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Abstract A novel thermo-physiological human head simula-
tor for headgear testing was developed by coupling a thermal
head manikin with a thermo-physiological model. As the heat
flux at head-site is directly measured by the head manikin, this
method provides a realistic quantification of the heat transfer
phenomena occurring in the headgear, such as moisture
absorption-desorption cycles, condensation, or moisture mi-
gration across clothing layers. Before coupling, the opportu-
nities of the head manikin for representing the human physi-
ology were evaluated separately. The evaluation revealed re-
duced precision in forehead and face temperature predictions
under extreme heterogeneous temperature distributions and
no initial limitation for simulating temperature changes ob-
served in the human physiology. The thermo-physiological
model predicted higher sweat rates when applied for coupled
than for pure virtual simulations. After coupling, the thermo-
physiological human head simulator was validated using eight
human experiments. It precisely predicted core, mean skin,
and forehead temperatures with average rmsd values within
the average experimental standard deviation (rmsd of 0.20 ±
0.15, 0.83 ± 0.34, and 1.04 ± 0.54 °C, respectively). How
ever, in case of forehead, precision was lower for the expo-
sures including activity than for the sedentary exposures. The
representation of the human sweat evaporation could be af-
fected by a reduced evaporation efficiency and the manikin
sweat dynamics. The industry will benefit from this thermo-

physiological human head simulator leading to the develop
ment of helmet designs with enhanced thermal comfort and,
therefore, with higher acceptance by users.

Introduction

Thermal manikins are mainly designed for the examination of
the heat and mass transfer in protective clothing and equip-
ment. In most scenarios, the net heat loss as a result of con-
vection, conduction, radiation, and eventually evaporation can
be investigated using a standard operating procedure which is
mainly based on the temperature-controlled regulation.
Therefore, the surface temperature of a thermal manikin is
typically regulated within a narrow range at a fixed set point
temperature, similar to human skin temperature at a thermo
neutral state, lying between 34 and 36 °C. The power needed
to maintain this temperature over a steady-state period is re-
corded and allows the quantification of net heat loss. In the
case of measuring the evaporative heat loss through garments,
standard measurements usually require a fully wetted manikin
surface during the entire test period. Pre-wetting the fabric is
also suggested by externally water spraying the surface
(ASTM F2370-10 2010).

Net heat loss has been investigated either with heated cyl-
inders (sweating Torso, (Psikuta et al. 2008)) or anatomical
full-body manikins. As an alternative, specialized body part
manikins are an increasing trend. Besides the lower cost, the
operation control is less complex for separate body parts, as
less thermal interactions occur with the rest of the body (e.g.,
internal convection). In most cases, the specialized body part
manikins provide a finer segmentation, allowing greater detail
in the investigation of local thermal properties of garments
full-body and body part manikins enable a reproducible com-
parison of protective clothing and gear, which is highly
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valuable for clothing industry to improve protective and com-
fort properties. However, they do not provide any information
about the local or whole body human thermo-physiological
response and the possible implications in different cases of use
for the protective clothing.

Nowadays, mathematical models of human thermal physi-
ology exist to predict the thermo-physiological state of the
body (Fiala et al. 2001; 1999; Kobayashi and Tanabe 2013;
Werner and Webb 1993). In general, such thermo-
physiological models include a simplified model for clothing
including only a few static parameters, such as thermal and
evaporative resistances and clothing area factor. Nevertheless,
the dynamic nature of the thermal exchange occurring within
the clothing might significantly affect the complex heat and
mass transfer phenomena: moisture absorption-desorption
cycles, condensation-evaporation cycles, or liquid moisture
migration across clothing layers that can contribute to a
substantial heat loss depending on fabric properties and mois-
ture location (Fan and Cheng 2005a; Havenith et al. 2013;
2008; Wissler and Havenith 2009; Wu and Fan 2008).
Clothing models describing such transient processes in the
human skin-clothing-environment system have been intro-
duced in the scientific literature; however, they have still some
simplification in the modelling of decisive aspects, including
air gaps and contact area between garments and the body
surface (Fan and Cheng 2005b; Li et al. 2004; Lotens and
Havenith 1994; Lotens et al. 1995). Additionally, they have
scarcely been combined with advanced thermo-physiological
models (Fiala et al. 1999; Tanabe et al. 2002;Wissler 1985) or,
if combined, their performance has not been validated (Lotens
1993; Stolwijk 1971).

Thermal manikins enable experimental quantification of
the real heat and mass exchange between the given actual
gear and surrounding environment, even for complex tran-
sient conditions. Therefore, there is a reliable possibility of
incorporating the exact heat loss of the skin into the
thermo-physiological model calculations as an alternative
to the virtual modelling of heat and mass transfer through
the clothing. This could potentially lead to a more precise
prediction of human thermal response (Jones 2002).
Nevertheless, adding a thermo-physiological control to a
thermal manikin implies different requirements for the
manikin operation than those generally required by the
manikin standards (ASTM F2370-10 2010; ISO15831
2004; ISO9920 2007). Human physiology usually presents
heterogeneous temperature distributions on the skin sur-
face. In addition, skin temperatures undergo frequent and
fast changes while sweat secretion and evaporation occurs
dynamically from the human skin. The manikins’ limited
ability to closely reproduce the skin temperature distribu-
tion and evaporation rates throughout the exposure in mod-
erate and extreme scenarios might compromise the preci-
sion of the predictions.

