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Societal summary

The building sector is currently responsible for about 40 % of the total energy consump-
tion in the European Union. Thus, energy efficient technology for heating, ventilating
and air conditioning (HVAC) in buildings can contribute largely to the European
targets to significantly reduce CO2 emissions. However, the occupants of a building
still need to feel thermally comfortable to ensure health and productivity. Hence, a
balance between energy efficient technology and human thermal comfort is needed.

The HVAC systems in buildings generally condition the whole occupied space according
to a set temperature. In larger offices, this method might be inefficient. Hence,
researchers developed personalized HVAC systems, where the overall air temperature
is moderately reduced (17 to 20 °C) in case of heating or moderately increased (26 to
28 °C) in case of cooling. To ensure the occupants’ thermal comfort, local heating or
cooling devices are installed at the working desk or space. Examples include heated
chairs, heated mats under or on the table, or local ventilation systems.

To test the personalized HVAC systems, large studies using human subjects are
performed. These studies are often timely and expensive. Simulation models of
the human thermal response to the indoor thermal environment, namely thermo-
physiological models, can help testing personalized HVAC systems to limit the human
subject experiments to the most promising designs. To estimate human thermal
comfort, thermo-physiological models predict skin temperatures based on a simplified
geometry of the human, and use mathematical models for the heat transfer within
the body, the heat exchange with the thermal environment and for the main human
thermoregulatory responses such as sweating and shivering. The calculated skin
temperatures are then processed in thermal sensation and comfort models to estimate
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the human thermal comfort in a given thermal environment. Mostly, these models
have been developed to predict the average skin temperature and consequently, the
overall thermal comfort. Additionally, their validation was often done under laboratory
conditions with low clothing and low activity levels of the human subjects. However,
for the design optimization of personalized HVAC systems, the accurate prediction of
the skin temperature is also required for specific (local) body parts for clothed and
moderately active people.

The aim of this thesis was to investigate shortcomings of thermo-physiological models
when calculating local skin temperatures, and to enhance their prediction quality.
Hereby, our focus was set on typical office environments and activities. Firstly, we
tested the current performance of a thermo-physiological model in predicting local
skin temperatures using a case study with 5 subjects wearing typical office clothing
ensembles and performing moderate activities. Our results showed discrepancies
between the measured and simulated skin temperatures, especially on the extremities,
e.g., the feet. The detected reasons included the uncertainty of the provided local
clothing data and the need for re-evaluating local physiological effects, e.g., skin blood
flow (SBF).

Secondly, we addressed both issues in separate experimental studies. 1) We obtained
a large variety of local clothing data using a movable sweating thermal manikin, on
which temperatures and heat fluxes could be measured. Also, we determined equations
to adjust the local clothing properties to different clothing fits (tight versus loose
fit). 2) We developed an improved SBF model for the feet on the basis of human
subject experiments, where the subjects performed moderate activities while their
physiological data (e.g., skin temperature, energy expenditure, and skin perfusion)
was recorded.

Thirdly, we applied the newly measured clothing properties and the improved foot SBF
model to the simulations of the original case study. Our results show that the new foot
SBF model has the largest impact on the local skin temperature outcome. In most
cases, the skin temperature prediction is improved in the finalized thermo-physiological
model.
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CHA P T E R 1
General introduction

1.1. Energy efficiency in the built environment and
human thermal comfort

The international energy agency (IEA) reports that space heating and cooling as well
as water heating are responsible for almost 55% of the global buildings energy use.
Moreover, the report states that the energy consumption of these sectors needs to be
reduced by at least 25% by 2050 to meet the 2 °C target for climate global warming
(IEA, 2013). Hence, heating, ventilation and air conditioning (HVAC) systems need to
be increasingly energy efficient. However, these systems should also provide a healthy
and comfortable thermal indoor environment for the occupants of the building. A large
number of adults work in office buildings, where they need to daily perform at their
best and stay healthy. This objective can be achieved, when the indoor environment
meets their individual needs (Seppänen et al., 2006; Urlaub et al., 2013). Hence,
researchers and building engineers aim to design the HVAC systems of the buildings
to be energy efficient, while also providing a thermally comfortable environment to all
occupants.
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Chapter 1. General introduction

1.1.1. Human thermal sensation and comfort

The design of energy efficient and thermally comfortable buildings requires the pre-
diction of the future occupants’ thermal comfort. In current standards, e.g. EN-ISO
7730:2005, the predicted mean vote (PMV) and percentage of people dissatisfied (PPD)
are used to evaluate the environmental condition with regard to the overall thermal
comfort of an average person. The PMV predicts the average thermal sensation of a
large group in a given thermal environment based on regression equations developed by
Fanger (1970). Thermal sensation is a subjective measure to assess the environmental
conditions, and it is usually marked on a continues scale with the categories cold, cool,
slightly cool, neutral, slightly warm, warm and hot (ASHRAE, 2004). Further on, this
method was reviewed in several papers and adaptive thermal comfort models were
developed (de Dear and Brager, 1998; Nicol and Humphreys, 2002).

With the development of human thermo-physiological (TP) models (see section 1.2),
thermal sensation (TS) and thermal comfort (TC) models were introduced that
predict overall thermal sensation based on the predicted mean skin temperature, core
temperature and their time derivatives. These models are based on regression analysis,
which maps these physiological parameters to the thermal sensation of a group of
human subjects. Examples of these models were developed by Fiala (2012, 2003) and
Zhang (2003). A different approach is given in Kingma et al. (2012; 2014b), where
neurophysiological responses of cold and warm receptors are included. Hence, the
overall TS modeling is based also on real physiological processes rather than exclusively
on regression analysis.

Local thermal sensation for office building applications is only computed in the model
by Zhang (2003). This model can be applied in steady state and transient conditions. It
calculates the local thermal sensation as a function of local and mean skin temperatures
as well as both their set points, the time derivatives of the local skin and the core
temperature, and four coefficients that depend on the specific body part. The set
points for local and mean skin temperature have to be measured in neutral conditions
for every individual or a group of subjects under specific conditions. Hence, it is not
possible to predict local thermal sensation entirely based on computational models.
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1.2. Human thermal physiological modeling

1.1.2. Personalized heating and cooling systems

Among other solutions, personalized heating and cooling systems show a high potential
for saving energy in office buildings as compared to conventional systems while providing
a comfortable indoor thermal environment (Arens et al., 1991; Foda and Sirén, 2012;
Melikov et al., 1994; Parkinson et al., 2015; Verhaart et al., 2015; Veselý and Zeiler,
2014). Personalized heating and cooling systems influence the climate around specific
body parts (here referred to as local) of the occupants, while the overall environmental
temperature of a room or building is reduced in case of heating or raised in case of
cooling in order to save energy consumption and costs. Examples for personalized
heating systems include heated chairs, supply of warm air at desk level, or heated
mats under or on top of the desk (Foda and Sirén, 2012; Melikov and Knudsen, 2007;
Watanabe et al., 2010; H. Zhang et al., 2010b; Y. F. Zhang et al., 2007). Personalized
cooling is mainly achieved by cooling fans at different locations at the desk (Veselý
and Zeiler, 2014). Currently, these systems have to be tested with extensive human
subject experiments. An alternative would be the use of a computer model, which
predicts local skin temperatures and a coupled TS model for the prediction of overall
and local thermal sensation.

1.2. Human thermal physiological modeling

1.2.1. Overview

Individual thermal comfort might be assessed using modern human TP and coupled
TS models. Thermal models have been developed since the 1960s and continuously
improved. Detailed summaries of these models and their development are given, for
example, by Cheng et al. (2012), Miimu et al. (2013), de Dear et al. (2013), Fabbri
(2015) and Katic and Zeiler (2014). Accordingly, human thermal models can be
clustered into two main categories: 1) TP models and 2) TS models, which are also
referred to as psychological models, e.g. by Cheng et al. (2012). These two categories
are connected in a general concept of human thermal modeling (Figure 1.1). This
concept also includes that TP models require input of environmental variables (e.g.
operative temperature, humidity, wind speed), two personal factors, namely clothing
and metabolic rate, and, optionally, individual characteristics (e.g. weight, height, age).
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Chapter 1. General introduction
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Figure 1.1.: General concept of human thermal modeling.

Using this information, TP models calculate core, mean and local skin temperatures
(Tcore, Tskin and Tsk,loc) as well as their time derivatives (dT/dt) with the use of heat
transfer and bio-heat equations. Core and skin temperatures as well as the change in
skin temperature are consecutively used to predict thermal sensation and comfort via
a TS model.

TP models can also be divided into single-segment and multi-segment TP models.
Segments are representations of the body or body parts, consisting of one or multiple
layers around a cylindrical or spherical core. In single-segment models the exact
geometry of body representation is less important and is used to define balances and
characteristics. Multi-segment models divide the human body into several body parts,
and the geometry (radius, length, layer thickness, etc.) becomes more important.
Every segment is usually assigned its own heat and mass balance, which is then
combined in a whole-body balance. Tables A.1 to A.3 on pages 123–125 summarize the
most important attributes of selected thermal models in each of the defined categories.
This thesis addresses specifically multi-segment TP and coupled TS models.

1.2.2. ThermoSEM

All simulations in this thesis are done with the TP model ThermoSEM as described
by Kingma (2012) and Severens (2008). The model originates from Fiala’s thermoreg-
ulation model (Fiala et al., 1999, 2001). Major difference to Fiala’s model is the
neurophysiological model for skin blood flow (Kingma et al., 2014b). To represent
the human body, the model consists of 18 concentric cylinders and one concentric
semi-sphere connected to a central blood pool (Figure 1.2). Every part has multiple
tissue layers with defined attributes, e.g. basal metabolic heat, specific density and
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1.2. Human thermal physiological modeling

anterior
posteriorinferior

skin
fat

muscle

bone

conduction

Blood 
pool

Blood flow

Tskin, vpskin

Tair Twall vpskin

Conduction
& convection radiation evaporation

Figure 1.2.: Representation of the human body by ThermoSEM based on Kingma (2012)

conductivity. Moreover, the elements are divided into anterior, posterior and inferior
sectors, to account for differences due to the orientation. Also, thermoregulatory
control mechanisms, like shivering, sweating and (skin) blood flow are modeled. The
detailed attributes of the model are provided in Appendix B on page 153. In this
default configuration, these specifications represent an adult man with a weight of
73.5 kg, a height of 1.73 m, a body surface area of 1.86 m2 and a body fat percentage
of 14 %. The resulting basal metabolic heat production is 87.1 W.

1.2.3. Areas of application

Built environment

Multi-segment TP and coupled TS models are mainly applied to predict human
whole-body thermal comfort in a built environment and, therefore, are focused on the
prediction of global values such as mean skin temperature and core temperature. As
mentioned above, heating and cooling systems influencing also the climate of specific
body parts were developed to improve the thermal comfort and energy balance in office
buildings (Arens et al., 1991; Foda and Sirén, 2012; Melikov et al., 1994; Parkinson
et al., 2015; Veselý and Zeiler, 2014). An accurate prediction of local and overall
thermal sensation and comfort for these systems could help to preselect promising
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Chapter 1. General introduction

designs and improve the efficiency of human subject experiments. Therefore, the
ability of thermal models to also predict local thermal comfort and sensation has to
be re-evaluated.

Medical application

TP models can also be applied in medicine to predict and observe a patient’s tempera-
ture during medical treatments. For instance, Severens et al. (2007) use a TP model
to predict the afterdrop in core temperature following cardiac surgeries. Moreover, the
model is used to investigate the effectiveness of different heating measures to reduce the
core temperature drop after surgery and therefore, to improve the patient’s recovery
time. Another example is the prediction of thermal and circulatory effects during
hemodialysis including ultrafiltration as described by Droog et al. (2012). In this
study, the thermo-physiological model was coupled with an advanced cardio-vascular
model by Cavalcanti and Di Marco (1999). The combination showed a good prediction
quality of the patient’s core temperature and cardiac output. Also, the simulation of
local effects of vasoconstriction and the resulting local skin blood flow was important
to investigate potential cardiac vascular complications for the patient.

Sport science

In sport science, TP models might be applied to predict and manage the heat stress
of athletes before a training unit or competition (Havenith, 2001; Havenith and Fiala,
2016). The athletes’ performance can be improved by pre- or percooling the whole
body or specific body parts to reduce the heat stress (Bongers et al., 2015; Eijsvogels
et al., 2014; Luomala et al., 2012). Finding a suitable cooling strategy using human
subject experiments is costly and time consuming. Hence, a preselection of promising
cooling designs using a TP model can reduce the time and cost of such an endeavor.

1.3. Thesis outline

Present TP models are generally capable of simulating the local skin temperature to
be processed in TS and TC models. However, most models were validated for the
mean skin temperature prediction of an average person under low clothing as well
as low activity conditions. For local skin temperature prediction, deviations can be
found especially at the extremities (Martínez et al., 2016; Psikuta et al., 2012; van
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1.3. Thesis outline

Marken Lichtenbelt et al., 2007; Veselá et al., 2015b). The aim of this thesis is to
further develop the TP model ThermoSEM such that the prediction quality of local
skin temperatures is improved for moderate clothing and activity levels.

To identify the most critical aspects of local skin temperature prediction for higher
activity and clothing levels, we performed a case study in a real office environment
(Chapter 2). For this test, 5 individuals (3 male, 2 female) underwent six 1-hour
trials combining typical office activities and clothing insulation values. During the
experiments, we measured the local skin temperatures as well as the temperature and
humidity of the environment, and then compared them to the simulation results in
ThermoSEM.

Next, we investigated two main aspects in a broad literature review (Chapter 3): 1.
the necessity and availability of local clothing properties and local metabolic heat
production (above 1 met), and 2. influences on the local skin temperature predictions.
In a sensitivity analysis included in the review, we analyzed the contribution of both
aspects to the prediction accuracy of distal skin temperatures.

The missing data on local clothing properties was addressed by measuring local clothing
parameters on a thermal sweating manikin in cooperation with Empa, St. Gallen,
Switzerland (Chapter 4). For the dry thermal insulation values and local area factors,
23 typical office outfits were measured at three air speeds and body movement. The
evaporative resistance was measured for two representative outfits at all air speeds
and body movement. Additionally, we determined the local dry and local evaporative
clothing resistance as well as the clothing area factors of three typical office shoes. For
the dry thermal insulation, a correlation to the fit of the clothing (ease allowance) was
investigated for one level clothing outfits.

To quantify the influence of different physiological factors on the local heat balances, we
conducted human subject experiments at Maastricht University, where the participants
performed light to medium activities while skin and core temperature, skin blood
perfusion at the foot and their energy expenditure were measured (Chapter 5). With
the help of these experiments, we re-analyzed the foot skin blood flow model.

At last, the case study was revisited to see if applying the measured local clothing
properties and the foot skin blood flow model would improve the skin temperature
prediction (Chapter 6).
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CHA P T E R 2
Performance of ThermoSEM in

realistic environments - a case study∗

2.1. Introduction

Current thermoregulation and coupled thermal sensation models are mostly based
on and validated for laboratory settings as has been done, for example, by Fanger
(1970), Huizenga et al. (2001) and Fiala (1998). However, their intention is to predict
the human response in real office or outdoor conditions to provide a healthy and
comfortable built environment through building design. Like any model, the predictive
quality is highly dependent on the quality of the input. Thermal sensation models,
therefore, require an accurate prediction of skin temperatures (Kingma, 2012). The

∗This chapter is an extended version of the following conference papers:
• Veselá, Stephanie; Kingma, Boris R. M., and Frijns, Arjan J. H. (2015a). “Effects of sweating

on distal skin temperature prediction during walking”. In: Extreme Physiology and Medicine
4.Suppl 1, A31

• Veselá, Stephanie; Kingma, Boris R. M., and Frijns, Arjan J. H. (2015b). “Taking Thermal
Regulation Models From the Lab To the World: Are Current Views Ready for the Challenge?”
In: Healthy Buildings Europe 2015. Ed. by Loomans, M.G.L.C. and Kulve, Marije te. Vol. 2015-
May. Eindhoven
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Chapter 2. Case Study - Performance of ThermoSEM

objective of the study is to conduct experiments with human subjects in a real office
as well as outdoor environment, and compare the findings with the simulation results
of the mathematical thermoregulation model ThermoSEM (Kingma et al., 2014b).
Short sensitivity analyses indicate potential areas of improvement for future studies.

2.2. Methods

The experiments were done from October to December 2014. In this study, two
activities were included: sedentary work (1.0 met) and walking (indoors and outdoors)
at a moderate speed (2.8 to 2.9 met) (Ainsworth et al., 2011; Parsons, 2014). All
scenarios were performed for one hour. To limit the effect of radiation through
sunshine and the effect of moisture, the experiments were done on cloudy, but dry
days. Additionally, the effect of clothing insulation on the skin temperatures was
investigated. To obtain comparable results, the components of clothing insulation
were set for three typical office combinations (Table 2.1). An overview of the chosen
scenarios in this study is also given in Table 2.1. Five young to middle-aged adults
(3 males and 2 females) were included in the study. The characteristics are provided
in Table 2.2. The subjects were asked not to drink hot or caffeine beverages or eat
shortly before and during the experiments.

Table 2.1.: Scenario overview
Sitting
in office

Walking
indoors

Walking
outdoors

Clothing combination 1: underwear, jeans,
short sleeved t-shirt, socks and shoes X X

Clothing combination 2:
combination 1 + long-sleeved shirt X X

Clothing combination 3:
combination 2 + winter jacket X X

Table 2.2.: Subject characteristics
Male 1 Male 2 Male 3 Female 1 Female 2

Body mass [kg] 80 90 76 62 63
Height [m] 1.92 1.82 1.86 1.68 1.70
Age [years] 42 32 32 27 26
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2.2.1. Measurements

During the experiments, the skin temperature of the subjects was measured at the
14 sites (see EN-ISO 9886:2004) plus the fingertip of an index finger using iButtons
(Thermochrom iButton DS1922L, Maxim Integrated, USA) (van Marken Lichtenbelt
et al., 2006). The environmental parameters (RH and air temperature) were also
registered during the experiments with iButtons (Hygrochron iButton DS1923, Maxim
Integrated, USA). This RH/T sensor was attached to the outer layer of the clothing
at the thorax and was kept at a distance of about 10 cm in front of the person using a
wooden clip. The temperatures and relative humidity were recorded every 60 seconds.

2.2.2. Input parameters for the model

For the environmental conditions, ThermoSEM requires the air and radiation temper-
ature, relative humidity and the effective air speed. The first three are taken from the
measurements of the environmental conditions as described above. The effective indoor
air speed is assumed to be mainly due to walking at 4 to 5 km/h. The walking speed
of the subjects was measured while walking outside using GPS tracking. Outdoor
experiments were done on windless days. Hence, we assume that the effective air speed
is equal to the walking speed.

The local clothing insulation and clothing area factors are based on the study by
Lee et. al (2013). The values are shown in Tables 2.3 to 2.5. The required moisture
permeability index is set to 0.38 for all clothed body parts, except for upper body
parts covered by a jacket, where it is 0.34 (ISO 9920: 2009).

Basal metabolic rate is set to 87 W for males and 72 W for females (Harris and
Benedict, 1918). The activity level for sedentary work is set to 1 met (Ainsworth et al.,
2011). The activity level for walking is calculated with the equation by Morrissey and
Liou (1984). For a walking speed of 5 km/h the value varies around 2.8 to 2.9 met.

2.2.3. Analysis

For the analysis of the skin temperature, the results are grouped into mean, proximal,
upper and lower arm, upper and lower leg, hand and foot skin temperature. The
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Table 2.3.: Thermal insulation [clo] of the upper body for the different clothing ensembles.
Head,
Face

Neck Shoulder Thorax/
Abdomen,
Anterior

Thorax/
Abdomen,
Posterior

Clothing 1
0

0 1.05 1.22 0.89 (1.03)
Clothing 2 0.25 3.08 3.88 2.28 (2.42)
Clothing 3 0.36 3.50 4.46 2.54
(): insulation with chair, when sitting

Table 2.4.: Thermal insulation [clo] of the extremities for the different clothing ensembles.
Upper
Arm

Forearm Hand Upper
Leg

Lower
Leg

Foot

Clothing 1 0.55 0 0 0.73
(0.83) 0.58 0.83Clothing 2 1.89 1.41 0.16

Clothing 3 2.62 1.89 0.17
(): insulation with chair, when sitting

mean skin temperature is the average of all measured points except fingertip. In the
simulation, the points are chosen accordingly. For the proximal skin temperature, the
measured and simulated points of the thorax and abdomen are averaged. For direct
comparison, the last 45 minutes of each experiment are considered to take into account
the time for dynamic thermal responses of the subjects’ bodies, since their thermal
history is unknown.

A limited sensitivity analysis of foot skin temperature is applied to the simulation of
subject male 1 for the walking indoors scenario with clothing combination 2. For the
investigation in the numerical model, the dry local clothing insulation at the foot is
varied from 0.8 to 1.6 clo, the (overall) metabolic rate is increased from 2.8 to 3.3 met
and the moisture vapor resistance is decreased to 0.1 and 0.01. Also, the combination
of 1.6 clo and a moisture permeability of 0.1 is included in the analysis.

Additionally, the local skin perfusion of the feet during the experiments was calculated
for the measured local skin temperature. To obtain these values, the simulated skin
perfusion in ThermoSEM was iteratively adjusted in a way that the measured and
simulated local skin temperatures were the same in a small window of error.
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Table 2.5.: Clothing area factors
Head,
Face,
Neck

Shoulder,
Thorax,

Abdomen,
Upper Arm

Fore-
arm

Hand Upper
Leg

Lower
Leg

Foot

Clothing 1
1

1.1 1
1 1.09 1.2 1.03Clothing 2 1.13 1.13

Clothing 3 1.25 1.25

2.3. Results and Discussion

2.3.1. Sitting in an office

The average temperature difference and standard deviation between simulated and
measured values of the scenarios “sitting in an office” are summarized in Figure 2.1
and Table A.4 on page 126. Additionally, the absolute temperatures over the course
of the last 45 minutes are shown exemplary for the mean, proximal, hand and foot
skin temperature for “sitting in an office” with clothing combination 1 in Figure 2.2
and with clothing combination 2 in Figure A.1 on page 127. The environmental
temperatures during these office experiments were 21 to 24 °C.

For both scenarios, the difference between simulated and measured results for mean,
proximal, and arm temperatures are relatively constant, which is represented by the
low standard deviations of the individual subjects of mostly under 0.4 °C in Table A.4
on page 126. Higher standard deviations are found for temperature difference at
the hand, legs and foot. This observation can also be seen in Figure 2.2, where the
measured skin temperature of the hand and foot show higher changes than the ones
for the mean and proximal temperature.

The average mean, proximal, upper arm, upper leg and foot skin temperatures
deviations of all subjects are less than 1 °C (Table A.4 on page 126). This deviation
might be considered acceptable, since it is within the measurement error of the iButtons
(van Marken Lichtenbelt et al., 2006). For the lower arm, hand and lower leg, the
skin temperatures are mostly overestimated by the simulation with values of up to
2.9 °C. However, the individual results for all body parts are very divers, which is
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(a) Sitting in office, clothing combination 1
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Figure 2.1.: Skin temperature difference (simulated – measured) and standard deviation
for all subjects and representative body parts while sitting in an office wearing clothing
combination 1 or 2

represented by the large standard deviation of the average. The highest spread between
the subjects of 8.3 °C and 4.4 °C can be found for the foot skin site for the “sitting in
an office” scenario with clothing combination 1 and 2, respectively.

A possible systematic difference between genders can be seen for the proximal, upper
arm and resulting mean skin temperature difference. For all male subjects, the
simulation overestimates the measured skin temperatures at these locations, whereas
the measured skin temperatures of the female subjects are underestimated.

The main issue for the “sitting in an office” experiments is the large temperature
differences in distal skin temperature occurring in both scenarios and most subjects.
The overestimation of distal skin temperature indicates that 1) the amount of heat
delivered to the skin via blood flow is higher than it should be in reality or 2) not
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Figure 2.2.: Sitting in office, clothing combination 1: Measured and simulated skin tempera-
tures of last 45 min

enough heat is dispersed to the environment. Since the second option is hard to
measure, it is of interest to study the skin blood flow profile during office activities e.g.
by laser Doppler flowmetry. Then, the measured skin blood flow and its content of
heat can be compared to detailed results of the simulation.

2.3.2. Walking indoors

For walking indoors, the environmental conditions vary the most due to temperature
differences on indoor bridges, open spaces and office areas (14 to 22 °C). Since these
measured ambient temperatures and relative humidity serve as input data for the
model, the variation is also present in the simulation and varies throughout the
walking activity. To summarize the results, the mean difference between simulated
and measured skin temperatures for the last 45 minutes is shown in Figure 2.3 for all
indoor walking scenarios. Also, the absolute measured and simulated temperatures
are given in Figures A.2 to A.4 on pages 127–128.
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(a) Walking indoors, clothing combination 1
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(b) Walking indoors, clothing combination 2
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(c) Walking indoors, clothing combination 3
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Figure 2.3.: Skin temperature difference (simulated – measured) and standard deviation for all
subjects and representative body parts while walking indoors wearing clothing combination
1, 2 or 3

The computed results for the mean and proximal skin temperature at clothing com-
bination 1 and 2 in Figure 2.3 are in good agreement with the measurements. It
is seen that the computed values tend to underestimate the measured ones. The
underestimation increases with higher upper body insulation and reaches values up
to −4 °C for clothing combination 3. This effect can also be seen for upper arm skin
temperature differences when adding the winter jacket to clothing combination 2. In
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conclusion, the added insulation value in the model seems to be too low at these body
parts. In contradiction to this finding, the skin temperature difference of the lower
arm, is mostly overestimated by up to 4 °C and does not follow the discussed pattern.
For local insulation values, the available input data is limited to one recent study
(Lee et al., 2013). The values have been determined for a thermal manikin in sitting
position in an indoor environment. The influence of walking and air penetration is
not included and leads to an uncertainty in the used values.

The proximal skin temperature tends to be different for female and male subjects. For
example, the proximal temperature difference of males is overestimated by 2 K for
clothing combination 1, whereas it is underestimated for females. For higher upper
body insulation, the measured proximal temperature of females is underestimated up
to −3 °C, showing a large difference to the male results (−1 °C). This indicates that
the body composition in the model, which is based on a male subject, should take
into account the gender and statue of the subject.

For the mean hand skin temperature differences, a large variation can be seen between
subjects and scenarios. The values vary from 4 to −5.5 °C. Also, the standard deviation
is comparatively high. Since no clothing insulation is applied to the hands, the hands
are sensitive to the quick changes in environmental temperature during the walk
indoors, which are not entirely represented in the minutely data for the simulation.
Moreover, the movement of the hands was not prescribed. Hence, it is unclear if
subjects moved their hands, held them still or even put their hands into pockets. For
the first two options, the heat production in the hands (and arms) would slightly differ.
Further issues with the heat distribution to the limbs are discussed below.

For the skin temperatures of lower body parts, the temperature difference is the highest
for nearly all subjects as well as all scenarios and, as a general trend, is increasingly
underestimated with higher upper body insulation. The difference reaches values
of −2 to −5 °C for the legs and up to −12 °C for the foot skin temperature. This
underestimation in lower body skin temperature can either be caused by lower heat
input in the model than it is in reality or by overestimated heat losses. In present
thermoregulation models, heat work due to activity is distributed to the body parts
by default values based on the study by Stolwijk (1971). Any effect of local increase
in heat production due to muscle activities during walking is not taken into account,
and therefore, the heat production can be underestimated in a cold environment.
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Additionally, the activity level of 2.8 met is estimated for a typical walking speed of
5 km/h (section 2.2). However, this value was not controlled, and therefore, could be
different during the measurements. As mentioned for the “sitting in an office” scenarios,
knowledge of skin blood flow could give further insights for the heat transported to
the skin and indicate local differences in metabolism. Additionally, heat losses due to
sweating could be overestimated in current models. Since the feet are covered in socks
and shoes, the heat losses are expected to be low. However, the moisture permeability
index is only estimated in the model due to the lack of verifying studies on local values.

2.3.3. Walking outdoors

The temperature differences of simulated and measured values for the outdoors scenario
are shown in Figure 2.4. The environmental temperature ranged from about 5 to 11 °C
for the different subjects. The results of the scenario when walking outdoors with
clothing combination 3 are similar to the results of the scenario when walking indoors.
For the mean skin temperature, the temperature difference is low for most subjects
(maximum 2 °C), and also, the variation between subjects is low. The proximal
temperature varies for individual subjects, and it is underestimated by the simulation
for females by up to 4 °C. The highest temperature differences can be found for distal
skin temperatures: The hand skin temperature is overestimated by up to 6 °C and
the foot skin temperature is underestimated by up to −14 °C. Hence, the local heat
balance is not accurately represented in the simulation. For the hand, there seems to
be too high heat input or too low heat loss to the environment. Since the subjects
wore winter jackets, one possibility would be that the sleeves of the jacket covered
part of the hand, causing lower heat losses than predicted in the simulation. For the
foot, the simulated heat input is too low or heat losses to the environment are too
high as discussed in the previous section. Also, the results have to be interpreted very
carefully, since the influence of the wind is uncertain. Even though days with low wind
velocities were selected, it is not known whether the wind increased at some point.

