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ABSTRACT
The extremities (hands and feet) are morphologically and physiologically well suited
for the dissipation of heat (Taylor et al. 2014). However, unlike the hands, the
thermolytic potential of the feet is often diminished when wearing footwear. Shoes act
as a barrier to heat and vapour transfer between the skin and the environment. Thus
when the wearer’s dry and evaporative heat loss pathways are limited, heat and
moisture may build within the air layers between the skin and the footwear (Havenith
et al. 1990a; Sullivan and Mekjavic 1992; Bouskill et al. 2002). The combination of
high temperatures and moisture accumulation contributes to perceptions of discomfort
(Arezes et al. 2013; Irzmańska et al. 2013; West et al. 2019b), blister formation
(Sulzberger et al. 1966) and encourages the growth of microorganisms which can lead
to odour development and foot conditions such as tinea pedis i.e. athletes foot (Auger
et al. 1993). Due to the complexities of assessing the thermal interactions within the
foot-sock-shoe system, relatively little is understood as to how we subjectively
evaluate this aspect of footwear comfort.
Therefore, the aim of this research was to investigate the physiological and perceptual
responses of the foot, the interactions within the foot-sock-shoe system and the impact
on comfort. For this purpose, a multi-factorial, mixed methods approach was used to
investigate regional variations in thermal sensation to warmth (Chapter 3), foot sweat
production and distribution (Chapter 4), temporal and spatial characteristics of shoe
microclimate (Chapter 5) and the role of the sock (Chapter 6 and 7) on perceptual
responses relating to foot discomfort. The use of a thermal foot manikin as a tool for
footwear evaluation and development was also examined (Chapter 8).
Several findings emerged: 1) The feet play an important role in the modulation of
whole body thermal sensation. 2) Foot sweat production is reduced when wearing
shoes. Highest sweat rates occur at the medial ankle and dorsal regions; lowest sweat
rates at the toes. 3) Shoe microclimate is significantly affected by shoe permeability.
Although changes to shoe microclimate are perceivable by the wearer, thermal comfort
must be considered as a function of both temperature and moisture accumulation
within the shoe. 4) Although wearing/not wearing a sock does not elicit differences in
thermo-physiological responses, the sock does play a role in minimising wear
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discomfort. 5) Tactile and mechanical inputs are important for the perception of skin
wetness and discomfort within footwear. 6) The subjective evaluation of footwear does
not achieve the same level of sensitivity or discriminative power observed with thermal
manikin tests.
Overall, this research provides a detailed insight into the physiological and perceptual
responses of the feet and for the first time, provides insight into the interactions within
the foot-sock-shoe system. Together, the findings from this research provide guidance
for the development of thermally comfortable footwear.
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CHAPTER 1: Introduction and Overview
1.1 Introduction
Interpretation of the thermal environment is driven by the activation of thermosensitive
neurons which upon stimulation, provide information to the brain about the
surrounding environment. Initiation of autonomic thermoregulatory responses which
include changes to vasomotor tone (vasoconstriction and vasodilation), sudomotor
activity (sweating) and shivering and non-shivering thermogenesis (Nakamura 2011),
enable the regulation of body temperature within a narrow range. The extremities
(hands and feet) are morphologically and physiologically well suited for the
dissipation or conservation of heat (Taylor et al. 2014). However, unlike the hands, the
thermolytic potential of the feet is often diminished when wearing footwear.
Although autonomic thermoregulation is important for thermal balance, behavioural
thermoregulation is the body’s most powerful and effective mechanism in human
temperature regulation (Flouris 2011). Humans are typically driven to make
behavioural thermoregulatory adjustments in response to a deviation from a state of
thermal comfort. Although comfort is a recognisable thermal state, we possess no
specific sense organ to identify it (Gagge et al. 1967). The perception of thermal
comfort is therefore considered to be the integration of thermal sensations derived from
stimulation of cutaneous thermoreceptors (Hensel 1982) and the perception of wetness
(Gagge et al. 1967; Filingeri et al. 2014a), with an individual’s previous personal
experiences and learned responses (Morrison and Nakamura 2011).
With the use of clothing, an essential human need, the perception of comfort becomes
a multi-factorial phenomenon based upon three main components: (1) psychological
factors, relating to an individual’s role, values and social being, (2) sensorial factors,
relating to the thermal, tactile and pressure sensations generated between clothing and
the skin and (3) physiological factors, which affect body function during activity
(Pontrelli 1977; Sontag 1985). The evaluation of comfort in clothing is however often
only performed in relation to the physiological component, in which mechanical
aspects (such as fit or support) and thermal aspects (relating to heat and moisture
transfer) are assessed.
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Thermal perception when wearing shoes is typically attributed to the level of insulation
and vapour resistance provided and linked to the development of the shoe microclimate.
Like clothing, shoes act as a barrier to heat and vapour transfer between the skin and
the environment. Thus when the wearer’s dry and evaporative heat loss pathways are
limited, heat and moisture may build within the air layers between the skin and the
footwear (Havenith et al. 1990a; Sullivan and Mekjavic 1992; Bouskill et al. 2002).
The combination of high temperatures and moisture accumulation contributes to
perceptions of discomfort (Arezes et al. 2013; Irzmańska et al. 2013; West et al. 2019b),
blister formation (Sulzberger et al. 1966) and encourages the growth of
microorganisms which can lead to odour development and foot conditions such as
tinea pedis i.e. athletes foot (Auger et al. 1993). Due to the complexities of assessing
the thermal interactions within the foot-sock-shoe system, relatively little is
understood as to how we subjectively evaluate this aspect of footwear comfort.

1.2 Thesis Aims
The focus of this research was to investigate the physiological and perceptual
responses of the foot, the interactions within the foot-sock-shoe system and the impact
on comfort. Therefore, the aims of this research are:
1. To investigate in detail the physiological and perceptual responses of the foot
at rest and during exercise.
2. To objectively characterise and subjectively evaluate the interactions within
the foot-sock-shoe system.
3. To provide guidance for the development of thermally comfortable footwear.

1.3 Thesis Overview
Within this thesis, the current research relating to thermoregulation and human
perception in relation to clothing and thermal comfort are reviewed and discussed in
Chapter 2. The thesis is then divided into three parts in which the results from six
laboratory studies are presented.
Part I - Thermoregulatory and perceptual responses of the human foot addresses aims
1 and 3 of this thesis. The results from two laboratory studies assessing foot thermal
sensation and foot sweat distribution are presented. Laboratory study 1 (Chapter 3)
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investigates the role of the feet in modulating whole body thermal sensation and
extends our knowledge of regional variations in thermal sensation to warmth across
the foot surface. Laboratory study 2 (Chapter 4) investigates foot sweat distribution
with and without shoes and the relationship between foot sweat distribution and
perceived wetness.
Part II - Interactions within the foot-sock-shoe system addresses aims 2 and 3. The
results from three laboratory studies investigating the interactions within the footsock-shoe system and the impact on comfort using a multi-factorial approach are
presented. Laboratory study 3 (Chapter 5) evaluates perceptions of foot thermal
comfort for two running shoes (different in terms of air permeability) in relation to
temporal and spatial characteristics of shoe microclimate. The role of the sock within
the foot-shoe system is then explored in laboratory studies 4 and 5 (Chapter 6 and 7).
The effect of sock fibre type (accounting for sock design/construction, mass and
thickness) and the impact of not wearing a sock on perceptions of foot thermal comfort
were assessed in relation to changes in shoe microclimate in laboratory study 4
(Chapter 6). Methods which could be used to explore consumer attitudes and the role
of textile parameters and preferences of running socks were considered in laboratory
study 5 (Chapter 7).
Finally, Part III - Evaluating the thermal performance of footwear addresses aims 2
and 3. In laboratory study 6 (Chapter 8), the use of a thermal foot manikin as a tool for
footwear evaluation and development was examined. The relationship between
thermal perception provided during human wear trials and thermal foot manikin
measurements of heat and vapour resistance for five running shoes varying in materials
and construction were investigated.
To conclude the thesis, Chapter 9 presents an overall discussion of the findings
reported within each part of the thesis. Guidance for the development of thermally
comfortable footwear is provided.
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Figure1.1
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CHAPTER 2: Literature Review
2.1 Human Temperature Regulation
2.1.1 Human heat balance
Humans are homoeothermic mammals able to regulate core body temperature around
37°C. With physical activity or exposure to different thermal environments, core body
temperature can range between 36-40°C (Parsons 2014). Deviations beyond the
normal range can prove fatal and so humans must be able to preserve core body
temperature in order to ensure optimal cellular and molecular function (Nakamura and
Morrison 2008). The processes of heat production and heat loss to the environment
can be expressed as a conceptual heat balance equation (Parsons 2014):
ܯെܹ ൌܧ
ܴܥܭܵ
Where;
M = rate of metabolic energy production (W.m-2)
W= rate of mechanical work (W.m-2)
E= rate of evaporative heat loss (W.m-2)
R= rate of radiative heat loss (W.m-2)
C= rate of convective heat loss (W.m-2)
K = rate of conductive heat loss (W.m-2)
S = rate of heat storage (W.m-2)
The amount of energy released by the body as heat is represented as the net difference
between the metabolic rate of the body and the mechanical work performed (M-W).
This value represents body heat production and is always positive. To balance heat
production, heat loss to the environment is achieved through evaporation (E), radiation
(R), convection (C) and conduction (K). When combined, body heat production and
heat loss to the environment provide a rate of heat storage (S). Heat balance is attained
when S = 0:
 ܯെܹ െܧെܴെܥെܭൌͲ
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If there is a net heat gain, core body temperature will increase due to positive heat
storage. If there is a net heat loss, core body temperature will fall due to negative heat
storage (Parsons 2014). A schematic representation of the pathways responsible for
heat exchange between the body and environment is shown in Figure 2.1. The heat
exchange pathways between the body and the environment depend on six basic
parameters. These include air temperature, radiant temperature, relative humidity, air
velocity, metabolic rate and clothing, all of which influence thermal balance (Havenith
1999a).