Several attempts to couple thermal manikins (full-body
manikins and cylinders) with thermo-physiological models
have been successfully undertaken for the evaluation of cloth-
ing, transient automotive environments, ventilated seats, and
cooling garments. The first of such a tool, reported in the
literature, was developed for the automotive industry at the
National Renewable Energy Laboratory (CO, USA)
(Farrington et al. 2004; Rugh et al. 2004). In this study, they
coupled the ADAM manikin with a thermo-physiological fi-
nite-element model and the Berkeley comfort model (Smith
1991; Zhang 2003). The manikin measured the heat loss from
each body segment while the thermo-physiological finite-ele-
ment model calculated the surface temperatures and sweat
rates for each segment accordingly. This coupling principle
has been successfully applied in other systems such as the
single-sector thermo-physiological human simulator which
represented the whole human body (Psikuta et al. 2008). The
predominance of a coupled system was proven for static and
dynamic heat and mass processes through clothing (Psikuta
2009; Psikuta et al. 2013b). Redortier and Voelcker (2010)
also applied this principle for the coupling of Xu’s six-
segment thermo-physiological model with a 38-zone
Newton sweating manikin (Thermetrics, USA) (Xu and
Werner 1997). A good agreement was observed with human
experimental data for a transient environmental exposure;
however, at the same time, some significant discrepancies in
exercising scenarios occurred. Further efforts were suggested
to increase the accuracy and adequacy of the sweating, such as
incorporating diffusive sweating (Redortier and Voelcker
2011; 2010).

Up to now, coupled systems always included whole-
body manikins (Curran et al. 2014; Farrington et al.
2005; Psikuta et al. 2008); however, the partial coupling
of a body part manikin with a thermo-physiological model
is yet to be addressed. The aim of this work was to develop
a novel thermo-physiological human head simulator for
headgear evaluation, based on the coupling of a thermal
head manikin with a thermo-physiological model. In this
coupled system, the heat flux at the head-site is directly
measured by the manikin, whereas the rest of the body is
virtually simulated. As a crucial initial step, the opportuni-
ties and limitations of the coupled parts need to be evalu-
ated. Thus, the preliminary validation study of the thermo-
physiological model and the investigation of the thermal
constraints of the head manikin are also presented.
Moreover, a preliminary validation study based on a nude
head and simple headgear cases is presented. The initial
understanding of the heat and mass transfer exchanges on
the head manikin surface is fundamental for interpreting
the results in complex headgear scenarios. In such a case,
the system can realistically reproduce the effect of clothing
on the net heat exchange between the skin and the envi-
ronment and its impact on the wearer’s thermal response.
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System development

System components

The mathematical model of human thermo-physiology is the
model developed by Fiala et al. (Fiala and Havenith 2015;
Fiala et al. 2012; 2001, 1999) in its most recent version re-
leased in 2015 (FPCm5.3. model, Ergonsim, Germany). It
consists of two interacting systems: the controlled, passive
system and the controlling, active system. The passive system
includes the physical characteristics of the human tissue and
the heat and mass transfer occurring within and between the
body elements, as well as between the body surface and the
environment. The modelling of the sensible and latent heat
exchanges between the body surface and the environment
include the clothing locally represented by thermal and evap-
orative resistances, the clothing area factors, long-wave radi-
ation surface emissivity, and short-wave radiation surface ab-
sorptivity. The body is divided into 20 multi-layered body
elements (head, face, neck, thorax, abdomen, hip, shoulders,
upper arms, lower arms, hands, upper legs, lower legs, and
feet). In particular, the head element consists of a forehead and
a cranial sector, the face has one anterior and two superior
sectors, and neck consists of an anterior, posterior, and two
superior sectors. The active system predicts the thermoregu-
latory actions driven by the central and peripheral nervous
systems including vasomotion, shivering, and sweating.

A thermal nine-zone head manikin was selected to measure
the local heat transfer (Sweating Thermal Head, Thermetrics,

USA, 2012). This manikin has been proven to provide rele-
vant data about the local heat transfer through headgear sys-
tems (Martínez et al. 2016). The thermal head manikin’s sur-
face is divided into nine independent heated zones capable of
measuring the individual heat losses and surface temperatures
as well as the control of sweat rates. The cranial region of the
nine-zone manikin was finely segmented into six independent
zones typically covered by headgear. The zones included the
right and left temples which incorporated serial fragmentation
of the area in-between for a more detailed investigation of heat
transfer from anterior to posterior parts. The face, forehead,
and neck were the remaining independent zones. The sweat-
ing system of the head manikin consists of a general pump
with each zone flow being controlled by micro-valves. The
head manikin is equipped with a tight elastic fabric which has
to be placed on the manikin to evenly distribute the sweat over
the entire head surface (Martínez et al. 2015).