2.3.4. Effects of local parameter variation on foot skin temperature

The previous section reveals a large error in the prediction of distal and especially,
foot skin temperature. To investigate the sources of the error, a limited parameter

18



2.3. Results and Discussion

-14
-12
-10

-8
-6
-4
-2
0
2
4
6

mean proximal upper arm lower arm hand upper leg lower leg foot

ΔT
sk

in
[°

C
]

Body part

-6-5
-4-3
-2-1
01
23
45
6

mean proximal upper arm lower arm hand upper leg lower leg foot

ΔT
sk

in
 [°

C
]

Body part

male 1 male 2 male 3 female 1 female 2

Figure 2.4.: Skin temperature difference (simulated – measured) and standard deviation
for all subjects and representative body parts while walking outdoors wearing clothing
combination 3

study was applied to the results of subject male 1 for the walking indoors scenario
with clothing combination 2 (see section 2.2). For this sensitivity analysis, the overall
activity level, the dry clothing insulation at the foot Icl,foot and the permeability index
at the foot icl,foot were varied. The default values were 2.8 met, Icl,foot = 0.83 clo and
icl,foot = 0.38. The results of this sensitivity analysis are shown in Figure 2.5. The
following variations were implemented, while keeping the other values unchanged:

1. higher activity level of 3.3 met, accounting for a possible larger walking speed,
2. larger dry clothing insulation at the foot, where Icl,foot = 1.6 clo, in case of

higher insulating shoe wear,
3. lower permeability index of the shoes, where icl,foot = 0.1 and icl,foot = 0.01,

assuming a higher evaporative resistance of (closed) shoes compared to other
clothing items

4. a combination of larger dry clothing insulation, where Icl,foot = 1.6 clo, and
lower permeability index, where icl,foot = 0.1

Compared to the default foot skin temperature difference of −8 °C, all measures
reduce the underestimation of the simulation. The increased overall activity level, the
increased shoe dry clothing insulation and the reduced shoe moisture permeability
of 0.1 lead to foot skin temperature differences of about −6 °C, −4.5 °C and −3.6 °C,
respectively. The lowest underestimation of about 1 °C is reached by the reduced shoe
moisture permeability of 0.01 and the increased shoe dry insulation combined with
reduced shoe moisture permeability of 0.1.
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Figure 2.5.: Skin temperature difference (simulated – measured) and their standard deviation
for subject M1 while walking indoors wearing clothing combination 2 for the default
simulation ( 2.8 met, Icl,foot = 0.83 clo and icl,foot = 0.38) and the changes of the sensitivity
analysis (while keeping the other values at default)

This short sensitivity analysis shows that the simulated foot skin temperature is
sensitive to local clothing properties and changes in local heat input due to activity
through local skin blood flow or local muscular activity. However, there is limited
data available on local metabolic rate, local clothing insulation and local moisture
permeability indices. This uncertainty of input values for the numerical model leads
to a large uncertainty in local skin temperatures prediction. Hence, there is a need for
experimental investigation of local clothing properties and local heat balances.

2.3.5. Analysis of local skin perfusion

Figure 2.6 compares the last 45 minutes of the simulated foot skin blood flow (foot
SBF) of the default simulation and the simulation with the changed foot clothing
properties (Icl,foot = 1.6 clo and icl,foot = 0.1) to the foot SBF of the simulation with
the implemented measured foot skin temperatures. For the default simulation, the
foot SBF is almost zero with an average of 0.001 l/min. Adjusting the foot clothing
properties leads to a slightly raised foot SBF of 0.002 l/min. If the clothing properties
are not adjusted, a foot SBF of up to 0.05 l/min is needed to reach the measured foot
skin temperatures.

Both, the adjusted foot clothing properties and recalculated foot SBF result in an
acceptable foot skin temperature prediction. This means that the “true” values are
unknown at the current stage. Hence, local clothing properties and local skin perfusion
need to be investigated to improve local skin temperature prediction quality.
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Figure 2.6.: Comparison of foot skin blood flow of the default simulation, with adjusted local
clothing properties and with input of measured foot skin temperature

2.4. Conclusions

The ThermoSEM model predicts the mean skin temperature for the chosen scenarios
within 2 K. Compared to former studies under laboratory conditions (Kingma et al.,
2014b) and low clothing insulation the maximum error for mean skin temperature
increased by 1 K. The main reason for this finding is the large underestimation of
distal, especially foot, skin temperature during walking activity due to underestimated
heat gain by skin blood flow and/or overestimation of heat loss. Two possible issues
are identified, which may cause the low distal skin temperature: 1) uncertainty of
local clothing values and 2) uncertainty of local skin perfusion and local metabolic
rates. Additionally, the specific geometry of the subjects (i. e. height, body mass,
body fat percentage) may add to the skin temperature deviations.

To specify the impact of the local heat gain through skin blood flow and heat losses
through clothing layers, direct measurements of the skin blood flow and local clothing
properties should be added to future experiments. Additionally, the general input data
for local clothing insulation values is based only on one study and does not include the
effect of air penetration or different local moisture permeability indices. The clothing
model input data, therefore, needs revision with regard to higher effective air speeds
and air penetration as well as local evaporative heat losses.

All in all, the described measures would improve the skin temperature prediction
quality of ThermoSEM and other thermo-physiological models. These accurate skin
temperatures can then be used in thermal sensation and comfort models to optimize
the built environment, especially using personal heating and cooling systems.
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CHA P T E R 3
Local thermal sensation modeling

- a review on the necessity and
availability of local clothing properties
and local metabolic heat production∗

3.1. Introduction

Accurate prediction of local thermal sensation (LTS) depends on accurate local skin
temperatures from thermo-physiological (TP) models, which in turn need accurate local
input values. The difficulty of obtaining precise input is different for environmental
and personal parameters. Environmental conditions can mostly be easily obtained,
since they are set or measured. However, personal factors such as local clothing values,

∗The contents of this chapter have been published in:
• Veselá, Stephanie; Kingma, Boris R. M., and Frijns, Arjan J. H. (2017b). “Local thermal

sensation modeling - a review on the necessity and availability of local clothing properties and
local metabolic heat production”. In: Indoor Air 27.2, pp. 216–272

23



Chapter 3. Local thermal sensation modeling - a review

metabolic heat production and its local distribution over the body, as well as local
tissue insulation have to be estimated. The latter factor is, for example, discussed by
Wijers et al. (2010) and Veicsteinas et al. (1982), but is not part of this chapter. The
whole-body clothing and metabolic data as described in the standards were reviewed
in a paper by Havenith et al. (2002), and suggestions were made for improvements.
For instance, Havenith et al. (2002) proposed to include clothing vapor resistance into
thermal comfort calculations and to account for the effect of air and body movement
on all clothing properties. Moreover, they question the precision of the measurements
for metabolic rates and suggest enlarging the database for low level activities. However,
for local personal input data (clothing and metabolic heat production) the availability,
the accuracy and the limits have not been reviewed and discussed so far. To fill in
this gap, this chapter gives an overview of present models and addresses the following
three main topics:

1. the necessity and availability of input data for local clothing properties and the
options to account for changes in them due to air speed and body movement,

2. the necessity and availability of metabolic heat production and its local distribu-
tion,

3. the effects of uncertainties of local personal factors on LTS modeling.

3.2. Representation of clothing in thermo-physiological
models

TP models account for sensible and evaporative heat loss from the clothed body to the
environment. Sensible heat exchange consists of a conductive, radiative and convective
part. Conduction from the clothing surface to the environment is usually neglected,
due to its small contribution to the overall heat losses. The radiation and convection
heat are defined by:

R = hrfcl(Tcl − Tr) (3.1)

C = hcfcl(Tcl − Ta) (3.2)

where R and C are the radiative and convective heat loss (W m−2), hr and hc are the
linearized radiant and convective heat transfer coefficients (W m−2 °C−1), fcl is the
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clothing area factor (ratio of the skin surface area of a nude person ADu (D. Du Bois
and E. F. Du Bois, 1916) and the surface area of the clothed body Acl (ISO 9920:
2009)), Tcl is the clothing surface temperature, Tr is the mean radiant temperature,
and Ta is the ambient temperature (all temperatures in °C). The linearized radiant
heat transfer coefficient is hereby dependent on the temperature in the following way
(ASHRAE, 2001):

hr = 4σε ·
(
Tcl − Tr

2 + 273.2
)3
· Ar
ADu

(3.3)

where σ is the Stefan-Boltzman constant (5.67 · 10−8 W m−2 K−4), ε is the emissivity
of the clothed body surface and Ar is the effective radiation area of the body (m2).
Mostly, convective and radiative heat losses (C+R) from the skin to the environment
are considered together in:

C +R = Tsk − Tcl
Rcl

= Tsk − Ta,o
Rcl + 1

fcl(hr+hc)
(3.4)

where Tsk is the skin temperature (°C), Rcl is the thermal resistance of clothing
(m2 K W−1), and Ta,o is the ambient operative temperature (°C).

The evaporative heat loss Esk can be written as:

Esk = w (Psk − Pa)
Re,cl + 1

fclhe

(3.5)

where w is the total skin wettedness, Psk is the saturated water vapor pressure at the
skin surface (kPa), Pa is the water vapor pressures of the ambient air (kPa) and he is
the evaporative heat transfer coefficient (W m−2 °C−1).

The clothing properties, thermal resistance Rcl, evaporative resistance Re,cl and
clothing area factor fcl have to be known to account for heat losses through clothing.
The thermal resistance Rcl is also often called clothing insulation Icl, which is then
given in the clo unit (1 clo = 0.155 m2 K W−1). The clothing insulation is part of the
total insulation IT provided by the clothing and the adjacent air layer. The total
insulation can be calculated from the clothing insulation, the insulation of the air layer
Ia and the clothing area factor:

IT = Icl + Ia
fcl

(3.6)
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Evaporative heat losses are often calculated using the clothing permeability index
icl, which is calculated from the thermal and evaporative resistance, Rcl and Re,cl,
respectively, as well as the Lewis relation LR (0.0165 K Pa−1):

iclLR = Rcl
Re,cl

(3.7)

All clothing properties are generally given as whole-body coefficients and values are
provided in current standard, e.g. ISO 9920:2009 or ASHRAE/55 (2004).

3.2.1. Clothing in thermo-physiological models

Multi-segment TP models assign clothing separately to every simulated body part.
However, the modeling of the local clothing is approached differently in the models
and the required input data may vary as well (Tables A.5 and A.6). In summary, the
modeling of local clothing can be divided into three approaches:

1. detailed differential equations for heat and mass transfer,
2. integration of thermal and evaporative resistances for heat losses from the skin

to the environment and
3. calculation of convective and radiative heat losses using the clothing temperature.

The first concept is used in the TP models by Stolwijk (1971), Wissler (1985) as well
as Fu and Jones (1996). The main disadvantage of these models is the difficulty to
measure or estimate the required input data, e.g. air gap width. The second method for
local clothing modeling is established in the more recent TP models. Even though their
concepts are similar, they are implemented differently. Lotens and Havenith (1992), for
instance, uses a detailed resistance scheme for a skin-clothing-air-clothing-air system,
where radiation, diffusion and ventilation are integrated (Figure A.5). In contrast,
models by and based on Fiala (1998) and Tanabe (2002) define a local effective heat
transfer coefficient U∗

cl (3.8) and a local effective evaporative coefficient U∗
e,cl (3.9) to

account for heat and moisture exchange between the skin and the environment:

U∗
cl = 1∑n

j=1 (I∗
cl)j + 1

f∗
cl

(hc+hr)
(3.8)
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U∗
e,cl = LR∑n

j=1

(
I∗

cl

i∗
cl

)
j

+ 1
f∗

cl
·hc

(3.9)

where I∗
cl is the local heat resistance of the j-th clothing layer (W m−2 K−1), f∗

cl is the
local clothing area factor and i∗cl is the local moisture permeability index. Lastly, for the
improved UCB clothing model, a distinction is made between clothed and not-clothed
pathway from core to environment (Figure A.6). The third approach to local clothing
modeling is only found in the Multi-segment Pierce model (Foda and Sirén, 2011). To
calculate the convective and radiative heat losses with equations (3.1) and (3.2), an
iterative procedure is performed to choose the correct clothing temperature.

3.2.2. Local clothing insulation and evaporative resistance values

In current data bases, e.g. ISO 9920:2009 and McCullough (1985, 1989), clothing
insulation and evaporative resistance is given for whole-body approaches. Therefore,
these values cannot be directly applied at local segments. Most TP models described
in section 3.2.1 use their own local data, which is either measured for specific cases or
taken from an in-house database, which is not publicly accessible. Only a few papers
were published on local clothing properties, which will be presented here.

In the available literature, four studies were found which published sufficient data on
local clothing insulation values: Curlee (2004) and Nelson et al. (2005), Havenith
et al. (2012), Lee et al. (2013) and Lu et al. (2015). In Table 3.1, local clothing
insulation values for different body parts are given for the four published studies using
an example of a clothing ensemble consisting of underwear, t-shirt, trousers, socks
and shoes. The table shows that local clothing insulation values vary across these
studies. For instance, the local clothing insulation on the chest ranges from 0.116
to 1.14 m2 K W−1 and on the feet even from 0.079 to 0.287 m2 K W−1. Thus, it is
difficult to choose an adequate value to be used in a TP model.

The reasons for the differences in the clothing thermal resistances can be found in
the different approaches taken and different clothing specifications used in the four
papers. The data of Curlee (2004) is based on a computational method, where
the whole-body thermal clothing insulation values, evaporative resistances and area
factors by McCullough (1989) were recalculated into local values. In contrast, Lee
et al. (2013) and Lu et al. (2015) report measured values, which were obtained in
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Table 3.1.: Comparison of local clothing thermal resistance for a light clothing ensemble

Local
clothing area
factorb

Local clothing insulation (m2K/W)

Body part Clothing
items

Lee (No.
8)

Lu (EN
9)

Nelson &
Curlee

Havenith
(22°C)

Whole-body – – 0.081 / 0.088a 0.081
Head/ Hand None – 0.00 / 0.00 0.00
Chest Bra, t-shirt 1.22 0.177 0.169 0.174 0.116
Back Bra, t-shirt 1.22 0.130 0.122 0.174 0.116
Abdomen T-shirt 1.23 / 0.169 0.116 0.116
Pelvis Panty +

t-shirt +
trousers

1.17 0.161 0.223 0.321 0.116

Upper arm T-shirt 1.23 0.065 0.068 0.116 0.116
Forearm None (1.23) 0.00 0.023 0.000 0.104
Thigh Trousers (fit-

ted)
1.20 0.090 0.085 0.144 0.126

Lower leg Trousers
(loose)

1.44 0.096 0.076 0.197 0.126

Foot Socks + shoes 1.25 0.127 /c 0.287 0.079
a Men’s Summer Casual from McCullough et al. (1989)
b taken from Nelson et al. (2005)
c for the simulations in chapter 4, a value of 0.127 m2 K W−1 is assumed

experimental conditions following the standards ISO 9920:2009, but with different
thermal manikins and postures. A third approach was taken by Havenith et al. (2012),
who collected local thermal insulation values depending on the ambient temperature
and then transferred the findings into empirical equations for 7 body parts. Apart
from the different methods, the actual material, drape of the clothing or air gaps
between clothing and manikin might be different as well. Limited material information
can only be found for Curlee (2004) and Lu et al. (2015). For example, the t-shirt is
described in Curlee (2004) as “broadcloth” and in Lu et al. (2015) as “cotton”. In Lee
et al. (2013) and Havenith et al. (2012), no specifications of the materials are given.
In all cases, the drape of the clothing or occurring air gaps are hardly described. All in
all, these variations in methods and clothing specifications lead to a high uncertainty
for the usage of these values in TP modeling.

Further values for clothing insulation and evaporative resistances can be found in
studies investigating the effect of air speed and body movement on these values (see
section 3.2.3 on the next page). However, these studies mostly feature only one or two
clothing ensembles.
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3.2.3. Effect of air penetration on clothing properties

Air penetration in clothing due to air or body movement reduces the clothing thermal
insulation and evaporative resistance. This was shown in several studies for overall
thermal insulation (Havenith et al., 1990b; Havenith and Nilsson, 2004; Holmér et
al., 1999; Nielsen et al., 1985; Parsons et al., 1999) and total evaporative resistance
(Havenith et al., 1990a). The standard ISO 9920:2009 provides equations to correct
the whole-body values for air velocity and walking speed. The same correction factor
is applied for thermal insulation and evaporative resistance.

In the revised UC Berkeley clothing model by Fu et al. (2014), different approaches to
clothing insulation correction factors were compared to the values given in standard
ISO 9920:2009. The authors concluded that the equations in standard ISO 9920 might
be used as a first approach. However, for wind speed it was said that the correction for
the trunk might be overestimated and for the extremities it might be underestimated.
Furthermore, it was assumed that the equation for the evaporative resistance is also
valid on segment level, but no investigation was done yet.

Wang et al. (2012) investigated the effect of air and body movement on the local
clothing evaporative resistance for three light clothing ensembles (0.132 clo, 0.225 clo
and 0.237 clo) at 14 body elements. The experiments were conducted at three re-
search facilities all using a Newton sweating manikin and in standard conditions
(ISO 9920: 2009). Local clothing evaporative resistances were measured at three
air speeds (0.13 m s−1, 0.48 m s−1 and 0.70 m s−1) and three walking speeds (0 m s−1,
0.96 m s−1 and 1.17 m s−1). The results show that air speed reduced the local evapo-
rative resistance at all body parts, and the reduction ranges from about 50 % up to
86 % depending on the site. Walking speed reduced the local evaporative resistance,
especially at distal body parts such as hands and calves. Additionally, the article
provides correction equations for combined air and body movement. It was concluded
that the measurements need to be conducted for more clothing ensembles and a larger
variety of wind and walking speeds to facilitate proper use for human thermal modeling.
Moreover, the results are compared to the equations provided by ISO 9920:2009. In
contrast to Fu et al. (2014), the authors concluded that the equations in the standard
are not accurate enough for calculating the correction of local evaporative resistance.

As mentioned in section 3.2.2, Lu et al. (2015) conducted measurements on local
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thermal insulation and the effect of body movement and air speed. Moreover, the
interaction of body movement and air speed was analyzed using multiple nonlinear
regression. The authors came up with correction equations for 11 body parts and
the whole body as functions of air and walking speed. The results are based on three
clothing combinations representing light, medium and protective clothing insulation.
Hence, the results are very specific to the clothing ensembles and cannot directly be
used for other outfits. However, the results give a good estimation of the reduction to
be expected on local thermal insulation by air speed and body movement. Similar
studies were done by Anttonen and Hiltunen (2009) for a military clothing ensemble
and by Oguro et al. (2001, 2002) for a clothing combination of panties, bra, long
sleeved shirt, trousers, socks and shoes.

Based on Tanabe’s model (Tanabe et al., 2002), Wan and Fan (2008) described a
transient model including heat loss from the microclimate between skin and clothing
due to clothing ventilation and air penetration. Clothing ventilation and air penetration
are included in energy and mass balances at every segment with the terms Qvent and
ṁvent, respectively. Both terms can be expressed using the formulas by Qian (2005):

Qvent,i = KV I(Vwind + 2Vwalk − v0)(Tmc,i + Ta) (3.10)

ṁvent,i = KV R

λ
(Vwind + 2Vwalk − v0)(Pmc,i − Pa) (3.11)

where KV I and KV R are empirical parameters for calculating the heat and moisture
transfer caused by ventilation, Vwind is the wind speed of the environment, Vwalk
is the walking speed, v0 is a reference air velocity, Tmc,i is the temperature of the
micro-climate, Ta is the temperature of the environment, λ is the latent heat of
evaporation of water, Pmc,i is the water vapor pressure of the micro-climate, and Pa is
the water vapor pressure of the environment. Moreover, the authors apply an electric
circuit analogy including clothing ventilation and air penetration in a skin-clothing-
environment system to calculate convective coefficients for heat and moisture transfer
(Figure A.7). In Qian (2005), the constants KV I and KV R were derived based on
measurements and regression analysis of whole-body thermal properties. Hence, the
application at segment level might be questionable. Wan and Fan compared simulation
and experimental results for mean skin temperature, but due to the whole-body nature
of KV I and KV R, outcomes for local skin temperature might differ.
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3.2.4. Summary and discussion of necessity and availability of local
clothing values

There is a variety of clothing models used for thermal modeling which can consider
clothing on a body segment level (Tables A.5 and A.6 on page 130 and on page 131).
The main input parameters for the models are the local clothing insulation I∗

cl or
resistance R∗

cl, the local clothing evaporative resistance R∗
e,cl or moisture permeability

index i∗cl, and the local clothing area factor f∗
cl. Values of these input parameters were

measured or computed by the authors of the TP models for validation or research
purposes. However, the used values were generally not published. Consequently,
this fact limits the usability of TP models by other researchers, who have to rely on
other published data, general data bases, e.g. standards, or require the appropriate
measurement equipment, e.g. a sweating thermal manikin.

For local thermal insulation, there are limited publications on measured data. Addi-
tionally, standards, e.g. ISO 9920:2009, only provide global values. In one study, the
effort was made to recalculate global clothing insulation into local values for a large
number of clothing items which then can be combined to clothing ensembles. However,
the comparison of clothing insulation values of the found studies shows discrepancies.
In case of evaporative resistances even fewer values are available. Both outcomes
emphasize the uncertainty attached to these values as input in TP models.

Local clothing properties are also influenced by air speed and body movement. Studies
have investigated the reduction rates for clothing insulation and evaporative resistance
for a small number of clothing ensembles. However, the results cannot be generalized,
because of the limited number of tested clothing outfits.

All in all, research for local clothing properties seems to lack dependable and consistent
data to be used in TP modeling.

3.3. Metabolic rate and its distribution over the body

The human body needs energy for maintaining the core temperature at approximately
37 °C and for executing mechanical work. The energy is provided in a biochemical
process at cell level, where food and oxygen is transformed to heat H and also
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external work W as well as carbon dioxide and water as released byproducts. The
detailed process can be found in standard literature for human biology or physiology,
e.g. Guyton and Hall (2006). The total amount of energy converted (H + W ) is
referred to as (total) metabolic rate M . The metabolic rate is often provided in
the met unit, which is based on the amount of energy used by a resting, seated
person: 1 met = 50 kcal/m2/h = 58.15 W m−2 (ASHRAE, 2001; Parsons, 2014). The
metabolic rate for maintaining basic body functions and temperature in supine position
is defined as basal metabolic rate and is usually set to 0.8 met.

Individual total metabolic rates can be measured by direct or indirect calorimetry.
For direct calorimetry, the subject is placed in a whole-body calorimeter and the
energy balance of this person is carefully considered. Indirect calorimetry measures
the oxygen consumption and carbon dioxide production of a subject. Further details
of the measurement methods can be found in Parsons (2014), Havenith, Holmér et al.
(2002) or in the standard EN-ISO 8996:2004. Based on these measurements, empirical
equations and generalized tables for a variety of activities are available. Empirical
models calculate metabolic rates using for example the human’s weight, height or heart
rate as input parameters. One example is the revised Harris and Benedict equations
(Roza and Shizgal, 1984) which calculated the basic metabolic rate (BMR) in kcal/d
for males and females:

BMRmale = 88.362 + (13.397 · w) + (4.799 · h)− (5.677 · a) (3.12)

BMRfemale = 447.593 + (9.247 · w) + (3.098 · h)− (4.330 · a) (3.13)

where w is the weight (kg), h is the height (cm), and a is the age (years). Further
equations are also summarized in Parsons (2014). Additionally, tables for metabolic
rates of basic activities are provided in standard EN-ISO 8996:2004 or ASHRAE/55
(ASHRAE, 2004). Tabularized values give an approximation for metabolic rates,
but their error can be significant (up to ±50%) especially for activity levels over
3 met (ASHRAE, 2001). This uncertainty is mainly due to the differences in body
composition of a specific subject and the average person in the model.

For temperature calculation in TP models, the metabolic heat production (H) has
to be distinguished from the total metabolic rate (M) and the mechanical work (W ).
Thus, a mechanical efficiency factor η is introduced (equation (3.14)), which then is
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used to calculate the metabolic heat production (equation (3.15)):

η = W

M
(3.14)

H = M (1− η) (3.15)

According to Parsons (2014) and Wyistdham et al. (1966), η ranges from zero for
activities below 1.6 met and linearly increases up to 0.2 for activities from 1.6 to 5 met,
i.e. at least 80 % of the metabolic rate is used for heat production.

3.3.1. Local metabolic heat production in multi-segment
thermo-physiological models

In multi-segment TP models, the total metabolic heat production is the sum of the
heat production in all tissue layers at all segments. In Stolwijk’s model (Stolwijk,
1971), the heat production is split up into three parts: 1) local basal heat production
in all tissue layers (total of 0.8 met), 2) extra metabolic heat production in the muscle
layers due to activity > 0.8 met (muscular heat production) and 3) heat production due
to shivering (not discussed here). The principle was adopted by the consecutive models
of Fiala et al. (1999), Huizenga et al. (2001) and Tanabe et al. (2002). A different
approach is taken by Wissler (1985), who calculated metabolic heat production based
on chemical reactions using O2 and glucose intake in the body. For the multi-segment
TP models by Smith (1991), Fu (1995) and Foda and Siren (2011), the approach to
local metabolic heat production is not clear from the published papers.

Basal local metabolic heat production in Stolwijk’s TP model (Stolwijk, 1971) is based
on Aschoff and Wever (1958). The values of the six body parts add up to 74.4 kcal/h
or 86.5 W, which is the total basal metabolic heat production for an average man.

In the model by Fiala (1998), the values for the basal metabolic heat production of
each body part are taken from Werner and Buse (1988), who also refer to Stolwijk
(1971). These values are obtained in thermo-neutral conditions, i.e. the human body
does not need any regulation mechanism to maintain its core temperature. If the
tissue temperature T differs from the temperature of thermal neutrality T0, local basal
metabolic heat production changes. This change is described with the Q10-effect with
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a rate change of 2 (Werner and Buse, 1988):

∆qm,bas = qm,0,bas ·
[
2

(T−T0)
10 − 1

]
(3.16)

where ∆qm,bas is the change in metabolic heat production, qm,0,bas is the basal
metabolic heat production, and T and T0 are the actual and thermo-neutral tempera-
ture of a tissue layer, respectively.

The metabolic heat production in the UC Berkley model by Huizenga et al. (2001) is
calculated using the formulas by Harris and Benedict (1918):

BMRmale = 66.5 + (13.75 · w) + (5.003 · h)− (6.755 · a) (3.17)

BMRfemale = 655.1 + (9.563 · w) + (1.850 · h)− (4.676 · a) (3.18)

where BMR is the basal metabolic rate (kcal/d), w is the weight (kg), h is the height
(cm), and a is the age (years). In contrast to the other models based on Stolwijk, it
is not mentioned how the heat is distributed over the body parts and their layers.
However, since the model “is based on the Stolwijk model as well as on work by
Tanabe in Japan” (Huizenga et al., 2001), it can be assumed that the values for local
basal metabolic heat production are similar to either of these models. In Tanabe et al.
(2002), values for local basal metabolic rates are published without a primary source.

Additional total muscular heat production H (see also equation (3.15)) is added to
the local basal metabolic heat of the muscle layers qm,bas,muscle with the means of
distribution coefficients am,w:

qm,muscle = qm,bas,muscle + qm,w,muscle,Stolwijk

= qm,bas,muscle + am,w,Stolwijk ·H
(3.19)

The first set of coefficients was published by Stolwijk and were based on bicycle exercises
(see Table 3.2). However, these coefficients were kept constant for all activities including
sitting and standing. Fiala’s model (Fiala, 1998) adopted this basic principle, but the
additional metabolic heat production in a muscle layer qm,w,muscle,F iala depends also
on the volume of the muscle Vmus:

qm,w,muscle,F iala = δ (am,w,iH)
δVmus,i

(3.20)
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Table 3.2.: Comparison of distribution coefficients for heat production in muscles due to
exercise for different body-parts in different TP models namely Stolwijk, Fiala and Tanabe

Body part

Distribution coefficients for external work

Stolwijk Fiala (stand-
ing)

Fiala (seated) Tanabe

Head / / / /
Shoulders and Neck

0.30a

0.03 0.08 0.052
Chest/ Thorax 0.07 0.12 0.091
Back / / 0.080
Abdomen/ Pelvis 0.20 0.46 0.129
Upper arm/ Forearm 0.08 0.08 0.19 0.028
Hand 0.01 0.01 0.02 0.01
Thigh 0.60b 0.60c 0.11c 0.402
Lower leg 0.198
Foot 0.01 0.01 0.02 0.01
a In Stolwijk’s model, the shoulders, neck, chest and back are combined in one body part.
b In Stolwijk’s model, the thigh and lower leg are combined in one body part.
c In Fiala’s model, the thigh and lower leg are combined in one body part.

The distribution coefficients am,w,i for standing activities are the same as in Stolwijk
(1971), but for the upper body the value is divided between neck, shoulders, thorax
and abdomen. In the case of sedentary work, Fiala (1999) adjusted am,w,i to higher
values in the upper body (Table 3.2). Lastly, Tanabe et al. (2002) calculated the heat
production in the muscle layers using equation (3.21):

qm,w,muscle,Tanbe = 58.2 (M − qm,bas,muscle)ADuMetfmuscle (3.21)

where M is total metabolic rate and Metfmuscle is the muscular metabolic heat distri-
bution coefficient in Tanabe’s model (Table 3.2). Similar to Stolwijk, the coefficients
are not changed for different activities.

