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Abstract 

Thermoregulation models are effective tools for predicting the human response to the thermal environments, 

assessing thermal comfort and/or thermal stress due to cold or hot conditions, in clothing and automotive research 

and in building simulation. Fifty years after the first paper by Stolwijk, this work is aimed to the reconstruction of the 

historical evolution of thermoregulation models based on the bibliography available at the InEQualitES (Indoor 

Environmental Quality and Energy Saving) team, established in 1983 by professor Gaetano Alfano (University of 

Naples Federico II) and made by researchers of the DII and DIIn Departments. On the basis of the most recent 

literature, past and present perspectives of Stolwijk-like models have been also discussed showing the performances 

of THERMODE 193, a model inspired by the open source philosophy of its precursor and actualized to the recent 

advances in the field. 
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Introduction  

     As stressed by Hensley et al. [1] and Havenith and 
Fiala [2], in recent years there has been a growing 
demand from industry for robust and reliable models 
predicting human thermophysiological responses. In 
several applications is required a detailed analysis of 
the complex environmental heat transfer processes 
involving human occupancy in order to design safe, 
comfortable and energy-efficient buildings, in 
biomedical applications, in cars, or industrial 
environments in the presence of heat related injuries 
and also in military and sport [3-10]. This is also proved 
by the interest of standardization bodies who are 
preparing special documents aimed to provide basic 
requirements and general characteristics to design and 
validate mathematical models for the prediction of the 

physiological response of a man to the thermal 
environment. 
 

Methods   

     This historical review is aimed to the reconstruction 
of the evolution of thermoregulation models based on 
the bibliography available at the InEQualitES (Indoor 
Environmental Quality and Energy Saving) team, 
established in 1983 by professor Gaetano Alfano and 
made by researchers of the DIIn (Department of 
Industrial Engineering of the University of Salerno) and 
the DII (Department of Industrial Engineering of the 
Federico II University in Naples). Based on the most 
recent literature, the future perspectives of Stolwijk like 
models have been discussed by showing the 
performances of a new model inspired by the open 
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source philosophy of its precursor and actualized to the 
recent advances in the field. 
  

Model Features 

     A complete thermoregulation model has to be able to 
schematize two kinds of processes: i) the heat transfer 
inside the body and between the body and the 
surrounding environment (passive or controlled 
system); ii) the mechanisms through which the body 
controls the thermal exchange to keep its temperature 
in a restrict field of values (active or controlling 
system). In literature several classifications of 
thermoregulation models can be found [11-13]. This 
paper will show the Hardy’s one, which defines two 
different kind of model: qualitative and quantitative. 
The former includes verbal, figurative, chemical and 
neuronal models. The latter is composed by physical 
and mathematical.  
 

Qualitative Models 

Verbal Models: Verbal models [11] were the first and 
most rudimentary being quite descriptive and focused 
on the enunciation of a few hypotheses. Consequently, 
they have been useful for a rough approach to the 
problem being not able to describe the complexity of 
the thermoregulatory system. The first scientist who 
formulated a verbal model was probably Claude 
Bernard in 1865 [14] with his "Introduction à l'étude de 
la médicine éxpérimentale", devoted to the biological 
regulations. 
  
     In 1871 Liebermeister [15] investigated how the 
thermoregulation is affected by fever saying that “a 
pyrogenic substance can affect in direct or indirect way 
the thermoregulation centers in order to set a higher 
temperature”. He also added that “during the febrile 
illness, the thermoregulation is not lost, but works as in 
normal conditions”. That idea is still valid and it has 
been partially resumed by the set-point variable theory. 
 

     The essential role played by the hypothalamus on the 
thermoregulation was discussed by Ott and Richet in 
1884 [16]. They wrote that “when an animal is exposed 
to hot or cold environment is able to set its temperature 
and keep that fixed value” and defined the “thermostatic 
centers” responsible for the temperature regulation and 
characterized by thermogenic, thermoinhibitor and 
thermolytic functions. for the temperature’s set-point 
regulation.  
 

     In 1902 Rubner [17] gone beyond Ott’s and Richet’s 
model. He introduced three different kinds of 
temperature regulation (chemical, metabolic and 
physical) by identifying the range of ambient 
temperature within the regulation is effective. The 
important innovation made by Rubner was the 
application of the first law of thermo-dynamics to the 
human body.  

     In 1913 Meyer adopted Ott's idea, in a clearer and 
more modern way [18] by introducing two different 
centers with antagonistic functions: a thermogenic 
center devoted to the energy production in the presence 
of cold and a thermolytic center responsible for the 
energy loss in warm environment. Ott-Meyer's model 
has lasted long to explain thermoregulation. 
 