Figure 2.1 Pathways responsible for heat exchange between the body and environment
(M = metabolic energy production) (Havenith 1999a).

2.1.2 Thermoregulation
In order to achieve thermal balance, the human body responds to changes in body heat
production and the thermal environment through autonomic and behaviour
thermoregulatory mechanisms.
To defend body temperature from environmental challenges, thermally-sensitive
neurons (thermoreceptors) located peripherally in the skin and centrally in the viscera,
spinal cord and brain provide thermal afferent information to the pre-optic area (POA)
of the hypothalamus (Romanovsky 2007). The POA, considered to be the central
controller of temperature regulation, provides commands to peripheral thermoeffectors for the initiation of autonomic thermoregulatory responses. These include
changes to vasomotor tone (vasoconstriction and vasodilation), sudomotor activity
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(sweating) and in the activation of shivering and non-shivering thermogenesis
(Nakamura 2011).
Within models of human thermoregulation much debate surrounds the concept of core
body temperature maintenance around a set-point. According to the set-point model of
temperature regulation, core body temperature is compared with a reference
temperature (⁓37°C). When core body temperature deviates from the reference
temperature, a temperature error signal evokes peripheral thermo-effector responses.
However, studies have shown that peripheral thermo-effector responses (sweating and
shivering) are not immediately initiated upon deviation from a set-point value but
rather when core temperature rises above or below specific thresholds (Figure 2.2:
Mekjavić and Eiken 2006). The values of oesophageal temperature defined as
thresholds for the cessation of sweating (37.42 ± 0.29°C) and for the onset of shivering
thermogenesis (36.84 ± 0.38°C) indicate a zone of core body temperature absent of
any sweat or shivering response (Mekjavić et al. 1991). The magnitude of this zone is
0.58 ± 0.23°C (Mekjavić et al. 1991).

Figure 2.2 Schematic representation of core body temperature thresholds for shivering and
sweating, defined as the interthreshold zone or thermo-effector threshold zones (Mekjavić
and Eiken 2006).

When core body temperature rises, vasodilation of peripheral blood vessels increase
skin blood flow allowing heat dissipation by conduction, convection and radiation
(Parsons 2014). If insufficient heat loss can be achieved through adjustments in
vasomotor tone, sweating is stimulated in order to dissipate heat via evaporation
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(Parsons 2014). In comparison, when core body temperature decreases,
vasoconstriction of peripheral blood vessels reduces skin blood flow attaining heat
dissipation from the body by reducing heat loss via conduction, convection and
radiation. Shivering and non-shivering thermogenesis responses can also be activated
to increase heat production within the body (Parsons 2014). The range in which the
maintenance of core body temperature is solely achieved by changes in vasomotor tone
is defined as the thermoneutral zone. In humans this has been observed to range
between skin temperatures of 33 to 35°C (Savage and Brengelmann 1996). Both the
thermoneutral and inter-threshold zones may be modified by non-thermal factors,
altering the individual thresholds for vasomotor, sudomotor and metabolic responses
(Mekjavić and Eiken 2006).
Although autonomic thermoregulation is an important mechanism needed to preserve
thermal balance, autonomic mechanisms have finite capacity in preventing
hyper/hypothermic states with exposure to extreme environments (Flouris 2011).
Behavioural thermoregulation, defined as a conscious decision taken to maintain
thermal balance, is therefore the body’s most powerful and effective mechanism in
human temperature regulation (Flouris 2011). Because of this, a large body of research
exists in relation to human perception.

2.2 Human Perception
Human perception refers to the process of recognising (being aware of), organising
(gathering and storing) and interpreting (binding to knowledge) sensory information
(Schacter et al. 2011). Interpretation of the thermal environment is driven by the
activation of thermosensitive neurons which upon stimulation relay information to the
brain about the surrounding environment. This sensory information is interpreted
according to the level of stimulation but also in relation to our previous experiences or
knowledge of the stimulation. Human perception relating to the thermal environment
is therefore dependent upon the generation of thermal sensations. Research has
therefore focused on the mechanisms involved in this process.
2.2.1 Thermoreceptors
Thermosensitive neurons (thermoreceptors) located peripherally in the skin and
centrally at the viscera, spinal cord and brain play an important role in providing
afferent information relating to the temperature of thermal environment and/or objects
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in contact with the skin, in addition to the modulation of autonomic thermal responses
(Schepers and Ringkamp 2010).
It is well established that thermoreceptors located centrally are predominantly warm
sensitive i.e. their activity increases with an increase in temperature. As core body
temperature (~37°C) is closely positioned to the upper survival limit (≥40.5°C),
increases in core body temperature are more dangerous than equivalent drops
(Romanovsky 2007). Also as humans are endothermic animals, sensors for limited
heat gain have to be located inside the body (Romanovsky 2007). In comparison,
peripheral thermoreceptors located in the skin (epidermis) are predominately cold
sensitive. This seems plausible as the threat of cooling typically comes from the
environment. Warm sensitive thermoreceptors are located slightly deeper in the skin
(dermis) (Schepers and Ringkamp 2010). Importantly, peripheral thermoreceptors are
very responsive to changes in temperature but quickly adapt to stable temperatures
(Hensel 1982). This allows for rapid reactions to environmental changes without
changes in core body temperature.
As shown in Figure 2.3, cold sensitive afferent neurons exhibit ongoing activity at
temperatures between 10-42°C with decreases in skin temperature from 30-35°C
increasing activation. Cold sensitive afferent neurons are small-diameter myelinated
Aδ fibres conducting at < 30 m.s-1 (Hensel 1974). In comparison, warm sensitive
afferent neurons exhibit ongoing activity at temperatures between 30-40°C with
maximal activation at temperatures of 44-48°C. Warm sensitive afferent neurons are
unmyelinated C fibres, conducting at 0.5-2.0 m.s-1 (Hensel and Kenshalo 1969).

Figure 2.3 Average static discharge rates as a function of skin temperature for cold- and
warm-sensitive afferent neurons innervating the nasal region in cats (Romanovsky 2018
modified from Hensel and Kenshalo 1969).
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Located within the membranes of cold- and warm-sensitive afferent neurons are
specific thermosensitive molecular channels (Ni et al. 2006; Wechselberger et al.
2006). In total, 11 thermal transient receptor potential (thermoTRP) channels have
been identified (Figure 2.4: Romanovsky 2007, 2018). ThermoTRP channels, are
stimulated according to relatively narrow temperature thresholds which cumulatively
cover a wide range of temperatures from noxious cold (<15°C) to noxious heat (>42°C)
(Romanovsky 2007, 2018). ThermoTRP channels cover this temperature range in an
overlapping fashion with different sensitivities to temperature. These include cold
activated TRPA1 (member of the subfamily ankyrin) and TRPM8 (member of the
subfamily melastatin) and heat activated TRPV1-4 (members of the subfamily
vanilloid) and TRPM2, TRPM4 and TRPM5 (Romanovsky 2007, 2018).

Figure 2.4 Schematic representation of thermoTRP channel activation and temperature
thresholds (Romanovsky 2007, 2018).