3.3.2. Discussion on local metabolic heat distribution coefficients

The heat production in muscle layers is determined by local metabolic heat distribution
coefficients (LDCs). The amount of heat produced in a specific muscle layer depends
on the intensity of the activity, but also on the type of and posture during the activity.
For example, walking at moderate speed and sorting books into a shelf can have similar
activity levels. However, the muscles performing the work and therefore, producing
heat might be different. Hence, the LDCs should be adjusted to different types of
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activity. In contrast to this reasoning, most current TP models adopted the LDCs
based on bicycle exercise by Stolwijk (1971) for all activities, even though, the activity
level for riding a bicycle is higher than for other activities like sitting or standing
and the muscular activity is also different. Some adjustments to these LDCs were
made empirically by Fiala (2001) for seated conditions and by Tanabe (2002) for the
distribution of muscle activity at the upper body (Table 3.2). The papers by Munir et
al. (2009) and Psikuta et al. (2012) show that the change by Fiala (2001) improved
the prediction of the local skin temperatures. However, adjusting the LDCs empirically
carries the risk that the values are only valid for the specific case. For a sufficient
empirical determination of the LDCs, the environmental conditions, the clothing and
the individual characteristics have to be varied while performing the same activity.
Moreover, other sources for error have to be excluded. In the case of the adjusted
values by Fiala (2001), the reasoning behind the modification is not published and
therefore, the certainty of these values is unknown. One reason for the empirical
approach to LDCs is that a practical measurement method for the values does not
exist. All in all, the reliability of the currently used LDCs might be questioned. To fill
this gap, methods are needed to determine reliable LDCs for different activities.

3.4. Effect of local personal factors on local skin
temperature and its implication on local thermal
sensation

The previous sections showed that the literature provides different sets of clothing
insulation values for a similar clothing ensemble, and also, varying LDCs. To assess
the significance of the discrepancies in these input data, their effect on local skin
temperature and ultimately, on local thermal sensation (LTS) needs to be discussed.
For this purpose, we computed the local skin temperatures in two cases: 1) for the
four sets of clothing properties listed in Table 3.1 and 2) for three sets of LDCs in
Table 3.2, two by Fiala (2001) and one by Tanabe (2002). The basic values by Stolwijk
(1971) were excluded, because no details were given on how the coefficient for the
upper body is distributed over the single body parts. All scenarios in each case were
named according to the main authors: “Nelson & Curlee”, “Havenith”, “Lee” and
“Lu” for the comparison of clothing (case 1), and “Fiala seated”, “Fiala standing” and
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“Tanabe” for the comparison of muscular metabolic heat distribution coefficients (case
2). For all simulations, the TP model ThermoSEM was used as defined by Kingma
(2012), which is a multi-segment model consisting of 19 body parts. Further details of
this TP model are given in Appendix B on page 153. The default geometry of the
model is not changed for the simulations in this study. Additionally, ThermoSEM
requires input data for the activity level, the environmental conditions, and worn
clothing ensemble. These values are set differently for the comparison of local skin
temperatures based on different clothing insulation values or various LDCs.

In case 1, the activity level was set to a value of 1 met to reduce the influence of heat
production due to activity on the local skin temperatures. Furthermore, ThermoSEM
uses the muscular heat distribution coefficients by Fiala (1999) for a seated position as
default values (Table 3.2). The environmental conditions were assumed to be uniform
and steady state. The effect of different environmental temperatures on the results
was investigated by choosing an operative temperature of 22 °C and 26 °C. Other
environmental parameters were not changed (air speed of 0.05 m s−1, 40 % relative
humidity).

In case 2, we investigated two activities namely standing and walking at 4.3 km h−1

resulting in activity levels of 1.2 met and 2.6 met, respectively (ASHRAE, 2001). No
clothing insulation was applied to eliminate its influence. To reduce the influence of
vasomotion in the body, the operative temperature was calculated to represent thermal
balance of the body with the environment (Kingma et al., 2014a). This calculation
resulted in an operative temperature of 26 °C for standing, and 20 °C for walking at
4.3 km h−1.

For all computations, the simulation time was set to 60 minutes and all skin tempera-
tures were averaged over the last 45 minutes in each scenario. Since the main interest
was in the maximal possible deviation in skin temperature, this maximum difference
for any body part x in case 1 and case 2 were calculated as follows:

∆Tsk,max,case1,x = max(|(T̄sk,Curlee,x − T̄sk,Havenith,x)|, |(T̄sk,Curlee,x − T̄sk,Lee,x)|,

|(T̄sk,Curlee,x − T̄sk,Lu,x)|, |(T̄sk,Havenith,x − T̄sk,Lee,x)|,

|(T̄sk,Havenith,x − T̄sk,Lu,x)|, |(T̄sk,Lee,x − T̄sk,Lu,x)|)
(3.22)
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∆Tsk,max,case2,x = max(|(T̄sk,F ialaSeated,x − T̄sk,F ialaStand,x)|,

|(T̄sk,F ialaSeated,x − T̄sk,Tanabe,x)|,

|(T̄sk,F ialaStand,x − T̄sk,Tanabe,x)|)

(3.23)

where ∆Tsk,max,case1/2,x is the maximum difference in skin temperature for any
body part x in case 1 or 2 and T̄sk,“Scenario′′,x is the 45-minute average of the skin
temperature of any body part x in any scenario. For comparison, also the averages
are calculated analog to equations (3.22) and (3.23) by dividing the sum of all the
differences by the number of scenarios in each case.

Finally, in section 3.4.3, the impact of the temperature differences on LTS is discussed
using the LTS model by Zhang (2003).

3.4.1. Differences in local skin temperature for different sets of
local clothing values

Figure 3.1 shows the maximum and average skin temperature differences of all four
clothing data sets for the mean and six local body sites in two operative temperatures
(To). It can be seen that the maximum and average difference in skin temperature
depends on the body site and also on the operative temperature. For most body parts,
the variation in skin temperatures ranges from about 0.4 to 1.4 °C with lower values
for the higher operative temperature. In contrast to the other body parts, the foot
skin temperature shows the highest maximum and average temperature discrepancy
of up to 4.4 °C and 2.4 °C for To = 22 °C and 26 °C, respectively. Furthermore, the
difference in skin temperature does not necessarily relate to the difference in clothing
insulation (see Table 3.3). For example, the difference in clothing insulation for the
abdomen and foot are the same, but the skin temperature difference of the foot is
much higher than the one of the abdomen. Additionally, also temperature deviations
can be found at body parts without clothing for instance the forehead and hand.

The temperature deviations at non-clothed body parts and the lacking correlation
between differences in clothing and skin temperatures may be explained by looking at
the local heat balances in the TP models. At every body part, heat is gained through
metabolic processes, lost to the environment due to the temperature difference between
skin and environment, stored in the tissue layers, and exchanged internally via blood
perfusion. When adding clothing insulation to the heat balances, this reduces the heat
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(a) To = 22 °C

(b) To = 26 °C

Figure 3.1.: Maximum and average local skin temperature differences for all four clothing
data sets

Table 3.3.: Comparison of maximum difference in clothing insulation and skin temperature
at To = 22 °C

Fore-
head

Upper
arm

Hand Thigh Foot Ab-
domen

Max. difference in skin temp. [°C] 0.8 1.2 1.1 1.3 4.4 1.4
Max. difference in clo. insulation[
m2 W−1 · 10−2

] 0 4.65 0.16 6.2 20.8 20.8

losses to the environment at the clothed body part. To restore a thermal balance (heat
production equals heat losses), more heat should be removed via the uncovered body
parts by increasing local skin temperatures. Since heat is also exchanged internally via
the blood perfusion, the clothing also indirectly influences other local heat balances.
In detail, the heat fluxes of the blood flows from each body part are mixed in the
central blood pool. From this step, the temperatures for the returning blood flows
are calculated for the next simulation step. Some of these temperatures are corrected
for counter current heat exchange that takes place due to closely located arteries and
veins in some body parts. All in all, this physiological mechanism requires that the
local clothing data is precise at all body parts.

The influence of operative temperature on the variation in the skin temperature
differences is also due to its effect on the heat balances of the model. Firstly, higher
operative temperatures lead initially to reduce heat losses to the environment, because
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of the decreased temperature difference between the skin and the environment. Because
of the smaller effective temperature difference, the influence of clothing is reduced
as well. Secondly, the operative temperature can also affect the thermoregulatory
processes in the body and their implications for the local heat balances. On one hand,
in cold environments vasoconstriction may occur in some body parts. This response
decreases the blood flow and hence, the heat exchange with other body parts. In this
case, the impact of clothing might be kept more locally. On the other hand, warm
environments lead to vasodilation, i.e. the blood flow to the body parts is increased.
This process may lead to a larger influence of the calculated returning heat flux from
the blood pool which depends on all other body parts. However, in the moderate
conditions presented here, both processes are absent.

3.4.2. Differences in local skin temperature for different
distribution coefficients of local metabolic heat

The impact of different sets of LDCs was calculated for two activities for an average
man without clothing. The maximum and average temperature difference in-between
scenarios for these simulations are shown in Figure 3 for the body average and for 6
separate body parts. In all cases, the temperature differences are equal to or lower
than 1.3 °C. When comparing the activity levels, the temperature difference is higher
for upper arm, hand and thigh, and much lower for mean, forehead and abdomen.
Additionally, the temperature differences do not entirely relate to the differences in the
LDCs (Table 3.4), which is similar to the results for the local clothing. For example,
the difference in LDCs for the hand is very low, but still a maximum skin temperature
difference of 0.8 °C can be seen. For the abdomen, the effect is reversed. Here, the
variation in LDCs is larger, but the skin temperature difference is low. Also, differences
in skin temperature for body parts without allocated muscular heat, e.g. the forehead,
are found, but they are below 0.3 °C.

In the simulations of this section, the heat gain at the local balances is influenced
by the sets of LDCs which determine how the overall metabolic heat production is
redistributed to the local energy balances. Since these heat balances directly relate to
the skin temperatures, uncertainties in the LDCs may increase the error in predicting
local skin temperatures. As discussed in the previous subsection on the effect of local
clothing properties, the skin temperature of one body site is also affected by all other
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(a) Activity level of 1.2 met, To = 26 °C

(b) Activity level of 12.6 met, To = 20 °C

Figure 3.2.: Maximum and average temperature differences for all three sets of muscular
metabolic heat distribution coefficients

Table 3.4.: Comparison of maximum difference in local heat distribution coefficients and skin
temperature at operative temperature Ta,o = 20 °C and an activity level of 2.6 met.

Fore-
head

Upper
arm

Hand Thigh Foot Ab-
domen

Max. difference in skin temp. [°C] 0.03 1.3 0.8 0.8 1.2 0.2
Max. difference in
metabolic heat distribution[] 0 0.04 0.005 0.17 0.005 0.33

body parts through the internal heat exchange of blood flows via the central blood
pool. Furthermore, the heat exchange might be influenced by vasomotion. Again, this
physiological effect is not present in the presented simulations.

As discussed in section 3.3.2, the actual heat production in specific muscles also
depends on the type of activity. The simulations for Figure 3.2 are based on different
LDCs which represent different types of activity. For example, the scenario “Fiala
standing” was originally based on bicycle experiments by Stolwijk and the scenario
“Fiala seated” was fitted for a sitting position. Therefore, the comparison of the
simulation results for the different sets of LDCs may lead by itself to some deviation
in local skin temperature. However, in most TP models one set of LDCs is set as
default or the specific type of activity for which they were defined is not traceable,
e.g. Tanabe (2002). Hence, the comparison in this paper shows the consequence when
LDCs are not adjusted to the type of activity simulated.
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The graphs in Figure 3.2 also emphasize that the results for mean and local skin
temperatures can be very different. Most of the current TP and coupled TS models
(Tables A.2 and A.3) are validated for mean skin temperature and overall thermal
sensation (OTS), respectively. For expanding these models to local skin temperature
and LTS, the impacts on the local heat balances, as discussed above, have to be
carefully considered.

3.4.3. Implication of differences in local skin temperature on local
thermal sensation

The previous sections showed that uncertainties in local clothing properties and LDCs
lead potentially to deviations in local skin temperature. To estimate the need for
accurate input data, the impact of these findings on LTS was investigated. This
evaluation was done using the functions for LTS provided by Zhang (2003) for static
conditions:

LTSstat = 4
(

2
1 + e−C1(Tsk,loc−Tsk,loc,set)−K1[(Tsk,loc−Tsk,loc,set)−(T̄sk−T̄sk,set)]

− 1
)
(3.24)

where Tsk,loc is the local skin temperature, Tsk,loc,set is the local skin temperature in
neutral conditions (set point), T̄sk in the mean skin temperature, T̄sk,set is the mean
skin temperature in neutral conditions (set point), and C1 as well as K1 are regression
coefficients for a specific body part. As examples, the body sites upper arm and
foot were chosen (Figure 3.3), since these locations showed the highest temperature
differences in the simulations of the previous sections. Additionally, they have an
important influence on the OTS and thermal comfort, as was discussed by Zhang et
al. (2010a).

Figure 3.3 displays the functions of LTS for the two body parts. LTS is displayed
according to the 9-point ASHRAE scale from “very cold” to “neutral” to “hot”. The
graphs depend on the deviation of the local and mean skin temperature from their
set points. Assuming that the set points are fixed, an estimation of the influence of
local skin temperature on LTS can be made. For example, the maximum temperature
difference for the upper arm was 1.3 °C. This result translates into a change in thermal
sensation from neutral (Tsk,loc−Tsk,loc,set = 0 °C) to slightly warm/warm or neutral to
slightly cool/cool for Tsk,loc − Tsk,loc,set equals 1.3 °C and −1.3 °C, respectively. More
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(a) LTS for upper arm (b) LTS for foot

Figure 3.3.: Functions of LTS for a) upper arm and b) foot. The deviation from mean skin
temperature to its set point is varied from −2 to 2 °C as shown in the legend.

extreme changes are found for the foot, where the temperature deviation ranged from
2.2 °C up to 4 °C. Starting from neutral, these discrepancies change the LTS starting
from neutral to warm/very warm or cool/cold. However, in general the reported skin
temperature differences are around 1 °C or lower. Thus, for these body parts, the
change in LTS is around one step on the sensation scale.

The impact of these findings on local heating and cooling research can be seen from two
perspectives: 1) considering the normal fluctuations in LTS votes and 2) considering
the statistical significance between two sensation votes. For the first point of view,
studies show that LTS votes within a group of subjects vary between 2 steps on the
sensation scale (Dalewski et al., 2014; Melikov and Knudsen, 2007). This finding
would be in line with the presented variation of thermal sensation for most body
parts, excluding upper arm and foot. For the second perspective, researchers found
significant differences in thermal comfort in scenarios, where the LTS was changed
with environmental measures one step on the sensation scale (Kaczmarczyk et al.,
2010; Li et al., 2010). This implies that the input data of all body parts is critical for
local thermal modeling.

All in all, this analysis shows that variations in local skin temperatures can result in
large difference in LTS. Hence, the data for clothing properties and LDCs should be
chosen carefully, to avoid false results.
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3.4.4. Limitations of the analysis

The analysis in section 3.4.1 to 3.4.3 gives an example of how the deviations in local
clothing properties or in LDCs can affect LTS. The results are dependent on the
reliability of the used TP and TS model. However, the impact of their inaccuracy on
the conclusions is limited, because the same models were used in all cases. Furthermore,
the simulations were simplified by implementing only uniform conditions, a single
clothing outfit and an average man. In contrast, studies on local heating and cooling
deal with non-uniform conditions, a variety of clothing sets and divers human subjects.
These variations may lead to even more uncertainties in the input parameters resulting
in large variations in local skin temperatures. Therefore, additional data is required
and it should be measured as accurate as possible.

3.5. Conclusions

To help develop efficient local heating and cooling concepts as well as to test the
comfort boundaries for non-uniform environments in modern buildings, local ther-
mal modeling is required. Thermal sensation can be modeled with multi-segment
thermo-physiological and coupled sensation models. These models calculate local skin
temperatures and, furthermore, can account for local clothing properties as well as for
changes in local metabolic heat. This study gives an overview of available local data,
investigated their consistency throughout literature and examined their effect on local
thermal sensation modeling. The following conclusions can be drawn:

• Full and consistent data sets for local clothing properties including insulation,
evaporative resistance and their change due to air penetration are not fully
available in published literature for a typical variety of office clothing sets.

• Distribution coefficients for muscular heat production are not verified for office
activities, namely sitting, standing and walking, but were adapted empirically.

• Variations in local clothing properties and in coefficients for muscular heat
distribution affect the accuracy of the local sensation output (about one step on
a 9-point thermal sensation scale per 1 °C change in local skin temperature).
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These conclusions lead to possible future research which could include:

• a systematic study on local clothing properties and their change due to air speed
and body movement,

• development of feasible methods for measuring and validating local heat produc-
tion.

Finally, since thermo-physiological models aim to be applied in design phases of
modern buildings and therefore, might be used by building and civil engineers, an
effort might be needed to include local clothing and local metabolic heat data in
available standards.
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CHA P T E R 4
Local clothing thermal properties of

typical office ensembles under realistic
static and dynamic conditions∗

4.1. Introduction

Most adults spend their major part of their day at work, typically in an office building.
To enable workers at office buildings to perform at their best and stay healthy, it is
necessary that the indoor environment meets their individual needs (Seppänen et al.,
2006; Urlaub et al., 2013). However, office buildings also have to be energy efficient
to adhere to modern standards. Hence, researchers and building engineers aim to

∗The contents of this chapter have been published in:
• Veselá, Stephanie; Psikuta, Agnes, and Frijns, Arjan J. H. (2018c). “Local clothing thermal

properties of typical office ensembles under realistic static and dynamic conditions”. In:
International Journal of Biometeorology 62.12, pp. 2215–2229

• Veselá, Stephanie; Psikuta, Agnes, and Frijns, Arjan J. H. (2018b). “Determination of the
local evaporative resistances of two typical office clothing ensembles and the effect of air speed
and body movement”. In: 12th International Manikin and Modelling Meeting 29-31 August
2018, St. Gallen, Switzerland
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design the heating, ventilation and air conditioning (HVAC) systems of the building
to be energy efficient, while also providing a thermally comfortable environment to all
occupants. To achieve this goal, personalized heating and cooling systems are being
developed (Arens et al., 1991; Foda and Sirén, 2012; Melikov et al., 1994; Parkinson
et al., 2015; Veselý and Zeiler, 2014). To test the thermal comfort provided by these
systems, a large number of human subjects are usually required, which increases the
cost and length of the studies. This situation could be improved by using local thermal
sensation and coupled thermal comfort models for preselecting promising designs. To
achieve a high predictability of local skin temperatures, thermo-physiological models
require reliable input data of the local dry clothing resistance, local evaporative clothing
resistance and clothing area factor. However, Veselá et al. (2017b)/ Chapter 3 show
that the available data is limited for typical office clothing ensembles. Additionally, few
studies were performed on the local effect of increased air speeds and body movement.

Studies published on local clothing insulation values are, for example, Lee et al. (2013),
Lu et al. (2015), Nelson et al. (2005) and Havenith et al. (2012). In Lee et al.
(2013), measurements were carried out on a thermal manikin seated on a chair with
different clothing sets. Their study contained a large variety of ensembles, but the
effect of air speed, and body movement, were not included. Lu et al. (2015) studied
the effect of air speed and body movement for dry local clothing insulation, but only
two clothing ensembles are usable for office settings. A different approach is found in
Nelson et al. (2005), where local insulation values were recalculated from the global
values published by McCullough et al. (1985, 1989). Their study includes a large
variety of single garments that can be combined to whole-body ensembles as needed.
However, local effects of overlaying clothing items were not considered in this approach.
Havenith et al. (2012) presented empirical equations based on the seasonal dressing
customs of Europeans according to the outdoor air temperature to determine the local
clothing insulation for seven body parts. This approach gives a rough estimation on
the clothing insulation worn in a specific season of the year, but does not include the
properties of the worn garments, such as the clothing material or fit, and neglects the
parameters of the indoor environment. Further details on the different studies are
described in detail in section 3.2.1 on page 26.

In conclusion, current literature does not provide enough local clothing properties
for a variety of typical office clothing ensembles under different air speeds and with
body movement. To close this gap, we measured the local dry thermal resistance of
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eight body parts at three different air speeds and including body movement of a large
variety of office clothing ensembles using a sweating agile manikin and a sweating
foot manikin at Empa, Switzerland. For a selection of clothing ensembles, also the
local evaporative resistance was measured for different air speeds and body movement.
In addition, the local clothing area factors were estimated based on 3D scans of the
clothing items. Here, the results of the measurements are presented and the effect of
air speed, body movement and garment fit on the local clothing thermal properties is
discussed.

4.2. Methods

4.2.1. Measuring equipment

The local dry thermal resistance (RT,i) and local evaporative resistance (ReT,i) of
the office clothing ensembles was measured using the sweating agile manikin (SAM)
(Richards and Mattle, 2001) at Empa, Switzerland as shown in Figure 4.1a. The
manikin consists of 22 shell elements, which are made from thin-walled aluminum-
polyethylene composite. Moreover, nine guards (hands, feet, elbows, knees and
the face block) are installed to minimize the heat exchange between elements and
the environment. All elements are uniformly and separately heated. The mean
temperature of each shell part is measured at its outer surface with evenly distributed
nickel resistance wires. Additionally, a water system with 125 outlets on the manikin’s
skin surface is installed to simulate sweating. The “sweat rate” of each segment can
be controlled between 20 ml h−1 and 4 l h−1. To spread the water more evenly, SAM
is dressed in a 0.7 mm thick polyester “skin” as shown in Figure 4.1b (Koelblen et al.,
2017). Furthermore, SAM can be connected with a movement simulator, which enables
the manikin to perform realistic movements of up to 2.5 km h−1 walking speed.

Because SAM has no foot segments, RT,i and ReT,i of representative shoe and sock
combinations were measured with the foot simulator as described by Babic et al.
(2008) and Bogerd et al. (2012). The foot manikin (Figure 4.2) represents a right
foot of size EU 43 and consists of 13 separately heated metal elements. Furthermore,
walking can be simulated with a net force of up to 25 kg and with a maximum of 25
steps per minute.
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(a) SAM (b) SAM with “skin”

Figure 4.1.: Sweating agile manikin (SAM) a) without clothing and b) with “skin”

Both manikins are placed in separate climate chambers. The temperature and relative
humidity of the chambers can be controlled within ±1 °C and ±5 %, respectively.

4.2.2. Garments and ensembles

In this study, garments and their combinations typically worn in an office environment
are considered. Since SAM has an average male statue, mainly male clothing items
were chosen. The detailed properties of all clothing items are summarized Table A.7.
To account for different preferences in clothing fit, the t-shirt, long-sleeved shirt
(abbreviation: shirt), long-sleeved smart shirt (abbreviation: smart shirt) and jeans
were included in different sizes, representing tight (T), regular (R) and loose (L) fits.
The clothing items were combined to 23 whole-body and three foot combinations,
which are summarized in Tables 4.1 and 4.2 as well as Figure 4.2.

4.2.3. Local clothing area factor

The total clothing area factor fcl accounts for the increase of the total body surface
area by the addition of clothing and is defined as follows:

fcl = Adressed
Anude

(4.1)
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Table 4.1.: Whole-body clothing ensembles (all outfits include briefs) - Ensembles 1-15
1 2 3 4 5

t-shirt (R),
jeans (R)

shirt (R),
jeans (R)

smart shirt
(R), jeans (R)

t-shirt (L),
jeans (R)

shirt (T),
jeans (R)

6 7 8 9 10

smart shirt
(T), jeans (R)

shirt (L),
jeans (R)

smart shirt
(L), jeans (R)

smart shirt
(R), jeans (L)

smart shirt
(R), jeans (T)

11 12 13 14 15

smart shirt
(T), jeans (T)

smart shirt
(L), jeans (L)

smart
shirt (R),
dress pants

smart shirt
(R,in),

dress pants

undershirt,
t-shirt (R),
jeans (R)

T=tight fit, R=regular fit, L=loose fit, in=tucked in pants
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Table 4.2.: Whole-body clothing ensembles (all outfits include briefs) - Ensembles 16-23
16 17 18 19 20

t-shirt (R,in),
smart shirt(L),

jeans (R)

undershirt,
smart shirt
(R,in), pants

t-shirt (R,in),
smart shirt
(L,in), pants

t-shirt (R,
in), sweater,
jeans (R)

undershirt,
smart shirt
(R), sweater,
jeans (R)

21 22 23

undershirt,
smart shirt
(R,in),

jacket, pants

smart shirt
(R, in), skirt
(with tights)

smart shirt
(R, in),

jacket, skirt
(with tights)

T=tight fit, R=regular fit, L=loose fit, in=tucked in pants

52



4.2. Methods

(a) Ballerina + nylon socks (b) Sneakers + athletic
socks

(c) Business shoe + athletic
socks

Figure 4.2.: Shoe/ sock combinations

where Adressed is the outer surface area of the dressed body and Anude is the surface
area of a nude body (ISO 9920: 2009). For the local clothing area factor fcl,i, this
definition is applied to all body parts separately.

For obtaining fcl,i of all used garments, a 3D scanner was used to scan the nude and
dressed shop window manikin James to obtain the respective surface areas (Psikuta
et al., 2012, 2015). In a 3D surface inspection software (Geomagic Control 2014, 3D
Systems®, USA), the scans of the nude and dressed manikin were cut according to the
defined body parts (Figure 4.3a) before fcl,i of the single sections were calculated. In
all cases, uncovered areas, e.g. opening of the jacket on the chest, were not considered.

(a) with marked body parts
(b) with marked locations of

circumferences

Figure 4.3.: Manikin James used to obtain local clothing area factors
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A special case is fcl,i of the skirt since the inner thighs are not covered by a fabric. In
this study, we decided to reduce the nude area of the thighs for the upright, stationary
posture of the manikin, since the thighs are close to each other and therefore, the heat
loss is reduced in this area. The nude area of the thighs, in the described case, was
determined by drawing a line from the middle front and back of the skirt to the center
of the thigh (Figure 4.4). Only the skin surface at the outer sides of the thighs (bold
lines in Figure 4.4) are used for calculating the nude skin area Anude which is needed
for computing fcl,i (equation (4.1)). Hence, the inner parts of the thighs were left out.
For the measurement with the moving manikin, the whole nude area of the thighs was
considered.

Figure 4.4.: Schematic for obtaining the thigh area factor for a person wearing a skirt

For most garments, the surface areas were obtained for three scans. Between the scans,
the manikin was redressed to account for differences in draping. All results of fcl,i
measured on James can be found in Tables A.8 and A.9 on page 133 and on page 134.

When considered strictly, fcl,i depends on the garment fit at a specific body part.
Hence, fcl,i should be adjusted, when using other manikins, human subjects or garment
fit. A measure of clothing fit is the ease allowance EA which is the difference between
the circumferences of a clothing item (CFcloth,i) and the manikin (or person) (CFman,i)
at a specific body landmark (Figure 4.3b) (ISO 8559: 1989).

EAi = CFcloth,i − CFman,i (4.2)

The garments were marked and measured at the same positions. All EA were then
calculated for all items at the relevant positions. For the skirt, only the EA of the hip
was measured. The EA of the clothing items on James are summarized in Table 4.3.
Negative values indicate that the clothing is locally stretched while wearing it. Since
the geometry of other manikins and real persons is slightly different, a correction is
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Table 4.3.: Ease allowances of clothing items - James manikin
Bi-
ceps

Lower
arm

Tho-
rax

Waist Pelvis Thigh Lower
leg

Ea
se

al
lo
w
an

ce
[c
m
]

t-shirt – regular 2 / 7 22 8 / /

t-shirt – loose 10 / 12 39 19 / /
shirt – tight 1 -1 -8 10 -9 / /
shirt – regular 3 0.5 0 20 1 / /
shirt – loose 9 3 8 28 9 / /
smart shirt - tight 9 7.5 1 12 1 / /
smart shirt – regular 11 8.5 10 24 11 / /
smart shirt - loose 14 11 18 39 21 / /
sweater 6 7 13 42 22/ -10* / /
business jacket 12.5 11 14 34 23 / /
jeans – tight / / / / 6 3 3.5
jeans – regular / / / / 6 6 7.5
jeans – loose / / / / 9 10 12.5
dress pants / / / / 14 12 15.5
skirt / / / / 20 / /

* EA of sweater at pelvis includes loosely falling main body of sweater (EA = 22cm)
and tight ribbed band (EA = -10cm).

needed. The fcl,i for thermal manikin SAM are adjusted by measuring the respective
circumferences and correcting the EA accordingly (see Table 4.4).

The fcl,i of the shoe/ sock combinations were estimated using the more classical
method of calculating the nude and dressed areas using photographs and post-pro-
cessing them in suitable software, e.g. Photoshop Elements (Adobe Systems Software,
Ireland) (Havenith et al., 2015; McCullough et al., 1985).