Figurative Models: These models represent the 
thermoregulation system in a more complex way than 
verbal [11]. Unfortunately, it is often simplified as a 
black box without analyzing the structure and functions 
of each component. Dubois’ model, developed in 1948, 
is the first figurative model. It contains a large amount 
of the actual knowledge by describing the 
neurophysiological components of the 
thermoregulation system and their connections with 
effectors, sweat gland, cutaneous bloodstream and 
skeletal muscles. 
 

     In 1952 the Hensel’s model connected many 
physiological functions with two kind of information: 
inhibition and excitation. Benzinger’s, et al. [19] model 
(Figure 1) recalls Hensel's idea of a central thermal 
receptor, only sensitive to the warm, while the skin is 
considered sensitive only to cold sensation. The 
anterior hypothalamus represents the warm regulation 
center. It does not receive impulses from other 
receptors and it converts the temperature signal into 
nervous impulses returning a vasodilatation or 
sweating input to the effectors. The regulatory center 
ofcold translates the signals coming from the skin into a 
shivering command. Those two centers are 
interconnected in order to regulate a possible inhibition 
of the cold regulation considering also the temperature 
signal of the anterior hypothalamus. This model can be 
used for a man in activity or not. 
  

 
Figure 1: Benzinger and Kitzinger model [19]. (A) 
Anterior hypothalamus, (P) Posterior hypothalamus, d) 
internal command pathway, (sw) command pathway of 
sweat glands, (v) command pathway of skin blood 
vessels, (m) command pathway of the tissues 
responsible for thermogenesis, (sk) afferent pathway of 
information from cutaneous cold receptors, (1) Anterior 
commissura, (2) Chiasma opticum, (3) Hypophysis, (4) 
Corpus callosum.  
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     The model formulated by Chatonnet and Cabanac 
[20] (Figure 2) starts from the analysis of the 
anatomical structure. It is the first model accounting a 
common origin for the physiological and behavioural 
regulation. The Authors assumed that behavioural 
regulation is mainly related to the discomfort sensation 
induced by central and peripheral stimuli and the 
physiological response. 
 

 
Figure 2: Graphical representation [20] of conceptual 
thermoregulation models and interactions among 
thermal stimuli responsible for cold, warm and 
discomfort sensations. (A) nervous elements involved in 
the thermoregulatory mechanisms determining 
comfort, (B) traffic of information in case of 
consciousness of thermoregulatory reactions, (C) 
different possibilities for the perception of thermal 
comfort, (SC) central thermal receptors, (SS) peripheral 
receptors, (R) thermoregulatory reactions. 
 
Neuronal Models: From the 60’s starts the interest of 
the scientific community on the role covered by neurons 
on the thermoregulation system. In these models the 
thermoregulation is only affected by the nervous 
system excluding all the other components as hormonal, 
muscular, vascular, etc. Available models treat only 
restricted areas of neuronal system involved in the 
thermoregulation without giving a complete description 
of it.  
 
     The first model based on experimental results was 
formulated by Hammel in 1965 and reprised in 2006 by 
Boulant [21]. Most of the components of Hammel’s 
original model are shown in Figure 3. Other simplified 
models were improved after this, as the Maeskrey and 
Blight’s one [11] which recall the essential features of 
its precursor: i) the convergence of signals coming from 
different thermo sensitive areas on complementary 
neurons; ii) the separation between the neuronal net 
responsible for the thermolysis from that responsible 
for the thermogenesis with a mutual effect of inhibition. 
However, as stressed by Bligh [22], the neural process 
for explaining the stability of the body temperature of 
mammals remained almost an open issue. In fact, 
neither of above discussed hypothesis had been 
validated unequivocally. Nevertheless, the 
incorporation of the neurophysiological approach to 
mathematical thermoregulation models (especially in 

the case of the skin blood flow control) may be 
beneficial for research fields, especially in health clinics 
[23]. 
 

 
Figure 3: A general scheme of the neuronal model 
proposed by Hammel (1965) to explain set-point 
temperature regulation by a synaptic network of 
hypothalamic neurons [21]. (W) warm-sensitive 
neuron, (I) temperature-insensitive neuron, (w) heat 
loss effector neuron having synaptically derived warm 
sensitivity, (c) heat production effector neuron having 
synaptically derived cold-sensitivity, (SP) dorsal horn 
spinal neuron, (OC) optic chiasm, (MB) mammilary 
body. Graphs show the firing rates (FR) of each neuron, 
as well as thermoregulatory responses (right) during 
changes in hypothalamic temperature. Dotted lines 
indicate the frequency of excitatory (+) and inhibitory (-
) synaptic inputs. 
 