Coupling method

The coupling procedure was based on a real-time feedback
loop for controlling the head manikin using the thermo-
physiological model. In each iteration, the thermo-
physiological model calculated local surface temperature and
sweat rates in real-time, based on heat loss from the manikin
surface measured for each part of the head (see Fig. 1). This
coupling principle has already been successfully applied to a
single-sector thermal simulator (Psikuta et al. 2008).
However, in the case of the multi-sector thermo-physiological

Fig. 1 Coupling principle
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head simulator, the real local heat flux data is only available
for the head. Therefore, the rest of the body needs to be sim-
ulated virtually. Accordingly, the model was challenged to
simultaneously accept different types of boundary conditions,
such asmeasured surface heat losses at the head-site (so-called
in the FPCm5.3. software boundary condition 2, hereafter
BC2) and virtual environmental conditions for the rest of the
body (so-called in the FPCm5.3. software boundary condition
1, hereafter BC1). The thermo-physiological model was able
to calculate the resulting local skin temperatures and sweat
rates at the head-site based on the measured heat exchange.
Therefore, the multi-sector thermo-physiological head simu-
lator is required to accurately measure the heat flux exchanged
with the environment at each head sector. This can then pro-
vide a reliable prediction of thermo-physiological response in
both, transient and steady-state exposures.

Requirements for individual components

Head segmentation according to human physiology

Since the head manikin segmentation did not correspond to
the segmentation of the thermo-physiological model, some
sectors and zones in the model and head manikin were
grouped to match similar body areas. The physiological con-
trol of the head manikin was then based on four independent
head parts, including the forehead, the cranial part, the face,
and the neck. This allocation, however, implied that the cra-
nial and face parts were smaller in the head manikin by 10 and
6 %, respectively, in comparison to the thermo-physiological
model. In contrast, the neck and forehead parts were bigger in
the headmanikin by 2 and 57%, respectively, when compared
to the model. The exact body division and attributed areas
reflect the rather arbitrary decision of the model author, since
the experimental data available for the model development is
largely obtained for discrete number of points (e.g., tempera-
ture for entire back corresponds to a single spot measurement
at the location of the temperature sensor). This means that the
plausibility of such a small variation in surface area between
the model and the manikin may have no influence, provided
that the basic geometry and orientation of body segments re-
main similar.

Head heat loss within a physiological range

The head manikin provides a simplified geometry of the hu-
man head. Due to its materials and thicknesses, simplified
features such as ears lack thermal interaction with a full-
body shape. As a result, the heat fluxes measured by the head
manikin for a certain surface temperature could vary from the
heat fluxes observed for the human skin at the same temper-
ature. Therefore, the actual heat transfer coefficients of the
head manikin have to be similar to those used by the

thermo-physiological model for each head part, ensuring the
same calculations are made.

The natural convective and radiative heat transfer coeffi-
cients used by the thermo-physiological model were com-
pared for each head part, with those measured using the head
manikin for a scenario to include a sedentary nude person in
upright position exposed for 1 h at an ambience of 20 °C/50%
RH/still air (va = 0.1 m s−1). The equivalent head manikin heat
transfer coefficients were calculated based on the steady-state
heating power needed to keep each head part surface temper-
ature at 35 °C (30 min with heating power variation within
±3 %). The heat transfer coefficient for each part of the head
was calculated according to Eq. 1.

hnet ¼ HFpart
Tpart−T air

ð1Þ

where HFpart is the heat flux for each part of the head in
W m−2, Tpart is the surface temperature at the corresponding
head part, and Tair is the actual air temperature in the climatic
chamber, both in °C.

The comparison resulted in higher net heat transfer coeffi-
cients for natural convection and radiation measured with the
headmanikin when compared to the calculated coefficients by
the model. The coefficients of the head manikin were bigger
by 1.5 % for the forehead and cranial parts in comparison to
the model, whereas for the face and neck, the discrepancies
increased up to 10.7 and 17.2 %, respectively. The net heat
transfer coefficients observed for a full-body manikin were
closer to those in the thermo-physiological model (Psikuta
et al. 2016). Hence, the heat transfer coefficients observed at
head-site were certainly affected by the absence of the rest of
the body, beneath the head (thermal plume). Therefore, some
slight deviations occur between the heat flux measured by the
head manikin and those of the human skin heat loss predicted
by the thermo-physiological model, especially in high heat
loss exposures at the face and neck parts.

Heterogeneous surface temperature at head-site

Heterogeneous temperature distribution over the head surface
is often the case in the human physiology. Most thermal man-
ikins are firstly conceived to operate at homogeneous surface
temperatures, where temperature gradients between head parts
could result in some uncontrolled lateral heat transfer by con-
duction or internal convection and radiation, resulting in sub-
sequent inaccuracies in the measured heat fluxes. These inac-
curacies in measured heat flux could affect the thermo-
physiological response predicted by the multi-sector human
head simulator. Therefore, the lateral heat loss due to the tem-
perature gradients between zones was quantified in two sce-
narios, representing a high heat loss scenario with extreme
heterogeneous surface temperature (scenario 1) and a low heat
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loss scenario with moderate heterogeneous surface tempera-
ture (scenario 2).