Table 4.4.: Circumferences of manikin James and SAM as well as correction for EA

Location Circumference
on James [cm]

Circumference
on SAM [cm]

Correction of ease
allowance [cm]

Biceps 30 31 -1
Lower arm 27.5 24 3.5
Thorax 101 102 -1
Waist 74 78 -4
Pelvis 94 93 1
Upper leg 53 58 -5
Lower leg 35.5 39.5 -4
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4.2.4. Local dry thermal resistance

The local dry thermal resistance (RT,i) was measured according to standard ISO
15831:2004. For the measurements of the whole-body clothing ensembles on SAM,
the surface temperature Tskin was set to 34 °C, the operative temperature of the
environment Top to 21 °C and the relative humidity to 40 %. The environmental
conditions were monitored using a measurement tree with the sensors placed in front
of the manikin (ThermCondSys5500 and AirDistSys 5000, Sensor electronic, Poland).
The operative temperature and relative humidity was obtained at the height of the
waist and their standard deviation was typically around 0.1 °C and 1 %, respectively.
The air speed was measured at three heights, namely ankles, waist and head. The
standard deviation for the air speed varied from about 0.02 m s−1 for lowest air speed
to 0.1 m s−1 for largest air speed. In the reference case (test case 1), the air speed was
set to 0.2 m s−1 and SAM was in standing position. In these conditions, RT,i of all
clothing ensembles (Tables 4.1 and 4.2) were measured. To analyze the influence of
varying air speed and the addition of body movement, RT,i of six outfits (no. 1, 3,
14, 19, 21, 22) was determined in four additional test cases (TC 2-5). In test case 2
and 3, SAM was in standing position and the air speed was set to 0.4 m s−1 and to
1.0 m s−1, respectively. For the forth and fifth test case, SAM was connected to the
moving simulator and air speeds of 0.2 m s−1 and 1.0 m s−1 were used, respectively.
The walking speed of the movement simulator was controlled to 2.5 km h−1 . In all
cases, the air was directed from the front of the manikin. The local thermal resistance
of the air layer Ra,i was defined as the thermal insulation of the nude manikin. For
each condition, three independent measurements were done for Ra,i.

Each clothing ensemble was measured in the relevant test cases at least twice for 45
minutes. If the difference between the two measurements exceeded 4 % for the total
dry thermal resistance or 10 % for the local dry thermal resistances, an additional
repetition was conducted (ISO 15831: 2004). In between the experiments, the manikin
was redressed to account for differences in the draping of the garments. During the
experiments, the dry heat loss Q̇loss,i, the skin temperature Tskin,i of all body parts i
and the environmental parameters were recorded. Then, RT,i and the local intrinsic
clothing insulation Rcl,i of a specific body part i were computed as an average of the
last 20 minutes (steady state) using the measured fcl,i as described in sections 4.2.3
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and 4.3.1 and equations (4.3) and (4.4), respectively.

RT,i = Tskin,i − Top
Q̇loss,i

(
m2 K W−1) (4.3)

Rcl,i = RT,i −
Ra,i
fcl,i

(
m2 K W−1) (4.4)

In the case of the foot manikin, the skin temperature set point was set to 35 °C. The
air speed in this climate chamber could not be altered. Measurements during the
experiments showed that the air speed varied between 0.15 m s−1 and 0.2 m s−1. The
standard deviation of the operative temperature and relative humidity during the
experiments in this chamber were 0.1 °C and 1 %, respectively. To investigate the
effect of movement, measurements where performed on the static foot and on the
moving foot with a speed of 25 steps per minute (about 1.2 km h−1) and a pressure of
25 kg. A larger number of steps per minute would be closer to the walking speed of
SAM, but is not supported by the current system (Babic et al., 2008; Bogerd et al.,
2012). Each shoe/ sock combination was then measured three times for 60 minutes
in each scenario with changing shoes in between measurements. The resulting total
clothing insulation RT,foot was determined for the sectors of the foot manikin, which
represent the actual foot (below ankle) and are mostly covered by the shoes and socks.

4.2.5. Local evaporative thermal resistance

Measurements for the local evaporative resistance ReT,i in isothermal conditions were
performed according to standards ISO 9920:2009 and ASTM F2370-10 (2010) using
SAM with the polyester skin (Figure 4.1b). With respect to the standards, Top was
set to same temperature as the skin, i.e. 34 °C. The relative humidity was kept at
approximately 40 %. The environmental conditions were monitored as described in
section 4.2.4. Because of the skin, some outfits were too tight to be fitted on SAM,
hence outfits 5, 7, 10, 20, 21 and 23 had to be excluded from these experiments. For
all remaining clothing ensembles, RT,i were measured on the non-moving manikin
with an air speed of 0.2 m s−1 (TC 1). The representative office clothing ensembles 1
and 14 were selected to investigate the effect of two additional air speeds (0.4 m s−1

and 1.0 m s−1) and body movement. The set-up of the test cases 2-5 were the same as
for the measurement of RT,i (section 4.2.4). The evaporative air layer resistance Rea,i
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was measured on the SAM wearing only the polyester skin for each environmental
condition. For each clothing ensemble in a specific condition, three repetitions of 70
minutes were performed. Again, additional repetitions were done, if the deviation of
the measurements were larger than 10 % for ReT,i. After one completed measurement,
the clothes were completely dried, before the manikin was redressed. Again, the dry
heat loss Q̇loss,i, the skin temperature Tskin,i of all body parts i and the environmental
parameters were documented during each experiment. The local total and clothing
evaporative resistances, ReT,i and Recl,i, were then calculated as an average of the
last 30 minutes for all body parts i using the results of RT,i and fcl,i (sections 4.3.1
and 4.3.2):

ReT,i = (Psk,s,i − Pa)Ai
Q̇loss,i − (Tsk,s,i−Top)Ai

RT,i

(
m2 kPa W−1) (4.5)

Recl,i = ReT,i −
Rea,i
fcl,i

(
m2 kPa W−1) (4.6)

where Psk,s,i is the partial vapour pressure at the skin’s surface at a body part i
and Pa is the partial vapor pressure in the air. The partial vapor pressure at the
temperature t (°C) can be calculated by Antoine’s equation for the saturated vapor
pressure Psa multiplied by the relative humidity Φ at the skin’s surface and in the air,
respectively (Parsons, 2014). For the skin’s surface, it is assumed that Φ is 1.

Psa = 0.1 · exp
(

18.956− 4030.18
t+ 235

)
· Φ (kPa) (4.7)

To calculate ReT,i and Recl,i according to ASTM F2370-10 (2010) correctly, the
surface temperature of the manikin’s skin is needed instead of the manikin’s surface
temperature Tmanikin as provided by the system of SAM. The skin surface temperatures
can be approximated according to Wang et al. (2017):

Tsk,s,i = Tmanikin − a · Q̇loss,i (4.8)

where a is the “wet” conductive thermal resistance (m2 °C W−1) calculated using the
regression equation for polyester and the skin thickness of 0.7 mm:

a = 0.0055 · dskin + 0.0047 = 0.0055 · 0.7 mm + 0.0047

= 0.008 55 m2 °C W−1
(4.9)
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The literature often does not give ReT,i and Recl,i directly, but mostly provides the
total and clothing permeability indices im,T,i and im,cl,i, respectively. These values
can be derived from the local dry and evaporative resistances divided by the Lewis
relation (LR = 16.5 K kPa−1) (ISO 9920: 2009):

im,t/cl,i =
RT/cl,i

LR ·ReT/ecl,i
(4.10)

A particular issue arises when measuring and calculating the local evaporative resis-
tances as compared to the total values. Due to gravity and absorption of the polyester
skin, the (warm) water of one body part can travel to another site. This error might
cause slight changes is the power that needs to be supplied to a body part, and hence,
can lead to errors in the results. We tried to avoid this issue, by limiting the sweat
rate in a way that the skin is just fully wetted.

4.3. Results and Discussion

4.3.1. Local clothing area factors

To obtain fcl,i for the used garments on manikin SAM, the correlation between fcl,i
and the EA were investigated. In Figures 4.5 and 4.6, the linear fitting and R2-values
are shown for all body parts. High linear correlations (R2-value >0.8) between fcl,i
and EA are seen for the upper and lower arm, back, back hip for lower body items as
well as the lower and upper leg. For the chest, the R2-value is higher, when the sweater
and jacket are excluded from the graph. This observation might be due to the design
differences between the sweater, the jacket and the other shirts. For the EA pelvis -
fcl,i front hip correlation in Figure 4.5e, two linear trend lines are shown, because the
EA of the sweater includes the loosely falling main body of the sweater (EA = 22 cm,
solid line) and the tight ribbed band (EA = −10 cm, dashed line). The squared
Pearson coefficient is low for the linear correlation including the negative EA of the
sweater (R2 = 0.33) and higher when the larger EA is taken into account (R2 = 0.84).
Another option to predict fcl,i of the front and back hip of the upper body is to use
the correlation to the EA of the waist (Figures 4.5f and 4.5h). Furthermore, the slope
of the linear correlations varies for the different body parts. At the chest, for example,
fcl,i for different EA varies only from 1.05 to 1.20. In contrast, fcl,i at the lower arm
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covers a range from 1.15 to 1.7. Hence, the importance to adjust fcl,i with regards to
EA depends on the body part. It can also be noted that fcl,i of some body parts at
the same body landmark is very similar. For example, this observation can be seen for
fcl,i of the chest and back at the thorax and for the front hip and back at the waist.

To estimate fcl,i of the whole-body ensembles in relation to SAM (Table 4.5), the
following procedure was applied:

• The linear correlations, as shown in Figures 4.5a to 4.5d and 4.5f as well as
Figures 4.5h and 4.6a to 4.6d were applied.

• It is assumed that the outermost garment defines fcl,i of a specific body part.
• In case of SAM, the hip is defined from the waist downwards (Figure 4.3), and

hence, it is mainly covered by the upper body garment. Therefore, fcl,hip is
taken mostly from the upper body garment. Only when the long-sleeved smart
shirt is worn inside the dress pants, is fcl,i of the hips defined by these trousers.

• Skirt: No equation can be used to calculate the reduction of fcl,i because of
the larger upper legs on SAM. For the jeans and pants, fcl,i of the upper legs
was reduced by 0.10 to 0.15. Therefore, fcl,i of the upper leg of the skirt is also
reduced from 2.29 to 2.15 for the stationary and from 1.5 to 1.35 for the moving
manikin as an estimation.

For the shoe/ sock combinations, fcl,i were are as follows:

• ballerina/ nylon socks: 1.2
• sneakers/ athletic socks: 1.4
• business shoes/ athletic socks: 1.3

For tight clothing items, the described method can lead to calculated fcl,i below 1.
This situation happens when the circumference of a specific body part on a manikin or
human subject is larger than the one of the original manikin (James), so that the EA
for the larger body becomes negative. For example, the calculated fcl,i of the tight
jeans on the upper leg (outfit 10 and 11) and the tight long-sleeved shirt on the front
hip (outfit 5) were 0.94 and 0.99, respectively. However, in reality the garment will
stretch and the minimum value can only be the circumference of the specific body part
with added thickness of the fabric. For the tight jeans on the upper leg the calculation
reads fcl,i,min = (58 cm+2·π·0.067 cm)

58 cm = 1.007 and for the tight long-sleeved shirt on the
hip it is fcl,i,min = (93 cm+2·π·0.087 cm)

93 cm = 1.006. Hence, these minimal values were used
for further calculations.
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(a) EA-fcl upper arm
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(b) EA-fcl lower arm
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(c) EA thorax-fcl chest (w/o sweater)
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(d) EA thorax-fcl back
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(e) EA pelvis-fcl front hip
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(f) EA waist-fcl front hip
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(g) EA pelvis-fcl back hip (upper body)

fcl = 0.013EA + 1.13
R² = 0.66
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(h) EA waist-fcl back hip (upper body)
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Figure 4.5.: Correlation of local clothing area factors fcl,i and ease allowances EA - Part 1
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(a) EA pelvis-fcl front hip (lower body)

fcl = 0.014EA + 0.97
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(b) EA pelvis-fcl back hip (lower body)
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R² = 0.83

1.0
1.1
1.2
1.3
1.4
1.5
1.6
1.7

-10 -5 0 5 10 15 20 25

A
re

a 
fa

ct
or

Ease allowance [cm]

(c) EA thigh-fcl upper leg

fcl = 0.024EA + 0.98
R² = 0.98

1.0
1.1
1.2
1.3
1.4
1.5
1.6
1.7

-10 -5 0 5 10 15 20 25

A
re

a 
fa

ct
or

Ease allowance [cm]

(d) EA-fcl lower leg

fcl = 0.025EA + 1.20
R² = 0.94
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Figure 4.6.: Correlation of local clothing area factors fcl,i and ease allowances EA - Part 2

Comparison to values found in the literature

As mentioned in the introduction, there are very few values for fcl,i in the literature.
In fact, the ones found in Nelson et al. (2005) are attributed to entire clothing items,
and not to single body parts. Since the air gaps between the clothing item and the
body surface can vary for different body parts, this may lead to false values for some
body parts covered by the clothing item, especially if its area is small compared to the
area of the whole garment. For example, fcl,i of the long-sleeved shirt with shirt collar
in Nelson et al. (2005) is 1.24. This value is slightly higher but comparable to fcl,i of
the chest, back, front and back hip of the regular long-sleeved smart shirt in this paper
(1.12 – 1.17). However, it is much lower than fcl,i of the upper and lower arm (1.43
and 1.71, respectively). Another issue is that the fit of the clothing items are described
very briefly with general terms such as “fitted” or “loose”. The straight, long trousers
in Nelson et al. (2005), for instance, have a fcl,i of 1.20 in the “fitted” case. However,
this value is by 0.1 to 0.2 larger than the values obtained for the measured tight jeans
(outfits 10-11) and also the regular fitting jeans (outfits 1-8) of this study on the hip
and upper leg. A larger fcl,i would mean that a smaller adjacent air insulation value
is subtracted from the measured total thermal insulation of garment to calculate the
intrinsic clothing insulation of a specific body part (see equation (4.4)). For example,
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Table 4.5.: Estimated fcl,i for different clothing ensembles for SAM
O
ut
fit Local clothing area factor

Upper
arm

Lower
arm

Chest Back Front
hip

Back
hip

Upper
leg

Lower
leg

1 1.15 / 1.13 1.11 1.11 1.15 1.01 1.29
2 1.18 1.36 1.07 1.07 1.09 1.13 1.01 1.29
3 1.42 1.72 1.16 1.12 1.13 1.18 1.01 1.29
4 1.39 / 1.17 1.13 1.28 1.37 1.01 1.29
5 1.12 1.29 1.01 1.03 1.01 1.01 1.01 1.29
6 1.36 1.68 1.08 1.08 1.01 1.02 1.01 1.29
7 1.37 1.47 1.14 1.11 1.17 1.23 1.01 1.29
8 1.51 1.83 1.22 1.17 1.28 1.37 1.01 1.29
9 1.42 1.72 1.16 1.12 1.13 1.18 1.10 1.42
10 1.42 1.72 1.16 1.12 1.13 1.18 1.01 1.19
11 1.37 1.67 1.09 1.08 1.00 1.03 1.01 1.19
12 1.51 1.83 1.22 1.17 1.28 1.37 1.10 1.42
13 1.42 1.72 1.16 1.12 1.13 1.18 1.15 1.49
14 1.42 1.72 1.16 1.12 1.18 1.09 1.15 1.49
15 1.42 1.72 1.16 1.12 1.13 1.18 1.01 1.29
16 1.51 1.83 1.22 1.17 1.28 1.37 1.01 1.29
17 1.42 1.72 1.16 1.12 1.18 1.09 1.15 1.49
18 1.51 1.83 1.22 1.17 1.18 1.09 1.15 1.49
19 1.27 1.65 1.18 1.14 1.31 1.41 1.01 1.29
20 1.27 1.65 1.18 1.14 1.31 1.41 1.01 1.29
21 1.46 1.83 1.19 1.15 1.23 1.30 1.15 1.49
22 1.42 1.72 1.16 1.12 1.13 1.18 2.15* 1.00
23 1.46 1.83 1.19 1.15 1.23 1.30 2.15 1.00

* local clothing area factor of the skirt in case of movement (1.35)

the upper leg has an air layer insulation of 0.08 m2 W−1. fcl,i of 1.0 and 1.2 would
lead to the subtraction of 0.08 m2 W−1 or 0.067 m2 W−1 of air insulation, respectively,
which is a difference of 16 % in the intrinsic clothing insulation. Hence, a more exact
measurement for the fit of clothing items, such as the ease allowance may help to
avoid the mentioned inaccuracies.

4.3.2. Local dry thermal resistance

The detailed results for Rcl,i of the whole-body clothing ensembles and Ra,i of all test
cases are shown in Tables A.10 and A.11 on page 135 and on page 137. For the sock/
shoe combinations, RT,i in the non-moving case is 0.11 m2 K W−1 for the ballerinas
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with nylon socks and 0.13 m2 K W−1 for both the sneakers and business shoes combined
with the athletic socks. These values are reduced by movement to 0.09 m2 K W−1 and
0.12 m2 K W−1, respectively. The air layer insulation could only be determined for the
non-moving foot and is 0.09 m2 K W−1. Hence, Rcl,i of the sneakers, business shoes
and ballerinas for the non-moving foot manikin can be computed by equation (4).
Their values are 0.07 m2 K W−1, 0.06 m2 K W−1 and 0.04 m2 K W−1, respectively.

Comparison to values found in the literature

For a clothing ensemble consisting of a t-shirt and jeans, the measured Rcl,i of this
study, namely outfit 1 and 4 (with regular and loose t-shirt, respectively), can be
compared to four other studies (Havenith et al., 2012; Lee et al., 2013; Lu et al., 2015;
Nelson et al., 2005) as shown in Table 4.6. For the empirical equations by Havenith et
al. (2012) an air temperature of 22 °C is assumed. The comparison in Table 4.6 reveals
that the differences in Rcl,i vary depending on the body part. For example, Rcl,i of
the upper arm found in the literature are comparable to ones measured in this study.
For the back, the values from the literature are generally smaller than from outfit 1 or
4. The most variance between the studies and our values is seen at the front and back
hip. These observed variations might be caused by the distinct material and fit of
the garments. Garments made of thicker material and with a looser fit, i.e. larger air
gap, would result in increased clothing insulation values. Moreover, the differences in
the construction, set-up, and posture of the used manikins can affect the result. For
example, SAM has pronounced anatomical shoulder blades, unlike most of the other
thermal manikins with simplified or smoothed body shapes, which creates a higher
clothing insulation through a larger air gap when the clothing is on. Moreover, the
manikin in Lee et al. (2013) was in sitting position, which causes smaller air gaps at
the back, pelvis, thigh, and calf. Also, in a sitting position, the draping of the clothing
is different than in upright position (Mert et al., 2017). Another issue comparing
different studies is that the body parts are defined differently. This difference especially
occurs for the torso. In Lee et al. (2013), for instance, the torso is divided in the chest,
back and pelvis, whereas in Lu et al. (2015) it consists of the chest, back, abdomen
and pelvis. In these regions, the clothing draping pattern can differ as discussed by
Frackiewicz-Kaczmarek et al. (2015). Another factor that can cause different Rcl,i
is slight variations in the environmental conditions. For example, the air speed in
the studies by Lee et al. (2013) and Lu et al. (2015) is 0.1 m s−1 and 0.15 m s−1,
respectively, whereas the air speed in this study was set to 0.2 m s−1. However, the
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Table 4.6.: Comparison of local intrinsic clothing thermal resistance for a light clothing
ensemble (Havenith et al., 2012; Lee et al., 2013; Lu et al., 2015; Nelson et al., 2005)

Local clothing resistance [m2K/W]
Body part Lee

(No. 8)
Lu
(EN 9)

Nelson
& Curlee

Havenith
(22°C)

Measured
Outfit 1

Measured
Outfit 4

Chest 0.18 0.17 0.10 0.12 0.09 0.10
Back 0.13 0.12 0.10 0.12 0.17 0.18
Upper arm 0.07 0.07 0.10 0.12 0.08 0.12
Front hip 0.16 0.17 0.24 0.12 0.13 0.16
Back hip 0.22 0.24 0.12 0.15 0.19
Thigh 0.09 0.09 0.08 0.13 0.06 0.05
Lower leg 0.10 0.08 0.13 0.13 0.09 0.08

Business shoes/ Sneakers
Feet 0.13 / 0.22 0.08 0.06/ 0.07

compared papers do not contain all of this information. Hence, it is difficult for users
of thermo-physiological or thermal sensation models to extract the most suitable set
of Rcl,i for a specific simulation case.

The intrinsic clothing insulation of the business shoes and sneakers are also included in
Table 4.6 and compared to the values found in the mentioned studies. In general, the
variation of the values for the foot dry insulation is high with the values of this study
being the lowest. The range of the measured values (excluding the value by Nelson
et al. (2005)) is 0.6 to 0.13 m2 K W−1. In an inter-laboratory test on thermal foot
manikins by Kuklane et al. (2005), the effective insulation values also varied by ±0.3
to 0.6 m2 K W−1 depending on the tested shoe/sock combination. When compared to
the measurements on army boots on the same foot manikin by Bogerd et al. (2012),
RT,i of the business shoes and sneakers are in line with RT,i of army boots which was
around 0.18 m2 K W−1.

For the ballerinas, no comparable values were found. In Lee et al. (2013), the
sandals have a local intrinsic insulation value of around 0.4 clo (0.06 m2 K W−1), and
in Kuklane et al. (2009), the described sandal has an effective insulation (RT,i −Ra,i)
of 0.06 m2 K W−1. In both cases, the values are higher than for the ballerinas, even
though a similar range would be expected. Three issues can be raised on these
shoe insulation measurements. Firstly, the two sandals touched the ground during
measurements, whereas the non-moving foot was hanging free. Hence, there was
no convection on the sole of the sandals, which can result in overall higher RT,i.
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Secondly, the sandals of the study by Kuklane et al. (2009) have the highest effective
sole insulation (0.261 m2 K W−1) in the study, which also results in relatively high
RT,i for the whole sandals. Lastly, the shoe insulation depends on the included
sectors of the foot manikin in the calculation. For this study, the sectors of the foot
manikin below the ankle were used. However, the ballerinas, for instance, do not
cover the dorsal foot, which means that RT,i of the whole foot will be less than RT,i
of the covered areas. In our case the values are 0.11 m2 K W−1 and 0.13 m2 K W−1,
respectively. Conclusively, these issues should be considered and reported in studies
on shoe insulation measurements to be able to do a fair comparison. This information
will also help to choose the best values to use in thermo-physiological models.

Effect of air speed and body movement

For six outfits (1, 3, 14, 19, 21, 22), Rcl,i was obtained for two additional air speeds and
body movement (Table A.10 on page 135 and Figure 4.7). Also, the correction factors
were calculated using test case 1 as the reference and can be found in Tables A.13
to A.16 on page 139. Additionally, the graphs showing the influence of increased air
speed and the addition of body movement on RT,i are given in Figure A.8 on page 140.
In general, the effect of increased air speed and body movement are more pronounced,
but comparable, in RT,i, because the air layer is excluded for Rcl,i. For the upper
and lower arm, chest, front hip, upper and lower leg the increase in air speed and
addition of body movement mostly reduced Rcl,i. At an air speed of 0.4 m s−1, the
reduction is minor and mostly within the standard deviation of Rcl,i. For an air speed
of 1.0 m s−1, low influence can be found for the upper and lower leg (except when
a skirt is worn), whereas the reduction can reach up to 30 to 40 % at the arms and
chest. The effect of body movement is generally larger than for the increase in air
speed for these body parts. This observation is more pronounced for upper legs with
pants than with jeans. For the chest and front hip, the increase to an air speed of
1.0 m s−1 or the addition of body movement yielded similar results. The differences of
the effect of body movement on the reduction in Rcl,i might be caused by differences
in the pumping effect, which is more pronounced for looser fitting clothing and on
moving body parts. Hence, the pumping effect will be smaller for the relatively small
movement of the torso when the manikin is in motion mode, and larger at the arms
and legs, especially for looser fitting garments such as the pants. For the back and
back hip, the results are more diverse. Surprisingly, the increase of air speed and body
movement leads to an increase in Rcl,i in a large number of cases. This outcome might
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be caused by two possible issues: 1) as mentioned above, the anatomy of SAM results
is an unnaturally hollow back and 2) the direction of the wind from the front to the
back results in the displacement of the garments towards the back. In both cases,
the air gap between the skin of the manikin and garment(s) will increase for higher
air speeds until a critical speed is reached, where the air will leave through the lower
opening of the shirt. Due to the hollow back, this critical wind speed value might
be relatively high compared to other manikins, causing the rise in Rcl,i for at least a
wind speed of 0.4 m s−1. The addition of body movement might emphasis this effect
for low wind speeds, since the upper garment might to be push upwards creating a
larger air gap due to the attachment of the legs to the moving simulator.

In the published literature for overall clothing insulation, general equations are given
for the reduction of RT due increased air speeds and body movement (Havenith and
Nilsson, 2004; ISO 9920: 2009; Nilsson, 1997; Nilsson et al., 2000). However, the
effect of increased air speed and the addition of body movement cannot be generalized
for our measurements, i.e. the local total and intrinsic clothing insulation. For the
thermo-physiological modeling, this finding means that the effect of increased air speed
and body movement should be considered separately for each body part rather than
using a general reduction factor for the whole body as suggested in ISO 9920: 2009.
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4.3. Results and Discussion

Effect of clothing fit

For this study, the four clothing items t-shirt, long-sleeved shirt, long-sleeved smart
shirt, and jeans were available in different fits. In Figures 4.8 and 4.9, their Rcl,i are
shown in relation to their EA at the respective body landmarks for outfits with one
clothing layer. In most cases, Rcl,i increases for larger EA. These differences are
relatively small for the lower arm, lower leg and back hip, but larger for the upper
arm, chest, back, front hip and upper leg. The Rcl,i of the smart shirt at the hips have
more variation because it is combined with a larger variety of lower body garments,
which overlap at the hips. Therefore, it is concluded that the knowledge of the exact
fit, i.e. measurement of EA, is important when Rcl,i values are published.
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Figure 4.8.: Correlation of local dry clothing insulation and ease allowances - upper body
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Figure 4.9.: Correlation of local dry clothing insulation and ease allowances - lower body

Correlation of local ease allowance and local dry clothing resistance

In this study, Rcl,i of specific garments were measured. To apply these results to other
research projects with similar outfits, the correlation between the local EA and Rcl,i
values for single layer outfits was investigated. In our range of EA the trend might
be approximated as linear, because EA is linearly correlated to air gap thickness
(Frackiewicz-Kaczmarek et al., 2015; Mert et al., 2017) and air gap thickness, in turn,
is close-to-linearly correlated to the heat transfer coefficient for the air gap range of
4 to 32 mm as investigated by Mert et al. (2017). The range of air gap thickness
investigated in this paper is well covered by this study, and Figures 4.8 and 4.9 provide
the linear correlation, R2-values and root-mean-square deviation (rmsd) for all body
parts.

High linear correlations (R2 >0.85) and low rmsd values can be found for the upper
and lower arm, chest, back, and upper leg. Hence, Rcl,i could be estimated using
the provided linear correlations for other garments, manikins or human subjects. In
contrast, the linear correlation at the front and back hip is weak (R2 <0.6) and the
results are more diverse. The main reason is that the clothing items of the upper
and lower body overlap at this body part. Hence, a second air gap influences the
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result, which is not represented by EA measurement. The effect of this air gap can,
for example, be seen in the difference of the regular smart shirt being tucked in the
dress pants or not (0.14 m2 K W−1 vs 0.18 m2 K W−1, respectively; Table A.10 on
page 135). However, the R2-value does not increase much if EA of the waist is used
or only the upper body garments worn with the regular jeans are considered. Hence,
for estimating Rcl,i at the hip for other garments, further factors, e.g. width of second
air gap, should be considered. In the case of the lower leg, Rcl,i is very similar for
all clothing items regardless of their fit (low R2 and low rsmd). Hence, Rcl,i for the
lower leg cannot be predicted by a correlation equation, but might be assumed to be
approximately 0.08 m2 K W−1. One reason for this result might be that the shape of
the lower leg is very versatile ranging from 23 to 39 cm. The EA was measured at
the widest place and, according to Table 4.3, there was a large selection of different
EA. This is also shown by the steeper slope of fcl,i vs EA in Figure 4.6d. However,
thermally, it seems that even for small EA the air gap at the lower part of the lower
leg were relatively large. According to the dry heat transfer theory, the change in heat
loss is minimal for further increase in air gap (Mert et al., 2016, 2017). Hence, the
heat loss for all trousers is comparable.

The found correlations provide only an estimation of Rcl,i values for single layer outfits.
For clothing ensembles with multiple layers, a correlation to EA cannot be expected,
because this measurement does not include information about the number of layers
and their air gaps. In future research, it could be investigated if an additional clothing
layer would result in a similar increase in Rcl,i for a variety of single layer clothing
ensembles.

In a recent study by Fojtlín et al. (2019), the dry thermal clothing resistance using
the regression equations in Figures 4.8 and 4.9 and local clothing area factors were
compared to values of other studies and a reference model. The measured values of
this thesis are in good agreement with the reference model. Hence, the case study
by Fojtlín et al. (2019) demonstrates the applicability of the measured local clothing
properties and the regression equations.
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4.3.3. Local evaporative thermal resistance

Tables A.11 and A.12 on page 137 and on page 138 give the detailed results for Recl,i
and Rea,i for all clothing ensembles and test cases. The results for the shoe/sock
combinations are summarized in Table 4.7. Unfortunately, only the results for the
non-moving case can be reported, due to some malfunctioning of the foot manikin
during the moving scenarios.