2.2.2 Thermal sensation
The activation and firing rates of cold- and warm-sensitive neurons in relation to the
direction and magnitude of a temperature change ultimately influences the thermal
sensation experienced. Although a strong relationship between increasing/decreasing
skin temperatures and changes in thermal sensation have been reported (Gagge et al.
1967), thermal sensation has been shown to be affected by three factors.
The first factor relates to a condition referred to as spatial summation. Stevens et al.
(1974) reported that thermal sensations were relative to the surface area stimulated.
Indeed, submersion of the hand into water resulted in a greater sensation of warmth
compared to submersion of the fingertip into water of the same temperature (Weber
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1996). Thus, thermal stimulation of a larger skin surface area will result in greater
thermal sensations compared to thermal stimulation of a smaller skin surface area.
A second factor influencing thermal sensation, relates to transient environmental
exposures and the duration of exposure. It is widely accepted that both cold- and warmafferent neurons respond to an abrupt change in temperature with an overshoot in
impulse frequency followed by rapid fading in their activity (Hensel 1982;
Romanovsky 2018). Thermal sensation votes are therefore often exaggerated upon
initial exposure to a thermal environment or with application of a thermal stimulus
(Cabanac 1992; Ouzzahra et al. 2012).
The third factor influencing thermal sensation relates to dual neural stimulation of
mechanoreceptors and thermoreceptors with the manual application of thermal stimuli
onto the skin. Application of cold-dry stimuli to the skin under high pressure (10 kPa)
attenuated the sensation of cold compared to applications applied under lower pressure
(7 kPa) (Filingeri et al. 2014b), though both pressures are relatively high. Although it
is unknown whether smaller differences in application pressure influence thermal
sensation, the standardisation of pressure with application of thermal stimuli to the
skin is recommended.
As the location, density and distribution of thermoreceptors vary across the body
(Hensel 1981) research has been conducted to investigate regional variations in
thermal sensation in relation to cold and warm thermal stimuli. One method used to
assess regional variations in thermal sensation is threshold detection, also referred to
as method of limits. Threshold detection requires an individual to respond when they
perceive a temperature increase or decrease from a set baseline and has been reported
to be a reliable method for determining cutaneous temperature sensitivity (Jakovljević
and Mekjavić 2012). Utilising this method, sensitivity to cold has been reported to be
higher than sensitivity to warm (Golja et al. 2003). When investigated in relation to
sex-related differences, females have been reported to have lower warmth thresholds
at the hand and foot (Lautenbacher & Strian, 1991) and also lower cold thresholds at
the forearm compared to males (Golja et al. 2003). Although females typically have a
smaller body surface area than males which may have resulted in a larger number of
nerve fibres being stimulated, Lautenbacher & Strian, (1991) observed higher
sensitivity for females independent of body size.
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Magnitude estimation is an alternative technique used to assess regional variations in
thermal sensation. Participants are required to rate the intensity of a thermal sensation
for a given temperature. Application of a cold thermal stimulus to a number of body
regions in males revealed strong sensitivity to cold at the back, followed by the front
torso, limbs and face (Stevens 1979). More recently, regional differences in thermal
sensation across the body assessed via magnitude estimation have been conducted
through a body mapping approach. Assessment of thermal sensitivity to cold at 16
body sites in males using a fixed cold (20°C) stimulus confirmed Stevens (1979)
observations with coldest sensations reported at the lateral abdomen and lateral midback (Ouzzahra et al. 2012). In comparison, variations in thermal sensitivity using a
fixed warm (40°C) stimulus have been observed to be greatest at the head and the torso,
with lower values observed at the extremities (Gerrett et al. 2014, 2015). Females were
reported to be more sensitive to warmth than males (Gerrett et al. 2014). Interestingly,
Ouzzahra et al. (2012), Gerrett et al. (2014) and Gerrett et al. (2015) report attenuations
in thermal sensitivity to cold and warm stimuli with exercise. This attenuation is
associated with the activation of the endogenous opioid system during exercise in
which various peptides are released causing exercise induced analgesia (EIA)
(Beaumont and Hughes 1979).
2.2.3 Thermal comfort
Humans are typically driven to make behavioural thermoregulatory adjustments in
response to a deviation from a state of thermal comfort. Although comfort is a
recognisable thermal state, we possess no specific sense organ to identify it (Gagge et
al. 1967). Thermal comfort is therefore a difficult and complex feeling to define.
Thermal comfort is associated with a positive feeling; ‘a condition of mind which
expresses satisfaction with the surrounding environment’ (ASHRAE 1966). Yet
framing comfort as a positive feeling in the context of satisfaction creates two
problems. Firstly, the opposite of satisfaction, dissatisfaction can also occur in a state
of thermal comfort. For example, a person may feel comfortable but may be
dissatisfied with the environment due to the presence of a draught causing unwanted
cooling. Secondly, comfort could be associated with a neutral feeling in which a person
is unaware of any temperature sensation, with no parts of the body feeling too hot or
too cold (Clark and Edholm 1985). It could therefore be argued that a state of comfort
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does not exist in itself, but only appreciated through experiencing discomfort. From
this viewpoint, comfort could be defined as ‘the absence of discomfort’ (Herzberg
1972). Indeed, in the assessment of thermal comfort, it is often the level of discomfort
which is assessed and reported.
Early investigations attributed the perception of thermal comfort to changes in skin
temperature and therefore a function of the integration of afferent signals from
peripheral and central thermoreceptors (Hensel 1982). Skin temperatures below 29°C
and above 35°C were reported to cause disagreeable sensations (Winslow and
Herrington 1949). A skin temperature of 33°C was reported to correspond to a
comfortable sensation (Hardy 1961). However, as illustrated in Figure 2.5 a clear
distinction between thermal sensation and thermal comfort was identified by Gagge et
al. (1967). With whole body exposure to cold environments, skin temperature and
thermal sensation decreased together, yet the change in perception of comfort was
observed to be progressively slower. In comparison, with whole body exposure to
warm environments, skin temperature and thermal sensation increased together until
the onset of sweating, in which case skin temperature stabilised and no further
increases in thermal sensation were observed. Despite this, thermal discomfort
reported by participants continued to increase. In cold conditions, thermal discomfort
was attributed to changes in skin temperature however in warm conditions, thermal
discomfort was associated with skin wettedness rather than changes in skin
temperature (Gagge et al. 1967).

Figure 2.5 Thermal comfort and thermal sensation as a function of mean skin temperature
(Gagge et al. 1967, adapted version from Parsons 2014).
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The perception of thermal comfort is therefore currently considered to be the
integration of thermal sensations derived from stimulation of peripheral and central
thermoreceptors (Hensel 1982) with an individual’s previous personal experiences and
learned responses (Morrison and Nakamura 2011). Consequently, thermal sensation
and thermal discomfort are often assessed separately using different perceptual scales.
2.2.3.1 Fanger¶
s Predicted Mean Vote
One model commonly used to evaluate thermal comfort is Fanger’s Predicted Mean
Vote (PMV) (Fanger 1970, 1973; ISO 7730 2005). Fanger’s objective was to devise a
simple thermal comfort index which incorporated the six basic parameters and defined
comfort in the context of the physiology of the person opposed to the context of the
environment a person was in, i.e. an individual sensing changes in skin temperature
rather than changes in air temperature.
In devising the thermal comfort index, Fanger continued working in a similar vein to
Gagge et al. (1967, 1969) assessing mean skin temperature and sweating at various
metabolic rates and clothing conditions. Thus, information relating to environmental
and personal variables can be combined to provide optimal thermal comfort.
Fanger set out three conditions for a person to be in thermal comfort (Fanger 1970):
1. The body is in heat balance
2. The sweat rate is within comfort limits
3. The mean skin temperature is within comfort limits
Although the body can maintain heat balance via autonomic thermoregulatory
responses with exposure to a wide range of environmental conditions, thermal comfort
occupies only a small part of this range. For example, an individual in a warm
environment may have a heat storage of zero but may experience discomfort due to a
high mean skin temperature and a high sweat rate. Increased load on thermoregulatory
responses therefore cause deviations from comfort. Thermal sensations experienced
are therefore the function of thermal load and activity level.
To establish the relationships between sensation votes and physiological strain, data
from Nevins (1966), Fanger (1970) and McNall (1968) (cited in Fanger 1973) was
used to provide an equation for the PMV. The PMV index predicts the mean value of
the votes given by a large group of people exposed to a given environment on the

CHAPTER 2: Literature Review

Page | 14

ASHRAE 7 point thermal sensation scale (Figure 2.6: ASHRAE 1966). Thermal
sensation ratings between slightly warm (+1) and slightly cool (-1) are considered to
be within the comfort zone. Thus, discomfort is defined as any other vote other than 1, 0 or +1.

Figure 2.6 Seven point thermal sensation scale (ASHRAE 1966).

As individual votes are scattered around the mean value, the percentage of people
dissatisfied (PPD) index established the percentage of people who are likely to
complain in a given environment. The PPD can be obtained from PMV (Figure 2.7).
Although Fanger’s PMV is only generally applicable to uniform, steady state thermal
environments, due to its simplicity and validations, this model is widely accepted and
used today. However, it is important to consider that Fanger’s model provides two
outputs, PMV (according to thermal sensation votes) and PPD – neither mention
comfort. Instead PMV and PPD are used as surrogates to infer comfort.