The skin temperatures for each head part were simulated
with the thermo-physiological model. Scenarios consisted of
a nude person exercising for 2 h with moderate activity (3 met,
where met is the metabolic equivalent of task, 1
met = 58.2 W m2) in an ambient temperature of 35 °C that
suddenly moved into an environment at 5 °C (scenario 1) or
25 °C (scenario 2). The activity level remained constant over
the 2-h exposure. The heterogeneous surface temperature dis-
tribution obtained at the end of the exposure was set at the head
manikin parts for scenarios 1 and 2, respectively (see Table 1).
Additionally, a series of homogeneous surface temperature
distribution tests, corresponding to the temperature set points
for the individual body parts in scenarios 1 and 2, were carried
out. For both, heterogeneous and homogeneous surface tem-
perature distribution tests, the steady-state heating power from
each head part was measured (30 min with heating power
variation within ±3 %). For each head part, the heat flux mea-
sured for the heterogeneous and homogeneous temperature
distribution at the corresponding set point was compared.
Table 1 shows the relative difference expressed as a percentage
of the corresponding homogeneous heat flux that was consid-
ered as the uncontrolled lateral heat exchange exclusively due
to a heterogeneous temperature distribution. This was obtained
for each of the four head parts foreseen in the coupled system.
Table 1 includes the absolute heat flux values for a more com-
prehensive interpretation.

Head thermal responsiveness

The skin temperature of the human head changes dynamically
as an adaptive thermo-physiological response to the environ-
mental heat exchange. When coupled with the thermo-
physiological model, the thermal responsiveness of the head
manikin could impair a close follow-up of the dynamic chang-
es in the surface temperature, and effectively, mislead the
course of the simulated thermo-physiological response.
Thus, the head manikin had to react as fast as the human
physiology does. The maximum heating, passive cooling,
and controlled responsiveness were evaluated.

To determine the maximal changes in the head skin tem-
perature for extreme transient conditions, a systematic batch
of simulations were carried out for such conditions using the
thermo-physiological model. First, to characterize the tran-
sient passive response of the head manikin, a heating test at
the maximum nominal power (800 W m−2) and two cooling
tests, in which the headmanikin was left to cool from an initial
35 °C surface temperature, down to the ambient temperature
of 5 and 25 °C, were carried out. Secondly, to characterize the
manikin responsiveness when controlled by the default con-
troller settings, a stepwise cycle consisting of step changes in
surface temperature of 3, 2, 1, and 0.5 °C from a 35 °C

reference temperature. This would in turn represent moderate
and extreme physiological 1-min transients, to then be carried
out at 5 and 25 °C. The time needed to accomplish the tem-
perature change of the required set point temperature with a
tolerance of 0.2 °C was determined.

The maximal temperature increase within 1 min at the skin
of the human head was predicted by the thermo-physiological
model to be 2.15 °C. This occurred when a nude person pre-
cooled at 10 °C with no activity (sedentary posture, activity
level of 1 met) for 2 h and then was suddenly moved to an
environment of 45 °C air temperature, regardless the activity
level. The maximum temperature increase observed in the
head manikin was 6 °C min−1. However, when controlled by
the controller default settings, the thermal head manikin need-
ed on average 3.2 min to achieve an increase of 2 °C in surface
temperature (Fig. 2b).

The maximum skin temperature decrease at the head, with-
in 1 min, was predicted by the thermo-physiological model to
be 0.8 °C for a thermoneutral person moving into an ambient
of 5 °C. For the head manikin, the maximal uncontrolled re-
duction in the surface temperature within 1 min was found to
be −1.9 °Cmin−1, when cooling from a surface temperature of
35 to 5 °C ambient temperature (Fig. 2a). However, when the
cooling rate was modulated by the controller with default set-
tings, it took 3.3 min on average to reduce surface temperature
by 2 °C (Fig. 2b).

As thermal manikins are mainly applied in standardized
measurements including steady-state exposures, the parame-
ters of the controller are optimized to prevent over- and under-
shooting in the surface temperatures and to maximize the
power output stability. For dynamic measurement conditions,
for example, in the case of a physiological simulation, the
controller settings need to be adjusted if necessary, to provide
the faster response required by the human physiology.

Sweat evaporation efficiency and responsiveness

Human sweat secretion usually corresponds to dynamic chang-
es in environmental conditions and activity levels. According
to the thermo-physiological model, the sweat evaporates from
the human skin with an efficiency of 100 %, meaning that the
evaporation of each gram of sweat removes equal heat to the
latent heat of vaporization at the corresponding temperature.
However, due to the characteristics of the head manikin sweat-
ing system, the water evaporates not directly from the head
manikin surface, but from a tight-fitting fabric. Furthermore,
the sweat secretion is limited to 21 sweating outlets; thus,
evaporative efficiency might be reduced. This in turn means
the predicted evaporative heat loss could be less than expected
for a given amount of sweat according to the thermo-
physiological model predictions. Additionally, the evaporation
responsiveness of the system could induce some delay be-
tween the onset of flow and the moment that the evaporative
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cooling becomes effective, as opposed to the immediate evap-
oration assumed in the thermo-physiological model. There
fore, the evaporation efficiency and responsiveness had to be
characterized, estimating to what extent they could affect the
evaporative heat loss from the head manikin and how it com-
pares to the human skin.

The evaporative efficiency of the tight-fitting fabric has
been determined according to the experimental method report-
ed by Burton (Burton 1944; Havenith et al. 2013) and calcu-
lated according to Eq. 2.