Comparison to values found in the literature

As mentioned in section 3.2.2 on page 27, only a few measured Recl,i for office clothing
ensembles have been published. In fact, for the clothing ensembles of this thesis, no
measured values were found for direct comparison. In ISO 9920:2009, a generalized
clothing permeability index of 0.38 is given. Figure 4.10 compares the local clothing
permeability indices of selected clothing ensembles and the shoe/ sock combinations
to the standard value. The local clothing permeability indices ranges from about 0.1
to 0.8. Hence, the value of 0.38 might be an agreeable estimation for average skin
temperature and thermal sensation calculations. However, considering the separate
body parts, the suggested value of 0.38 would only be a good estimation for the upper
arm and lower leg in most cases. The permeability index of the feet icl,feet is very
low in comparison to the other values. However, it is in-line with values published by
Bogerd et al. (2012). The sensitivity analysis in section 2.3.4 on page 18 shows that
the foot skin temperature is sensitive to a change in the permeability index. Here, the
change from 0.38 to 0.10 results in skin temperature change of approximately 3 °C. For
the other body parts, the effect might be lower, since they seem to be generally less
sensitive to changes in clothing properties (section 3.4.1 on page 38). The effect of the
newly measured clothing properties in comparison to the ones found in the literature

Table 4.7.: Results for evaporative resistances and permeability indices of shoe/ sock combi-
nations (non-moving case)

Ballerina/
nylon socks

Sneaker/
athletic
socks

Business shoe/
athletic socks

Total evaporative resistance
[
m2 kPa W−1

]
0.060 0.080 0.088

Clothing evaporative resistance
[
m2 kPa W−1

]
0.020 0.052 0.057

Total permeability index 0.120 0.097 0.090
Clothing permeability index 0.100 0.076 0.066
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Figure 4.10.: Comparison of local clothing permeability indices to value in ISO 9920:2009

is discussed in detail in section 6.3.1 on page 109. All in all, it is suggested to use
the local values, for local application of clothing properties, e.g. thermo-physiological
simulations.

Effect of air speed and body movement

The effect of air speed and body movement on Ret,i and Recl,i are presented in
Figure 4.11 for the eight body parts and the two outfits. In most cases, the increase
in air speed and the addition of body movements reduced Ret,i and Recl,i. These
results are to be expected because the higher convection at the garments outer surface
reduced the water vapor concentration at that surface. The effects are larger for Ret,i
and Recl,i, since the adjacent air layer is excluded from Recl,i calculation. However,
Recl,i is still mostly reduced by increased air speed and body movement. Hence, it can
be assumed that in both cases the air movement in the enclosed air layer between the
surface of the manikin and the garment is increased or the thickness of the air layer is
reduced, which leads to a reduction of Recl,i. Increasing the air speed to 0.4 m s−1, has
much lower effect than the other test cases, and, considering the standard deviation,
the results are often very similar to the values at an air speed of 0.2 m s−1.

The magnitude of the reduction by increased air speed and body movement is different
for the eight body parts. The largest effects for increased air speed can be seen for
Ret,i and Recl,i at the back. However, there is hardly any change for the addition of
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Figure 4.11.: Local total and intrinsic evaporative resistances (ReT,i and Recl,i) for outfit 1
and outfit 14

body movement (same air speed). Relatively, low effects can also be seen for Recl,i,
for example, for the upper leg of outfit 1 and the lower arm of outfit 14. These small
effects might be caused by different draping of the garments due to the attachment to
the moving simulator. It seems that the air layer between the surface of the manikin
and the garment might be increased, which would lead to an increase in Ret,i and
Recl,i, counteracting any possible pumping effect, which reduces Ret,i and Recl,i.

Correlation of local ease allowance and local evaporative clothing resistance

Similar to section 4.3.2 on page 70, the relationship of Recl,i and the local EA is
investigated as shown in Figure 4.12. The figures also provide the regression equations,
the R2-value and the residual mean squared deviation (rmsd). In most cases, the slope
of the regression equations is very small (<0.003). Also, the R2-value is mostly low.
However, in combination with the low rmsd-values, it means that Recl,i does mostly
not depend on EA and therefore, Recl,i does not need to be adjusted for different
clothing fits. A slightly deeper slope can be seen for Recl,i of the back (Figure 4.12d),
which might be worth do consider when adjusting Recl,i to different clothing fits.
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The main reason for the low dependency of Recl,i on EA might be found in the
measurement procedure. Because of the water distributed on the skin surface, the
clothing items get wet and are more likely to stick to the surface. Hence, the air gap
between the clothing items and the skin surface is reduced. Especially for one layer
outfits, this observation will result in a low change in Recl,i for different EA.

4.3.4. Future research

In this thesis, the local clothing thermal resistance, local clothing evaporative resistance
and local clothing area factors of a number of typical office clothing ensembles are
calculated and analyzed for an upright position of the manikin SAM. However, a
typical office situation also includes the sitting position. The measurements on SAM
for this posture could not be conducted due to technical reasons. The largest influence
of a sitting position can be expected for the contact areas with the chair, namely back
hip and upper legs, and minor changes might be expected due to variations in draping
of the clothing on the other body parts (Mert et al., 2016, 2017). Two effects are to
be expected at these body parts: (1) The air layer between the skin and the clothing
is reduced and (2) The clothing insulation is influenced by the insulation of the chair.
The first point was investigated by Mert et al. (2017). The second point raises the
question regarding the kind of chair to be used and if measurements should be done for
several chairs. Also, it might be inquired if the effect of the chair can be generalized.

This study also discusses the effect of the wind directed from the front to the back of
the manikin on the resulting, relatively large, clothing insulation values of the back.
Hence, future research may consider to vary the direction of the air to investigate the
effect on the results. Then, the most appropriate value for a certain situation or the
average might be considered depending on the application.
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Figure 4.12.: Correlation of local evaporative clothing resistance and local ease allowance
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4.4. Conclusions

This study extends the database of local clothing insulation and local clothing area
factors of typical office clothing ensembles. For the local clothing area factors, empirical
equations are provided to adjust the value for different garments, manikins or human
subjects using the ease allowance as a reference. The local clothing insulation of most
body parts are decreased by increased air speed and added body movement. However,
the reduction is different for all body parts and therefore, cannot be generalized.
Moreover, the fit of the garments also influences the local clothing insulation value.
It is suggested to use the ease allowance for specifying the exact fit, rather than
using general terms such as “fitted” or “loose”. In the case of single layer clothing
combinations, the local clothing insulation correlates linearly to the ease allowance for
most body parts covered with a single layer. In general, this study emphasizes the need
for well documented measurements to get reproducible results and to choose accurate
clothing parameters for thermo-physiological and thermal sensation modeling.
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CHA P T E R 5
Effect of local skin blood flow during
light and medium activities on local

skin temperature predictions∗

5.1. Introduction

To predict the overall and local thermal sensation and comfort of the users of these
systems efficiently, human thermo-physiological models and coupled thermal sensation
models can be used. Therefore, thermo-physiological models such as UTCI-Fiala
(Fiala et al., 2012, 1999, 2001) , ThermoSEM (Kingma, 2012; Kingma et al., 2014b;
Severens, 2008; Severens et al., 2007), Berkeley Comfort Model (Huizenga et al., 2001;
H. Zhang et al., 2001) or Tanabe’s model (Tanabe et al., 2002) predict the mean and
local skin temperatures, which are then processed in thermal sensation and comfort

∗The contents of this chapter have been published in:
• Veselá, Stephanie; Kingma, Boris R.M.; Frijns, Arjan J.H., and van Marken Lichtenbelt,

Wouter D. (2019b). “Effect of local skin blood flow during light and medium activities on local
skin temperature predictions”. In: Journal of Thermal Biology 84, pp. 439–450
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models. Because of their main application in the built environment, these models
are designed and validated for mild cold to mild warm environmental conditions
(approximately 15 to 35 °C, depending on clothing). Within this environmental
temperature range, the prediction of mean and local skin temperatures need to be as
accurate as possible. Validations of thermo-physiological models show high accuracies
for mean skin temperatures, but deviations can be found in local skin temperatures,
especially at the extremities (Martínez et al., 2016; Psikuta et al., 2012; van Marken
Lichtenbelt et al., 2007; Veselá et al., 2015b). To improve the prediction of local skin
temperatures, influencing factors of the local heat balances in these models need to be
re-evaluated.

One important component of these balances is the local skin blood flow (SBF), which
is a large thermoregulatory factor (Kellogg, 2006). Local SBF is mainly controlled via
the nervous system of warm and cold sensitive neurons at the skin sites and in the
hypothalamus (Boulant, 2005). Depending on the fire rate of these thermosensitive
neurons, SBF will be reduced or elevated through vasoconstriction or vasodilation
to avoid or increase heat loss, respectively (I. Mekjavič and J. B. Morrison, 1985;
Nakamura and S. F. Morrison, 2008a,b). The modeling of local SBF can be done using
different approaches, for example Wissler’s or Fiala’s empirical SBF models (Fiala
et al., 2001; Wissler, 2008), the SBF model by Tanabe where the SBF is a function
of the external work and shivering heat production (Tanabe et al., 2002), Pennes’
empirical blood flow perfusion term in the Berkley Comfort model (Huizenga et al.,
2001; Pennes, 1948) and the neurophysiological approach by Kingma et al. (2014b).
The validation of the neurophysiological approach by Kingma et al. (2014b), which
was implemented in the thermo-physiological model ThermoSEM, showed improved
forearm and abdomen SBF and mean skin temperature prediction.

ThermoSEM including the neurophysiological approach for SBF was developed and
validated for several environmental conditions. However, the activity levels were low
at 0.8 to 1 met for most scenarios and in sitting or supine position with low clothing
insulation (Kingma et al., 2014b). Higher activity levels such as standing (about
1.5 met) or walking (2 to 4 met) were not included in the validation of the model. In
the most recent thermo-physiological models, the overall activity level is used to take
different activities into account (Fiala et al., 2001; Huizenga et al., 2001; Tanabe et al.,
2002). However, during activities, like walking, a local increase in muscle activity/
metabolism takes place, but also a large increase in local blood perfusion is observed
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(Hinds et al., 2004; Joyner et al., 2001; Savard et al., 1988; Snell et al., 1987). Yet,
data on local (increased) metabolic rates and local increase in blood perfusion during
activities is lacking or incomplete (Veselá et al., 2017b). Moreover, most models use
an average, usually male, person for simulation purposes. Havenith (2001) and Van
Marken Lichtenbelt et al. (2004) show that the individual body characteristics of
human subjects, such as height, body mass, body fat percentage and metabolism,
improve the models quality in predicting individual skin temperatures. Our final aim
is to extend the thermo-physiological model ThermoSEM such that it includes both
localized increase in tissue perfusion and local increase in metabolic rates that depend
on the type of activity. In this chapter, our focus was on the local increase in blood
perfusion and its effect on the increase in local skin temperatures. The main focus
was hereby on the foot, since the largest deviations of up to 10 °C in skin temperature
between simulation and measurements were found here (Veselá et al., 2015b).

To verify and improve the foot skin temperature prediction of ThermoSEM for light
and medium activity levels as usually found in the built environment (sitting, standing,
walking at about 2 to 3 km h−1), the influence of the SBF at the ankle is investigated.
Therefore, local skin temperatures and ankle SBF of twenty human subjects were
measured for activities reaching from 1 to 3 met for this study. The main objective
was to investigate the effect of the measured SBF on local skin temperature prediction
based on individual characteristics in the thermo-physiological simulation model
ThermoSEM. Moreover, the influence of walking activity level and gender was included
in the neurophysiological approach.

5.2. Methods

5.2.1. Human subject experiments

The experiments were conducted at the Metabolic Research Unit of Maastricht Uni-
versity (MRUM) and took place from February to August 2016. The experiments
described in this paper were part of a larger study investigating the thermal challenges
of modern day humans. The medical ethical committee of Maastricht University
Medical Centre+ authorized the experimental protocol. All participants in this study
signed a letter of consent prior to the experiments.
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Table 5.1.: Participants characteristics (10 males, 9 females)
Characteristics Mean (±SD) -

all
Mean (±SD) -
male

Mean (±SD) -
female

P-values male
vs. female

Age [yr] 28.7±10.6 30.2±11.0 26.1±9.7 0.44
Body mass [kg] 69.4±9.4 75.2±8.7 63.1±4.9 <0.01
Height [m] 1.76±0.08 1.81±0.06 1.71±0.06 <0.01
BMI [kg m−2] 22.3±2.4 22.9±2.7 21.7±1.7 0.28
Body fat [%]a 24.7±7.0 21.9±8.1 27.9±3.3 0.06
Surface area [m2]b 1.85±0.15 1.95±0.12 1.74±0.08 <0.01

a measured via Bod Pod©
b method by Du Bois and Du Bois (1916)

Subjects

The subjects had to meet the following inclusion criteria: Caucasian, generally healthy,
age between 18 to 60 years, BMI of 20 to 25 kg m−2 and sharing an office with another
participant of different gender. The last criterion was required for the wider study.
Hence, ten pairs of male-female volunteers were recruited for this study (Table 5.1).
One female subject was excluded from the analysis, because no skin perfusion of the
ankle was recorded due to a malfunction of the LDF probe. As shown in Table 5.1,
there is a significant difference in body mass, height and body surface area between
the male and female test persons.

Measurement protocol

The recruited volunteers visited MRUM for one day. The air temperature of the climate
chamber was set to 22 °C and was recorded using hygrochron iButton® dataloggers
(DS1923, Maxim Integrated, USA) at four heights (0.1 m, 0.6 m, 1.1 m, 1.7 m above
ground) along with the relative humidity (RH in %). The participants were asked
to refrain from caffeine or alcoholic beverages and food up to twelve hours before
the start of the experiments. After arriving at 8:30 am, the subjects swallowed a
small telemetric temperature pill (CorTempTM, USA), before they changed into the
standardized medium warm clothing combination consisting of underwear, a t-shirt, a
sweater, sweatpants, socks and sneakers (total insulation about 0.8 clo, see section 5.2.2
on page 87 and Table A.17 on page 141). While dressing, thermochron iButton®
dataloggers (DS1922L, Maxim Integrated, USA) were attached on the test persons
with medical tape on 14 positions plus the fingertip in accordance to EN-ISO 9886:2004
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as shown in Figure A.9 on page 142. Furthermore, skin perfusion was measured using
Laser Doppler Flowmetry (LDF) (PF4000 & PF5000, Perimed AB, Sweden). For
practical reasons, the participants wore regular footwear, and to avoid distortion of
the regular walking patterns, the SBF was measured at the ankles instead of the feet
or toes.

With the sensors attached, the volunteers then performed the measurement protocol
as shown in Figure 5.1. Firstly, they laid in supine position on a stretcher for 30
minutes to measure baseline metabolic rate (BMR). To ensure that the participants’
thermal state was close to neutrality, they were covered with a thin cotton blanket.
Energy expenditure (EE) was measured during all parts of the experiments by indirect
calorimetry using a mask connected to an automated respiratory gas analyser. After
the BMR measurement, the subjects were given a light breakfast and changed into
either the light clothing combination consisting of underwear, a t-shirt, shorts, socks
and sneakers (total insulation about 0.5 clo) or left on the medium clothing combination
(0.8 clo, see section 5.2.2 on page 87 and Table A.17 on page 141). The starting clothing
combination (light or medium) was randomized for all pairs of subjects. Then, they
switched to a treadmill where three activities took place for a total 23 minutes each
(Figure 5.1a). After the first ten minutes of each activity, there was a small break
(approximately 3 minutes) to perform additional measurements, e.g. blood pressure,
and thermal comfort questionnaires (not evaluated in this thesis). Because of this
small break, all activities were split into two subsections, which are separated by
the small white line in Figure 5.1 and are numbered for further analysis 1/2 for the
morning and 3/4 for the afternoon session. The activities were sitting on a chair,
walking at a speed of 1 km h−1 (Slow Walk) and walking at preferred speed (Pref
Walk). The slow walking period replaced a period of standing, which was found to
be too hard on the participants in pretests. Hence, the walking speed was set to the
lowest possible setting of the treadmills. In between the activities, the test persons
could take off the EE mask for a couple of minutes and get a drink of water. The
third activity was followed by a lunch break of 45 minutes. A light, standardized
lunch of cheese and crackers was provided to the subjects. Also, the participants were
asked to change into the second clothing combination. After the lunch break, the
subjects performed the same three activities as before (Figure 5.1b). However, due to
technical reasons the seated period had to be performed as the final session. After the
experiments, all sensors were detached and the volunteers’ anthropometric data was
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(a) Morning session

Medium clo comb. + 
blanket
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BMR Break SIT 1/2 B Slow Walk 1/2 B Pref Walk 1/2 Lunch break
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Medium or light clothing combination Changeclothing

activity SIT 3/4Slow Walk 3/4 Pref Walk 3/4 B B anthropometric

Semi-nude
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Figure 5.1.: Time line of measurement protocol. Light gray areas represent times of defined
clothing, dark gray areas represent times of defined activities, white areas represent any
kind of break (B) for taking measurements, changing clothing or eating and drinking. (The
notation 1/2 and 3/4 refer to the two parts of each experimental session divided by a small
break for taking measurements in the morning and afternoon, respectively.)

measured. These data included the height, body mass, and body composition via Bod
Pod® (Life Measurement Inc., Concord CA, USA).

5.2.2. ThermoSEM and input parameters

The thermo-physiological model ThermoSEM was evolved from Fiala’s thermoreg-
ulation model (Fiala, 1998; Fiala et al., 1999) with modifications implemented by
Severens et al. (2007) and Kingma et al. (2014b). In ThermoSEM, the human body
is divided into 19 body parts which are represented by 18 concentric cylinders and
one concentric semi-sphere. Each part consists of multiple tissue layers, e.g. bone,
muscle, fat or skin, with a specific geometry and characteristics. The biggest difference
between Fiala’s model and the current version of ThermoSEM is the implementation
of a neurophysiological approach to calculate the SBF (Kingma et al., 2014b). The
skin perfusion in Fiala’s model is a function of the central stimuli for vasodilation
and vasoconstriction which in turn are functions of the difference between the actual
and set point mean skin temperature (Fiala, 1998; Fiala et al., 1999). The model by
Kingma et al. (2014b) formulates SBF regulation as:

βi = βi,bas ·N ·Q10 (5.1)
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where βi,bas is the basal heat equivalent of SBF of a specific body part i, Q10 is the

local regulation effect of SBF (Q10-effect) with Q10 = 2
(Ti−Ti,bas)

10 , Ti,bas the local
tissue temperature under basal conditions and N is the neural regulation signal for
SBF. The function for N is:

N = max [0, γ1 − γ2 (Hwarm − Pcold)− γ3 (Hwarm − Pwarm)] (5.2)

where γ1 is a model constant representing all non-thermal effects on SBF, γ2 and γ3

are model parameters for the cold and warm afferent pathway, respectively, Hwarm

is the neuron fire rate of temperature sensitive neurons in the hypothalamus, Pcold
and Pwarm are the neural peripheral cold and warm drive, respectively. The values of
the models constant γ1 and parameters γ2 and γ3 are given in Table B.1 on page 156.
The function for the neural regulation signal is based on the neural concepts described
in Mekjavič and Morrison (1985), Boulant (2005) as well as Nakamura and Morrison
(2008a,b). Hwarm, Pcold and Pwarm are calculated as described in Kingma et al.
(2014b) using the individual neuronal response characteristics as modeled by Mekjavič
and Morrison (1985).

The SBF prediction using the neurophysiological approach was validated using two
independent data sets of young male subjects, which were dressed in shorts or light
sportswear and were lying in supine position (Kingma et al., 2014b). The results of
this validation showed improved SBF prediction as compared to Fiala’s model for
abdomen, forearm and similar SBF simulation for the hand. However, the model was
not validated for higher activities and higher clothing insulation.

Individualized ThermoSEM

In the default setting, ThermoSEM represents an adult male (73.5 kg, body surface
area of 1.86 m2, body fat percentage of 14 %, and 87.1 W total basal metabolic heat).
However, the default geometry of ThermoSEM does not represent the participants of
this study. Especially, a large deviation in the fat percentage can be seen in Table 5.1.
Van Marken Lichtenbelt et al. (2007) and Severens et al. (2008; 2007) introduced
a method to scale the default geometry of ThermoSEM to individual measurement.
Firstly, the length of all body parts, except the head, were scaled with a factor λ1

which is the ratio of the height of the actual person h to the height of the standard
person h0. The head was scaled with

√
λ1. Secondly, λ2 and λ3 were introduced for
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scaling the layer thicknesses (i.e. radii) of the body segments. The core and muscle
layers were scaled with λ2, and the fat layers were scaled with λ3. The thickness of
the inner and outer skin was not scaled. The factors λ2 and λ3 were then calculated
using an optimization routine to match the total body mass and fat percentage of the
considered subject.

The general scaling method of van Marken Lichtenbelt et al. (2007) and Severens et al.
(2008) was adopted for this study. Additionally, differences in fat distribution between
males and females were considered. Figure 5.2 shows the distribution of the local
body fat for a typical male and a typical female subject as compared to the standard
(Fiala/ ThermoSEM) configuration (Wölki, 2017; Wölki and Treeck, 2013). The data
was obtained from body composition measurements of 190 male and 133 female test
persons. To produce similar relations in ThermoSEM additional factors were applied
to λ3 (Table 5.2). The resulting body fat mass distribution of a lean male (1.80 m,
70.1 kg, 16.4 % body fat), the average male and average female human subject of this
study are also shown in Figure 5.2. Most male and all female participants of our study
had a higher body fat percentage than in Wölki (2017), which results in overall higher
body fat mass for all body parts especially on the thorax and abdomen. However, the
distribution of body fat mass shows a similar relation. Hence, the additional scaling
factors of Table 5.2 are sufficient to account for differences in body fat distribution
between males and females in ThermoSEM.

Table 5.2.: Adjusted scaling of the fat layer for male and female subjects
Scaling factor

Body part Male Female

Face, Neck, Shoulders λ3 λ3
Thorax λ3 λ3 · 1.04
Abdomen λ3 λ3 · 1.02
Upper arms λ3 · 0.98 λ3 · 1.05
Lower arms λ3 · 0.98 λ3 · 0.99
Upper legs λ3 · 1.05 λ3 · 1.14
Lower legs λ3 · 0.999 λ3 · 0.99
Hands, Feet λ3 λ3
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right
shoulder right arm right hand thorax abdomen right leg right foot

typical male subject * 0.07 0.40 0.10 0.52 5.03 1.65 0.29
std.Fiala FE*/ ThermoSEM 0.06 0.73 0.09 0.70 5.30 1.00 0.28
typical female subject* 0.05 0.90 0.07 1.58 5.63 2.40 0.21
study - lean male 0.18 0.61 0.09 0.92 5.19 1.24 0.26
study - avg male 0.24 0.83 0.12 2.01 7.05 1.69 0.32
study - avg female 0.24 0.99 0.11 3.23 7.64 2.12 0.29
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Figure 5.2.: Comparison of body fat mass distribution between the typical male subject,
standard Fiala-FE/ ThermoSEM and typical female subject of the study by Wölki (2017)
(indicated by *) and the lean and average male and female subjects of this study (Left
body parts have the same value as right body parts.)

Activity

If the activity is not constant, ThermoSEM requires an input file for the activity level
at each time step t. In the model, the average activity during BMR measurements
actBMR is equal to 0.8 met (Fiala et al., 1999). The activity at each time point t (actt)
is then defined as the ratio of the energy expenditure at the time point t (EEt) and
the average metabolic rate during the BMR measurement (EEBMR) times 0.8:

actt = 0.8 · EEt
EEBMR

(5.3)

Therefore, the measured data of the energy expenditure is averaged in one minute
intervals, and the average of the last 20 minutes during the BMR session is calculated.
Because the energy expenditure could not be monitored during breaks, further as-
sumptions had to be applied: 1) for longer breaks, the average metabolic rate of the
first sitting session is used, 2) for short breaks during any walking sessions a linear
decline to the first value, when the mask is put back on, is implemented.

Clothing

During the experiments, the volunteers wore a light and medium clothing combination.
The light clothing ensemble consisted of underwear, shorts, a t-shirt, socks and sneakers.
The medium ensemble included underwear, a t-shirt, a sweater, sweatpants, socks and
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sneakers. The t-shirt, shorts, sweater and sweatpants were provided for the subjects
and were available in different sizes. The participants wore their own underwear and
sneakers. The thermal clothing properties of both ensembles were measured at Empa,
St. Gallen, Switzerland using the agile sweating thermal manikin SAM under two
conditions: 1. the manikin was in stationary (non-moving), upright position and 2.
the manikin was attached to the movement simulator and performed a walking motion
of 2.5 km h−1. Details on the measurements can be found in Veselá et al. (2018c,
2017c) and Chapter 4 of this thesis. The detailed local clothing area factor, intrinsic
dry thermal insulation and clothing moisture permeability are given in Table A.17 on
page 141. During BMR measurements, an additional cotton sheet was provided to
ensure thermal neutrality. Since the additional clothing insulation provided by the
cotton sheet could not be measured and no local values were found in the literature,
an additional insulation of 0.07 m2 K W−1 was added based on whole-body covering
items found in ISO 9920:2009.

Environmental parameters

The environmental parameters required in ThermoSEM are the air temperature,
radiative temperature, relative humidity and relative air speed. The air and radiative
temperature as well as the relative humidity at each time step t is the average of
the data provided by the four hygrochron iButtons (section 2.1.2). The average
air temperature during the experiments was typically 24 °C± 0.3 °C and the relative
humidity 30 %±1 %. The air speed was measured using a hot-wire thermal anemometer
(FVA605TA10U, Ahlborn, Germany) and varied between 0.15 m s−1 and 0.20 m s−1.
These environmental conditions are prescribed to the model as described by Schellen
et al. (2013).

Measured skin blood flow

To analyze the effect on local skin temperature prediction of measured SBF versus
simulated SBF, the recorded perfusion response of the LDF measurement needed to
be imported in ThermoSEM. However, using LDF for SBF measurements raises two
issues: 1) Movement at the site of measurement, as is the case in the two walking
modes, results in a Doppler shift associated with movement and not necessarily due to
an increase in skin blood perfusion. Since LDF does not discriminate directionality of
flow, summation of artifacts can result in large signal (Kirkpatrick et al., 1994), and
2) LDF does not provide absolute measurements of flow.
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To estimate the SBF during walking without the movement artifacts, the three minutes
of the LDF signal after the participants stopped walking were evaluated. Based on the
study by Snell et al. (1987) and the assumption that the reduction in the LDF for the
foot is similar to the leg SBF, we assume the mean of the 3 minutes directly after the
movement should give a good estimation for SBF during the movement. Furthermore,
the moving mean was used to reduce the noise of single peaks that occur during BMR,
sitting or in the breaks between walking.

The resulting SBF signal cannot directly be used in ThermoSEM. However, the
individual perfusion responses can be imported by normalizing the data based on
the average value during BMR measurement. In ThermoSEM, the normalized data
is then converted into absolute values by multiplying the data with the averaged,
simulated perfusion during the BMR phase. Similar to the EE, the perfusion could
not be monitored during longer breaks. Since the subjects were mainly seated during
the morning (after BMR) and lunch break, the averaged data of the first two sitting
sessions was used to ensure a continuous data set.

Simulation

The simulation in ThermoSEM was done continuously covering the experimental
boundary conditions from the beginning of the BMR measurements to the end of the
last sitting session in one minute time steps.

5.2.3. Data analysis

To summarize the data of the human subject experiments as well as the simulated
results, the data was divided into the BMR measurement and 6 activity sessions:
Sitting 1/2, Slow Walk 1/2, Pref Walk 1/2, Sitting 3/4, Slow Walk 3/4, Pref Walk
3/4. The data was averaged for each part of the 6 sessions over the last 5 minutes.

The measured and simulated activity levels and SBF are summarized for each session
using Whisker-Box-Plots with outliers. An outlier is defined as a data point lying
outside of 1.5 times the interquartile range and are displayed with a ‘+’. The mean
values are marked with an ‘x’.

Furthermore, a t-test was applied to the measured activity and SBF to see if there
are any significant differences between the male and female subjects and the different
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activity levels. Similarly, the foot skin temperature difference was assessed. Beforehand,
the data was tested for normality using the Shapiro-Wilk Original Test. For both
tests, the significance level was set to α = 0.05. The calculations were performed using
the program Microsoft Excel.

To display the results on the effect of simulated versus measured local skin temperatures
efficiently, the differences between these skin temperatures are shown.

5.3. Results

The averaged energy expenditure and activity level is presented in Figures 5.3 and 5.4,
respectively, using Whisker-Box-Plots for the male and female subjects separately.
As expected, the energy expenditure and activity level increase with higher level of
movement. In fact, the difference between increasing activity steps is significant in all
cases for both, the energy expenditure and activity level (Table A.18 on page 142).
Between the male and female participants, there are significant differences for the
energy expenditure for all activities except the second preferred walking session. In
fact, also for the first preferred walking sessions the p-value is close to the significance
level α = 0.05. This result is most probably due to the large variance of the energy
expenditure data for this particular sessions. For the activity level (Figure 5.4), no
significant differences between male and female subjects are found.

