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Learning Objectives

At the conclusion of this activity, participants will be 
able to:
1. Summarize key elements that affect thermal stress.

2. Identify potential use cases of decision aids.

3. Recognize different types of modeling methods. 
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U.S. Army Research Institute of 
Environmental Medicine (USARIEM)
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• Co-located with US Army Natick Soldier Systems Center (SSC) 

• A subordinate lab of the US Army’s Medical Research and Development Command (USMRDC)

• “World-Class” laboratory for environmental medicine, physiology, performance & nutrition research

• Integrated cellular, tissue, animal & human research programs

Mission: Protect, sustain, and optimize the health and performance of Service 
Members through basic and applied research in environmental physiology and 
occupational medicine.

[USARIEM, 2020]



USARIEM Facilities
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∎ Center for Military Biomechanics 
Research

∎ Doriot Climatic Facility
∎ High Altitude Laboratory 

(Pikes Peak CO)
∎ Hypobaric chambers & hypoxia rooms
∎ Manikins for heat transfer biophysics 
∎ Thermal Chambers
∎ Water Immersion Laboratory
∎ Bone Health Laboratory
∎ Human Performance Laboratories
∎ Warfighter Cognitive Performance Lab

[USARIEM, 2020]



USARIEM Research
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Biophysics and Biomedical Modeling 
Division (BBMD)
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[USARIEM, 2020]



Manikin Testing
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[USARIEM, 2020]



Biomedical and Mathematical 
Modeling
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[USARIEM, 2020]



Real-Time Health Status Monitoring
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[USARIEM, 2020]



Goal: Practical Solutions
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[USARIEM, 2020]



Clothing Biophysical Testing Process
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Swatch Level
» Sweating Guarded 

Hotplate (SGHP)
» Material evaluations for 

prototype clothing 

Individual Component
» Thermal Hand, Foot, and 

Head Systems
» More detailed data for 

extremities

Full Ensemble
» Four 20-zone Newton 

model manikins

Physiological Models
» Biophysical data – a 

main input parameter

∎ Ideal testing process

[Potter et al., 2020b]



In order to model and predict heat rise or fall in humans, it is important to 
understand the interrelated elements involved in heat exchange.  These 
individual relationships can be described mathematically.
Broadly, we can characterize heat storage (S) by calculating the sum of heat 
produced, heat gained, and heat lost.  For humans, we simplify this into the 
heat balance equation:

where M is metabolic heat production, W is work rate, R is radiation, C is
convection, K is conduction, and E is evaporation.
*The relationship and impact of these elements become more complicated 
as they are changed (e.g., protective clothing impacts the exchange of heat)

Quantifying Relationships

𝑆𝑆 = 𝑀𝑀 ± 𝑊𝑊 ± 𝑅𝑅 ± 𝐶𝐶 ± 𝐾𝐾 − 𝐸𝐸 [W � m−2]
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Quantifying Relationships
Human + Clothing + Environment

[Potter, et al., 2015]

M M

“Medically Ready Force…Ready Medical Force” 17



Historically, models have been developed using linear algebra to describe 
two dimensional relationships (typically the empirical approach); while 
differential equations have been developed to characterize the three 
dimensional relationships (typically the rational approach).  

where ρ is tissue mass (kg m−3), c is specific heat of the tissue (kJ kg−1°C−1), T is tissue 
temperature (°C), t is time (sec), qm is metabolic heat production rate (W m−3), λ is tissue 
heat conductivity (W m−1 °C−1), ∇2 is a Laplace transform for heat conduction based on the 
tissue temperature gradient, ωbl is blood flow rate (m3s−1m−3 tissue), ρbl is blood flow mass 
(kg m−3), cbl is blood specific heat (kJ kg−1°C−1), and Tbl is blood temperature (°C), n is the 
tissue coordinate normal to the skin surface

Quantifying Relationships

ρc �
𝜕𝜕𝜕
𝜕𝜕𝜕 = qm + λ � 𝛻𝛻2T + ωbl � ρblcbl � Tbl − T

[W � m−3]
[core to skin]