Eff evap ¼ Evaporative heat loss

Mass loss λH2O
ð2Þ

Where the evaporative heat loss is the increase in heat loss
in addition to the dry heat loss (i.e., total wet manikin heat loss
− dry manikin heat loss) expressed in W m−2, mass loss cor-
responds to the mass of the sweat liquid released on the man-
ikin, expressed in g, and λH20 is the latent heat of vaporization
of water at 30 °C, expressed in J g−1.

The evaporative efficiencies were measured for the differ-
ent sweat rates at 25 °C/50 %/still air (va < 0.1 m s−1). The
entire head was controlled at a constant temperature of 35 °C
and a work cycle with different 1-h phases of uniform sweat-
ing rates (10, 30, 50, 100, 300, 500, and 1000ml m−2 h−1) was
programmed. The phases with sweat rates were separated by
drying phases to ensure that the measured heat flux at the

Table 1 Surface temperature set points and relative and absolute
deviations in heat exchange (expressed in % and W m−2, respectively)
with regard to a theoretical uniform temperature distribution due to
extreme and moderate non-uniform surface temperature distributions.

Positive values indicate parts providing higher heat flux in heterogeneous
distribution than in homogeneous. Negative values represent the oppo-
site. Heat flux has been compared between heterogeneous and homoge-
neous temperature distributions
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Fig. 2 Thermal responsiveness of the head manikin. a Comparison of
surface temperature drop measured on the head manikin and the skin
temperature drop predicted by the thermo-physiological model at
ambient temperature of 5 and 25 °C, respectively, for each defined head
part. b Average time needed for the entire head to achieve the target
temperature changes of 3, 2, 1, and 0.5 °C positive and negative

calculated with ±0.2 °C tolerance when the thermal reaction is
modulated by the manikin controller at 5 and 25 °C. The error bars
show standard deviation of the four head parts foreseen in the coupled
system. It should be noticed that time for a step change of −3 °C in
temperature ambient of 25 °C is constrained by maximal passive
cooling responsiveness of the head manikin
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beginning of each sweating phase was the same as in the
initial dry phase (±3 %). The average heat flux for a 15-
min steady-state dry and sweating period was calculated
for the entire head (average heat flux variation for all head
zones below 5 %). Additional heat fluxes due to moisture
evaporation at each sweat rate were obtained after
subtracting the dry heat flux. In this work, the so-
calculated evaporative heat loss included not only strictly
pure evaporative heat loss but also some marginal heat
loss due to additional wet conduction of the skin fabric.
Finally, a theoretical efficiency of the evaporation
(Effevap) at the head manikin surface was calculated by
comparing the evaporative heat loss with the correspond-
ing theoretical evaporative heat loss. This evaporative
heat loss was calculated based on the mass loss if all
secreted sweat was to evaporate, taking heat from the
manikin surface at 30 °C (λH2O = 2430 J g−1 at 30 °C,
(Havenith et al. 2013)). To calculate the evaporative heat
loss, the steady-state evaporative heat loss was assumed to
occur between the wetting and drying times. The wetting
time for each sweating period was defined as the time
elapsed from the sweat set point introduction to when
the heat loss was increased up to 75 % of the maximal
steady-state evaporative heat loss, while drying time
waited for a reduction of 75 % after cessation of sweating.
These percentages of the evaporative heat loss were cho-
sen to generally approach the steady-state and allowing
for any punctual variation of the system. To calculate
the theoretical evaporative heat loss based on the mass
loss, the evaporated mass is used to account for the sweat
rate over the 1-h step. Although water drip-off for the
entire head was found for 500 and 1000 ml m−2 h−1, the
exact amount of water drip-off could not be precisely
measured. On top of this, evaporative efficiency calcula-
tions for the entire head were not corrected by subtracting
the water mass that dripped off. However, Koelblen (un-
published data) determined the maximum moisture con-
tent for this tight-fitting fabric and suggested negligible
water drip-off for 500 ml m−2 h−1 but 1000 ml m−2 h−1

is evident for the entire head. The evaporation responsive-
ness to reach a certain evaporative cooling was analyzed
based on the wetting time calculated for each sweating
period according to the abovementioned definition.

In general, the evaporation efficiency tended to in-
crease from 44 % at 10 ml m−2 h−1 with the sweat rate
till a maximum of 78 and 76 %, observed for the entire
head at 300 and 500 ml m−2 h−1. It dramatically de-
creased for the highest sweat rate of 1000 ml m−2 h−1

as the calculation was not corrected for the water mass
that dripped off. The average wetting times for the en-
tire head varied between 3 and 10 min and tended to be
slightly higher when sweat was set at 300 and
500 ml m−2 h−1. The lowest wetting times were

observed for the minimum and maximum sweat rates,
respectively.

Using the heat loss as an integral feedback
from the environment

In a pure virtual simulation with the thermo-physiological
model, the input boundary conditions are most usually de-
scribed as a list of environmental parameters (further BC1)
and when the thermo-physiological model is coupled with a
thermal manikin, the boundary condition had to be introduced
as the skin heat flux measured by the manikin (further BC2)
for the coupled body parts and BC1 for the rest of the body.
Applying BC1 or BC2 could lead to different thermo-physio
logical predictions due to heat exchange and thermo-physio
logical calculations being based on different information. The
thermo-physiological model calculates the sweat rate based on
the response of the central nervous system and the local cor-
rection factor, accounting for the hidromeiosis effect related to
the skin wettedness. When applying BC2, the information on
the skin wettedness was not available and consequently the
predicted sweat rate was not reduced.