5.3.1. Comparison of measured and simulated local skin
temperatures

The averaged differences between simulated and measured core, mean skin and foot
skin temperatures and their standard deviation of the 19 subjects are depicted in
Figure 5.5 for all 7 sessions in the order of performance. The results for the other body
parts are included in Figure A.10 on page 143. For the average core temperature as
well as mean, torso, arm, hand and leg skin temperature, the temperature difference
is mostly close to 1 °C, which is within the expected measurement error of iButtons of
±1 °C (van Marken Lichtenbelt et al., 2006). However, the standard deviations reach
values from 0.8 to 1.7 °C. The foot skin temperature differences (∆Tskin,foot) and their
standard deviations have more extreme values, e.g. up to 6.0± 2.4 °C for the second
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Figure 5.3.: Whisker-Box-Plot for average energy expenditure [W] of ten male (M) and nine
female (F) subjects
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Figure 5.4.: Whisker-Box-Plot for average activity level [met] of ten male (M) and nine female
(F) subjects as calculated in equation (5.3)
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Figure 5.5.: Comparison of ∆Tcore, ∆Tskin,mean and ∆Tskin,foot of all subjects (simulated -
measured) using the standard SBF model (Kingma et al., 2014b) in ThermoSEM
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preferred walking session. Even though ∆Tskin,foot is increasing over the day, there is
no significant difference between step-wise increasing activity levels (Table A.19 on
page 143). However, a significant difference between morning and afternoon sessions
can be seen (Table A.19). In the following sections, the influence of SBF on this
finding is investigated. Further causes are debated in the discussion.

5.3.2. Measured versus simulated SBF

Figure 5.6 shows examples of an LDF recording at the ankle for one male participant
during the last 5 minutes of the subsessions BMR, sitting 2, and the last 5 minutes and
subsequent 3 minutes of the subsessions slow walking 1 as well as preferred walking
1 and 3. The graphs of the other subsessions can be found in the supplementary
information in Figure A.11 on page 144. The LDF signal is very different for BMR
and sitting sessions compared to walking sessions. During BMR and sitting, the signal
is at one level with occasionally appearing larger peaks. For all walking sessions, it
can be seen that the signal during walking is much higher than in the non-moving
case with a high frequency of peaks and lows due to movement artifacts. The LDF
signal after motion is stopped is similar to the one of the BMR and sitting session.
For further analysis of all subjects, the moving mean of the LDF signal is used to
reduce noise by occasional peaks and the values are normalized using the average of
the BMR measurement.

The results for the normalized, measured foot SBF are summarized in Figure 5.7.
The mean values for the sitting session 1/2 and sitting session 3/4 are 0.7 and 0.9
for males and 1.2 and 1.7 for females, respectively. For both the male and female
subjects, the normalized SBF increases for the slow walking session and again for the
preferred walking session. This increase in SBF for increased, prescribed activity is
significant (p-value < 0.05) for most performance steps (Table A.20 on page 145).
However, for slow walking 3/4 to preferred walking 3/4 it is not significant (p-value of
0.09 for male and females), which is probably due to the large variations in between
the subjects. In general, for the male subjects, the difference between the periods of
slow walking and preferred walking is smaller than for the females. For all sessions,
there is a significant difference (α = 0.05) between the normalized foot SBF of the
male and female participants (Figure 5.7).
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Figure 5.6.: Individual recording of LDF signal at the ankle and its moving mean
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Figure 5.7.: Whisker-Box-Plots for normalized, measured foot SBF for ten male (M) and nine
female (F) subjects with outliers (+)
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Figure 5.8.: Whisker-Box-Plots for normalized, simulated foot SBF for ten male (M) and nine
female (F) subjects with outliers (+)

The normalized, simulated SBF for the default SBF settings (Kingma’s neurophysi-
ological model) and individual geometry in ThermoSEM are depicted in Figure 5.8.
The mean normalized, simulated foot SBF hardly differs for the sessions. Also, no
differences can be found between male and female subjects. Moreover, the values are
all below 1, which means that ThermoSEM predicts less SBF in the sessions with
activity as compared to the basal situation.

All in all, the simulated foot SBF generally underestimate the measured foot SBF.
The ratios of the mean normalized, measured SBF to the mean normalized, simulated
SBF are summarized in Tables 5.3 and 5.4. The magnitude for this underestimation
corresponds to the activity level, but is different for male and female subjects. The
ratio of the mean foot SBF of the walking sessions reaches values from 1.8 to 4.2 for
males and 4.5 to 7.9 for females.

Table 5.3.: Ratios of mean normalized, measured SBF and mean normalized, simulated SBF
for the feet - morning sessions

M Sit
1/2

F Sit
1/2

M Slow
Walk 1/2

F Slow
Walk 1/2

M Pref
Walk 1/2

F Pref
Walk 1/2

SBFnorm,meas

SBFnorm,simu
1.0 1.8 1.8 4.5 3.5 7.0
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Table 5.4.: Ratios of mean normalized, measured SBF and mean normalized, simulated SBF
for the feet - afternoon sessions

M Slow
Walk 3/4

F Slow
Walk 3/4

M Pref
Walk 3/4

F Pref
Walk 3/4

M Sit
3/4

F Sit
3/4

SBFnorm,meas

SBFnorm,sim
2.5 5.0 4.2 7.9 1.1 2.2

5.3.3. Changes in skin temperature prediction for prescribed
measured skin blood flow

Figures 5.9 and 5.10 compare simulation results for the difference in simulated and
measured core, mean skin and foot skin temperatures (∆Tskin = Tskin,simulated −
Tskin,measured ) of the ThermoSEM simulation using a) the SBF for all body parts
which is completely determined by the original thermoregulation model ThermoSEM
(Kingma’s neurophysiological model), named “original simulated SBF model” and b)
the ThermoSEM model with the adjusted foot SBF, named “prescribed measured
SBF model”. The model is adjusted in such way that the computed SBF for the foot
resembles the measured local SBF (see section 5.2.2 on page 88). The results for the
other body parts can be found in Table A.20 on page 145.

Apart from the feet, ∆Tskin,loc is mostly the same for both simulations (Figure 5.9
and Figure A.12 on page 145). The core temperature difference is larger than the
expected measurement error of ±0.27 °C (Bongers et al., 2018) for the original and
adjusted simulation with a mean difference of 1 to 1.3 °C and a standard deviation
for all subjects of 0.4 to 0.7 °C depending on the activity. The individual recording
and simulation results as well as the individual residual mean squared deviation
are shown in the appendix in Figures A.13 and A.14 on page 146 and on page 147
as well as Table A.21 on page 148. A slight increase (about 0.05 °C) can be seen
for the simulation with the prescribed measured SBF. However, the difference of
simulated minus measured core temperature is almost constant over the course of
the simulation. Hence, on average the increase in core temperature due to activity
is represented correctly by the simulation, even though the absolute values are not a
precise representation of reality.

Running the adjusted ThermoSEM model lowers ∆Tskin,foot by about 1 to 2.7 °C
(Figures 5.9 and 5.10). The standard deviation is mostly unchanged at 1.5 to 3 °C.
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Figure 5.9.: Comparison of ∆Tcore, ∆Tskin,mean and ∆Tskin,foot of all subjects (simulated -
measured) using the standard SBF model (Kingma et al., 2014b) in ThermoSEM

A slight difference can be seen between male and female foot ∆Tskin (Figure 5.10).
Especially, for female subjects, ∆Tskin,foot is overcompensated in the simulation with
the prescribed, measured SBF resulting in positive values, which in absolute measures
are sometimes higher than the original ∆Tskin,foot. The significant difference between
the morning and afternoon sessions for sitting and slow walking can be seen for both
genders and in the original and adjusted simulation (Table A.19 on page 143). In fact,
the magnitude of ∆Tskin,foot increases during the course of the day. Since this effect
is not seen in other body parts, it might be due to the clothing of the foot during the
experiments as will be elaborated in the discussion section.

5.3.4. Improvement of the model

The results in the previous sections show that 1) the normalized, simulated SBF is 2 to
8 times lower than the normalized, measured SBF, 2) there is a significant difference
in foot SBF between males and females, and 3) the local skin temperature prediction
is improved by up to 3 °C (new max deviation = 4 °C), when the measured foot SBF
serves as input data in ThermoSEM. To make the predictive SBF model also suitable
for higher activity levels, there is a need to adjust the neurophysiological SBF model
(equations (5.1) and (5.2)) by including the increase in activity level compared to
BMR (0.8 met), the gender of the simulated person and the interaction of these two
parameters in equation (5.2). Hence, an extended neural regulation signal Nnew is
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Figure 5.10.: Comparison of ∆Tskin,foot for male and female subjects (simulated - measured)
using the originally simulated SBF (shaded area) versus the prescribed measured SBF
(filled area) in ThermoSEM

introduced:

Nnew = max[0, γ1 − γ2 (Hwarm − Pcold)− γ3 (Hwarm − Pwarm)

+ γ4 · (act− 0.8) + γ5 · gen+ γ6 · (act− 0.8) · gen]
(5.4)

where(act− 0.8) is the increase activity level in met, gen represents the gender of the
simulated person. For this study, the default gender is chosen to be “male” (gen = 0).
The value for gender “female” is chosen to be gen = 1. The parameters γ1 to γ6 of
this model have to be determined for each body part.

As an example, the new neural regulation signal equation is determined for the foot
using the k-fold cross validation scheme as described by Kingma et al. (2014b). In
this method, the coefficients γ1 to γ6 are iteratively fitted for n − 1 subjects for n
iterations, meaning that always one subject is left out at each iteration. Then, the root
mean squared residual is calculated for the left-out subject. After all iterations, the n
sets of coefficients are averaged. For the regression analysis, the measured, normalized
foot SBF of this study had to be transferred to the equivalent absolute values in
ThermoSEM (see section 5.3.2 on page 92). Because of missing data points in core or
skin temperatures for four subjects, which are needed to calculate Hwarm, Pcold and
Pwarm, 15 subjects were included in the analysis. Moreover, the data was averaged
over the last 5 minutes for each subsession (sitting 1, sitting 2, slow walking 1, etc.),
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Table 5.5.: Mean, standard error and ratio of mean and standard error of regression coefficients
for the feet

coefficient mean SE mean/ SE

γ1 3.5268 0.2392 14.7432a

γ2 -0.1414 0.0111 -12.6956a

γ3 0.3979 0.0323 12.3368a

γ4 0.2873 0.0124 23.0798a

γ5 -0.2085 0.0094 -22.1114a

γ6 0.2573 0.0127 20.3262a

a = |mean/SE| is above significance level (>2.13)

resulting in 12 data points for each participant. Hence, the regression analysis included
180 data points. Furthermore, the significance of the coefficients is tested using the
t-statistics with a confidence level of 95 %. The critical value of the t distribution is
2.13 for our data. Hence, the absolute value of the ratio of the mean of the fitted
coefficients and the standard error SE should be larger than 2.13 for the parameters
to be significant. In Table 5.5, the mean of the fitted coefficients, their standard error
(SE), and the ratio of the coefficients mean and standard error for the feet are shown.
All coefficients are significant for the regression equation. Hence, the SBF of the foot
is estimated using the following equation for the neural regulation signal:

Nnew = max[0, 3.5268 + 0.1414 (Hwarm − Pcold)

− 0.3979 (Hwarm − Pwarm) + 0.2873 · (act− 0.8)

− 0.2085 · gen+ 0.2573 · (act− 0.8) · gen]

(5.5)

The simulations of the experiments were re-run using the new neurophysiological equa-
tion (5.4) for the foot SBF and the standard neurophysiological model (equation (5.2))
for all other body parts. The resulting ∆Tskin,foot using the new foot SBF equation,
as shown in Figure 5.11, has improved clearly for the male subjects. These values
are similar to the situation, where the measured foot SBF were explicitly prescribed
in ThermoSEM. In fact, for the male participants a slight improvement,i.e. lower
∆Tskin,foot, can be seen compared to the result from the measured SBF. For the
female subjects, the Tskin,foot is now overestimated by 1.5 to 4 °C in the first sitting,
slow walking and preferred walking sessions. This observation can already be seen for
the results using the prescribed measured SBF, but is now more pronounced, which
might be due to the exclusion of subjects and the regression method.
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Figure 5.11.: Comparison of ∆Tskin,foot for male and female subjects (simulated - measured)

using the originally simulated SBF (eq. (5.2)) versus the newly simulated SBF (eq. (5.5))

5.4. Discussion

The results showed that the prediction of local skin temperatures by a thermo-
physiological model could be improved for higher activity levels, if the neurophysi-
ological SBF model includes the activity level and gender of the subjects. For the
most accurate prediction of SBF, the model might be extended by further factors such
as blood pressure, hormonal changes or local muscle activity levels (Kingma et al.,
2014b). At the current stage these factors are indirectly included in the constant γ1 of
the neurophysiological model (equations (5.2) and (5.4)). However, it is important to
weigh the contribution to accuracy of a variable against the effort it takes and the
possibility to obtain it. For example, the whole simulation model would probably
benefit from measurements of local muscular heat production due to activity e.g.
using EMG. However, even though this value might be measured in the laboratory,
users of the simulation model might not be able to access the data. In contrast, the
estimation of the whole-body activity level is well-document in the literature and
standards (EN-ISO 8996: 2004; Parsons, 2014). In future research, an indirect method,
e.g. measuring local blood perfusion and local skin temperatures, and a detailed heat
transfer model might be used to reconstruct the local metabolic rates. An alternative
implementation would be that the neurophysiological model is maintained in pure
form and then a unique set of weights on the afferent neurophysiological input is
required based on the activity pattern (i.e. a table of weights based on act).
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The skin temperature predictions for the foot showed the largest ∆Tskin and standard
deviation of all body parts of up to 6.0 ± 2.4 °C. Furthermore, ∆Tskin,foot was up
to 4.5 °C different for morning and afternoon sessions of the same activity. Both
effects were most dominant in the original simulation, but could still be seen when the
simulation was run with the measured SBF or the new neural signal equation for foot
SBF. This observation might suggest that the large deviation was not only due to a
simulation inaccuracy, but also due to a systematic effect or an error in measurement.
In the study by van Marken Lichtenbelt et al. (2007), which validated an earlier
version of an individualized ThermoSEM model for male subjects lying in a neutral
and mildly cold environment, the mean ∆Tskin,foot and ∆Tskin,hand was reported to
be the highest compared to other body parts with ∆Tskin,foot being 2.5 °C or less.
Hence, it could be expected that ∆Tskin,foot is slightly higher than for other body
parts. However, this reasoning does not explain the change in ∆Tskin,foot between
morning and afternoon sessions. For this difference, the effect of circadian rhythm
may have played role. Kräuchi et al. (1999; 1994) and van Marken Lichtenbelt et al.
(2006) showed that distal skin temperatures can vary between 1 to 5 °C during the
course of a 24-hour period. However, in the time period of our experiments, which was
from about 8:30 to 14:00 hours, the variations were lower at 0.5 °C at maximum for
∆Tskin,foot (Kräuchi and Wirz-Justice, 1994). Also, the difference in ∆Tskin between
the morning and afternoon sessions was less than 1 °C for all other body parts. Hence,
the effect of circadian rhythm might only have had a minor part of the differences
in ∆Tskin,foot of the morning and afternoon session. Another reason could be that
the thermal properties of some shoes of the participants did not match the measured
(average) thermal properties which were included in the input parameters of the
thermo-physiological model. Shoes with higher dry and evaporative resistance values
could lead to heat and sweat accumulation in the shoes, causing the temperature to
rise over time (Gavin, 2003; Kuklane et al., 1999). Also, the swelling of the feet or
legs after longer periods of sitting or wearing footwear might play a role (Kristjuhan,
1995). Due to this tissue swelling, the blood perfusion would be hindered resulting in
different skin temperatures between the morning and afternoon sessions. However,
this assumption is not supported by the SBF measurements as shown in Figure 5.7,
which are similar for the morning and afternoon session. Hence, future studies may
consider that participants take off shoes during breaks to reduce heat accumulation.
Standardized footwear might also be an option, but could be too costly because of the
variety of shoe sizes and may not provide a suitable fit and comfort to the participants.
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The foot skin temperature is not only affected by foot SBF, but also by the total
blood flow into the foot (warming from the foot core). Thus, plethysmography would
have been another method to cover the total blood flow, since it measures the total
blood flow in the deep and superficial tissue layers. However, exercise would have to
be interrupted for that. The blood flow in the deeper tissue layers is generally related
to the metabolic functions of the extremity and has a constant and modest blood flow
(Lotens, 1989). In the extremities, most effects are caused by the change in the SBF,
which can be measured by LDF. The blood flow in the deeper tissue layers was not
directly measured but included in the ThermoSEM model. The effects of (partly)
cooling by other body parts on the core temperature of the feet (Tc,foot) is taken into
account by the counter current heat exchange (CCX) coefficients in the ThermoSEM
model. The warming from the foot core depends on Tc,foot and the thermal insulation
of its surrounding tissue, which is affected by the local skin perfusion.

To avoid the artifacts in the LDF signal during walking, the LDF data was evaluated
for the three minutes directly after the subjects stopped moving. In Snell et al. (1987),
the leg SBF was relatively constant for the recorded 2:20 min after the prescribed
exercise with a peak at about one minute after the exercise. Hence, we assumed that
the mean of the LDF signal of the three minutes gives a sufficient estimate for the
foot SBF. Also, the small breaks during an activity where designed to be about 3-4
minutes, to avoid large changes in energy expenditure and SBF. In some cases, these
small breaks were shorter or had error values due to adjustments of the probe. For
these occurrences, a shorter period of stable LDF signal was evaluated. For future
studies, a second probe on the other foot and more repetitions of the same session,
could improve the interpretation of the LDF signal.

In the literature, no direct comparison for the increase in ankle SBF due to walking
at moderate speeds was found. In the studies by Hinds et al. (2004)), Joyner et
al. (2001), Savard et al. (1988) and Snell et al. (1987), the increase in leg SBF was
between 20–50-fold compared to a resting scenario. However, the level of exercise
was with 80 to 100 % of the subjects’ leg maximal performance capacity much higher
compared to the slow and preferred walking scenario of this study. Hence, a mean
3–5-fold increase in foot SBF seems to in reasonable relation, especially since Joyner
et al. (2001) show a more steep increase in SBF with elevated walking speeds.

In this study, the variances in the measured foot SBF were very large as shown in
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Figure 5.7. To some extent, the range of participants’ characteristics might have caused
these variations. Also, local basal SBF changed due to a circadian and ultradian
rhythm of the course of 24 hours (Yosipovitch et al., 2004). Since this effect might be
overshadowed by the prescribed activities, it most likely only has had a minor effect
of the foot SBF during walking. Three main reasons can be identified that might have
caused the high variances and influenced the results. Firstly, the menstrual phase of
the female subjects during the experiments were not considered due to organizational
reasons. Bartelink et al. (1990) show that the peripheral perfusion changes significantly
during the menstrual cycle, which also cause significant skin temperature differences
in the same environmental conditions. Hence, this might be one of the reasons for
the larger variance in females than males for the measured foot SBF. Secondly, the
study by Snell et al. (1987) showed a significant difference in maximal leg SBF for
untrained and trained participants. When recruiting the subjects for our study, this
aspect was not considered. The statue and background of the subjects (e.g. daily
use of bicycle) may suggest slight difference in fitness. Hence, some variation might
due to this issue. Thirdly, even though the experimenters paid great attention to the
fixation of the probes, it is possible that the LDF probe on the ankle became looser
during the walking session, causing measurement artifacts. Because of the walking
movement, the probe was exposed to higher forces than for measurements at seated or
lying postures. These issues on the high variance in SBF might be reduced in future
studies by using a second probe on the other foot or other measured body part, and
more repetitions of the same session with adjusting the probe in between.

Another difference between male and female subjects can be seen in the increase of
the ratios of mean normalized, measured SBF and mean normalized, simulated SBF
of the foot. For males, the values varied from 1.8 to 4.2 and for females from 4.5 to
7.9. This observation raises the question on whether the smaller change in males is
due their generally higher foot skin temperature (about 0.8 °C for this study) and
higher absolute SBF. Local foot temperatures will affect the local thermoregulatory
responses and therefore, the SBF (Brengelmann and Savage, 1997). However, it is not
clear if this can explain all these differences or if other effects also play a role.

For all simulations and participants in this study, Tcore was underestimated by 1.2
to 1.3 °C on average (Figure 5.9). There was a slight increase in ∆Tcore due to the
implementation of the measured SBF compared to the simulated SBF of 0.05 °C.
In general, the values were larger than could be excepted from the accuracy of the
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CorTemp pill of ±0.27 °C (Bongers et al., 2018). One reason for the relatively large
∆Tcore was found in the individualization of ThermoSEM (subjects’ geometry), which
accounts for approximately 0.7 °C. This effect might be due to the fact that the model
was developed for an average male human, and parameters, such as the basal blood
perfusion rate, are scaled with the volume of the body parts. Probably, the scaling
should not only be based one-to-one on the geometry, but corrected by some unknown
factor. Kingma et al. (2014b) also identified CCX as a source for deviations in Tcore.
In their study, increased CCX coefficients led to a higher Tcore by 0.2 °C. Moreover,
Kräuchi et al. (1999; 1994) showed that the changes in Tcore during a 24-hour period
(circadian effect). The difference in Tcore between 8 o’clock and 14 o’clock was about
0.4 °C for resting subjects. In contrast, this study considered active participants. The
influence of activity on Tcore might exceed the influence of the circadian effect. Hence,
the influence of the circadian effect on the ∆Tskin cannot be quantified. In summary,
further research on the physiological individualization of ThermoSEM and on CCX is
needed to provide further improvement of the core temperature prediction.

The new neurophysiological model of the foot SBF mostly led to improved foot skin
temperature prediction. This result is promising for developing an extended set of
new neural regulation signal equations that include activity levels above 1 met and
gender differences in SBF, especially since the largest deviations in ∆Tskin were seen
for this body part. In future research, the SBF measurements should be extended to
additional body sites, especially at upper and lower extremities, since they are part of
the moving process. Additionally, one or two locations at the torso might be included
for comparison to the SBF of the neurophysiological model by Kingma et al. (2014b).

In this study, the measurements were performed at a uniform and constant ambient
temperature (T = 24 °C), at activity levels in the range 1 to 3 met (sitting – walking)
and subjects wearing light and medium clothing ensembles including sneakers. In
contrast, the original neurophysiological model was developed on a measurement
protocol which included temperature changes, but only in supine position and with
low clothing insulation and only socks instead of shoes (Kingma et al., 2014b). To
have a complete adjusted neurophysiological model, future research could also include
a combination of increased activity levels and different ambient temperatures.

Overall, although some issues have been raised, the results showed that by including
the walking activity level and gender in the neural signal model for the SBF, local Tskin
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can be predicted more accurately. Ideally, the improvements implemented through
future studies will predict individual local skin temperatures within the error of the
skin temperatures measurement (e.g. with iButtons), which would practically be
±1 °C (van Marken Lichtenbelt et al., 2006). At the current stage, individual results
were deviating from this aim by up to 6 °C for the feet and up to 4 °C for all other
body parts. However, the average was much closer to the ideal value. Hence, the
current version including the improved neurophysiological model of the foot would
be applicable to a group of people rather than to individuals, which is the case, for
example, in the built environment.

Apart from applications in the built environment, an advanced thermo-physiological
model including a precise SBF model might also be applied to other research areas
of human physiology such as sport science and medical purposes. In sport science, a
thermoregulation model might be used to investigate athletes’ heat stress of athletes
before a training unit or competition (Havenith, 2001; Havenith and Fiala, 2016). The
use of precooling or percooling can reduce this heat stress and improve performance
(Bongers et al., 2015; Eijsvogels et al., 2014; Luomala et al., 2012). A thermo-
physiological model can be used to preselect promising cooling strategies, without
the time and monetary investment of human subject experiments. In medicine, the
prediction and observation of a patient’s temperature can be critical for the success
of medical surgeries. The studies by Droog et al. (2012) and Severens et al. (2007)
give examples of applying a thermo-physiological model to the human temperature
management during kidney dialysis and open-heart surgery, respectively.

5.5. Conclusions
The accuracy of local skin temperature and local thermal sensation prediction using
human thermo-physiological models largely depends on the precision of their local
heat balances. Local skin blood flow is a major part of these balances. This study
reveals that the skin blood flow and local skin temperature prediction using current
neurophysiological model can be improved when walking activity levels above 1 met
and gender differences are included in the neurophysiological model. A precise thermo-
physiological model including accurate skin blood flow prediction can help to optimize
the energy consumption and thermal comfort in the built environment. Additionally,
it might be applied to other research areas in human physiology such as sport science
and patient’s temperature management.
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CHA P T E R 6
Performance improvements of

ThermoSEM in realistic environments
– case study revisited∗

6.1. Introduction

Chapter 2 of this thesis showed that the local skin temperature prediction quality of
ThermoSEM needed to be improved to be applied in realistic office environments. In
addition with the literature review described in Chapter 3, the two main resulting
aspects were the need for more local clothing input data (e.g. local dry and evaporative
thermal resistance and local clothing area factor for casual clothing combinations) and
a better inclusion of local internal heat gains (e.g. local muscular heat production,

∗Contents of this chapter have been published in:
• Veselá, Stephanie; Kingma, Boris R.M., and Frijns, Arjan J.H. (2019a). “Application of an

adjusted neurophysiological (foot) skin blood flow model to a real life case study”. In: The 18th
International Conference on Environmental Ergonomics ICEE2019. Ed. by Gerrett, N.M.;
Daanen, Hein A.M., and Teunissen, L.P.J. Amsterdam, p. 139
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local skin blood flow (SBF)). The previous chapters of this thesis revised these issues
separately: Chapter 4 presents the local clothing properties of a large variety of office
clothing ensembles, and Chapter 5 investigates the influence of the local SBF on the
resulting local skin temperature for the foot. The analysis of the local metabolic heat
production due to muscle activity had to be excluded due to the lack of adequate
measuring methods (see Chapter 7).

The aim of this chapter is to revisit the case study and investigate how the gained
data and improvements will affect the local skin temperature prediction of the five
subjects as discussed in Chapter 2. The case study scenario “walking outdoors” is
skipped in this chapter, because no clothing data was collected for winter clothing
items.

6.2. Methods

In this chapter, the human subject measurements from the case study of Chap-
ter 2, section 2.2 on page 10 are used and then compared to the results of ThermoSEM
implementing:

1. the measured clothing properties of Chapter 4,
2. the individualized body composition (see Chapter 5, section 5.2.2 on page 85),
3. the improved foot SBF model of Chapter 5, section 5.3.4 on page 96
4. and the combination of the three points above.

The scenarios included is this new analysis are “sitting in an office” as well as “walking
indoors” with clothing combinations 1 and 2. The scenario “walking indoors” and
“walking outdoors” with clothing combination 3 are not included, since no measured
data for combination 3 (including a winter jacket) is available. The average differences
of the simulated minus the measured local skin temperatures for the last 45 minutes
of the experiments are compared.

6.2.1. Adjusted clothing properties

For the two clothing combinations, the measured data of Outfit 1 and Outfit 15
from Chapter 4 are used for clothing combination 1 and 2, respectively. The dry
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clothing resistance for clothing ensemble 2, moving case, was not directly measured,
but calculated using the average correction factors from Table A.15 on page 139.
The resulting clothing properties of both clothing combinations are summarized in
Table 6.1.

6.2.2. Individualization

The default ThermoSEM configuration represents a male subject with a weight of
73.5 kg, a body surface area of 1.86 m2, a body fat percentage of 14 %, and total basal
metabolic heat of 87.1 W. To meet the individual height, body mass and body fat
percentage of each subject (Table 6.2), the length and layer thickness of each body part
in ThermoSEM was scaled. The same scaling procedure as described in Chapter 5,
section 5.2.2 on page 85 was used. The body fat percentage was estimated using the
equation by provided by Deurenberg et al. (1998):

bodyfat[%] = 1.294BMI + 0.20age− 11.4gender − 8.0 (6.1)

where BMI is the body mass index [kg m−2], age is the age of the subject in years
and gender is the gender of the subject with males = 1 and females = 0. Also, since
the basal metabolic rates (BMR) of the subjects were not measured, the calculated
BMR of ThermoSEM with individual body compositions was used for all subjects
(Table 6.2). In the laboratory study of Chapter 5, these calculated values were mostly
close to the measured values by plus-minus 5 %. Additionally, the body surface area
of the subjects was calculated using the formula by Du Bois and Du Bois (1916).