Chemical Models: The interest towards this kind of 
models started thanks to the studies on the 
microanatomy of the nervous system carried out by 
Feldberg and Myers [24]. They injected doses of 5-HT, 
adrenaline and noradrenaline into the anterior 
hypothalamus of unanesthetized cats obtaining a 
hypothermic effect. Models derived from those studies 
are based on the idea that the transmission or the 
elaboration of thermoregulatory signals is due to the 
exchange or the production of chemical substances [11]. 
 

Quantitative Models 

     Unlike qualitative, these models allow the prediction 
of several quantities (e.g. core temperature, skin 
temperature, sweat rate) and numerical simulations 
[11]. 
 
Physical Models: In these models real phenomena are 
simplified by considering the human body as a black 
box interacting with the surrounding environment by 
means of heat flows schematized as indices. Main limits 
were the incomplete representation of the 
thermoregulation mechanism, the complexity of 
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realization, high costs and low versatility. Nevertheless, 
they were useful for the comprehension and the study 
of some particular phenomena. 
 
     In 1947, Machle and Hatch [25] built a resistive-
capacitive model in which the human body was treated 
as a heat capacity system and the reactions to the 
environment as thermal resistances. Metabolic 
processes were represented as a power unit. 
 
     In 1948 Pennes verified the possibility of applying 
the heat transfer laws to the human body. Based on 
some tests carried out on the arm of a specific number 
of subjects, he concluded [26] that Newton’s law is 
useful for estimating the heat transfer between the skin 
and the environment and Fourier’s law for cylindrical 
symmetry is able to describe conductive heat transfers 
within the body.  
 
     In 1958 Aschoff and Wever [27], taking advantage by 
the well-known transfer phenomena occurring in heat 
exchangers, showed the importance of the 
countercurrent heat exchange in limb.  
 
     Another interesting model was formulated by Mac 
Donald and Wyndham in 1950. They started from the 
Machle and Hatch’s model by adding to it the concept of 
wet skin, recalled in the ‘70s as a discomfort index. 
 
     Mac Donald and Wyndham’s model has been 
modified and developed during the years, giving rise to 
Cornew et al.’s one, that considered the human body as 
made by four layers, for all of which the heat resistance 
and the heat production are still represented by the 
electrical analogy. In this model was also considered the 
evaporative heat flow due to respiration.  
  

Mathematical Models 

     The JB Pierce Foundation approached the 
mathematical modeling of the interaction between the 
human body and surrounding thermal environment 
with considerable proficiency already by the 30’s [28-
32]. 
 
     Based on the differentiation between controlled and 
controlling system, mathematical models are made by a 
system of mathematical equations, which describe 
physical phenomena and/or the hypotheses of the 
regulation system. The main weakness of this approach 
was the high level of abstraction balanced by its 
versatility due to the possibility to modify all 
parameters, and the hypothesis used. This kind of 
models was based on the First Law of the 
Thermodynamics applied to the human body as control 
volume system. All these models will be discussed on 
the base of the number of nodes in which human body is 
partitioned.  
 

One-Cylinder Models: Burton’s model [33] was the 
first mathematical thermoregulation model where the 
human body is schematized as a homogeneous cylinder 
and the solution of the heat-balance equations is 
represented by the Bessel’s functions. Burton verified 
the validity of his model through an experiment in 
which the subject was put into a bath at 32.5 °C and 
quickly heated to 36 °C. He hypothesized that this 
sudden variation of temperature promoted the 
vasodilatation so much that the heat conductance was 
quadruplicated. Burton’s experiments also revealed 
that: i) the temperature stabilization needs a few hours; 
ii) core temperature firstly decreases, then increases; 
iii) radial variations of initial and final temperatures are 
parabolic curves. 
 
     In 1966 Stolwijk and Hardy [34] proposed a first 
model for the evaluation of heat exchange useful for 
calculating skin and sub-epidermical layers 
temperature in the presence of radiative sources. This 
model, which considers the human body divided into 8 
layers in series, did not account vasomotion and 
sweating adjustments. As stressed by Wyndham and 
Atkins [35] the multi-cylinder Hardy and Stolwijk’s 
model is only a partial solution of the numerical 
problem of the thermoregulation because did not 
account existing and complex relation-ships between 
sweating and conductive heat exchanges, and between 
the central and peripheral temperatures. They 
proposed a new model based on Mac Donald and 
Wyndham’s findings [35]. This model was based on two 
controlling centers. The former affects heat loss 
mechanisms, by operating on the sweating and the 
increase of thermal conductance of tissues. The latter is 
devoted to the energy stored in the body by operating 
on vasoconstriction and shivering. The centers receive 
signals from the skin and hypothalamus. Under thermal 
neutrality or slightly cold conditions, there is no 
response from the model. For cold exposition, there is a 
decrease of the inner and surface temperatures. This 
means that the central and peripheral receptors are 
excited with the consequent activation of shivering 
resulting in the increase of both metabolic rate and 
inner temperature until the attainment of thermal 
equilibrium. For hot expositions only the dissipation 
center works being stimulated by the central receptors.  
 
