to 5 lbs

 Cooling system: portable (2-4 lbs); stationary (6-14 lbs)

 Power
 Batteries (3-6h), transportation unit power

 Range of inlet liquid temperature
 -5°C (25°F) to 30°C (85°F)



Extreme Environments Protection:
Liquid Cooling Garments Design

Optimization of Liquid 
Cooling Garment Design

Body Surface Coverage

Optimal 
Temperature 
for Maximal 

Heat Removal

Control and 
Optimization of

LCG



Design of Liquid Cooling Garments

 Physiological principles: 
 Different body tissues have different  heat transfer 

capabilities

 Based on research:
 Highly dense tissues with high thermal conductivity 

 Complex vessel networks with main vessels are preferable 
for rapid heat exchange

 Practical issues:
 Minimize body zone involvement (body surface covered)

 Less tubing, circulating water and energy consumption

(Coca et al., 2001, Koscheyev et al., 2002)



Thermal Conductivity of Selected 
Tissues

Body tissues
Thermal conductivity

(W/m ºK)

Fat 0.187

Muscle (low circulation) 0.533

Muscle (high circulation) 0.628

Bone 0.782



Body Parts Involved in the Physiological Design
FEET CALVES THIGHS TORSO

HEAD SHOULDERS FOREARMS HANDS



Garment Details



Infrared images of NPPTL research on cooling 
garments



Comparing Cooling Garments with 
Different Body Surface During 

Exercise
 Objective: 

 Compare the capability of a standard full body LCG and a 
shortened cooling garment during physical activity 
conditions

Physiological assessment

Subjective perception of overall and local comfort and heat

(Koscheyev et al., 2004)



Liquid Cooling Garments
Liquid Cooling Shortened Liquid Cooling
Garment (LCG) Garment (SCG) 

-Tubing length: 96 m                          60 m
-Tube dimensions: ID 1.6mm                      ID 2.4mm
-Flow rate: 1200 ml/min                                570 ml/min
-Surface coverage:

-Torso                                                    -Torso, neck, head
-Arms                                                     -Forearms
-Legs                                                      -Thighs



Rectal Temperature (Tre) and 
Overall Comfort
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Optimal Temperature for Maximal 
Heat Removal

The body does not cool down efficiently when 
very low temperatures in the liquid garment are 
imposed on the body surface

The reflex response of the superficial vessels 
is to conserve heat

Mild cooling regime is more effective than 
intensive regimes

(Coca et al., 2002, Leon et al., 2003)



Laboratory Research Cooling Devices
for a NPPTL cooling study

Shortened Cooling Garment (SCG)
Top Cooling Garment (TCG)

Air Ventilation (AV)



Cooling Conditions
Each subject completed five cooling sessions and a control 
session wearing various cooling strategies, as follows: 

Session 
number

SCG TCG AV

1 X

2 X X

3 X

4 X X

5 X

6



Methods
 Six healthy non-smoking subjects

 Physiological variables presented 

 Core (rectal) body temperature

 Mean skin temperature

 Heart Rate

 Exercise (Endurance) Time

 Each session was completed in an environmental       
chamber operating at 35°C(95°F) and 50% RH

 Temperature of the water circulating through the cooling 
garments was 18°C (65°F)

 Each session consisted of 3 stages of 15 min exercise on a 
treadmill at 75% VO2max with 10 min rest between stages



Results
Heart Rate and Time

Superscripts indicate statistically significant differences (p<0.05) between tests; 
a = CS-Control Session; b = AV-air ventilation; c = TCG-top cooling garment;

d = TCG+AV ; e = SCG-Shortened cooling garment; f = SCG+AV
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Results
Core and Skin Temp

Superscripts indicate statistically significant differences (p<0.05) between tests; 
a = CS-Control Session; b = AV-air ventilation; c = TCG-top cooling garment;

d = TCG+AV ; e = SCG-Shortened cooling garment; f = SCG+AV
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Results

Tcore
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Discussion

 To increase the protection against external chemical 
and biological hazards, the prototype FE incorporates 
new design features. Use of cooling garments allows 
the wearer to exercise longer and safer (lower Tcore) 
even in such an encapsulated environment.

 A lower average Tcore with either the SCG or the 
SCG+AV might reduce some of the health and safety 
problems that firefighters encounter. 

 HR was also lower during extended time for SCG and 
SCG+AV suggesting that the cardiovascular system 
was less affected by the heat and the strenuous 
exercise.