6.2.3. Improved SBF neurophysiological model

As a result of Chapter 5, section 5.3.4 on page 96, the neurophysiological model for
calculating the foot SBF was revised and depends now also on the overall activity
level and gender of the subject. In this chapter, the equation is used for the foot SBF
and the equations of the (default) neurophysiological model by Kingma et al. (2014b)
is used for all other body parts.
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Table 6.1.: Details and thermal properties of all two clothing ensemble
Clothing ensemble 1 (Outfit 1) Clothing ensemble 2 (Outfit 15)

Clothing Underwear, t-shirt, jeans, socks shoes Clothing ensemble 1 + long-sleeved shirt
Thermal
properties

non-moving moving non-moving moving
fcl,i Icl,i icl,i Icl,i icl,i fcl,i Icl,i icl,i Icl,i icl,i

[−] m2 W
K [−] m2 W

K [−] [−] m2 W
K [−] m2 W

K [−]
Upper arm 1.15 0.081 0.45 0.052 1.0b 1.42 0.150 0.37 0.09 0.58
Lower arm / / / / / 1.72 0.095 0.71 0.06 0.64
Chest 1.13 0.092 0.46 0.071 0.64 1.16 0.147 0.51 0.09 0.71
Back 1.11 0.172 0.23 0.165 0.56 1.12 0.268 0.33 0.25 0.71
Front hip 1.11 0.129 0.52 0.082 0.66 1.13 0.192 0.64 0.11 0.68
Back hip 1.15 0.153 0.36 0.164 0.97 1.18 0.241 0.45 0.22 0.90

(0.175)c (0.263)c

Upper leg 1.01 0.062 0.77 0.039 0.42 1.01 0.071 0.51 0.04 0.47
(0.078)c (0.087)c

Lower leg 1.29 0.091 0.40 0.068 1.35 1.29 0.088 0.33 0.06 1.40
Foot 1.40 0.070 0.08 0.05a 0.06 1.40 0.070 0.08 0.05a 0.06
Nomenclature: fcl,i: local clothing area factor; Icl,i: local intrinsic dry thermal insulation;

icl,i: local clothing moisture permeability
a estimated value
b moving, 0.2 m s−1 air speed
c estimated insulation value due to chair (Lee et al., 2013)

Table 6.2.: Measured and calculated subject characteristics
Male 1 Male 2 Male 3 Female 1 Female 2 ThermoSEM

Body mass [kg] 80 90 76 62 63 73.5
Height [m] 1.92 1.82 1.86 1.68 1.70 1.73
BMI

[
kg m−2] 21.7 27.2 22 22 21.8 /

Age [years] 42 32 32 27 26 24.6

Calc. body fat [%] 17.1 22.2 15.5 25.9 25.4 14.0
Calc. BMR [W] 94.0 97.2 90.66 67.2 68.7 87.1
Calc. body surface
area

[
m2] 2.09 2.12 2.00 1.70 1.73 1.86
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6.3. Results and Discussion

6.3.1. Adjusted clothing properties

The resulting skin temperature differences using the newly measured clothing properties
in comparison to the results of Chapter 2 are shown in Figure 6.1 for all five subjects
and four scenarios. The detailed data is provided in Table A.22 on page 149. As a
general trend for all scenarios, subjects and body parts, the skin temperature difference
is lowered by up to 2 °C, meaning that more heat is lost through the clothing layers.
This result leads to lower predicted skin temperatures, i. e. either less overestimation
by the simulation, for example for the hands and lower arms, or larger underestimation,
especially for proximal skin sites, upper arms and the lower body. An exception to
this trend are the results for the upper leg, lower leg and foot while walking indoors
with clothing combination 2. Here, the temperature differences are raised by up to
1.5 °C, meaning heat losses are reduced.

Implementing the measured clothing properties in ThermoSEM generally adds to heat
losses at the local heat balances of the model, especially for clothing combination
2. The clothing properties of the clothing combination 1 and 2 by Lee et al. (2013)
and Veselá et al. (2018c)/ Chapter 4 are compared in Table 4.6 on page 65 and in
Table 6.3, respectively. The comparison reveals that 1) the dry thermal insulation is
lower in the study by Veselá et al. (2018c) and 2) the moisture permeability tends
to be slightly larger than the assumed value of 0.38. Both findings lead to increased
heat losses at local body parts. At the foot, the measured moisture permeability by
Veselá et al. (2018c) is much less than 0.38. Hence, it might lead to heat gain (or less
heat loss) at this body site. In combination with the larger upper body insulation of
clothing combination 2, this finding might explain the increased foot, upper and lower
leg skin temperature difference while walking indoors with clothing combination 2.
Hence, it also gives an example of the dependence of the one local skin temperature
to the others.

In the case study, the subjects wore their own clothing, which may have slightly
different clothing properties than the measured ones. Hence, also the newly measured
clothing properties only provide an estimation of the real values. This uncertainty can
be limited to a certain extent by considering the fit of the garment, i.e. the air gap
between the skin and the clothing layer. Section 4.3.2 provides regression equations
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(a) Sitting in office, clothing combination 1
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(c) Walking indoors, clothing combination 1
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(d) Walking indoors, clothing combination 2
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Figure 6.1.: Local skin temperature differences (simulated minus measured) and standard
deviations for five subject while performing at two activity levels with two clothing
combinations: solid fill – results for newly measured clothing properties; shaded fill –
results of default simulation as in Chapter 2
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Table 6.3.: Comparison of the clothing properties Veselá et al. (2018c) and Lee et al. (2013)
of clothing combination 2

Veselá et al. Lee et al.
Clothing Underwear, short-sleeved t-shirt, jeans, socks, shoes, long-sleeved shirt

fcl,i Icl,i icl,i fcl,i Icl,i icl,i

[−] m2 W
K [−] [−] m2 W

K [−]
Upper arm 1.42 0.15 0.365 1.13 0.293 0.38
Lower arm 1.72 0.095 0.714 1.13 0.219 0.38
Chest 1.16 0.147 0.506 1.13 0.602 0.38
Back 1.12 0.268 0.332 1.13 0.353 0.38
Front hip 1.13 0.192 0.641 1.13 0.602 0.38
Back hip 1.18 0.241 0.450 1.13 0.353 0.38

(0.263) (0.375)
Upper leg 1.01 0.071 0.506 1.09 0.113 0.38

(0.087) (0.129)
Lower leg 1.29 0.088 0.330 1.2 0.090 0.38
Foot 1.40 0.070 0.076 1.03 0.128 0.38

Nomenclature: fcl,i: local clothing area factor; Icl,i: local intrinsic dry thermal insulation;
icl,i: local clothing moisture permeability

for the clothing area factor and dry clothing insulation of one layer clothing items
depending on the fit of the garments for a specific subject (Veselá et al., 2018c). To
apply these equations, the circumferences at different body landmarks would have
needed to be measured. During the time of the described case study, this knowledge
was not available, and therefore, no body circumferences of the subjects were taken. For
future studies, this information would add to the certainty of local clothing properties.

All in all, the newly measured clothing properties do not necessary improve the results,
meaning less absolute skin temperature difference between simulated and measured
values. However, it adds to the certainty of the skin temperature prediction and other
local effect of the local heat balances can be investigated more thoroughly.

6.3.2. Individualization

Figure 6.2 depicts the skin temperature differences using only the individual morphology
of the subjects in comparison to the default simulation. The detailed data is given
in Table A.23 on page 150. In all cases, the individual geometry causes the skin
temperatures difference to shift towards lower values, meaning either the overestimation

111



Chapter 6. Case study - revisited

of the simulation is reduced or the underestimation is increased. For the two male
subjects, M1 and M3, the change in skin temperature difference is relatively low at 0.2
to 0.6 °C compared to the male subject M2 and the two female subjects. For the latter,
the skin temperature differences are mostly reduced by 0.4 °C up to 1.5 °C. However,
larger deviations can be found for the upper and lower leg for the female subjects
while walking indoors, where the differences can be up to 4 °C.

The low changes for males M1 and M2 are most likely because their body composition
is closest to the one of default ThermoSEM, whereas M3, F1 and F2 have more
different values. When comparing the detailed body composition (Table 6.2), it seems
that especially the fat percentage is an important factor. On one hand, the larger
fat percentage of M3, F1 and F2 results in an increased radius of the fat layer at all
body parts. This would lead to a larger insulation (Baker and Daniels, 1956; Jéquier
et al., 1974; Savastano et al., 2009). On the other hand, a higher fat percentage means
a higher fat mass and, consequently, a lower muscle mass. Since muscles produce
heat while active and have a larger blood perfusion rate, a lower muscle mass would
reduce the heat input for each body part. Since the skin temperature differences of
the walking scenarios show a larger change towards negative values than the skin
temperature differences of the seated scenarios, it seems that the effect by lower muscle
mass might be dominant in our cases. Additionally, it has to be considered that the
body fat percentage was not measured but estimated based on mass, height, age and
gender of the participant. Hence, the accuracy of the results seem to strongly depend
on the fat percentage. Thus, it might also be the case that the accuracy of the results
depend on the accuracy of the fat percentage determination.

6.3.3. Improved foot SBF neurophysiological model

Implementing the new foot SBF model affects mainly the mean and foot skin temper-
ature difference as depicted in Figure 6.3. The detailed data is provided in Table A.24
on page 151. The change in skin temperature difference for all other body parts is very
low at 0.1 to 0.2 °C. For the foot, the skin temperature difference is raised towards
positive values. Here, the change in skin temperature difference ranges from 0.4 to
5 °C for the scenarios “sitting in an office” and from 6 to 9 °C for “walking indoors”.

In contrast to the results with the newly measured clothing properties and individual
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(a) Sitting in office, clothing combination 1
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(c) Walking indoors, clothing combination 1
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(d) Walking indoors, clothing combination 2
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Figure 6.2.: Local skin temperature differences (simulated minus measured) and standard
deviations for five subject while performing at two activity levels with two clothing
combinations: solid fill – results for implemented individual geometry; shaded fill – results
of default simulation as in Chapter 2
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(a) Sitting in office, clothing combination 1
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(d) Walking indoors, clothing combination 2
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Figure 6.3.: Local skin temperature differences (simulated minus measured) and standard
deviations for five subjects while performing at two activity levels with two clothing
combinations: solid fill – results for implemented new foot SBF; shaded fill – results of
default simulation as in Chapter 2

subject geometry, the new foot SBF model contributes to the heat gain of the local
heat balances. In line with the findings of Chapter 5, this effect is larger with increased
activity levels. For the foot skin temperature prediction, it leads mostly to a higher
overestimation of the measured values by the simulation in case of “sitting in an office”,
and lower underestimation for “walking indoors”.

6.3.4. Combined effect

The results for the combined effect of newly measured clothing properties, individual
geometry and improved foot SBF are given in Figure 6.4. The detailed data is provided
in Table A.25 on page 152. Apart from the foot, the newly simulated skin temperatures
are lowered for most body parts of the five subjects in the four scenarios. The decrease
in skin temperature difference is hereby slightly higher than for the newly measured
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clothing properties and individualization alone. The foot skin temperature difference
increases in all cases, but less than for the exclusive implementation of the new foot
SBF model.

The combined results of the three implementation options are in line with the single
effects. At the foot, the heat losses due to newly measured clothing properties and
individualization are balanced by the heat gain due to the improved foot SBF model.
This balance mostly leads to improved foot skin temperature prediction for the walking
scenarios. As mentioned in Chapter 5, also the skin temperature prediction of other
body parts might profit from renewed SBF models. Especially, the skin temperature
of the upper arm as well as upper and lower leg is underestimated by the simulation,
and increased heat gains via increased SBF could improve the results.

6.4. Conclusions

The newly measured clothing properties, individualization and new foot SBF model can
be applied to the case study and lead to the expected changes in the skin temperature
differences. The combination of all three options at the foot balances the heat losses
due to clothing as well as individualization, and the heat gains due to SBF. Hence,
the improvement of the SBF model at all body parts seems to be the most important
next step in future work in improving the local skin temperature prediction.
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(a) Sitting in office, clothing combination 1
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(b) Sitting in office, clothing combination 2
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(c) Walking indoors, clothing combination 1
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(d) Walking indoors, clothing combination 2
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Figure 6.4.: Local skin temperature differences (simulated minus measured) and standard
deviations for five subjects while performing at two activity levels with two clothing
combinations: solid fill – results for the combination of newly measured clothing properties,
individual geometry and new foot SBF model; shaded fill – results of default simulation as
in Chapter 2
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CHA P T E R 7
General conclusions and future work

7.1. Conclusions

The prediction of human local thermal comfort and sensation in office buildings is
essential to ensure that energy efficient HVAC designs maintain a thermal environment
for an optimal performance of the building occupants. This challenge is increased when
personalized heating and cooling solutions are implemented. Here, the consideration of
the skin temperature of each body part (local skin temperature) is important to ensure
that no local discomfort is apparent. To meet this requisition, this thesis investigated
major influences on local heat balances while working in an office environment. For
this analysis, we conducted a case study, where 5 participants performed medium level
activities in an office environment (Chapter 2), and an extensive literature review
that focused on the influence of local clothing properties and local metabolic heat
production on skin temperature prediction (Chapter 3). Our detailed analyses showed
that variations in input parameters, such as local clothing parameters and local heat
generation, can lead to local skin temperature differences (∆T = 0.4 °C−4.4 °C). These
differences can affect the local sensation output, where ∆T = 1 °C is approximately
one step on a 9-point thermal sensation scale. Thus, two major issues were addressed:
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1. no appropriate data sets for local clothing properties of typical office clothing
were available in the literature, and 2. local heat gain due to skin blood flow (SBF)
and muscular activity, especially on the extremities, was underestimated for low to
medium activity levels of 1 to 3 met (1 met =̂ 58.2 W m−2). Hence, we hypothesized
that the local skin temperature prediction quality of ThermoSEM would be increased
by improving these matters. In this thesis, the local properties of clothing ensembles
typically worn in an office environment and the influence of local SBF on the local heat
balances were investigated experimentally, and then applied to the thermo-physiological
modeling. Additionally, the effect of individual body composition as compared to the
standard model was considered.

We, in cooperation with Empa, St. Gallen, Switzerland, determined local clothing
parameters on a thermal sweating manikin (Chapter 4). For the dry thermal insulation
and local area factors, we measured these values for 23 typical office outfits at three
air speeds and body movement. The evaporative resistance was determined for two
representative outfits at all air speeds and body movement. Additionally, we measured
the clothing properties of three typical office shoes. For the dry thermal insulation,
we found a correlation to the fit of the clothing (ease allowance) for most body parts
of one level clothing outfits. In summary, these data sets increase the certainty of
the local clothing properties that are used for modeling. Hence, the skin temperature
prediction quality could also be increased.

While planning our human subject experiments at Maastricht University (Chapter 5),
we paid special attention capturing influences on the local heat balances. During the
experiments, participants performed light to medium activities on a treadmill while skin
and core temperature, skin blood perfusion at the foot and their energy expenditure
were measured. In this thesis, our focus was directed towards the prediction of SBF
at the feet. An enhanced neurophysiological model for SBF at the feet was developed
that includes the walking activity levels above 1 met and gender differences. The
enhanced SBF model lead to a higher accuracy of skin temperature prediction at the
feet.

In Chapter 6, we investigated the influence of using the newly measured clothing
properties, the enhanced SBF model for the feet, and an individual body composition in
ThermoSEM on the resulting local skin temperatures of the case study from Chapter 2.
Overall, our local skin temperature prediction quality increased. The detailed analysis
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shows that the largest improvement on local skin temperature prediction is due to the
improved foot SBF model.

7.2. Recommendation for future research

7.2.1. Application to personalized heating and cooling

One of the main motivations to advance the thermo-physiological model is to substitute
part of the human subject experiments for testing personalized heating and cooling
systems. This thesis sets the basis in measuring local clothing properties and improving
the local SBF model. However, to apply the model to personalized heating and cooling
systems, also the input of the thermal environment needs to be advanced. Currently,
the model needs the knowledge of the operative temperature, relative humidity and air
speed next to a specific body part. To obtain these values either the data needs to be
measured or simulated. In Schellen et al. (2013), the temperature around the human
are simulated via CFD simulation. The advantages of this method are that different
settings can be implemented accurately and the operative temperatures around the
human have a good resolution. However, an additional software is required. Another
method would be to prescribe the heat fluxes from the heating or cooling equipment
to the body surface. This method could be implemented in ThermoSEM without an
additional program. However, the resolution should be checked for larger body parts.
In conclusion, it is suggested to implement a heat flux input file for ThermoSEM and
validate the results with human subject experiments in a climate chamber.

7.2.2. Muscle Activity level of specific body parts

The local heat gain due to local increase in metabolic rates and local increase in SBF
can have a large impact on local skin temperatures (see Chapters 2, 3 and 5). In the
future, the aim is to extend the thermo-physiological model ThermoSEM such that it
includes localized increase in tissue perfusion as well as local increase in metabolic
rates depending on the type of activity. The next step should be on the local increase
in metabolic rates. However, that requires an additional set of measurements in which
local metabolic rates are obtained. This might be done using electromyography (EMG)
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under laboratory conditions. EMG measures the the electrical signal in a muscle,
which corresponds to its activity (Mills, 2005; Reaz et al., 2006). To conduct the
measurement, invasive (needle) or non-invasive electrodes can be placed on the skin.
However, motion artifacts cause electrical noise, which affects the EMG signal (Reaz
et al., 2006). Hence, it is difficult to use in human subject experiments, where the
participants are moving. Another option is to further advance the indirect method,
i.e. measuring all important influences of the local heat balance and then estimate the
metabolic heat production due to activity in an optimization routine using a detailed
heat transfer model. In the experiments of Chapter 5, a difficulty arose for the sweat
rates. Hence, a different method might be applied, e.g. ventilated capsule method or
technical absorbent method (Morris et al., 2013), or a sophisticated sweating model
could be implemented.

7.2.3. Advancing the SBF model for further body parts

As discussed in Chapter 5, the SBF model of all body parts should be revised for
activity levels above 1 met as shown for the foot. In an office environment, this usually
means sitting, standing or walking. However, other activities might be also considered
depending on the application of ThermoSEM. Hence, human subject experiments
similar to the ones of Chapter 5 should be performed. The sensors of the LDF would
be ideally attached to all limbs, since there are the most active parts in the moving
process. Additionally, there probably should be at least on position on the upper
body, to check for changes in SBF due to motion there. In practice, each LDF monitor
usually provides two wired sensors. Hence, it might not be feasible to have more
than 4 sensors during one measurement, since also the wires might interfere with the
motion trajectory. As discussed in section 5.2.2 on page 88, the SBF needs to be
evaluated shortly after the motion is stopped to avoid Doppler shift associated with
the movement (Kirkpatrick et al., 1994; Snell et al., 1987).

Apart from the measuring technique, also the specific location of the LDF sensors
need to be considered carefully. Here, skin sites of non-glabrous (hairy) skin might
be preferred. In glabrous (non-hairy) skin also arterio venous anastomoses (AVAs)
are present, which can form a direct connection from arterioles to venules when open
(Johnson et al., 1986; Roddie, 1983; Walløe, 2016). Hence, SBF and heat transport
can be increased significantly by active AVAs (Grahn and Craig Heller, 2004; Roddie,
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1983; Sparks, 1978). This effect also depends on the thermal state of the person
which is a function of the environmental temperature, clothing and activity among
others (Kingma et al., 2014a). According to Bergersen (1993) and Walløe (2016),
frequency of SBF fluctuation in the middle of the thermal neutral zone is about 2 to 3
vasoconstrictions per minute, and the AVAs are regarded as fully open at the upper
end of the thermal neutral zone.

With the measured and analyzed local SBF, an improved SBF model including the
activity level similar to the one in section 5.3.4 on page 96 can be found for all body
parts. The models might also depend on the gender of the subjects or other factors
such as blood pressure, blood glucose level or hormons (Kingma et al., 2014b; I. B.
Mekjavič and Eiken, 2006). However, keeping the purpose of ThermoSEM in mind,
they might only be included if they contribute to improving the skin temperature
prediction quality or are required for specific uses.
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A P P END I X A
Supplementary figures and tables

A.1. Introduction

Table A.1.: Overview of single-segment thermophysiological models
year model description restrictions

1970 Fanger (1970) • one node
• empirical

• uniform temperature
• whole body
• steady state

1971 Givoni (Givoni and
Goldman, 1971)

• one node
• empirical

• hot environment

1971 Pierce two-node
model (Gagge et al.,
1971)

• two node: core and skin
• control and controlled system
• moderate acticity levels

• exposure time <1 h
• uniform environment

1977 KSU-model (Azer
and Hsu, 1977)

• like Gagge (1971), but other control
equation

2014 Kingma TNZ/TCZ
(Kingma et al.,
2014a)

• two node model
• biophysical

• uniform skin temperature
• whole body
• steady state
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Table A.2.: Overview of multi-segment thermophysiological models
year model description restrictions

1966/
1971

Stolwijk (Stolwijk,
1971; Stolwijk and
Hardy, 1966)

• 6 segments, 4 layers, 25 nodes • uniform environments
• steady state

1985 Wissler (1985) • 15 segments, 225 nodes
• detailed passive system
• steady-state and transient bioheat

equation

• uniform environments

1991 Smith (Smith, 1991)
as cited by (Miimu
et al., 2013)

• three-dimensional finite element
model

• 15 cylindrical body parts, 576 body
tissue elements, 1500 circulatory sys-
tem elements

• no clothing model
• fat and skin layer consid-

ered as one

1992 Lotens (Lotens,
1993; Lotens and
Havenith, 1992)

• emphasis on clothing model
• 13 cylindrical body parts, 5 layers
• control equations from Gagge et al.

(1986)

• limited physiology and
thermo-regulation

1995 Fu (G. Fu, 1995; G.
Fu and Jones, 1996)

• based on Smith (1991)
• improved heat exchange between

blood & body
• separation of skin and fat layer
• clothing model by Jones & Ogawa

(1993)

• high demand on computa-
tional resources

1999 UTCI-Fiala (Fiala
et al., 2012, 1999,
2001)

• based on Stolwijk
• 19 segments, 4 -5 layers, 3 sectors;

187 nodes
• passive and active system; steady-

state + transient

• 5 °C < Tamb < 50 °C
• 0.8-10 met
• regression based

2001 UCB model
(Huizenga et al.,
2001)

• based on Stolwijk and cooperation
with Tanabe

• arbitrary number of segments
• individualized
• passive + active system; steady state

& transient

• regression based
• setpoint based

2002 Tanabe (Tanabe
et al., 2002)

• based on Stolwijk; cooperation with
UCBerkeley

• 16 segments, 65 nodes
• passive + active system
• steady state and transient conditions

• setpoint based

2007 ThermoSEM
(Kingma, 2012;
Severens, 2008)

• based on Fiala (1999)
• Individualization possible
• active system based on neurophysiol-

ogy

• validated for mild envi-
ronmental conditions

2011 Multi-segmental
Pierce model (Foda
and Sirén, 2011)

• Pierce two-node model applied to 20
body parts

• local skin setpoints based on neutral
conditions

• steady state
• measured in neutral con-

ditions
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Table A.3.: Overview of thermal sensation models
year model description restrictions

1970 Fanger PMV model
(1970)

• empirical • uniform temperature
• whole body

1993 de Dear et al.
(Dear et al., 1993)

• Dynamic Thermal Stimulus model:
area aver-aged thermal sensation

• local skin temperatures;
not enough for whole
body thermal state

2003 Nilsson (Nilsson,
2007; Nilsson and
Holmér, 2003)

• local thermal sensation based on
equivalent temperature

• clothing independent comfort zones

• empirical model
• steady state
• for automotive applica-

tion
• for thermal neutral zone

2003 Lomas/ Fiala (Lo-
mas et al., 2003)

• dynamic thermal sensation model
• mean skin & core temp. & time

derivatives
• transient conditions

• whole body thermal sen-
sation, not local

• regression analysis

2003 Zhang/ UC Berkley
(H. Zhang, 2003)

• uniform and non-uniform environ-
ment

• local/ whole-body thermal sensation
& comfort

• mean skin & core temp. & time
derivatives

• regression analysis
• set points for neutral con-

ditions required

2011 ThermoSEM
(Kingma, 2012;
Schellen et al.,
2013)

• thermal sensation based on neuro-
physiology

• uniform & non-uniform
• whole-body thermal sensation

• validated for mild ther-
mal chal-lenges only
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A.2. Case study - Performance of ThermoSEM

Table A.4.: Average difference and standard deviation between simulated and measured mean
and local skin temperature [°C] (for the last 45 min)

Mean Proximal Upper arm Lower arm Hand Upper leg Lower leg Foot

Sitting in office, clothing combination 1
M1 0.61±0.15 0.87±0.32 2.36±0.19 0.07±0.19 2.77±0.69 -1.12±0.21 0.58±0.27 -0.23±0.42
M2 0.66±0.06 1.74±0.18 0.29±0.06 3.16±0.21 1.72±0.30 -0.91±0.38 0.37±0.46 -0.76±0.55
M3 1.76±0.09 1.49±0.34 4.97±0.37 2.54±0.16 2.44±0.57 0.88±0.25 2.01±0.33 1.31±0.52
F1 -0.23±0.03 -1.43±0.22 -1.97±0.28 1.76±0.08 3.42±0.49 -1.77±0.20 1.14±0.25 2.98±0.34
F2 -1.17±0.19 -1.86±0.33 -2.16±0.22 1.63±0.31 0.99±1.69 -1.58±0.69 1.29±0.18 -5.29±0.63
avg 0.33±0.98 0.16±1.51 0.70±2.70 1.83±1.04 2.27±0.84 -0.90±0.94 1.08±0.58 -0.40±2.77

Sitting in office, clothing combination 2
M1 0.31±0.11 0.11±0.29 -0.58±0.09 1.22±0.25 3.22±0.33 -1.23±0.13 0.70±0.21 0.72±0.15
M2 1.15±0.09 0.42±0.24 0.07±0.09 3.09±0.15 2.44±0.73 1.45±0.89 1.58±0.27 3.11±0.16
M3 1.83±0.14 1.10±0.24 2.32±0.07 3.99±0.07 2.84±0.22 1.23±0.45 1.57±0.62 3.57±0.42
F1 -0.10±0.09 -1.04±0.15 -1.21±0.07 4.13±0.20 4.20±0.37 -2.97±0.43 0.98±0.24 0.41±0.49
F2 -0.28±0.04 -1.11±0.19 -1.08±0.06 2.45±0.10 1.40±0.26 -0.84±0.28 1.85±0.21 -1.79±0.43
avg 0.58±0.80 -0.10±0.86 -0.10±1.29 2.98±0.92 2.82±0.92 -0.47±1.65 1.33±0.43 1.20±1.95

Walking indoors, clothing combination 1
M1 -0.98±0.34 0.70±0.35 -1.07±0.28 0.35±0.62 0.33±1.20 0.50±0.47 -2.31±0.32 -4.32±0.77
M2 -0.82±0.15 0.58±0.49 -0.86±0.17 0.07±0.48 0.93±1.44 -0.92±0.25 -1.84±0.71 -0.82±2.11
M3 -0.37±0.23 -0.22±0.31 -0.51±0.16 1.45±0.60 -0.09±0.79 -0.68±0.25 3.09±0.35 -4.62±1.04
F1 -0.98±0.21 -0.75±0.27 0.00±0.24 1.74±0.54 1.59±0.98 0.00±0.36 -0.43±0.33 -5.76±2.01
F2 -1.59±0.16 -1.03±0.33 -1.47±0.17 1.57±0.45 2.68±0.51 -1.69±0.61 0.32±0.39 -8.32±1.19
avg -0.95±0.39 -0.14±0.69 -0.78±0.50 1.03±0.69 1.09±0.98 -0.56±0.76 -0.23±1.91 -4.77±2.43

Walking indoors, clothing combination 2
M1 -1.51±0.20 0.69±0.25 0.76±0.16 1.74±0.37 0.25±0.62 -2.27±0.50 -4.86±0.22 -7.16±0.83
M2 -2.30±0.19 0.16±0.25 -1.14±0.38 0.08±0.54 -2.40±0.40 -1.39±0.45 -4.46±0.16 -7.68±1.29
M3 -1.67±0.12 0.27±0.16 -0.27±0.22 1.49±0.25 1.59±0.61 -3.35±0.21 -4.00±0.55 -5.95±0.81
F1 -1.73±0.22 -0.63±0.19 -2.23±0.18 3.38±0.42 3.26±1.21 -3.24±0.35 -2.76±0.66 -6.29±3.05
F2 -2.15±0.25 -1.39±0.40 -3.60±0.11 2.37±0.76 1.40±1.45 -2.69±0.70 0.74±0.60 -9.55±1.86
avg -1.87±0.30 -0.18±0.74 -1.30±1.52 1.81±1.08 0.82±1.87 -2.58±0.71 -3.07±2.03 -7.33±1.27

Walking indoors, clothing combination 3
M1 -1.34±0.39 0.61±0.55 -1.15±0.44 1.34±0.24 0.96±0.79 -1.88±0.35 -4.05±0.56 -4.52±1.86
M2 -2.59±0.29 -0.29±0.22 -0.44±0.22 0.40±0.19 -3.04±1.06 -1.62±0.60 -4.34±0.30 -9.06±0.16
M3 -0.59±0.35 0.71±0.24 3.63±0.41 3.28±0.08 0.46±0.85 -2.37±0.43 -1.85±0.80 -3.14±1.27
F1 -3.56±0.18 -2.78±0.09 -3.71±0.07 2.28±0.09 -1.13±1.63 -5.77±0.54 -2.97±0.25 -11.05±1.39
F2 -3.57±0.20 -3.11±0.15 -2.95±0.23 0.32±0.12 -4.89±0.26 -1.01±0.62 -3.25±0.36 -10.82±0.18
avg -2.33±1.19 -0.97±1.65 -0.93±2.56 1.52±1.13 -1.53±2.19 -2.53±1.68 -3.29±0.88 -7.72±3.28