Figure 2.7 The predicted percentage of dissatisfied persons as a function of the predicted
mean vote index (Fanger 1973, adapted verson from Parsons 2014).
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2.2.3.2 The University of California Berkeley Comfort Model
More recently, research has been conducted to explore thermal sensation and comfort
in asymmetric conditions (when some areas of the body are exposed to different
conditions than others) and in transient conditions (movement from one environment
to another). Currently, The University of California Berkeley Comfort Model (UCB
Model) is the only model which (1) predicts local sensation and local comfort for
individual body regions and (2) integrates local sensation and comfort to determine
whole body thermal sensation and comfort (Zhang et al. 2010a, b, c).
Prediction of local sensation and local comfort
According to the model, local thermal sensation of a body region is determined by
local skin temperature and mean skin temperature (Zhang et al. 2010a). This is based
upon the observation that local sensation is well correlated with local skin temperature
and that local sensation is influenced by the overall body thermal state. For example,
if a body region is warmer than the rest of the body, the local sensation will be
relatively warmer than it would be if the rest of the body were warmer. In transient
conditions, the derivates of local skin and core temperature are included.
The calculation of the local thermal comfort of a body region is based upon the local
sensation of that body region and whole body sensation (Zhang et al. 2010c). When
the body is warm, a cool local sensation is perceived as more comfortable than if the
overall body was neutral or cool. When the body is cool, a warm local sensation is
perceived as more comfortable than if the overall body was neutral or warm. This
response is defined by Cabanac (1971) as thermal alliesthesia, coming from esthesia
(meaning sensation) and allios (meaning changed). Thus, the magnitude of comfort
increases when a thermal stimulus removes or alleviates discomfort (Cabanac 1971).
Prediction of whole body thermal sensation and whole body thermal comfort
Whole body thermal sensation is modelled as a weighted average of local sensation,
with some body parts such as the chest and back having larger weightings than other
body parts such as the hands and feet (Zhang et al. 2010b). This is based upon
differences in size and thermal sensitivities. In comparison, whole body thermal
comfort is complaint driven and is based upon the average of the two minimum local
comfort votes. However, if an individual has some control over their thermal
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environment or the thermal conditions are transient, overall comfort is based upon the
average of the two minimum votes and the maximum comfort vote.
Today, the work of Zhang et al. (2010a) is widely used in the prediction of both local
and overall thermal sensation and thermal comfort. However, inconsistencies between
individual publications (Arens et al. 2006a, b; Zhang et al. 2010b) make it difficult to
clarify the specific nature of the experiments. Furthermore, the authors do not report
mean data. Instead, data from individual participants or details relating to the patterns
or trends in data are provided. Therefore, the specific details pertaining to the
relationships reported between skin temperature and thermal sensations are unclear.
2.2.3.3 Thermal comfort zones
Studies investigating thermal comfort and models for the prediction of thermal comfort
as discussed above are based upon subjective ratings derived from rating scales. It has
been argued that these studies do not monitor actions taken to re-establish thermal
comfort, minimise/eliminate thermal discomfort or defend against changes in core
body temperature (Ciuha and Mekjavić 2016, 2017). Instead, the rating of thermal
comfort provided in these studies corresponds to behavioural actions which would
have been undertaken if individuals had of been able to.
Recently, an alternative approach has been applied to the study of thermal comfort in
which participants regulate the temperature of a water-perfused suit so that the
temperature is maintained within a thermally comfortable zone. In developing the
method for the evaluation of behavioural thermoregulation (Yogev and Mekjavić 2007)
on one occasion, the water supplied to the suit increased from 27°C to 42°C and back
to 27°C at a rate of 1.2°C.min-1. Participants were required to indicate the moment they
perceived a temperature change from comfortable to slightly uncomfortable. On a
separate occasion, participants were able to control the temperature of the water
supplied to the suit. The water was held at 33°C with participants informed that in
absence of regulation, the water temperature would change from and vary between
temperatures of 10-50°C. The protocol developed allowed for the identification of
warm and cold discomfort in a reproduceable manner and a good correlation was
reported between the perception of discomfort and the initiation of a behavioural
response (Yogev and Mekjavić 2007).
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Subsequently, the method was applied to examine whether regional differences exist
in the perception of thermal comfort (Ciuha and Mekjavić 2016, 2017). Higher local
skin temperatures were preferred at the arms (35.4 ± 2.1°C) compared to other regions
(legs: 34.4 ± 5.4 °C, front torso: 34.6 ± 2.8 °C, back torso: 34.3 ± 6.6 °C) (Ciuha and
Mekjavić 2016). Despite this no regional differences in thermal comfort zones were
observed. Overall it was concluded that thermal comfort of different body regions and
the whole body is not achieved at a single skin temperature, but at a range of
temperatures (Ciuha and Mekjavić 2016).
2.2.4 Skin wetness perception
When exposed to warm environments or during physical activity, the production and
subsequent evaporation of sweat provides an extremely effective cooling mechanism
which is crucial to maintaining heat balance (Gagge 1937). Although this mechanism
maintains skin temperature and thermal sensation at favourable levels, over time,
thermal discomfort has been shown to increase (Gagge et al. 1967). The increase in
discomfort has been attributed to the amount of moisture on the skin, namely skin
wettedness. Skin wettedness is expressed as a decimal fraction, with 1.00 representing
the maximum value and 0.06 the minimal value. A skin wettedness lower than 0.3 is
recognised as the thermal comfort limit (Gagge 1937). Although skin wettedness has
been shown to play a significant role in the onset of thermal and clothing discomfort
(Fukazawa and Havenith 2009; Raccuglia et al. 2017b, 2018), few studies have
investigated how the level of sweat-induced skin wetness relates to the level of
perceived skin wetness (Fukazawa and Havenith 2009; Lee et al. 2011; Gerrett et al.
2013).
Fukazawa and Havenith (2009) investigated thermal comfort limits for different body
regions (chest, back, arms and thighs) by manipulating skin wettedness at these regions
using specialised clothing garments comprised of impermeable and permeable
material. Although regional variations in skin wettedness were present (higher
sensitivity to wetness reported at the arms and thighs compared to the chest and back),
whole body skin wettedness was 0.36 and so regional differences in wettedness did
not affect whole body thermal comfort (Fukazawa and Havenith 2009). However, it is
important to consider that sweat production within this investigation was artificially
manipulated through clothing design and so may not represent regional variations in
thermal comfort according to regional variations in sweat production which exist with
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exercise (Kuno 1956; Smith and Havenith 2011). To address this, Lee et al. (2011)
used uniform clothing ensembles to predict local skin wetness from local subjective
perceptions. Perceptions of wetness were reported to be greatest at the chest, forehead
and upper back, areas which are known to produce large volumes of sweat (Kuno 1956;
Smith and Havenith 2011). These findings were supported by Gerrett et al. (2013) who
reported that the degree of local wettedness and local discomfort experienced is related
to the amount of sweat produced within and around the skin. Practically, it would
therefore seem logical to increase ventilation in regions of high sweat production to
improve evaporative heat loss, minimise skin wettedness and reduce thermal
discomfort. However, as Lee et al. (2011) evaluated skin wetness as a yes/no (wet/not
wet) variable, an improved method to quantify the degree of wetness per area using
subjective scales may be beneficial, particularly when assessing wetness perception
across body regions.
Unlike the sensation of temperature which is achieved through stimulation of
thermoreceptors, there is no evidence to suggest we have hygroreceptors to provide
sensations of wetness. Bentley (1900) conducted the first experiment in the perception
of wetness. Participants were required to dip a sheath-covered finger into warm,
lukewarm and cold water whilst blindfolded. Despite no actual contact with the water,
participants experienced perceptions of wetness which were stronger when the water
was cold. Bentley (1900) suggested the blend of light pressure and coldness was
responsible for evoking the perception of wetness.
Since then, a number of studies have attempted to indicate which sensory inputs
(thermal or tactile) contribute to skin wetness (Fukazawa and Havenith 2009; Ackerley
et al. 2012; Bergmann Tiest et al. 2012; Filingeri et al. 2013, 2014a; Gerrett et al. 2013;
Raccuglia et al. 2017b). Using a tactile stimulator which applied a moving wet
stimulus over different regions of the body, female participants were able to
differentiate between four different levels of fabric wetness (Ackerley et al. 2012).
Although no local recordings of skin temperature or thermal sensations were taken, it
was concluded that differences in wetness perception level were due to differences in
residual water left on the skin. The residual water would have evaporated at slightly
different rates, inducing colder thermal sensations and wetter perceptions. The
response of cold thermoreceptors to drops in skin temperature, like those which occur
during the evaporation of sweat from the skin were further investigated by Filingeri et
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al. (2013). Filingeri et al. (2013) reported local cold-dry stimuli produced a decrease
in skin temperature, creating an illusion of skin wetness. The rate of heat transfer from
the skin is therefore important in perceiving a cold stimulus as wet.
A decrease in skin temperature however is insufficient in explaining wetness
perception with exposure to warm-humid environments or contact with warm water
(Gerrett et al. 2013). Interactions between moisture and the skin through tactile and
mechanical inputs may therefore also play an important role in the ability to sense
wetness (Gerrett et al. 2013). Bergmann Tiest et al. (2012) provided evidence for the
role of tactile inputs in the perception of wetness. Two methods of touch were
investigated; static touching (participants were able to press down lightly on the wet
stimuli) and dynamic touching (participants were allowed to pick up and manipulate
the wet stimuli). Results indicated that mechanical cues (stickiness resulting from the
adhesion of a wet material to the skin) aided them in the perception of wetness.
Filingeri et al. (2014) confirmed these findings reporting dynamic interaction with
stimuli increased wetness perception regardless of the thermal inputs available.
Overall it was concluded that participants primarily relied on cold and tactile
sensations to sense and characterise their perception of skin wetness (Filingeri et al.
2014a).
In order to explain how wetness is sensed in humans, Filingeri et al. (2014a) developed
and proposed a neurophysiological model. This model weighs thermal and
mechanosensory inputs in relation to the nature of a stimulus (i.e. dry or wet; warm,
neutral or cold; static or dynamic movement). For the conditions of warm wetness,
coldness will have little contribution on the sensory pathway for wetness (Filingeri et
al. 2013). Warm wetness sensations will therefore be more dependent upon tactile and
mechanical inputs such as skin friction and stickiness (Filingeri et al. 2014a).
Perception of cold wetness on the other hand will be driven by thermally cold inputs
during static contact, but will also depend on mechanical inputs during dynamic
movement (Filingeri et al. 2014a).
It is important to consider however that investigations so far have mainly focused on
very local skin wetness perceptions evoked by static or dynamic applications of
thermal and pre-wetted stimuli (Filingeri et al. 2013, 2015b; Raccuglia et al. 2017b).
Perceptions of wetness evoked during conditions of sweat-induced skin wetness rather
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than externally applied wetness may be dependent more on mechanosensory inputs
rather than thermal inputs (Raccuglia et al. 2018).