Two scenarios have been selected, such as cold-sedentary
and warm-exercising exposure conditions (referred to as cold
and warm hereafter), for quantifying the effect of excluding
hidromeiosis when using different boundary conditions. The
cold scenario represented a standard nude person resting (0.8
met) in an ambient of 15 °C/40%RH/still air (Va = 0.06m s−1)
for 2 h. In the warm scenario, the same standard person was
exercising (6 met) in an ambient 30 °C/40 % RH/still air
(Va = 0.1 m s−1) for 2 h. For each scenario, a simulation with
BC1 was carried out. The local skin heat loss, obtained as an
output for each body part from this simulation, was used as
input for a simulation with BC2. Finally, a third simulation
was done, combining the application of BC2 for head parts
and BC1 for the rest of the body (BC1/BC2), as it is intended
in the head manikin coupled with the model. The discrepancy
between the predictions in the cases of BC1, BC2, and BC1/
BC2, respectively, was statistically assessed by root-mean
square deviation (rmsd) and by bias, similar to the study by
Psikuta et al. (2013b).

The thermoregulation actions in the cold conditions, name-
ly, regulation of skin blood flow and shivering, were predicted
identically in all three cases, whereas in warm conditions, as
expected, the total amount of secreted sweat that accumulated
for 2 h at the end of the exposure was 274 and 51 g higher in
case BC2 and BC1/BC2 compared to case BC1, respectively.
The cumulated sweat at forehead was 2.64 and 2.37 g higher
for BC2 and BC1/BC2, respectively, as compared to BC1.
However, the resultant predicted overall and local body tem-
peratures in warm conditions differed only slightly, i.e., the
rmsd value was 0.05 and 0.17 °C for rectal and mean skin
temperatures when comparing BC2 and BC1 cases, with both
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rmsd values staying at 0.01 °C when comparing BC1/BC2
and BC1 cases, and for local skin temperatures at head-site,
the rmsd was within 0.1 and 0.05 °C for head parts when
comparing cases BC2 and BC1/BC2 with BC1, respectively.

Validation against human subject data

Eight human exposures were selected to validate the predic-
tions of the coupled system for a nude head and simple head-
gear cases (Table 2). These exposures represented combina-
tions of cold, moderate, and warm environments, with and
without activity. The study on the precision of the FPCm5.3
model alone for these exposures was provided elsewhere
(Martínez et al. 2016). In the coupled simulations, the head
manikin was dressed with the original clothing from experi-
mental studies or clothing closely representing the one in use
if necessary.

The precision and the accuracy of the coupled system pre-
dictions were statistically assessed by the rmsd and by the
bias, similar to the study by Psikuta et al. (2013b). Rmsd is
the average absolute difference between the results of simula-
tions and the corresponding human experiments, whereas the
bias quantifies the averaged error, i.e., literal difference be-
tween a prediction and a measurement, including its sign,
and indicates any systematic deviation of the model. Both
parameters were calculated for the core and mean skin tem-
peratures and the local skin temperature at the forehead in
each exposure, as the local temperature was available in most
of the exposures. The fit of the coupled simulations were
considered acceptable when the rmsd and bias were within
the standard deviation of the experimental data (i.e., 0.2 and
1.0 °C for core and skin temperature (Psikuta et al. 2012)).
Some exemplary results have been graphically presented and
discussed in the discussion section to illustrate some of the
main challenges faced by the coupled system.

Figure 3 shows the overall bias and rmsd values for the
coupled simulations for the eight validation exposures. Over
all core temperature rmsd and bias values were calculated for
rectal temperature. Therefore, exposures 2, 4, and 5 were not
included, as core temperature was measured at the intestine-
site and a consistent bias ranging between 0.15 and 0.2 °C has
been reported in some studies (Casa et al. 2007; Easton et al.
2007; Teunissen et al. 2012). Bias and rmsd values for core
and mean skin temperature stayed close to the average stan-
dard deviation observed in the experiments that was 0.26
± 0.04 and 0.61 ± 0.14 °C, respectively. The predictability of
the forehead temperature in both systems was close to the
average experimental standard deviation of 1.16 ± 0.43 °C
(average rmsd was 1.04 ± 0.54 °C). If clustering the exposures
according to the activity level (Table 2), the average precision
of coupled simulations was higher in the sedentary cluster
with rmsd of 0.86 ± 0.68 °C (exposures 1, 3, 6, and 7 with

activity ≤1 met) than in the activity cluster with rmsd of
1.21 ± 0.37 °C (exposures 2, 4, 5, and 8 with activity >1
met) for the forehead temperature.

Discussion

This work presents the opportunities of a thermo-physio
logical human head simulator to precisely represent the human
thermal response when complex headgear is worn. First, the
elements constituting of the coupled system have been evalu-
ated separately.