     In 1969 Atkins and Wyndham [36] proposed a novel 
model based on a body partition into four concentric 
layers:  
 Core, made by skeleton and central organs, apart 

from those related to the blood circulatory system; 
 Muscles, responsible for the energy production 

during exercise; 
 Subcutaneous tissues and fat; 
 Skin, only scarcely affected by convective heat 

exchanges with the blood. 
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     Thermal energy is produced in the muscle and then 
transferred into the more external layers by convection 
through the bloodstream and conduction through the 
tissues. The external layer of the skin is poorly supplied 
by blood, so in this layer heat transfer occur only by 
conduction. Each layer of the partition is considered as 
homogeneous so that the values of heat conductance, 
heat capacity, metabolic heat production and convective 
heat transfer rate with blood are uniform. 
 
     The conductive heat flow takes place only in radial 
direction. The blood circulatory system is treated apart: 
The arterial and the venous blood have the same 
temperature of the crossed layers, no countercurrent 
exchange between arterial and venous blood occurs and 
heat transfer takes place only through the thinner 
capillaries. 
 
     Concerning the controlling system, thermal receptors 
are placed on the epidermis, marrow and hypothalamus 
and the inner temperature is considered as the arterial 
mean one and set point temperatures are used to 
control the blood flow, the vasomotion, the thermal 
energy production and the sweating. The model is 
solved by means of the finite difference method. 
 
     The most important one-cylinder model was built by 
Gagge at the beginning of ‘70s [37-40], and revisited in 
1988 [41,42]. According to Figure 4, human body is 
modeled as one cylinder with by two concentric and 
homogeneous layers: the core and the skin on which is 
placed the clothing-layer. 
 

 

 
Figure 4: Gagge's two-nodes model [38]. 
 

     The controlled (passive) system is modeled with heat 
balance equations for each layer. Heat transfer in the 
core takes place by: i) convection with the skin due to 
the blood-vessels convection; ii) conduction with the 
skin; iii) convection with the surrounding environment 
due to the breathing (dry and latent contribution). In 
the core take place the metabolic energy production and 
the muscle work. The outer layer can exchange energy 
not only with the nucleus, but also with the 
environment through evaporation, convection and 
radiation. 
 
     The control (active) system is based on three 
reference temperatures (core, skin and average) 
compared with the set point values to produce the error 
signal. In particular, the signal of warm (cold) from the 
core is responsible for vasodilatation 
(vasoconstriction); sweating is linearly proportional to 
the warm signal coming from the entire body and varies 
exponentially with the warm signal coming from the 
skin (for the activation of sweating mechanism both 
signals are required). Finally, chill depends on cold 
signals coming from core and skin (chill is activated 
only if both signals are not zero).  
  
     On the Gagge’s model (better known as two-nodes 
model) are based the evaluation of the ET* index (New 
Effective Temperature) [43,44] proposed by the 
ASHRAE Standard 55 "Thermal Environmental 
Conditions for Human Occupancy" and also the SET 
index (Standard Equivalent Temperature) used in the 
current version of ASHRAE Standard 55 [45,46]. 
 
     The model proposed by Crosbie, et al. [11] 
schematizes the human body as a three-layers cylinder. 
The regulated quantity is the mean temperature of body 
as a function of the core, muscles and skin 
temperatures. Hardy and Dubois tested this model 
revealing an acceptable reliability in a wide range of 
temperatures.  
 
     The basic features of Gagge’s two-node model are still 
actual as revealed by some researches published in the 
last five years [47,48] where new enhanced versions of 
the early model start to be applied for the prevention of 
health hazards, for studying comfort conditions during 
sleep [47] and for developing bio-weather forecasts 
[48]. 
 
Multi-Cylinder Models: In these models the human 
body is schematized by two or more cylinders, each one 
consisting in two or more layers. Similarly toone-
cylinder models, between the different layers there are 
conductive heat exchanges in radial directions, among 
the cores of the different layers there are convective 
heat transfers through the blood flow. Finally the skin 
surface exchanges heat with the environment by 
convection, radiation and evaporation. In the core of the 
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trunk thermal flows with the surrounding environment 
are due to the breathing (dry and latent heat loss). 
 