−λ �
𝜕𝜕𝜕
𝜕𝜕𝜕 = R + C + K + E

[W � m−2]
[skin to environment]
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Heat Exchange & Elapsed Time

Using the backdrop of the heat balance we can model out how much heat is lost, gained, and 
ultimate stored.  This summed storage (positive or negative) can be translated into a rise or 
fall in core body temperature over time

Human 
(M)

Activity
(W)

Clothing 
Factor

Environment
(R, C, K, E)
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[Potter, et al., 2015]



Metabolic Heat Production
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𝑆𝑆 = 𝑀𝑀 ± 𝑊𝑊 ± 𝑅𝑅 ± 𝐶𝐶 ± 𝐾𝐾 − 𝐸𝐸 [W � m−2]



Metabolic Heat Production
Body Surface Area
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[Looney, et al., 2020]



Metabolic Heat Production
Movement Speed
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[Looney, et al., 2019]



Metabolic Heat Production
Steep Uphill & Downhill Slopes
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[Looney, et al., 2019]



Metabolic Heat Production
Equipment Load
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Photo by U.S. Army/Mr. David Kamm (RDECOM)
https://www.tactical-life.com/news/us-army-molle-4000-rucksack/

Effects of modern military equipment loads on the maneuverability and 
metabolism of US Army Soldiers
David P. Looney, Elizabeth M. Doughty, Peter S. Figueiredo, Sai V. Vangala, J. Luke 
Pryor, William R. Santee, Holly L. McClung, Adam W. Potter.
Under Journal Review

https://www.tactical-life.com/news/us-army-molle-4000-rucksack/


Metabolic Heat Production
Difficult Terrain
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[Richmond, et al., 2015; 2019]



Metabolic Heat Production
Complex Terrain
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[Looney, et al., 2018]



Metabolic Heat Production
Cardiovascular Strain
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[Looney, et al., 2018]



Metabolic Heat Production
Extreme Environments
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Water Temperature

[Looney, et al., 2019]



Heat Stress
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Schematic of the 
Heat Strain Decision Aid (HSDA)

[Potter, et al., 2017]



Validation

[Potter, et al., 2019]

Heat stress [Assessment 1] – Individual 
2 Studies (Lab and Field); 
Chemical Protective Clothing, 
N = 28
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Environment Clothing Observed Tc Bias MAE RMSE

Laboratory

L1 37.64 ± 0.55 -0.15 ± 0.26 0.23 ± 0.20 0.30 ± 0.13

L2 37.75 ± 0.64 -0.14 ± 0.34 0.29 ± 0.24 0.38 ± 0.20

L3 37.88 ± 0.70 0.03 ± 0.42 0.31 ± 0.28 0.42 ± 0.33

Total 37.76 ± 0.64 -0.10 ± 0.36 0.28 ± 0.24 0.37 ± 0.24

Field

F1 37.69 ± 0.35 0.22 ± 0.30 0.29 ± 0.24 0.37 ± 0.21

F2 37.67 ± 0.36 0.21 ± 0.32 0.30 ± 0.24 0.39 ± 0.21

F3 37.55 ± 0.35 0.36 ± 0.30 0.37 ± 0.28 0.47 ± 0.27

F4 37.79 ± 0.43 0.13 ± 0.32 0.27 ± 0.23 0.35 ± 0.20

Total 37.68 ± 0.38 0.23 ± 0.32 0.30 ± 0.25 0.40 ± 0.25

Collective Total L1-L3 F1-F4 37.69 ± 0.45 0.16 ± 0.36 0.30 ± 0.25 0.39 ± 0.23

Acceptable bias: ± 0.27°C 

Validation
Heat stress [Assessment 1] – Individual 
2 Studies (Lab and Field); Chemical Protective Clothing, N = 28

[Potter, et al., 2019]
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Validation
Heat stress [Assessment 1] – Individual 
2 Studies (Lab and Field); Chemical Protective Clothing, N = 28

[Potter, et al., 2019]
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Validation
Heat stress [Assessment 1] – Group Mean
1 Study (Lab); 3 Chemical Protective Clothing ensembles (Human subjects; N = 8)

[Potter, et al., 2018]

“Medically Ready Force…Ready Medical Force” 34

RMSE for each ensemble; 
0.70°C for A, 
0.37°C for B, 
0.25°C for C.