Conclusions for Firefighters 
Cooling Study

 The results of this research suggest that a shortened 
whole body cooling garment (SCG) with or without the 
additional ventilation system (AV) can be helpful in 
reducing thermal stress and the risk of heat-related 
injuries. 

 This study also suggests that the SCG with or without 
the AV can prolong the time that firefighters are able to 
exercise at specific workloads, thus increasing their 
work performance.  



Summary 

 All these physiological studies were focused on:

Optimization of thermal protective clothing design

Decreasing the length of tubing, quantity of circulating 
water, weight of protective clothing, and energy 
consumption

 Increasing thermal comfort and safety

 More efficient Liquid Cooling Garments may lead 
toward improved safety and performance for the 
PPE user



The Future of PPE

Physiology

Human Factors

New
Technology

Better DesignsIntegration

Better understanding of relevant 
physiology will drive PPE 

performance requirements

Better understanding of relevant 
physiology will drive PPE 

performance requirements

Better fit and function will result in 
increased worker safety and their 

willingness to wear PPE

Better fit and function will result in 
increased worker safety and their 

willingness to wear PPE

Improved and emerging technologies will enable 
improved PPE integration and design

Improved and emerging technologies will enable 
improved PPE integration and design



Contact Information

Dr. Aitor Coca
NPPTL/NIOSH/CDC

626 Cochrans Mill Road, Pittsburgh, PA 15236
(412) 386-6461 (voice), (412) 386-6864 (Fax)

email: esq6@cdc.gov
Disclaimer:

The findings and conclusions in this presentation have not been formally 
disseminated by the National Institute for Occupational Safety and Health and 
should not be construed to represent any agency determination or policy.

Acknowledgement:
This research was performed while Dr. Coca held a National Research Council 
Resident Research Associateship at the National Personal Protective 
Technology Laboratory (NPPTL)



QUESTIONS



Optimization of Cooling Strategies for 
Firefighters

 Overexertion/stress are among the most common causes of 
injuries and deaths amongst firefighters. 

 The thermal stress faced by a firefighter results from a 
myriad of sources, including the environment, work, and 
their protective equipment. 

 In order to enhance firefighters’ safety and work 
performance, this study evaluates different cooling 
conditions.

 Study hypothesis:
 Any cooling (garments and/or ventilation) would 

provide a source of heat loss to the wearer thus 
reducing core temperature and allowing increased total 
exercise time.  



F. Selcen Kilinc, Ph.D.

National Personal Protective Technology Laboratory
TRB Protective Clothing and Ensembles Team

NIOSH PPT Program Stakeholder Meeting
March 21, 2012

Heat Stress and Protective 
Clothing



Outline
 Clothing comfort
 Factors influencing thermal comfort
 Thermoregulation of human body
 Clothing parameters influencing thermal comfort
 Determination of the thermal properties of clothing

 Bench-scale testing

 Whole garment-manikin testing

 Conclusion



Clothing Comfort
 Human acceptance of PPE depends to a large extent 

on the level of comfort. 
 Thermophysiological comfort: the psychological state 

which expresses the satisfaction with the thermal 
environment

 Neurophysiological comfort: how the fabric feels when it is 
worn near to the skin 

 Psychological comfort: dealing with quality, price, 
aesthetics (color, garment construction, fashion, design, etc.) 
and the suitability of the clothing for the occasion which 
impacts the unique workplace culture, which in turn affects 
user acceptance of the PPE



Key Factors of Thermal Comfort

External 
Conditions

Type/Level 
of Activity

Clothing

Body 
Conditions



Thermoregulation of the Human Body
 Humans have to maintain their core temperature within 

close limits around 98.6 ± 3.29ᵒF (37±0.5ᵒC).
 The human body produces heat (70W to 1000W).
 Metabolic heat + heat from external sources must be 

matched by the heat loss from the body.
 Primary mechanisms for maintaining core body 

temperature:
 Skin blood flow

 Sweating

 Shivering



Function of Clothing

 The function of clothing is to support the thermoregulation 
of the human body.

 Environmental temperature        clothing heat release 

 Environmental temperature        clothing heat release 
(heat and moisture transport of 
clothing)



Thermophysiological Comfort
 Metabolic heat is transferred by conduction, 

convection, radiation, respiration and sweat 
evaporation to the environment. 

 Thermophysiological response depends on the 
capability of clothing to transmit heat and evaporate 
sweat conducted from the skin into the environment.