Wissler’s Model: In 1961, Wissler [49] proposed a new 
model, representing the entire thermoregulation 
system. Wissler found out all the physical and 
physiological factors that a model has to consider: 
 
• local differences of temperature;  

• conductive heat transfers due to differences of 
temperature;  

• convective heat transfers by blood flow;  

• body layout;  

• thermal conductivity of fat and epidemical layer; 

• countercurrent thermal flows between arterial and 
veins; 

• evaporative flow due to breath;  

• evaporative flow on the skin;  

• heat storage into the body;  

• environmental parameters. 

 
     In Wissler’s model, the human body is a combination 
of six cylindrical elements (head, trunk arms, hands, 
legs and feet) and the countercurrent thermal flow 
between adjacent blood vessels is also considered. 
Wissler’s model has been developed continuously over 
the past 50 years [50-53] aiming to study new classes of 
physiological and medical problems [1]. The existing 
Fortran code was translated in C with extensive 
embedded commentary. A graphical user interface has 
been developed to facilitate convenient user 
designation of input and output variables and 
formatting of data presentation. New physiological 
elements were added to represent the hands and feet, 
including the unique vascular structures adapted for 
heat transfer associated with glabrous skin. 
 
     Wissler’s idea of a more detailed segmentation of the 
human body achieved resounding success in the 
following models. One of the first complete models was 
formulated by Smith and James one in 1964 [54]. They 
simulated the thermal response of a man exposed to a 
hot climate. Body consisted of six segments (head, 
trunk, arms and legs), each one divided into three 
concentric layers (the core, which contains inner 
organs, skeleton and muscles, the subcutaneous layer 
and the skin). The model considers the countercurrent 
thermal flows in extremities which result a reduction of 
the heat loss. 
 
Stolwijk’s Model: In 1966 Stolwijk and Hardy [34] 
proposed a new model, schematized in Figure 5, in 
which the passive system is represented in detail more 
than previous ones. There are three segments (head, 
trunk and limbs) each one consisting of three layers 
(skin, muscles and viscera). 

 

 
Figure 5: Passive system forming the base of the model 
formulated by Stolwijk and Hardy [34]. ER: evaporation 
through the respiratory apparatus; CB: central blood 
compartment; HC: core of the head; HS: skin of the 
head; TC: core of the trunk; TM: muscles of the trunk; 
TS: skin of the trunk; EC: core of the limbs; ES: skin of 
the limbs. 
 
     Three temperatures are used for the regulation: the 
temperature of the central element of the head, 
representing the hypothalamus, the mean value of the 
epidermal temperature and the mean temperature of 
muscles, which is an indicator of the muscular work out. 
The signal for regulation is proportional to the product 
between variation of brain and skin temperatures from 
their set-point. The blood flow in muscles is related only 
to the metabolic rate (e.g. the activity level of the body). 
One of the most interesting features of Stolwijk and 
Hardy’s model is the explanation of shivering by means 
of a self-sustained mechanism. Due to the muscular 
activity induced by shivering, a significant flow of cold 
blood reaches the core: this phenomenon results in a 
reduction of the central temperature which has to be 
compensated by a further increase of it. Finally, the 
overproduction of thermal energy causes the shivering 
interruption, because the temperature will be stabilized 
on a higher level. 
 
     Stolwijk’s model [55,56], proposed for the Skylab and 
Apollo’s programs of the NASA and later modified [57], 
was the first model accounting all the factors 
underlined by Wissler. Also in this case the passive 
system consists of six segments: head, trunk, arms, 
hands, legs and feet. The main peculiarity of the 
Stolwijk’s model is the completeness. In fact, it gives the 
instantaneous temperature for all the compartments 
(each segment is made by 4 layers: core, muscle, fat and 
skin), which could be used for the regulation, and has 
the maximum flexibility in the data input; furthermore, 
it resumes in the better way all the thermoregulation 
knowledge at that time.  
 
     Another strength of the model was the 
implementation of the mathematical model. In 
particular Stolwijk anticipated the open source logic 



Ergonomics International Journal 

 

Palella BI, et al. On the Evolution of Thermoregulation Models. Ergonomics 
Int J 2017, 1(3): 000118. 

                                                                                                         Copyright© Palella BI, et al.. 

 

7 

introduced by Stallman in 1985 [58] presently adopted 
in informatics. This was the reason why Stolwijk 
provided all equations and coefficients for the model 
construction and a Fortran code ready to be used and 
modified by users. Due to above discussed peculiarities, 
Stolwijk model is still source of inspiration for all 
researches in this field [59-67] as we will discuss below.  
 