Walking outdoors, clothing combination 3
M1 -1.74±0.23 0.36±0.35 -1.43±0.09 -0.11±0.35 3.08±1.83 -3.17±0.72 -4.00±0.31 -10.48±0.75
M2 -1.72±0.60 1.05±0.24 -0.33±0.50 2.45±0.67 3.89±2.48 -3.65±0.54 -4.96±0.68 -8.59±0.19
M3 -0.62±0.22 0.05±0.31 0.35±0.16 0.37±0.13 3.74±1.31 -0.73±0.43 -1.42±0.65 -7.67±0.85
F1 -1.53±0.37 -1.38±0.19 -2.72±0.07 2.86±0.81 3.17±2.34 -1.59±0.81 -1.90±0.35 -12.17±1.64
F2 -2.78±0.32 -3.66±0.25 -3.33±0.13 0.16±0.27 2.34±3.12 -1.31±0.99 -0.96±0.35 -9.04±1.13
avg -1.68±0.69 -0.72±1.67 -1.49±1.39 1.15±1.25 3.25±0.55 -2.09±1.12 -2.65±1.56 -9.59±1.57
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Figure A.1.: Sitting in office, clothing comb. 2: Measured and simulated Tskin of last 45 min
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Figure A.2.: Walking indoors, clothing comb. 1: Measured and simulated Tskin of last 45 min
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Figure A.3.: Walking indoors, clothing comb. 2: Measured and simulated Tskin of last 45 min
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Figure A.4.: Walking indoors, clothing comb. 3: Measured and simulated Tskin of last 45 min
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Figure A.5.: Heat and moisture transport resistance model by Lotens & Havenith (1992)
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Figure A.6.: Node network model according to Fu et al. (2014)

Figure A.7.: Electric circuit analogy for including clothing ventilation and air penetration
into a body-clothing-environment system by Wan and Fan (2008)
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Appendix A. Supplementary figures and tables

A.4. Local clothing properties

Table A.7.: Garments and their properties
Item Briefs Undershirt T-shirt Long-sleeved

shirt
Long-sleeved
smart shirt

Fits Regular/
Loose

Tight/
Regular/
Loose

Tight/
Regular/
Loose

Picture
Fibre
content

100% Cotton 100% Cotton 95% Cotton/
5% Elastane

98% Cotton /
2% Spandex

100% Cotton

Mass per
unit area

145.13 g/m3 145.13 g/m3 176 g/m3 188 g/m3 137 g/m3

Thickness 0.454 mm 0.454 mm 0.633 mm 0.87 mm 0.71 mm

Item Sweater Jacket Jeans Pants Skirt
Fits Tight/

Regular/
Loose

Picture
Fibre
content

100% Cotton 65 %
Polyester/

35% Viskose

100% Cotton 60% Wool/
38% Polyester/
2% Elastane

93% Polyester/
7% Elastane

Mass per
unit area

361.58 g/m3 unknown 179 g/m3 202.15 g/m3 unknown

Thickness 1.680 mm unknown 0.67 mm 0.416 mm unknown

Item Athletic sock Nylon socks Sneakers Business shoes Ballerinas

Picture
Fibre
content

75%
Cotton/ 25%
Polyamid

100%
Polyamid
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A.4. Local clothing properties

Table A.8.: Local area factors measured on manikin James – Part 1
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Appendix A. Supplementary figures and tables

Table A.9.: Local area factors mesured on manikin James – Part 2
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A.4. Local clothing properties

Table A.13.: Correction factors for total insulation of nude IT,0.4 m s−1,st/IT,0.2 m s−1,st and
clothing insulation Icl,0.4 m s−1,st/Icl,0.2 m s−1,st of measured outfits

Upper arm Lower arm Chest Back Front hip Back hip Upper leg Lower leg

Nude 0.83 0.85 0.79 0.95 0.78 0.91 0.84 0.87
1 0.98 / 0.98 0.92 1.06 1.19 0.86 1.00
3 0.96 0.95 0.91 0.95 0.83 0.92 0.92 0.99
14 0.97 1.01 0.88 0.89 0.97 0.95 0.93 0.98
19 0.90 0.96 0.97 1.03 0.74 0.79 0.98 1.07
21 0.99 0.95 0.99 1.14 0.91 1.13 1.00 1.02
22 1.00 1.01 0.90 0.97 0.96 0.99 0.85 0.67

Table A.14.: Correction factors for total insulation of nude IT,1 m s−1,st/IT,0.2 m s−1,st and
clothing insulation Icl,1 m s−1,st/Icl,0.2 m s−1,st of measured outfits

Upper arm Lower arm Chest Back Front hip Back hip Upper leg Lower leg

Nude 0.53 0.56 0.52 0.66 0.53 0.68 0.55 0.62
1 0.88 / 0.85 0.97 0.73 1.19 0.91 1.05
3 0.73 0.72 0.68 0.81 0.60 0.99 0.88 0.95
14 0.82 0.96 0.71 0.79 0.78 1.01 1.02 1.06
19 0.87 0.61 0.89 1.02 0.59 0.95 0.90 1.04
21 0.85 0.88 0.72 1.03 0.50 0.94 0.89 0.99
22 0.81 0.80 0.68 0.87 0.77 0.94 0.72 0.48

Table A.15.: Correction factors for total insulation of nude IT,0.2 m s−1,move/IT,0.2 m s−1,stand

and clothing insulation Icl,0.2 m s−1,move/Icl,0.2 m s−1,stand of measured outfits
Upper arm Lower arm Chest Back Front hip Back hip Upper leg Lower leg

Nude 0.96 0.83 1.00 1.14 0.98 1.02 0.91 0.75
1 0.76 0.92 1.23 0.97 0.88 0.68 0.75
3 0.73 0.82 0.73 1.22 0.73 0.80 0.72 0.77
14 0.61 0.76 0.73 1.05 0.77 0.98 0.47 0.59
19 0.77 0.84 0.94 1.30 0.92 1.06 0.87 0.80
21 0.61 0.55 0.76 1.16 0.65 0.74 0.34 0.53
22 0.66 0.77 0.69 1.03 1.00 1.09 0.52 0.57

Table A.16.: Correction factors for total insulation of nude IT,1 m s−1,move/IT,0.2 m s−1,stand

and clothing insulation Icl,1 m s−1,move/Icl,0.2 m s−1,stand of measured outfits
Upper arm Lower arm Chest Back Front hip Back hip Upper leg Lower leg

Nude 0.54 0.58 0.52 0.70 0.54 0.65 0.55 0.62
1 0.65 0.77 0.96 0.63 1.07 0.63 0.77
3 0.61 0.69 0.55 0.92 0.49 0.85 0.73 0.76
14 0.57 0.71 0.55 0.87 0.57 0.76 0.39 0.56
19 0.68 0.65 0.76 0.93 0.60 0.79 0.77 0.81
21 0.56 0.55 0.63 1.06 0.48 0.81 0.36 0.53
22 0.62 0.71 0.57 0.97 0.78 1.08 0.49 0.67
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A.5. Effect of local SBF on local skin temperature

A.5. Effect of local SBF on local skin temperature

Table A.17.: Details and thermal properties of light and medium clothing ensemble
Light clothing ensemble Medium clothing ensemble

Clothing Underwear, t-shirt, shorts Underwear, t-shirt, sweater,
sweatpants

Thermal
properties

non-moving moving non-moving moving
fcl,i Icl,i icl,i Icl,i icl,i fcl,i Icl,i icl,i Icl,i icl,i

[−] m2 W
K [−] m2 W

K [−] [−] m2 W
K [−] m2 W

K [−]
Upper arm 1.37 0.074 0.31 0.054 0.25 1.45 0.194 0.34 0.145 0.37
Lower arm / / / / / 1.71 0.107 0.60 0.082 0.31
Chest 1.10 0.085 0.50 0.078 0.51 1.37 0.188 0.33 0.167 0.41
Back 1.08 0.166 0.42 0.173 0.25 1.28 0.649 0.33 0.567 0.39
Front hip 1.18 0.135 0.40 0.135 0.46 1.33 0.268 0.41 0.199 0.45
Back hip 1.22 0.163 0.23 0.157 0.41 1.39 0.299 0.28 0.200 0.49
Upper leg 1.35 0.128 0.37 0.058 0.40 1.23 0.172 0.43 0.093 0.40
Lower leg / / / / / 1.52 0.098 0.36 0.068 0.41
Foot 1.40 0.05 0.042 0.04 0.045 1.40 0.04 0.042 0.05 0.045
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Figure A.9.: Body landmarks for placement of iButtons for skin temperature measurement
(modified picture based on Parsons (2014)): A:=Forehead, C:=Left upper chest, E:=Right
abdomen, G:=Left hand, H:=Right anterior thigh, J:=Right shin, K:=Right instep,
L:=Neck, M:=Right scapular, N:=Left paravertebral, P:=Left posterior thigh, Q:=Left
calf, S:=Right upper arm, T:=Left upper elbow

Table A.18.: P-values of t-test analyzing increasing activity steps for energy expenditure and
activity level

p-value
Energy expenditure Activity level

M BMR vs M Sit 1/2 0.001 <0.001
F BMR vs F Sit 1/2 0.020 0.007
M Sit 1/2 vs M Slow Walk 1/2 <0.001 <0.001
F Sit 1/2 vs F Slow Walk 1/2 <0.001 <0.001
M Slow Walk 1/2 vs M Pref Walk 1/2 0.005 0.004
F Slow Walk 1/2 vs F Pref Walk 1/2 0.001 0.001
M Sit 3/4 vs M Slow Walk 3/4 <0.001 <0.001
F Sit 3/4 vs F Slow Walk 3/4 <0.001 <0.001
M Slow Walk 3/4 vs M Pref Walk 3/4 0.003 0.002
F Slow Walk 3/4 vs F Pref Walk 3/4 <0.001 <0.001
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A.5. Effect of local SBF on local skin temperature

(a) Skin temperature difference for chest, abdomen, upper and lower back
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Figure A.10.: Comparison of the local skin temperature differences of all subjects (simulated
- measured) using the originally simulated SBF in ThermoSEM

Table A.19.: P-values of t-test analyzing the foot skin temperature difference of the original
simulation (Kingma’s SBF model) and adjusted simulation (prescribed SBF) with α = 0.05

P-values for foot skin temperature difference
all male female

original adjusted original adjusted original adjusted

BMR vs Sit 1/2 0.094 0.916 0.424 0.692 0.113 0.599
Sit 1/2 vs Slow 1/2 0.474 0.755 0.400 0.316 0.913 0.523
Slow 1/2 vs Pref 1/2 0.072 0.475 0.215 0.395 0.117 0.678
Sit 3/4 vs Slow 3/4 0.210 0.123 0.762 0.417 0.190 0.126
Slow 3/4 vs Pref 3/4 0.363 0.968 0.703 0.627 0.378 0.705
Sit 1/2 vs Sit 3/4 <0.001 <0.001 <0.001 <0.001 0.001 0.003
Slow 1/2 vs Slow 3/4 <0.001 0.007 0.006 0.013 0.006 0.025
Pref 1/2 vs Pref 3/4 0.017 0.063 0.110 0.274 0.064 0.062
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Figure A.11.: Individual recording of LDF signal at the ankle and its moving mean
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A.5. Effect of local SBF on local skin temperature

Table A.20.: P-values of t-test analyzing increasing activity steps for measured, normalized
SBF

p-value

M Sit 1/2 vs M Slow Walk 1/2 0.030
F Sit 1/2 vs F Slow Walk 1/2 <0.001
M Slow Walk 1/2 vs M Pref Walk 1/2 0.013
F Slow Walk 1/2 vs F Pref Walk 1/2 0.003
M Sit 3/4 vs M Slow Walk 3/4 0.090
F Sit 3/4 vs F Slow Walk 3/4 0.086
M Slow Walk 3/4 vs M Pref Walk 3/4 0.012
F Slow Walk 3/4 vs F Pref Walk 3/4 0.015

(a) Skin temperature difference for chest, abdomen, upper and lower back
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Figure A.12.: Comparison of the local skin temperature differences of all subjects (simulated -
measured) using the originally simulated SBF (shaded area) versus the prescribed measured
SBF (filled area) in ThermoSEM
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Figure A.13.: Absolute core temperature for subjects 1-10 over the course of the experiment
(Start of BMR to end of sitting 4)
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A.5. Effect of local SBF on local skin temperature

(a) Subject 11 (male)
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Figure A.14.: Absolute core temperature for subjects 11-20 over the course of the experiment
(Start of BMR to end of sitting 4) [Subject 12 was excluded]
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Table A.21.: Residual mean squared deviation of the core temperature for the original
simulation and the simulation with prescribed SBF

Residual mean squared deviation [°C]
Original simulation Simulation with

prescribed SBF

Subject 1 1.96 2.06
Subject 2 2.19 2.26
Subject 3 1.32 1.40
Subject 4 1.32 1.42
Subject 5 0.73 0.75
Subject 6 1.17 1.31
Subject 7 1.33 1.37
Subject 8 1.56 1.64
Subject 9 0.60 0.64
Subject 10 1.52 1.63
Subject 11 NaN NaN
Subject 13 0.66 0.72
Subject 14 1.76 1.87
Subject 15 NaN NaN
Subject 16 NaN NaN
Subject 17 1.01 1.07
Subject 18 NaN NaN
Subject 19 1.43 1.52
Subject 20 1.20 1.28
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A.6. Case study - revisited

A.6. Case study - revisited
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Ta

bl
e
A
.2
3.
:A

ve
ra
ge

di
ffe

re
nc

e
an

d
st
an

da
rd

de
vi
at
io
n
be

tw
ee
n
sim

ul
at
ed

an
d
m
ea
su
re
d
m
ea
n
an

d
lo
ca
l

sk
in

te
m
pe

ra
tu
re

[°C
]f
or

im
pl
em

en
te
d
in
di
vi
du

al
ge
om

et
ry

(la
st

45
m
in
)

M
ea
n

P
ro
xi
m
al

U
pp

er
ar
m

Lo
w
er

ar
m

H
an

d
U
pp

er
le
g

Lo
w
er

le
g

Fo
ot

Si
tt
in
g
in

offi
ce
,
cl
ot
hi
ng

co
m
bi
na

tio
n
1

M
1

0.
27

±
0.
15

0.
58

±
0.
32

2.
10

±
0.
18

-0
.1
9±

0.
19

2.
46

±
0.
71

-1
.4
7±

0.
21

0.
20

±
0.
27

-0
.8
2±

0.
45

M
2

0.
15

±
0.
07

1.
28

±
0.
18

-0
.1
0±

0.
07

2.
72

±
0.
21

1.
31

±
0.
43

-1
.5
3±

0.
37

-0
.3
0±

0.
48

-1
.5
6±

0.
61

M
3

1.
54

±
0.
09

1.
32

±
0.
34

4.
81

±
0.
37

2.
38

±
0.
16

2.
15

±
0.
63

0.
66

±
0.
25

1.
78

±
0.
33

0.
84

±
0.
55

F
1

-0
.8
2±

0.
03

-1
.8
4±

0.
22

-2
.4
2±

0.
29

1.
18

±
0.
07

2.
93

±
0.
54

-2
.4
0±

0.
20

0.
29

±
0.
24

1.
43

±
0.
39

F
2

-1
.8
9±

0.
2

-2
.2
8±

0.
33

-2
.6
3±

0.
22

0.
99

±
0.
31

-0
.1
9±

1.
70

-2
.4
5±

0.
65

0.
22

±
0.
20

-6
.5
7±

0.
54

av
g

-0
.1
5±

1.
15

-0
.1
9±

1.
56

0.
35

±
2.
82

1.
41

±
1.
04

1.
73

±
1.
10

-1
.4
4±

1.
13

0.
44

±
0.
70

-1
.3
4±

2.
83

Si
tt
in
g
in

offi
ce
,
cl
ot
hi
ng

co
m
bi
na

tio
n
2

M
1

0.
13

±
0.
11

-0
.0
6±

0.
29

-0
.7
2±

0.
09

1.
07

±
0.
25

3.
03

±
0.
33

-1
.4
3±

0.
12

0.
46

±
0.
21

0.
51

±
0.
15

M
2

0.
96

±
0.
09

0.
21

±
0.
24

-0
.1
0±

0.
09

2.
90

±
0.
15

2.
38

±
0.
73

1.
17

±
0.
88

1.
22

±
0.
28

3.
09

±
0.
15

M
3

1.
73

±
0.
14

0.
99

±
0.
24

2.
24

±
0.
07

3.
91

±
0.
07

2.
72

±
0.
23

1.
12

±
0.
45

1.
45

±
0.
62

3.
44

±
0.
42

F
1

-0
.4
8±

0.
10

-1
.2
4±

0.
15

-1
.4
2±

0.
06

3.
81

±
0.
19

3.
9±

0.
39

-3
.4
3±

0.
43

0.
24

±
0.
25

-0
.7
2±

0.
53

F
2

-0
.6
0±

0.
04

-1
.2
8±

0.
19

-1
.2
5±

0.
06

2.
19

±
0.
09

1.
17

±
0.
25

-1
.2
3±

0.
27

1.
19

±
0.
22

-2
.7
4±

0.
47

av
g

0.
35

±
0.
89

-0
.2
7±

0.
87

-0
.2
5±

1.
33

2.
78

±
1.
06

2.
64

±
0.
89

-0
.7
6±

1.
73

0.
91

±
0.
47

0.
72

±
2.
33

W
al
ki
ng

in
do
or
s,

cl
ot
hi
ng

co
m
bi
na

tio
n
1

M
1

-1
.3
4±

0.
35

0.
40

±
0.
40

-1
.3
0±

0.
28

0.
09

±
0.
62

0.
18

±
1.
19

0.
07

±
0.
49

-2
.8
1±

0.
32

-4
.4
3±

0.
76

M
2

-2
.2
4±

0.
17

-0
.4
6±

0.
65

-1
.8
0±

0.
20

-0
.8
8±

0.
46

0.
24

±
1.
40

-2
.9
0±

0.
24

-3
.8
9±

0.
66

-1
.6
6±

2.
10

M
3

-0
.4
4±

0.
23

-0
.3
1±

0.
33

-0
.5
7±

0.
16

1.
39

±
0.
59

-0
.1
4±

0.
80

-0
.7
4±

0.
25

2.
98

±
0.
35

-4
.6
1±

1.
03

F
1

-2
.8
6±

0.
23

-2
.9
4±

0.
46

-0
.8
6±

0.
31

0.
73

±
0.
54

0.
81

±
0.
98

-1
.7
8±

0.
41

-2
.6
6±

0.
26

-8
.7
7±

2.
15

F
2

-3
.0
2±

0.
22

-2
.1
1±

0.
49

-2
.3
5±

0.
22

0.
55

±
0.
44

1.
83

±
0.
50

-3
.4
2±

0.
63

-1
.9
1±

0.
37

-9
.7
4±

1.
15

av
g

-1
.9
8±

0.
97

-1
.0
8±

1.
24

-1
.3
8±

0.
64

0.
38

±
0.
75

0.
58

±
0.
70

-1
.7
5±

1.
30

-1
.6
6±

2.
40

-5
.8
4±

2.
99

W
al
ki
ng

in
do
or
s,

cl
ot
hi
ng

co
m
bi
na

tio
n
2

M
1

-1
.8
4±

0.
19

0.
49

±
0.
25

0.
58

±
0.
16

1.
54

±
0.
37

-0
.3
5±

0.
60

-2
.6
6±

0.
50

-5
.3
5±

0.
22

-7
.4
4±

0.
85

M
2

-3
.3
7±

0.
18

-0
.2
7±

0.
28

-1
.6
5±

0.
38

-0
.5
2±

0.
54

-4
.6
0±

0.
27

-2
.7
2±

0.
48

-6
.0
3±

0.
15

-8
.4
8±

1.
32

M
3

-1
.8
1±

0.
12

0.
15

±
0.
17

-0
.3
7±

0.
22

1.
38

±
0.
25

1.
43

±
0.
61

-3
.4
9±

0.
21

-4
.1
9±

0.
55

-6
.1
0±

0.
82

F
1

-2
.7
7±

0.
23

-0
.9
2±

0.
20

-2
.5
6±

0.
20

2.
80

±
0.
38

-1
.9
5±

1.
02

-4
.0
6±

0.
36

-4
.5
2±

0.
72

-7
.1
5±

3.
09

F
2

-3
.7
9±

0.
24

-1
.7
9±

0.
41

-4
.1
0±

0.
10

1.
62

±
0.
71

0.
38

±
1.
54

-6
.0
4±

0.
57

-3
.9
9±

0.
59

-1
0.
32

±
1.
89

av
g

-2
.7
1±

0.
80

-0
.4
7±

0.
81

-1
.6
2±

1.
64

1.
36

±
1.
07

-1
.0
2±

2.
10

-3
.7
9±

1.
24

-4
.8
2±

0.
76

-7
.9
0±

1.
43

150



A.6. Case study - revisited
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Appendix A. Supplementary figures and tables
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A P P END I X B
The thermo-physiological model

ThermoSEM

The ThermoSEM model is a thermo-physiological model, which is based on the
thermoregulation model by Fiala (1999, 2001). It was first implemented as Ther-
moSEM by Severens (2008) for a medical based application in the field of patient’s
temperature management after cardiac surgeries. Kingma (2012) later introduced the
neurophysiological approach for modeling skin blood flow (SBF).

Passive system

In ThermoSEM, the human body is modeled using 18 concentric cylinders and one
concentric semi-sphere for the head. All elements are divided into section namly
anterior, posterior and inferior sectors, and they consist of several tissue layers with
specific attributes as shown in Figure B.1 and described in Tables B.2 and B.3. In
this default configuration, these specifications represent an average adult man with a
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Appendix B. The thermo-physiological model ThermoSEM

weight of 73.5 kg, a height of 1.73 m, a body surface area of 1.86 m2 and a body fat
percentage of 14 %. The resulting basal metabolic heat production is 87.1 W.

For modeling the heat exchange within the body, nodes are spread along the tissue
layers (see Figure B.1). Between the resulting volumetric elements the heat transfer is
then calculated using Pennes’ bioheat equation (Pennes, 1948):

ρc
δT

δt
= k∇2T + ρbcbωb(Ta − T ) + qm (B.1)

where ρ is the density of the tissue, c is the heat capacity of the tissue, δT
δt is the

change in temperature, k is the tissue heat conductivity, T is the tissue temperature,
ρb is the density of the blood, cb is the specific heat of the blood, ωb is the blood
perfusion rate, Ta is the arterial blood temperature, and qm is the metabolic heat
production of the tissue. The values of each tissue layer are given in Tables B.2
and B.3.The three terms on the right hand side of the equation represent conduction
(k∇2T ), convection (ρbcbωb(Ta − T )) and heat production within the body (qm). The
heat exchange between the venous and arterial blood occurs in a central blood pool
according to Fiala et al. (1999). For large arteries and veins, is also corrected for
counter current heat exchange (Kingma, 2012). The factors for the counter current
heat exchange are given in Tables B.2 and B.3.

anterior
posteriorinferior

skin
fat

muscle

bone

conduction

Blood 
pool

Blood flow

Tskin, vpskin

Tair Twall vpskin

Conduction
& convection radiation evaporation

Figure B.1.: Representation of the human body by ThermoSEM based on Kingma (2012)
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The heat exchange between the body and environment can be divided into the heat ex-
change between the skin’s surface and the environment through convection, conduction
and radiation, and the heat exchange through respiration. The detailed description
of each heat exchange pathway can be found in Fiala et al. (1999) and Kingma
(2012). The details on heat transfer through clothing can also be found in this thesis
in section 3.2 on page 24.

Active system

The human thermoregulatory system is represented in the so-called active model of
ThermoSEM. This part of the model includes the heat production due to metabolic
heat production and shivering, heat transport within the body via a blood flow model,
heat loss due to sweating. The calculations are mostly based on Fiala et al. (1999).
The detailed descriptions can also be found in Kingma (2012).

The biggest difference between Fiala’s model and the current version of ThermoSEM
is the implementation of a neurophysiological approach to calculate the SBF (Kingma
et al., 2014b). The skin perfusion in Fiala’s model is a function of the central stimuli
for vasodilation and vasoconstriction which in turn are functions of the difference
between the actual and set point mean skin temperature (Fiala, 1998; Fiala et al.,
1999). The model by Kingma et al. (2014b) formulates SBF regulation as:

βi = βi,bas ·N ·Q10 (B.2)

where βi,bas is the basal heat equivalent of SBF of a specific body part i, Q10 is the

local regulation effect of SBF (Q10-effect) with Q10 = 2
(Ti−Ti,bas)

10 , Ti,bas the local
tissue temperature under basal conditions and N is the neural regulation signal for
SBF. The function for N is:

N = max [0, γ1 − γ2 (Hwarm − Pcold)− γ3 (Hwarm − Pwarm)] (B.3)

where γ1 is a model constant representing all non-thermal effects on SBF, γ2 and γ3

are model parameters for the cold and warm afferent pathway, respectively, Hwarm is
the neuron fire rate of temperature sensitive neurons in the hypothalamus, Pcold and
Pwarm are the neural peripheral cold and warm drive, respectively. The values of the
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Appendix B. The thermo-physiological model ThermoSEM

models constant γ1 and parameters γ2 and γ3 are given in Table B.1. The function
for the neural regulation signal is based on the neural concepts described in Mekjavič
and Morrison (1985), Boulant (2005) as well as Nakamura and Morrison (2008a,b).
Hwarm, Pcold and Pwarm are calculated as described in Kingma et al. (2014b) using
the individual neuronal response characteristics as modeled by Mekjavič and Morrison
(1985).

Table B.1.: Model constant γ1 and parameters γ2 and γ3 of the neurophysiological SBF model
(Kingma, 2012; Kingma et al., 2014b)

Element γ1 γ2 γ3

1. Head 0.7906 -0.1853 -0.0816
2. Face 0.7906 -0.1853 -0.0816
3. Neck 0.7906 -0.1853 -0.0816
4. Shoulders 0.7906 -0.1853 -0.0816
5. Thorax 0.7906 -0.1853 -0.0816
6. Abdomen 2.4250 -0.1246 0.1658
7. Arms -0.2301 -0.0231 -0.2126
8. Hands 0.7368 -0.2190 -0.0704
9. Legs 0.7906 -0.1853 -0.0816
10. Feet 0.7368 -0.2190 -0.0704
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Appendix B. The thermo-physiological model ThermoSEM
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Summary

Advancing human thermo-physiological modeling - Challenges of predict-
ing the local skin temperature during moderate activities

In a world that faces global climate change, the energy consumption of the building
sector needs to be reduced. However, heating, ventilation and air conditioning (HVAC)
systems should still provide a healthy and comfortable thermal indoor environment
for the occupants of the buildings. Among other solutions, energy-efficient localized
heating and cooling systems show a high potential for saving energy in office buildings.
For testing these systems, thermo-physiological models need to predict local skin
temperatures and local thermal sensation accurately. The present models are generally
capable of simulating the required local values. However, most models were validated
for the mean skin temperature prediction of an average person under low clothing
and low activity conditions. The aim of this PhD thesis is to further develop the
thermo-physiological model ThermoSEM such that the effects of localized cooling and
heating on thermal comfort under office conditions can be predicted.

To investigate the most critical aspects of local skin temperature prediction for higher
activity and clothing levels, we performed a case study in a real office environment.
For this test, 5 individuals underwent six trials combining typical office activities and
clothing insulation values. We measured the local skin temperatures of the participants
as well as the environmental temperature and humidity. Then, we simulated the skin
temperatures under the same conditions in ThermoSEM. Our results show that the
model lacks accuracy in local skin temperature prediction especially on the extremities
when typical office clothing ensembles and activity levels are applied.
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In our broad literature review, we identified two reason, which can explain the results
of the case study: 1. the available local clothing data in the literature is insufficient
for simulating typical office situations, and 2. the local heat balances of the thermo-
physiological model need to be re-evaluated for activity levels above 1 met. In a
sensitivity analysis, both aspects contributed highly to the simulation outcome of
distal skin temperatures.

We addressed the issue of the missing local clothing data by measuring local clothing
parameters on a thermal sweating manikin in cooperation with Empa, St. Gallen,
Switzerland. We determined the local dry thermal insulation values and local clothing
area factors for 23 typical office outfits at three air speeds and body movement. The
evaporative resistance was measured for two representative outfits at all air speeds
and body movement. Additionally, clothing properties of three pair of shoes were
determined. For the local dry thermal insulation, we also found a correlation to the fit
of the clothing (i.e. ease allowance) for most body parts for one level clothing outfits.

Our human subject experiments at Maastricht University, where participants performed
light to medium activities on a treadmill while skin and core temperature, skin blood
flow (SBF) at the foot and their energy expenditure were measured, showed that the
simulated foot SBF by the thermo-physiological model was lower than the measured
values for prescribed activity levels. Moreover, significant differences between male and
female subjects were identified. Hence, we refined the foot SBF model by including
the activity level and gender of the subject.

At last, we revisited the case study to see if applying the reviewed clothing properties
and foot SBF model would improve the skin temperature prediction. Moreover, we
considered the individual geometry (height, weight fat, body mass). Our results show
that the new foot SBF model has the largest impact on the local skin temperature
outcome. In most cases, the skin temperature prediction is improved in the finalized
thermo-physiological model.

All in all, the work of this PhD thesis advances the thermo-physiological model
ThermoSEM to be able to predict local skin temperature and therefore, local thermal
sensation. Future research would include additional factors that influence the local
heat balance such as local muscle activity or sweat rates, local skin blood flow models
for further body parts, and an advanced geometry adjustment of the model.
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