2.3 The Human Foot
The human foot contains 26 bones and can be divided into three segments: the tarsus,
metatarsal and phalanges (Figure 2.8). The tarsus bones occupy the proximal half of
the foot and have a role in supporting and distributing body weight (Standring 2008).
The five metatarsal bones lie in the middle of the foot, connecting the tarsus and
phalanges. Except for the first and fifth metatarsals, they longitudinally convex
dorsally, shaping the transverse arch (Standring 2008). The phalanges occupy the
distal half of the foot. The rough tuberosity on the plantar aspect of the distal end of
each phalange supports the pulp of the toe and provides a weight bearing area
(Standring 2008).

Figure 2.8 Bones of the human foot (right foot, dorsal surface).

The main arteries of the foot are the dorsalis pedis artery and posterior tibial artery
(Standring 2008). The veins are located in close proximity to the arteries aiding counter
current heat exchange and also form the plantar venous plexus which is important for
venous return in the lower leg (Corley et al. 2010). Rapid changes in skin blood flow
at the foot are achieved through the presence of cutaneous arteriovenous anastomoses
(AVA). AVA form a direct connection between the arterial and venous system,
partially or completely excluding the capillary bed from the circulation (Standring
2008). As the diameters of AVA are around 20 times larger than that of capillaries, the
volume of blood through an AVA with an average diameter of 40 µm is 256 times
greater than that for a capillary of similar length (Clark 1938). AVA play an important
role in heat exchange processes at the foot.
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2.4 Temperature Regulation at the Foot
The human foot is morphologically and physiologically well suited for the dissipation
or conservation of heat (Table 2.1; Adapted from Taylor et al. 2014). Assuming the
average adult male and average adult women are 79.1 kg, 1.72 m and 66.3 kg, 1.60 m
respectively, the surface area to mass ratio of the foot is 2.9 and 3.2 times greater than
that of the body. The surface area of the foot therefore represents 7.4% and 7.1% of
total body surface area for males and females, respectively.
Table 2.1 Morphological characteristics and typical tissue compositions of the foot for an
average adult man (79.1 kg, 1.72 m) and woman (66.2 kg, 1.60 m). Adapted from Taylor et al.
(2014).
Morphological Characteristics

Male

Female

Mass (kg)

1.032

0.720

Surface area (m )

0.071

0.060

Surface area to mass ratio (m²kg-1)

0.069

0.084

Volume (mL)

860.0

705.2

Bone mass (kg)

0.296

0.226

Muscle mass (kg)

0.227

0.148

Skin mass (kg)

0.206

0.144

Thermoneutral blood volume (mL)

24.0

20.0

Other soft tissue mass (kg)

0.268

0.187

2

2.4.1 Heat transfer
Little metabolic heat is generated at the feet due to their small muscle mass (Howard
and Oakley 1984). The feet therefore rely greatly upon heat input by blood circulation
from the body core. With physical activity or exposure to warm conditions the heat
supplied by the blood can reach over 30 W (Howard and Oakley 1984). With cold
exposure, blood flow is dramatically reduced and may fall below 3 W.
Heat loss from the foot occurs by radiation, conduction, convection and evaporation.
Conduction is the main mode of heat loss as the feet are often the only body part in
prolonged contact with surfaces (Kuklane et al. 1999). In the cold, this can be
problematic as cold toes may warm up during exercise, but cool rapidly with exercise
cessation (Kuklane et al. 1998). During heat exposure and/or physical activity, heat
loss through conduction is beneficial. Heat loss by convection and radiation are
increased if the surface temperature of the foot is higher than the ambient temperature.
Evaporative heat loss is increased with sweat production and a low environmental
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vapour pressure gradient. Pathways responsible for heat exchange between the foot
and environment are illustrated in Figure 2.9.

Figure 2.9 Pathways responsible for heat exchange between the foot and the environment.

2.4.2 Vasomotor characteristics
Contemporary techniques used to measure blood flow are often ill-suited to whole
segment flows, especially at the feet. Water-displacement venous-occlusion
plethysmography (plethysmography) is a notable exception. The use of
plethysmography was first applied by Hewlett and Van Zwaluwenburg (1909) to
determine segmental blood volume changes of the forearm. Plethysmography assumes
changes in segmental blood volume represent cutaneous vasomotor responses and that
muscle blood flow remains stable during local manipulation of skin temperature at rest.
The technique has since been used to determine segmental blood volume changes for
the foot during local heating (43-44°C) and local cooling (14-20°C).
Under thermoneutral conditions, plethysmography was used to measure blood flow of
the foot in healthy individuals at two local temperatures: 43°C and 17-20°C (Kunkel
and Stead 1938). At 43°C, average maximal blood flow was 17.1 mL 100mL-1 min-1.
At 17-20°C, average maximal blood flow was reported to be 0.2 mL 100mL-1 min-1.
Further characterisation of foot blood flows using plethysmography were later
performed by Allwood and Burry (1954) in relation to several temperatures. A typical
pattern of foot blood flow across the range of local temperature manipulations for one
participant is shown in Figure 2.10. At local temperature manipulations of 29°C and
below, foot blood flow fell steadily, either remaining at a low value or returning to the
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original value. At 32°C, no consistent trend in blood flow was observed. Blood flow
either remained constant or slightly increased or decreased. At local temperature
manipulations of 35-41°C foot blood flow increased. The rate of increase was steeper
at higher local temperatures until a peak was reached, after which there was a die away.
At 44°C the existence of a die away was doubtful. Allwood and Burry (1954) also
assessed day-to-day variation in foot blood flow for the same participant at the same
local temperature manipulation of 32°C. Foot blood flow was not constant from one
experiment to the next in the same subject.

Figure 2.10 Foot blood flow response to four local temperature manipulations measured
using plethysmography. Each point represents the average blood flow over 5 min (Allwood
and Burry 1954).