     In 1974 Montgomery furnished a different version of 
the Stolwijk’s model focused by focusing the study on 
the thermal response of a dived man [68]. Gordon’s 
model [69,70] is also interesting: the passive system is 
an extension of the partition proposed by Wissler: 
human body consists of 14 segments (forehead, face, 
cranium, neck, thorax, abdomen, harms, hands, legs and 
feet), each one with a cylindrical or spherical shape. The 
deep partition of the head allows to account heat 
exchanges through the upper respiratory tract in cold 
severe conditions. The control system is still based on 
the brain and skin temperature with an additional term 
related to the thermal flow through the epidermis, 
evaluated considering the number of thermo receptors 
per surface unit of each part of the body. 
 
     The model was built to simulate the exposition to 
cold, so it did not consider the sweating but only the 
evaporative flow due to the vapor diffusion (perspiratio 
insensibilis). The novelty of the model was the presence 
of a vasomotor command also for the appendage’s 
muscle. Finally, experimental runs made by the authors 
revealed a good reliability.  
 
     Another model devoted to the simulation of the 
thermoregulatory response of a dived man was 
formulated in the same year by Miller and Seagrave 
[71]. The passive system consists of 15 cylindric 
elements (head, thorax, abdomen, nearer, median and 
distal parts of each extremity). Head, thorax and 
abdomen are divided into three layers (skin, muscle and 
core) whereas extremities were modeled as 2-layers 
cylinders. The only thermoregulatory mechanism 
considered was the vasomotion; whose command signal 
is proportional to the differences of the hypothalamic 
and mean cutaneous temperature from their set-point. 
Thanks to this model, Miller and Seagrave 
demonstrated tympanic, esophageal and rectal 
temperatures are not representative of the blood 
temperature flow reaching the heart. 
  

Recent Models 

Fiala’s Model: The model proposed by Fiala was 
developed to predict the human thermal responses in 
cold, cool, neutral, warm and hot environments (indoor 
and outdoor) and was discussed in a two-parts study. 
The first part is about the passive system [72] in which 
is shown the model of the human body, heat transfer 
mechanisms within the body and its periphery and the 
numerical procedure. The second part [73] analyzes the 

active system which simulates the regulatory responses 
of shivering, sweating and peripheral vasomotion of 
subjects through a regression analysis. Due to a 
validation in a wide range of experimental conditions 
(e.g environmental temperature and metabolic rates 
values in the ranges 5-50°C and 0.8-10 met, 
respectively) and its excellent performances a special 
version of it has been used for the formulation of the 
UTCI (Universal Thermal Climate Index) index [74]. 
 
     Fiala's model considers the human body covered by a 
uniform clothing layer and re-simulates the overall 
insulation characteristics of garments undertaken by 
McCollough et al. [75,76]. The human body is divided 
into fifteen spherical or cylindrical elements (head, face, 
neck, thorax, abdomen, shoulders, arms, hands, legs and 
feet) divided into seven different layers (brain, lung, 
bone, muscle, viscera, fat and skin) in accordance with 
changes of body tissue properties (Figure 6). 
 

 
Figure 6: Scheme of the passive component of Fiala’s 
model [72]. 
 
     According to Weinbaum’s et al. findings [77], skin is 
divided into two layers 1 mm in thickness with different 
physiological properties. The inner skin is the region in 
which the heat is generated and blood is perfused, while 
the outer skin contains sweat glands and simulates the 
evaporative barrier for moisture diffusion through the 
skin. To consider the asymmetric removal of bodily 
heat, each body elements, except the face and shoulders, 
is subdivided spatially into sectors: anterior and 
posterior, that permit the treatment of lateral 
environmental asymmetries; inferior segments which, 
considered hidden by other body part, permit to reduce 
radiant exchange with the environment. The so 
modelled cylinder also has a core which is defined to 
have the same radius of the body element's bone. 
 
      Despite Stolwijk’s model in which heat flow by 
radiation is evaluated by means of a local heat transfer 
coefficient, Fiala’s model considers both short and long 
wave radiation. The approach is based upon the concept 
of directional mean surface temperatures of the 
enclosure around a single body sector using the 
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corresponding view factor. The view factors of the 
curved body sector surfaces with respect to the 
enclosure ‘seen’ are based on numerical radiation 
simulations using detailed 3D human geometry models 
[78]. 
 
     One of the most interesting peculiarities of the Fiala’s 
FPC-model concerns the active system. Unlike Stolwijk’s 
approach [55,56] where effector commands considered 
for sweating, vasodilatation, vasoconstriction and 
shivering are obtained by linear addition of central and 
peripheral afferent signals errors, Fiala’s FPC model is 
based upon non-linear relationships validated 
experimentally [73]. 
 