The thermal head manikin was evaluated in the most de-
manding scenarios for the human thermo-physiology to deter-
mine the opportunities and limitations that could allow the
coupled system to precisely mimic the human head thermal
response. When heterogeneous surface temperature distribu-
tion was applied on the head manikin, the gradients between
the head parts resulted in uncontrolled lateral heat exchange
that could compromise the precision of skin temperature pre-
diction at forehead and face. The passive heating and cooling
responsiveness of the head manikin did not present any limi-
tation for simulating sudden temperature step changes ob-
served in the human response. However, when the manikin
heating and cooling processes were modulated by the control-
ler with default settings, the time needed to reach the temper-
ature set point was longer than the time required by the human
physiology. The average evaporation efficiency for the entire
head studied at different sweat rates, ranged between 44 and
78% and no further increase was achievedwith a higher sweat
rate due to exceeding the maximum evaporation rate and a
consequent water drip-off. Ideally, in a coupled simulation,
the head manikin should closely represent the evaporation
phenomena as it is in the human skin at head-site in the entire
range of conditions, namely, similar sweat delivery respon-
siveness, similar evaporation rates in the same environment
and similar capacity of holding water on its surface. Therefore,
modifications of the sweat delivery system and water absorp-
tion properties of different tight-fitting fabrics could allow
evaporation at the thermo-physiological human head simula-
tor surface to approach the evaporation at the human skin
surface, as previously suggested in the literature (Redortier
and Voelcker 2011).

The evaluation of the thermo-physiological model revealed
some inconsistencies between predictions calculated based on
descriptive boundary conditions BC1 and BC2, despite con-
sidering the same total skin heat loss. In particular, the sweat
secretion was overpredicted in the case of using BC2 because
the information on the skin wettedness necessary to calculate
the local sweat secretion inhibition was unavailable. The mea-
surement of the total liquid water accumulation on the mani-
kin surface, representing the skin wettedness, could be theo-
retically possible using the change of manikin weight as an
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indicator. Nonetheless, such measurements would give only
an overall value for all body parts and would not be possible as
soon as any clothing or protective equipment was worn. In
such a case, the location of the moisture accumulation would
be not known and the correction for skin wettedness would be
impossible. This limitation was observed when the thermo-
physiological model calculated local surface temperature and
sweat rates in real time, when based on heat loss from the
manikin surface measured for each head part. However, no
information about this effect has been reported so far for
coupled systems, where the thermal manikin surface temper-
atures are used as input parameters to the thermo-
physiological model and its correspondingly calculated meta-
bolic heat flux in the human body and the skin heat loss at the
manikin shell (Curran et al. 2014).

In general, the coupled system precisely predicted core
temperature and mean skin temperature with average rmsd
values staying close to the average standard deviation ob-
served in the human experiments database, in agreement with
accepted values in the literature of 0.2 °C and below 1 °C,
respectively (Haslam and Parsons 1994; Psikuta et al. 2012).
The coupled system precision for skin temperature at the fore-
head (average rmsd of 1.04 ± 0.54 °C) stayed within the aver-
age standard deviation observed in the experiments (see
Fig. 3). This discrepancy was, however, more apparent for
the exposures including activity than for the sedentary
exposures.

In cold-sedentary exposures (exposure 1, Table 2), the
coupled system underpredicted skin temperature at the fore-
head (Fig. 4a) and even lower than the pure virtual simula-
tions. This could be due to slight uncontrolled lateral heat loss
drifting from the forehead and cranial parts towards the face
and neck parts, as their temperature was below the forehead
and cranial skin temperatures by 3 °C on average along this
cold exposure.

In activity exposures, the cooling of the skin had to
be achieved mainly by the evaporation of the sweat.
Figure 4b, c shows the prediction of forehead temperature and
the corresponding sweat rate obtained in a moderate and a
warm scenario, respectively (exposures 5 and 8, respectively,
in Table 2). The temperature predicted by the coupled system

was slightly above the temperature predicted by the pure virtual
simulation in the first phase of sweating. The total amount of
sweat secreted at the forehead was not very different in the
moderate exposure 5 (0.89 and 0.83 g for the whole activity
phase till minute 68 in the virtual and coupled simulation, re-
spectively), but was however predicted higher by the coupled
system than by the pure virtual simulation in the warm envi-
ronment presented in exposure 8 (0.91 and 1.35 g for the whole
activity phase till minute 43 in the virtual and coupled simula-
tion, respectively). As shown in BRequirements for individual
components^ section, when the model applied BC2, the pre-
dicted sweat rates were higher than those predicted with BC1,
due to the impossibility of accounting for the sweat suppression
effect created by an increase in the skin wettedness. The com-
bined effect of time delay and reduced evaporation efficiency
observed in the head manikin for low sweat rates might have
contributed to a limited evaporative cooling if compared with
the pure virtual simulation (BRequirements for individual
components^ section).

Additionally, in the case of exposure 5 (Table 2), some
temperature gradients of up to 1.8 °C were observed between
the forehead and face parts and could potentially produce
some deviation in the measured heat loss due to uncontrolled
lateral heat exchange and, consequently, in the local skin tem-
perature. The coupled simulation showed a higher forehead
temperature than the pure virtual simulation in both cases and
had a better agreement with the human experimental data in
exposure 8. The opposite was observed in exposure 5. The
attachment method for the skin temperature sensors might
have affected the temperature measurement differently for
each experiment. Therefore, the interaction between the am-
bient conditions and the attachment method in each particular
experiment could have generated differences in the heat and
moisture transfer at the measurement-site (Buono and Ulrich
1998; Priego Quesada et al. 2015; Psikuta et al. 2013a).