Cool ZoneCool Zone Comfort 
Zone

Comfort 
Zone

Hot ZoneHot Zone Heat StressHeat Stress
Dry Heat Transfer Evaporative Heat Transfer



Clothing Parameters influencing Thermal 
Comfort

Fiber Yarn Fabric Garment System 
(Ensemble)



Fiber
 Fiber Type:

 Natural (cotton, wool, silk, flax, etc.)

 Man-made (regenerated and synthetic)
 Organic (Viscose, Nylon, Polyester, Modacyrclic, Aramid 

(Nomex®, Kevlar®, Twaron®), PBI, PBO ( Zylon®) )

 Inorganic (Glass, Metallic) 

 Fiber Size (fineness and length)
 Shape



 Yarn Manufacturing Method:
 Staple (Ring, rotor, air jet, friction, etc.)

 Filament (Melt, dry, wet, bicomponent, etc.)

Yarn Structural Parameters & 
Manufacturing Method



 Woven (formed by interlacing two systems 
of yarns at right angles)

 Knit (formed by a single yarn moving in one 
direction, interlinked loops of yarn)

 Braided (formed by diagonal intersection of 
yarns without a definitive warp and filling)

 Nonwoven (produced by bonding and/or 
interlocking of fibers and other polymeric 
materials such as films using mechanical, 
chemical, thermal adhesion or solvents or 
combination of these methods)

Fabric Structural Parameters & 
Manufacturing Method



 Dyeing and Printing
 Mechanical Processing (calendering, heat setting, 

cropping, raising, cropping, etc.)

 Chemical Processing (dipping, spraying, coating, 
vapor deportation to add flame resistant, liquid-proof, 
anti-microbial, high visibility, anti-electrostatic 
properties)

 Laminating (e.g., waterproof materials such as 
Gore-tex®)

Finishing Method



– Pockets

– Reflective tapes

– Zippers

– Hook and loop tapes

– Emblems

– Buttons

Sewn or Assembled Parts



– Design

– Size

– Color
– Fit

– Seams

– Weight of Ensemble

Other Factors



Determination of the Thermal Properties of 
Clothing

– Bench-scale testing
– Whole garment-manikin testing
– Human trials



Bench-scale Testing
 Fabric Weight (ASTM D 3776)
 Thermal Resistance and Water 

Vapor Transport
 Guarded sweating hot plate method 

 ASTM F1868 Standard Test Method for 
Thermal and Evaporative Resistance of 
Clothing Materials Using a Sweating Hot 
Plate or ISO 11092 Measurement of thermal 
and water-vapour resistance under steady-
state conditions (sweating guarded-hotplate 
test)

 Total Heat Loss (THL) value is calculated 

 Moisture vapor transmission rate 
(MVTR- g/m2-24 hours) (ASTM E96-80)



Bench-scale Testing
• Air permeability (ASTM D 737)
• Pore size
• Wicking (vertical or horizontal)
• Absorbency (AATCC 195-2009)
• Drop absorption (AATCC 79)
• Drying Time



Whole Garment-Manikin Testing
 Sweating manikin systems are used to 

evaluate whole garment systems for heat 
and moisture management related to 
garment insulation and breathability. 

 Factors that manikin measurements account 
for:
 Reinforcements (pockets, trims, etc.)

 Body surface area covered by the garment and the amount 
of exposed skin

 Effect of body movement

 Effect of body position

 Adjustment of the garment features (fasteners open, etc.)

 Distribution of the fabric layers and air layers over the body 
surface



Standard Test Methods for Manikin 
Testing

 ASTM F2370 Standard Test Method for 
Measuring the Evaporative Resistance of 
Clothing Using a Sweating Manikin

 ASTM F 1291 Standard Test Method for 
Measuring the Thermal Insulation of 
Clothing Using a Heated Manikin

 ASTM F 2371 Standard Test Method for 
Measuring the Heat Removal Rate of 
Personal Cooling Systems Using a 
Sweating Heated Manikin

 ASTM F 2732 Standard Practice for 
Determining the Temperature Ratings for 
Cold Weather Protective Clothing



Sweating Thermal Manikin at NPPTL



Conclusion
 There is an inevitable trade-off between protection and 

comfort.
 Several factors affect the heat stress from fiber to whole 

ensemble (fiber type and size, fabric thickness, 
finishing method, fabric structure, etc.).

 Measurement techniques were developed to measure 
several characteristics on fabrics and garments (air 
permeability, Total Heat Loss, MWTR, etc.).

 Comfort can be optimized by designing the fabrics for 
comfort and using different technologies (breathable 
moisture barriers, phase change materials, novel 
finishing technologies, etc.).
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