     Fiala’s model is worldwide accepted as the reference 
tool for the prediction of the thermoregulatory 
response of a man. This is the reason why in a very 
recent review, it has been extensively tested and 
compared with a wide database of measurement 
carried out by 13 different research groups under 43 
different expositions (e.g. walking in the cold or in the 
hot, cycling in moderate and warm environments, 
wearing protective clothing) both stationary and 
transient [79]. This investigation revealed good 
precision in predicting core and mean skin 
temperatures with a root mean square deviation 
(RMSD) of 0.26 and 0.92 °C, respectively. Unfortunately, 
there is a general trend of over-prediction of the 
forehead head (RMSD=1.63 °C) and thigh skin 
temperatures (RMSD=1.41 °C) during exercising 
exposures. This phenomenon is probably due to the 
impossibility of the model to account an evaporation 
efficiency less than 100%. However, as stressed by the 
authors, one of the most difficulties in the validation of 
thermoregulation models is that the reliability of 
experimental data is often affected by the accuracy of 
measurement techniques as thermocouples or infrared 
thermography, sensors placement and a general lack of 
information about the local clothing parameters. Unlike 
Stolwijk’s open source philosophy, the mathematical 
model of the human thermophysiology by Fiala [72,73] 
is implemented in a commercially available software 
[78]. 
 
Tanabe’s Model: Based on earlier studies by Ozeki et 
al. [60] the 65MN model proposed by Tanabe et al. was 
developed in 2002 [60] and reprised in 2013 to account 
also heat transfer occurring between veins and arteries 
[67].  
 
     It exhibits four main differences with respect to its 
precursor which will be quickly discussed: 
 A different partition of the human body; 
 The presence of clothing; 
 The integration with CFD numerical experiments; 
 Some modifications in the active system. 

     The model is based on a partition of 64 elements (the 
65th is the blood). The whole body is divided into 16 
body segments (head, chest, back, pelvis, left shoulder, 
right shoulder, left arm, right arm, left hand, right hand, 
left thigh, right thigh, left leg, right leg, left foot and right 
foot) each one made by four layers.  
      
     To obtain a realistic modeling of heat transfer 
phenomena occurring on the skin surface (especially in 
un-homogeneous environments as cars or in the 
presence of solar radiation), the 65MN model is also 
coupled with a radiation exchange model base on a fine 
mesh of 1542 elements and CFD. 
 
     As far the active system is concerned, the structure of 
equations and coefficients are similar to those reported 
in the original Stolwijk paper. The only difference to be 
stressed is that in Tanabe’s model the shiver command 
is only related to the errors coming from the 
hypothalamus and peripheral receptors. 
 
     A more refined version of this model has been 
developed in the recent past to take into account 
arterial and venous circulation [67] as in Figure 7. In 
particular, the blood vessel comprises a central blood 
compartment, an artery blood pool, a vein blood pool, a 
surface vein blood pool, and arteriovenous anastomoses 
(AVA) that connect arteries and superficial veins 
without exchanging heat with any tissues. For each 
vessel, the artery and vein blood pools are placed at the 
center of the core layer in all segments, the superficial 
veins are placed at the middle of the skin layer in the 
limbs, and AVA are located in each segment of the hands 
and feet [80]. During the heat flow calculation stage, the 
blood flow from the previous segment is assumed to be 
completely mixed. Because the bloodstream in limb 
segments varies with the thermal environment, this 
model simulates physiological phenomena by changing 
the openness percentage of the AVA to control the blood 
flow to the surface vein blood pool.  
 

 
Figure 7: Scheme of the JOS-2 model proposed by 
Kobayashi and Tanabe [67]. 
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Thermode 193 

     The THERMODE (THERmoregulation Model for 
Disuniform Environments) was developed in the early 
90s as a part of a collaboration between the research 
team on the Ergonomics of the Thermal Environment of 
the University of Naples Federico II (Italy) led by 
Professor Gaetano Alfano and the Laboratoire de 
Psychologie et Physiologie Environmentales of the 
French CNRS of Strasbourg [59]. 
 
     THERMODE model [81] is a Stolwijk-like model 
developed to account spatial variations around the 
subject of all microclimatic parameters responsible for 
the physiological response to the thermal environment 
(e.g. vertical gradients of air temperature, plane radiant 
temperature asymmetries, draughts, and unacceptable 
temperatures of the floor). In addition, it was one of the 
first models developed for a clothed subject. Its first 
version was characterized by 129 nodes and exhibited 
very good performances under comfort and slightly 
warm conditions except for hands and feet whose 
temperatures deviated from experimental values up to 
2.5°C [82]. Aiming to enhance its performances and 
improve its flexibility, the model has been widely 
modified consistently with the findings of the last 
fifteen years. 
 