More recently, these observations have been confirmed by Caldwell and Taylor (2014)
who also adopted the plethysmography technique. In thermoneutral conditions, for
resting males, foot blood flow was reported as approximately 2.81 mL 100mL-1 min-1
(Caldwell and Taylor 2014). Foot blood flow decreased steadily at local temperatures
of 25°C and increased significantly when locally heated above 25°C. These dramatic
changes in cutaneous blood flow were related to the presence of AVA, reducing or
enhancing heat exchange with the external environment (Caldwell and Taylor 2014).
Taken together, the observations reported by Allwood and Burry (1954) and Caldwell
and Taylor (2014) highlight the variability of the foot blood flow response day-to-day
and in response to various local temperature manipulations.
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It is evident that in thermoneutral conditions, local thermal manipulations have a
powerful influence on the cutaneous blood flow at the foot (Kunkel and Stead 1938;
Allwood and Burry 1954; Caldwell and Taylor 2014). However, these local thermal
influences can neither abolish nor dominate central autonomic drive. Thermoreceptor
feedback evaluated by the hypothalamus that arise from the deep body tissues exert
the most powerful influence upon cutaneous blood vasomotor function (Wyss et al.
1974; Jessen 2011).
In thermoneutral conditions, foot blood flow is dictated by vasoconstrictor tone with
minimal active dilation. It is often in thermoneutral conditions that foot blood flow is
most variable. This is because subtle changes in cutaneous blood flow through
vasomotor and venomotor tone can achieve thermal homeostasis (Mekjavić and Eiken
2006). During whole body cooling, strong vasoconstriction reduces arterial blood flow
to the feet. Simultaneously, cutaneous venoconstriction drives blood volume back to
the deep body tissues. This combination causes the AVA to close and strong
constriction of the venous plexuses, directing blood into the deeper and better insulated
vessels via countercurrent heat exchange. These vasomotor responses influence the
temperature gradient established along the skin surface (Werner and Reents 1980) and
also through cutaneous cross sections forming a protective barrier (Webb 1992).
During whole body heating, the vessels in the plantar surface of the foot passively
dilate and the AVA open to allow blood flow to the venous plexus. On the dorsal foot
surface, active vasodilation is initiated increasing cutaneous blood flow beyond that
which would be achieved for vasoconstrictor tone withdrawal. Active vasodilation is
responsible for 80 to 95% of cutaneous blood flow in glabrous skin (Johnson and
Proppe 1996).
Recent investigations have assessed foot blood flows across a range of whole body
thermal states (Caldwell et al. 2014). Using a water-perfused suit, core body
temperature was clamped to induced mild hypothermia, normothermia and moderate
hyperthermia (oesophageal temperatures: 36.1°C, 37°C and 38.5°C, respectively).
Five local thermal treatments were then applied to the feet under resting conditions via
water-displacement plethysmography (15 min: 5°C, 15°C, 25°C, 33°C and 40°C). As
shown in Table 2.2, during the hypothermic clamp, the foot resisted vasodilation, so
that even when locally heated to 40°C, blood flow barely rose above those observed
when normothermic individuals were locally cooled to 5°C. A comparison between
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the normothermic and hyperthermic clamps revealed an increase in foot blood flow of
2.6 mL 100mL-1 min-1 for every 1°C increase in mean body temperature indicating an
approximately threefold increase in thermosensitiviy with moderate hyperthermia
relative to normothermia. During the hyperthermic clamp, cutaneous vascular dilations
were sustained even with the application of local skin cooling. These observations
highlight the ability of the feet to both resist and support heat loss and reinforce the
dominance of central thermal feedback in the control of foot blood flow (Caldwell et
al. 2014).
Table 2.2 Mean (±SD) foot blood flows measured using water-displacement plethysmography
under three clamped core body temperatures (mild hypothermia, normothermia and moderate
hypothermia) after which five local skin temperature treatments were applied to the feet.
Adapted from Caldwell et al. (2014).
Absolute foot blood flow (mL min-1)
Normothermia

5

Mild
hypothermia
3.6 (1.1)

15.0 (3.7)

Moderate
hyperthermia
32.0 (6.7)

15

4.4 (1.2)

10.2 (3.0)

32.8 (7.7)

25

7.8 (2.0)

16.3 (2.9)

43.8 (7.3)

33

8.5 (1.6)

20.8 (3.6)

66.4 (11.4)

40

15.8 (2.5)

32.8 (5.0)

91.2 (12.4)

Skin treatment (°C)

2.4.3 Sudomotor characteristics
2.4.3.1 Transepidermal water loss
Transepidermal water loss (also known as insensible perspiration) accounts for
approximately one-fifth of the average daily heat loss from the body (Kuno 1956).
Transepidermal water loss is not associated with autonomic activation of sweat glands
and instead relates to water lost from the cutaneous surfaces. This occurs as a result of
water vapour diffusion. Vapour diffuses through the epidermis, down the vapour
pressure gradient within the stratum corneum and into the external boundary layer of
air (Scheuplein and Blank 1971). Transepidermal water loss is not uniform over the
body surface. For an individual with a surface area of 1.8 m2, the areas of the head and
neck experience intermediate daily vapour losses of 40-75 g.h-1 (Kuno 1956). The
remaining body site vapour losses are fairly uniform ranging between 15 and 60 g.h-1
(Kuno 1956). The hands and feet however can lose between 80-160 g.h-1 and 50-150
g.h-1, respectively (Taylor and Machado-Moreira 2013). It is evident therefore that the
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hands and feet lose more vapour through transepidermal water loss than any other body
segment (Taylor and Machado-Moreira 2013).
2.4.3.2 Eccrine sweat gland distribution
Eccrine sweat glands are arranged linearly along the cutaneous ridges of the plantar
surface of the foot and along the intersections of the skin creases across the dorsal
surface (Kuno 1956). Higher sweat gland densities have been reported for the plantar
foot surface. The distribution of sweat glands across the foot surface is summarised in
Table 2.3.
Table 2.3 The distribution of physiologically active eccrine sweat glands (glands cm-²) across
the foot surface. Adapted from Taylor et al. (2014).
Location
Toe (volar: distal phalanx)
Foot (plantar surface)
Foot (dorsal surface)

Gland density
526
467
119 (± 41)

Data sets
2
2
9

2.4.3.3 Foot sweat rate and distribution
Temporal and spatial characteristics of foot sweat secretion were first documented by
Taylor et al. (2006). Measuring foot sweat rates at five sites on the nude left foot using
ventilated sweat capsules (Figure 2.11) participants were required to perform onelegged, incremental cycling (due to difficulties in applying capsules inside footwear,
and the difficulty in keeping capsule connection tubing in place during movement) in
a heated climate controlled chamber (36°C, 60% relative humidity) while wearing a
whole body, water-perfused suit, perfused with water at 46°C.

Figure 2.11 Position of ventilated sweat capsules across the foot (Taylor et al. 2006).
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The protocol employed in Taylor et al. (2006) was later applied to investigate foot
sweat rates at 11 foot sites (Figure 2.12b) (Smith et al. 2013). In this same study (Smith
et al. 2013), foot sweat distribution was reported for six regions using the technical
absorbent method during low (50% VO2max) and high (70% VO2max) intensity running
(Figure 2.12a). The technical absorbent method has previously been used to assess foot
sweat distribution at six foot zones during loaded, uphill walking (Fogarty et al. 2007).
As the method allows for measurements within the shoe, the data under these
conditions may be closer to the real life situation. The foot sweat data reported by
Smith et al. (2013) provide the most current and advanced dataset on foot sweat
distribution.

Figure 2.12 (a) Location of technical absorbent pads on the foot surface and (b) positions
of ventilated sweat capsules across the foot (Smith et al. 2013). Site codes a: 1 – medial
ankle; 2 - lateral ankle; 3 – plantar toes; 4 – plantar sole; 5 – heel; 6 – dorsal foot. Site
codes b: 1 – dorsal foot 1; 2 – dorsal foot 2; 3 – lateral foot 1 (anterior); 4 – lateral foot 2
(posterior); 5 – dorsal toe; 6 – plantar toe; 7 – medial foot 1 (anterior); 8 – medial foot 2
(posterior); 9 – sole 1; 10 – sole 2 (centre); 11 – sole 3; 12 – forehead.