A B

C



Heat Strain Decision Aid (HSDA)

35

• Empirically based
• For use in materiel developer down-selection or assessment
• Customizable for specific end users

“Medically Ready Force…Ready Medical Force”



Cold Stress
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Simplified Modeling of Cold Exposure Survival 

Surface plot of survival at rest as a function of air temperature 
(°C) and clothing insulation (clo)

Constructed using data from Santee [1996] 



Modeling of Cold Response
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[Xu & Werner, 1997]
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Human Representation

[Potter, et al., 2020b]



Cold Weather Ensemble Decision Aid 
(CoWEDA)
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CoWEDA Displays
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Display can be changed ‘simple’ or ‘advanced’ input views

[Potter, et al., 2020b]



CoWEDA Results
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Example Output, where (a) shows the area of outputs or plots can be generated

[Potter, et al., 2020b]



CoWEDA Validation 
Predicted skin temperatures
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[Potter, et al., 2020b]

Cold stress [Assessment] –
Individual 
4 Studies (Lab and Field); 
Cold exposure 0 to -40 °C, 
N = 23



Other Scenarios or Settings…
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Extreme highs, lows, and in between…
 Immersion in water…
 Underwater…
 Disabled submarine...
 Enclosed spaces (vehicles, aircrafts, etc.)…
 Subterranean environments… 
 High altitude…
 Space…
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Probability of Survival Decision Aid (PSDA)

[Xu, et al., 2008; 2014]



Probability of Survival Decision Aid (PSDA)
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Inputs Outputs

[Xu, et al., 2008; 2014]



Probability of Survival Decision Aid (PSDA)
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PSDA Inputs & Outputs

[Xu, et al., 2008; 2014]



Tc,  M, Wc

Tsk, Wsk

Tk,  RHk, Vk

Qres

Qdry

Qdiff

Protective cover Ta, Tr, RH, V

Qk_dry

Qk_evap

Other Species…
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[Berglund, et al., 2011]

[Berglund, et al., 2013]



Canine Thermal Model
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Canine Thermal Model
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[Potter, et al., 2020a]



Key Takeaways

 Heat loss or gain can be effectively modeled when 
key parameters are known (or estimated).

 Metabolic heat production (e.g., heat produced from 
work) and clothing properties (insulation / vapor 
permeability) can significantly influence heat gain or 
loss.

 Scientifically-based decision aids can be used for risk 
mitigation, mission planning, and optimization.
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Questions? 
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How to Obtain CE/CME Credits

To receive CE/CME credit, you must register by 0745 ET on 25 September 2020 to qualify for the receipt of 
CE/CME credit or certificate of attendance. You must complete the program posttest and evaluation before 
collecting your certificate.  The posttest and evaluation will be available through 8 October 2020 at 2359 ET.  
Please complete the following steps to obtain CE/CME credit:

1. Go to URL: https://www.dhaj7-cepo.com/content/clinical-communities-speaker-series-military-health-
care-select-promising-practices

2. Click on the REGISTER/TAKE COURSE tab.
a. If you have previously used the CEPO CMS, click login.
b. If you have not previously used the CEPO CMS click register to create a new account.

3. Follow the onscreen prompts to complete the post-activity assessments:
a. Read the Accreditation Statement
b. Complete the Evaluation
c. Take the Posttest

4. After completing the posttest at 80% or above, your certificate will be available for print or download.
5. You can return to the site at any time in the future to print your certificate and transcripts at 

https://www.dhaj7-cepo.com/
6. If you require further support, please contact us at dha.ncr.j7.mbx.cepo-cms-support@mail.mil
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