Figure 4d shows a skin temperature prediction at the fore-
head in the coupled simulations below the pure virtual simu-
lation when exercising in the cold (exposure 2, Table 2). In
this exposure, two participants were walking in a cold envi-
ronment at 10 °C wearing a winter cap. In the pure virtual
simulation, the thermal insulation value was measured first

Fig. 3 Box-plot diagram of the
overall bias and rmsd values
calculated for the eight validation
exposures. Box divisions
correspond to data quartiles,
upper whisker to the upper
quartile plus 1.5 times the
interquartile range, and lower
whisker to the lower quartile
minus 1.5 times the interquartile
range
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using the head manikin at a steady-state, and subsequent-
ly, the same winter cap was placed on the head manikin
during the coupled simulation. In this case, skin tempera-
ture of the other head parts, either dressed or not, showed
the common case observed for exposures involving the
sweating function, in which the coupled simulation pre-
diction for skin temperature was above the pure virtual
simulation prediction. As the prediction of the skin tem-
perature at the forehead in this exposure 2 showed excep-
tional behavior, it might be that this excess of sweat ob-
served in the coupled simulation, although similar to the
sweat excess in warm environment (exposure 8), was
evaporating more efficiently in this cold environment than
in warm conditions (1.01 and 1.47 g cumulated in the
activity phase till minute 60 in the virtual and coupled
simulation, respectively). However, in cold environments,
other combined heat and moisture transfer phenomena
such as increasing the net heat loss could occur within
the winter cap in the coupled simulations that were not
considered in the pure virtual simulation, due to the use of
a simplified clothing model (i.e., reduction in skin fabric
thermal resistance or condensation (Havenith et al.
2008)). The gap between both simulations and the exper-
imental data could be related to the different ways of
providing the skin temperature at the forehead. The

coupled simulations provided the average skin tempera-
ture for the entire partially dressed forehead. However,
in the human experiments, skin temperature at forehead
was collected with a thermal contact sensor at one single
point, which if allocated below the cap, would cause the
measurement to correspond to the much colder skin tem-
perature outside the winter cap.

In the cases of validation of selected exposures for
cases representing participants wearing rather simple or
no headgear, the thermo-physiological human head simu-
lator predicted forehead temperature with similar preci-
sion to the model alone and within the experimental stan-
dard deviation, demonstrating its ability to represent the
thermo-physiologically realistic heat and mass exchange
at the skin head surface. The main advantage of the
thermo-physiological human head simulator is that it can
allow a precise quantification of the heat transfer occur-
ring within the clothing, such as moisture absorption-
desorption cycles, condensation-evaporation cycles, or
moisture migration across clothing layers. These complex
thermal effects are commonly simplified in the pure vir-
tual thermo-physiological simulations. Therefore, these
results introduce the thermo-physiological human head
simulator as a promising tool for a more precise predic-
tion of the head thermal response.
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Fig. 4 Prediction of skin
temperature (Tsk) and sweat rate
(msw) at forehead for different
exposures. a Exposure 1. Average
person sitting in a cold
environment at Ta = 10 °C. b
Exposure 5. Well-trained athletes
cycling at 5.3 met in a moderate
environment at Ta = 21.2 °C. c
Exposure 8. Well-trained athletes
walking at 4.9 met in a warm
environment at Ta = 30 °C. d
Exposure 2. Well-trained athletes
walking at 5.9 met in a cold
environment at Ta = 10 °C
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Conclusions

A novel thermo-physiological human head simulator for the
testing of headgear was developed by coupling a thermal head
manikin with a thermo-physiological model. This study dem-
onstrated for the first time a coupling methodology for the
body part manikin, in this case, head manikin, with the phys-
iological model. Secondly, the crucial evaluation procedure
for both components of this thermo-physiological head simu-
lator was provided, including geometry and segmentation
comparison, lateral heat exchange evaluation between seg-
ments, manikin thermal responsiveness, evaporation efficien-
cy from the manikin surface, and the consequence of different
forms of boundary condition used in the coupled system. The
evaluation revealed reduced precision in the temperature pre-
dictions of the forehead and under extreme heterogeneous
temperature distributions and no limitation for simulating tem-
perature changes observed in the human physiology. The val-
idation revealed precise predictions for core, mean skin, and
forehead temperatures with average rmsd values within the
average experimental standard deviation (rmsd of 0.20 ±
0.15, 0.83 ± 0.34, and 1.04 ± 0.54 °C, respectively).

The thermo-physiological head simulator allowed realistic
wearing of the headgear placed on the head manikin and pro-
vided the exact quantification of the heat transfer phenomena
occurring between the skin and the environment in any wear-
ing case, including complex headgear and complex environ-
ments. The realistic information about the heat exchanged led
to a more precise prediction of the human head thermo-physio
logical response than the pure virtual simulations with solely a
thermo-physiological model. The validation study showed the
ability of the system to represent the human thermo-physio
logical response and was essential for adequately interpreting
the results in scenarios where more complex and dynamic heat
exchange phenomena were present through clothing. The in-
dustry will benefit from this knowledge, leading to the devel-
opment of helmet designs with enhanced thermal comfort and,
therefore, achieving higher user acceptance.
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