Foot sweat secretion assessed using ventilated sweat capsules during one-legged
incremental cycling in hot conditions was reported to be 27-30 g.hr-1 (Taylor et al.
2006; Smith et al. 2013). When assessed using the technical absorbent method during
low and high intensity running when wearing footwear, the foot was estimated to
secrete between 23 and 32 g.h-1 (Smith et al. 2013). These data show good agreement
despite differences in exercise modes and sweat collection methods.
To add to this, investigations of foot sweat rates consistently report a non-uniform
distribution of sweat across the foot surface with sweat rates being greatest from the
dorsal surface compared to the plantar surface (~70% versus ~30%, respectively)
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(Taylor et al. 2006; Fogarty et al. 2007; Smith et al. 2013). Considering, sweat gland
densities are reportedly greater on the plantar surface in comparison to the dorsal
surface (Table 2.3) foot sweat rates must be associated with the number of active sweat
glands and sweat output per gland (Smith and Havenith 2011, 2012).
Finally, it has been observed that when the passive foot is nude, foot sweat rates
progressively increase with both increased exercise load performed by the other foot
and with the level of heat strain (Taylor et al. 2006; Smith et al. 2013). However, when
footwear is worn, despite an increased exercise load, foot sweat rates are suppressed
(Fogarty et al. 2007; Smith et al. 2013). This observation has been suggested to be the
effect of hidromeiosis (skin swelling due to excessive hydration, closing the sweat
ducts). Hidromeiosis occurs when the maximum capacity to evaporate sweat is
reduced due to a high ambient water vapour pressure. Therefore if the maximum
evaporative capacity is low due to high in-shoe microclimate water vapour pressure,
hidromeiosis will be greater, while non-existent if all secreted sweat is evaporated
(Kerslake 1972; Candas et al. 1980). As these observations on covered and nude feet
are for test protocols differing in environmental conditions, heating techniques and
exercise modalities, no definitive conclusion can be drawn.
2.4.3.4 Psychogenic sweating
The secretion of sweat not only occurs in response to thermal stress or with physical
activity but also in response to non-thermal (psychological) stress such as mental and
emotional states. Until recently, it was the consensus that thermal and psychological
sweating were driven by two discrete, yet possibly interactive nervous system centres;
one for the control of thermal sweating from hairy skin and the other for modulating
psychogenic sweating from glabrous skin surfaces such as the palms of the hands and
soles of the feet (List and Peet 1938; Chalmers and Keele 1952; Kuno 1956). This
view however has been challenged with evidence suggesting that psychological
sweating is a whole body phenomenon (Machado-Moreira & Taylor, 2012a, MachadoMoreira & Taylor 2012b).
In thermoneutral conditions (26°C, 50% RH) participants were challenged to perform
10 min of mental arithmetic to stimulate psychogenic sweating (Machado-Moreira and
Taylor 2012a). Sweat secretion was measured from four glabrous skin surfaces and
five hairy skin surfaces across the hand and foot using ventilated sweat capsules.
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Sweating in response to the cognitive challenge was observed at three glabrous skin
sites and at two hairy skin sites, thus refuting the proposition that psychological
sweating is restricted to glabrous skin surfaces.
The psychogenic sweat response has also been reported to be more pronounced at both
glabrous and hairy skin surfaces following a period of passive heating in which steady
state sweating is already established (Machado-Moreira and Taylor 2012b). MachadoMoreira and Taylor (2012b) reported increased sweat secretion at 38 measurement
sites across the head, torso, arm, forearm, thigh, leg, hand and foot in response to a
cognitive challenge (mental arithmetic) and painful stimuli. Although no consistent
differences in sweat rate between skin types were observed, the most responsive body
segments during the cognitive challenge and painful stimuli were the torso, the hand
and the foot (Machado-Moreira and Taylor 2012b). The sudomotor responses for the
foot are illustrated in Figure 2.13.

Figure 2.13 Sudomotor responses from glabrous (plantar) and hairy (dorsal) skin surfaces
of the foot, before and during a cognitive challenge (panel a) and a painful stimulus (panel
b). Shaded bars in the lower panels define the stimulation periods (Machado-Moreira and
Taylor 2012b).

Machado-Moreira and Taylor (2012b) also assessed whether regional variations in
psychological sweating might reflect the distribution of thermal sweating. Comparison
of the psychological and pain-induced sweat responses at the foot with thermal sweat
data collected using identical passive heating methods (Taylor et al. 2006, MachadoMoreira et al. 2008a,b,c, Smith et al. 2011) indicated rank order correlations of 0.83
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for cognitive stimulation and 0.89 for pain-induced sweating. Variations in the
regional distribution of sweating following non-thermal stimuli could therefore be
explained on the basis of the distribution of thermal sweating.

2.5 Perception at the Foot
2.5.1 Foot thermoreceptors
As discussed in section 2.2, the location, density and distribution of thermoreceptors
vary across the body surface (Hensel 1981). Across the foot, a higher density of coldsensitive spots has been reported for the dorsal surface compared to the plantar foot
surface (5.6 cold-sensitive spots per cm-2 vs 3.4 spots per cm-2). Warm-sensitive spots
have been reported to be more evenly distributed across dorsal and plantar foot regions
(0.4-1.7 spots per cm-2) (Zotterman 1959). Consequently, it has been proposed that the
hairy skin of the feet may play an important and specific thermosensory role compared
to glabrous skin.
2.5.2 Foot thermal sensation
Regional differences in thermal sensation (assessed using magnitude estimation) have
been observed across the body (Stevens 1979; Ouzzahra et al. 2012; Gerrett et al. 2014,
2015). Until recently, thermal sensitivity of the foot had only been characterised at the
central part of the sole and at the big toe using threshold detection (Stevens and Choo
1998) and had been excluded from whole body thermal sensitivity assessments
(Ouzzahra et al. 2012; Gerrett et al. 2014, 2015).
Thermosensitivity mapping (using magnitude estimation) across 54 foot locations at
rest, in thermoneutral conditions provide our most detailed insight to date into
peripheral and central mechanisms of thermosensory integration (Filingeri et al. 2018).
Results from the study indicated that warm and cold sensitivity varied by 5-fold across
glabrous and hairy skin with thermal sensitivity exhibiting a proximal-to-distal
decrease i.e. the sole and dorsal being more sensitive than the toes. Considering
peripheral innervation is greater at the dorsal foot region (hairy skin) compared to the
plantar foot region (glabrous skin) (Zotterman 1959), and considering hairy skin
covers most of the body, the greater thermal sensitivity observed across hairy skin may
help to adjust thermoregulatory behaviour promptly in response to thermal stress. Also,
the thicker stratum corneum of glabrous skin may provide greater thermal insulation
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over the thermoreceptors resulting in lower thermal sensitivity during short contact
heating and/or cooling (McGlone and Reilly 2010).
Filingeri et al. (2018) also reported the presence of small differences in thermal
sensitivity between males and females matched for body surface area, with these
differences constrained to glabrous skin only. Within the literature, thermal sensitivity
is either reported to be higher (Gerrett et al. 2014, 2015) or not different (Stevens and
Choo 1998) for females in comparison to males. Differences in body surface area vary
between males and females which could result in differences in the number of nerve
fibres stimulated and the level of stimulation (Stevens et al. 1974). However,
Lautenbacher & Strian, (1991) previously reported higher sensitivity to warm
thresholds in females compared to males at the hand and foot. These differences could
not be explained by differences in body surface area. Inoue et al. (2016) also provided
evidence for greater sensitivity in females than males at the hand when both sexes
presented similar body surface areas. The small differences in thermal sensitivity at
the foot reported by Filingeri et al. (2018) for body matched males and females provide
further support for sex-related differences in thermal sensitivity independent of body
surface area.
While Filingeri et al. (2018) provides a comprehensive assessment of foot thermal
sensitivity at rest, the magnitude estimation protocol utilised clamped local skin
temperature to 31°C via a stabilisation period of skin-probe contact before delivering
the thermal stimulus (± 5°C) and asking for a sensation rating after 5s from delivery.
They defined thermal sensitivity as the absolute thermal sensation vote divided by the
change in local skin temperature. While this is a common definition of sensitivity
within psychophysics, it is important to consider that the actual local skin temperature
at the site of the sensor was not measured. Instead the interface temperature or ‘contact
temperature’ between the skin and thermal probe was tracked (Jay and Havenith 2004).
Further, considering mean foot skin temperature at rest, in thermoneutral conditions
typically ranges between 28-29°C and skin temperature variations are inherently
present across the foot surface, it is unclear as to whether 5 s was sufficient to bring
and stabilise local skin temperature to 31°C and whether subsequently 5 s was
sufficient to shift local skin temperature by 5°C across all 54 foot locations. Finally,
the ability and motivation of the participants to consistently rate such a large number
of sites is questionable.
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2.5.3 Modulation of whole body thermal sensation and comfort
Variations in skin temperature are often greatest at the feet, primarily due to the
cutaneous vascular response being very sensitive to the thermal state of the body
(Havenith and Heus 1989; Kuklane et al. 1998). As local skin temperature is an
important physiological parameter in determining thermal sensation and in the
evaluation of thermal comfort (Gagge et al. 1967; Rohles 1971; Zhang et al. 2010a), it
is suggested that the feet may play an important role in the modulation of whole body
thermal sensation and perceptions of comfort.
According to the UCB Model, which allows for the prediction of (1) local sensation
and local comfort for individual body regions and (2) whole body thermal sensation
and comfort (Zhang et al. 2010a, b, c), with 1 hour exposures to uniform environments
(16-32°C) at rest, whole body thermal sensation closely follows local sensations which
are furthest away from neutral (Arens et al. 2006a). Although in warm environments
local sensations were highest for the head, in cool environments local sensations were
lowest at the hands and feet (Arens et al. 2006a). In addition, exposure to non-uniform
environments with the application of heating/cooling (10-15 min; 14-37°C) to 19 body
parts under cool/warm ambient (16-32°C) environments revealed that the feet were the
most effective in alleviating whole body thermal discomfort (Arens et al. 2006b). This
was particularly strong in cool environments where application of heat to the feet
produced a strong local and overall comfort reaction (Arens et al. 2006b).
More recently, the influence of changes to whole body mean skin temperature and core
body temperatures on local thermal sensitivity at the hand and foot were assessed
(Filingeri et al. 2017). It was hypothesised that decreases in mean skin temperature
would significantly change thermal sensation to local skin warming and cooling test
stimuli. The perceived magnitude of warm and cool stimuli (± 8°C from 30°C baseline)
applied to the hands and feet before a 30 min whole body cooling protocol (waterperfused suit; temperature, 5°C) and every 10 min thereafter did not affect sensitivity
to cool, however an increased sensitivity to warmth was observed. Expressed as a %∆
from baseline, thermal sensitivity to warmth at the hands and feet increased in a dosedependent fashion (i.e. a ⁓1% increase in thermal sensitivity to skin warming occurred
per 1°C decrease in skin temperature) (Filingeri et al. 2017).
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Although these studies (Arens et al. 2006a, b; Filingeri et al. 2017) highlight the role
of the feet in modulation of whole body thermal sensation and thermal comfort and
provide insight into human thermosensory integration, both the thermal state of the
whole body and feet often change together. Considering we often experience whole
body thermoneutral states in combination with warm or cold extremities, the effect of
independently changing the thermal state of the feet (by increasing or decreasing foot
skin temperature) from that of the whole body on both local and whole body thermal
sensation and comfort has not previously been investigated.