     Despite the first version of THERMODE [63], the 
passive system is now made by 14 blocks (head, trunk, 
arms, forearms, hands, legs, ankles and feet).  
 
Each block is divided into several segments as follows: 
 
 head: (upper and lower) each made by four segments 

(right front, right rear, left front, left rear) for overall 
8 segments; 

 trunk, arms, forearms, legs, ankles: each made by 4 
segments (according to previously reported for the 
head) for overall 36 segments. This special 
segmentation allows the treatment of both stand up 
and seated position. 

 hands and feet, each made by one part for overall 4 
segments. 

 
     Finally, each segment is made by four layers (skin, 
fat, muscles, core), for an overall number of 48 x 4 = 192 
nodes to which blood has to be added, according to 
figure 8. 
 

 
 
 
 
 
 
 
 

 

 
Figure 8: The human body segmentation of THERMODE 
193 model [63]. 
 
     The model can evaluate the clothing thermal 
insulation of each dressed body part starting from an 
overall clothing insulation value corrected by the effect 
of body movements [83-86]. The possibility of using 
different clothing insulation values for each 
compartment allows the thermal response evaluation in 
the presence of protective clothing. The evaluation of 
the mean radiant temperature of each compartment has 
been carried out according to ISO 7726 Standard 
procedures [87,88]. 
 
     According to Stolwijk’s formulation [55,56], 
controller equations have a term consisting of the 
product of a control coefficient and a central 
temperature signal, a term consisting of the product of a 
control coefficient and an integrated skin temperature 
signal, and, finally, a third term consisting of the 
product of a control coefficient, a central temperature 
signal, and a skin temperature signal according to 
following equations. All coefficients have been 
recalculated by means of a special optimization 
algorithm [82]. 
 
      The validation of THERMODE 193 is based upon 
experimental measurements carried out in a special 
climatic chamber at LPPE by exposing 12 adult subjects 
(with three different clothing insulation values) to 
environmental homogeneous conditions consistent with 
a thermal sensation varying between slightly cold and 
slightly warm. This means that, according to Fanger’s 
approach [89,90], microclimatic conditions are 
consistent with a PMV range [-1; +1].The overall 
number of experiments was 108 [59]. 
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     Data in Table 1 demonstrate a general acceptability 
of the skin temperature values predicted by 
THERMODE 193 for each body segment especially 
under comfort (PMV=0) and slightly warm (PMV=+1) 
conditions with very low deviations with respect to 
measured values. The only segments affected by less 
encouraging performances are hands and feet whose 
deviations exceed 2.5 °C under cold conditions and low 
clothing insulation values. This is mainly due to the 
impossibility of Stolwijk-like models as THERMODE to 

account counter-current heat exchanges between 
arterial and venous pool [67] which are very significant 
in distal segments of the body [91]. However, it is very 
important to highlight that ΔT values for this segments 
are of the same magnitude of the standard deviations of 
experimental measurements [54] and that they can be 
improved by operating on the active system with a 
fitting aimed to find active system coefficients well 
calibrated on the experimental data [82].  

 
Icl 

(clo) 
PMV Head Trunk Arm Hand Leg Foot 

0.10 
-1 +0.2 +1.1 +1.4 +2.6 -0.4 +1.2 
0 0.0 +0.9 +0.5 +0.8 -0.5 +0.6 

+1 -0.3 +0.5 +0.1 +1.4 -1.1 +0.5 

0.60 
-1 +0.1 +0.2 +0.3 +2.1 +0.8 +1.1 
0 +0.5 +0.5 +0.5 +1.9 +0.3 +0.8 

+1 -0.2 +0.1 -0.2 +1.4 -0.1 +1.1 

0.85 
-1 0.0 -0.8 +0.3 +1.0 +1.6 +1.5 
0.0 0.0 -0.5 -0.4 +0.3 +1.0 +0.5 
+1 +0.1 -0.2 -0.1 +1.5 0.0 -0.1 

Table 1: Steady state temperature differences, ΔT (°C), between experimental local skin temperatures and those 
predicted by THERMODE 193 for different clothing insulation (Icl) and PMV (Predicted mean vote) values. 
 

Conclusion 

     Fifty years after Stolwijk’s researches addressed to 
the Apollo-Skylab program, several thermophysiological 
models for the assessment of human exposures to the 
thermal environment have been developed. Thanks to 
the ongoing research in that field, they are today able to 
predict with acceptable accuracy levels the human 
response to the thermal environment. Therefore, their 
application will be more and more extended in all 
situations where the ergonomic approach is necessary 
both at analysis and design stages. 
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