2.6 Clothing Comfort
Humans are considered tropical animals, able to maintain body function in moderate
and warm environments (Havenith 2002). Yet for temperatures below 20°C, we are
unable to sustain body temperature without behavioural adjustment such as seeking
shelter or putting on clothing (Havenith 2002). The use of clothing is an essential
human need and has allowed humanity to expand its habitat around the world.
Although clothing is important for temperature regulation, it can also be
counterproductive as clothing choices according to fashion, culture and protection can
create conflict (Havenith 2002). For example, wearing a business suit in summer
provides a conflict between cultural expectations, social norms and thermal regulation.
This conflict can lead to physical strain and discomfort.
2.6.1 Clothing comfort models
The perception of comfort in clothing is complex and multi-factorial. As such, several
models have been proposed to identify, define and link together components which are
important to its assessment. One of the first models for the subjective assessment of
clothing comfort was proposed by Pontrelli (1977) who introduced the concept of
‘comfort’s gestalt’. The word ‘gestalt’ means whole, suggesting that the whole is
perceived as more than the sum of its parts i.e. by defining all characteristics you do
not define the whole (Perls and Stevens 1971). According to ‘comfort’s gestalt’,
physical (environmental variables and level of physical activity) and psychophysiological attributes (fit, fashion and end-use) are filtered down and assessed
according to ‘stored person modifiers’ which represent an individual’s previous
experiences, anticipations and expectations (Figure 2.14: Pontrelli 1977).
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Figure 2.14 Pontrelli’s clothing ‘comfort’s gestalt’ model (Pontrelli 1977, adapted version
from Kamalha et al. 2013).

The theories outlined in ‘comfort’s gestalt’ promoted the proposal of another model.
Sontag (1985) also suggests that comfort perception of clothing is influenced by
physical and psychological aspects, but unlike Pontrelli (1977), Sontag (1985) presents
person aspects (‘stored person modifiers’) at the centre of the model, surrounded by
the clothing variables, which are encircled by environmental variables (Figure 2.15).
By placing person aspects in the centre of the model, Sontag (1985) proposed that
rather than physical and psycho-physiological attributes being filtered and assessed in
relation to ‘stored person modifiers’, they are instead integrated with them. Thus an
individual’s previous experiences, anticipations and expectations depend on and affect
physical and psycho-physiological attributes (Sontag 1985).
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Figure 2.15 Attributes of the triad (person, clothing, environment) influential in comfort
perception and behavioural responses (Sontag 1985)

Drawing upon models proposed by Pontrelli (1977) and Sontag (1985), Liu and Little
(2008) generated a system of elements model specific to wear and function. The 5Ps
model which encompasses physical, psychological, physiological, psychophysical and
psychophysiological attributes, identify how comfort and performance are influenced
by clothing, specifically in the context of athletes and athletic wear. As shown in
Figure 2.16, the inner layers of the model represent the connections between the body,
mind and clothing in relation to the 5Ps. The outer layer identifies environmental and
sporting conditions which should be considered. Combined, the 5Ps model focuses on
the interactions between the model’s elements and how understanding of these
interactions jointly contribute to overall wear comfort, performance and clothing
functionality.
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Figure 2.16 A contextual model according to 5Ps for optimising performance and comfort
(Liu and Little 2008).

Although these models show how complex and multi-factorial the perception of
comfort in clothing is, several issues are apparent. Firstly, Pontrelli (1977) omits the
influence of non-thermal factors such as age, gender and morphological differences on
comfort. Non-thermal factors are subsequently included in the model proposed by
Sontag (1985) and are classified as ‘personal attributes’. Secondly, in all three models
(Pontrelli 1977; Sontag 1985; Liu and Little 2008), model components are not clearly
defined. This makes classification of variables under each component questionable.
For example, according to Pontrelli (1977) the physical component includes clothing
characteristics and the psycho-physiological component includes fit, fashion and end
use. However, without a clear definition for each component, these variables could be
categorised under both components. Moreover, Liu and Little (2008) do not clearly
define differences between, or the rational for inclusion of psychophysiological and
psychophysical components when individual components relating to physiological,
psychological and physical attributes are included. The physical component of the
model also omits attributes relating to the design and fit of clothing.
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2.6.2 Clothing comfort components
Due to issues identified for current models of clothing comfort, clothing comfort has
recently been defined according to three main components: psychological, sensorial,
and physiological (Kamalha et al. 2013). Each component is influenced by several
attributes relating to the wear-environment setting.
2.6.2.1 Psychological comfort
Psychological comfort focuses on the comfort of an individual in relation to their roles,
values and social being. It includes personal attributes like body image, personality
and cultural and religious values or beliefs, clothing attributes relating to fashion and
aesthetics, design, colour and suitability and environmental attributes relating to the
occasion, geographical location, climate and social-cultural setting. Psychological
comfort also encompasses an individual’s past clothing experiences, choices for fit and
the desire for positive feelings about their body.
Despite growing interest, the exploration and understanding of psychological factors
of clothing comfort are limited. Although consumer behaviour has been closely linked
with an individual’s attitudes and values (Kamakura and Novak 1992), it has not
always been possible to assess the relative importance of clothing attributes such as fit,
price and comfort (Workman 1990; Fowler 1999; Swinker and Hines 2006). Use of
rating scales often result in consumers identifying all attributes presented to them as
‘important’. Further research utilising novel methodologies or methodologies used in
sensory science are therefore required to identify consumer needs and expectations of
clothing.
2.6.2.2 Sensorial comfort
Sensorial comfort relates to the sensations experienced by the wearer when clothing
touches and interactions with the skin (Liu and Little 2008). Sensorial comfort is
therefore characterised by material properties such as the fibres, yarns and fabrics
which influence our thermal, tactile and pressure related sensations (Kim and Vaughn
1979).
Sensorial components of comfort are primarily investigated through the sense of touch,
the process of which is referred to as the ‘fabric hand’ (Winakor et al. 1980). Through
our sense of touch, we can identify thermal-related sensations such as heat and
moisture, tactile-related sensations such as smoothness/roughness, softness/hardness,
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and stickiness, and pressure-related sensations such as heaviness/lightness and
looseness/tightness. Although sensorial components of comfort have been evaluated,
this has primarily been performed in relation to thermal-related sensations such as skin
wetness perception (Raccuglia et al. 2017b, a, 2018). Investigation of skin wetness
perception (an important contributor to wear discomfort during physical activity) at
localised skin areas highlighted the importance of both stickiness sensations and fabric
thickness (Raccuglia et al. 2017a, b). Particularly under dynamic applications i.e.
fabrics moving across the skin, wet fabrics with a smoother surface resulted in greater
skin wetness perceptions compared to wet fabrics with a rougher surface (Raccuglia
et al. 2017b). Smoother fabrics were reported to increase the magnitude of skin
displacement resulting in greater stimulation of cutaneous mechanoreceptors and
therefore higher stickiness sensations, which were subsequently associated with higher
perceptions of wetness (Raccuglia et al. 2017b). Although texture and pressure-related
sensations have been explored at rest through the ‘fabric hand’, there are no subjective
criteria relating to hand feel (Bishop 1996) and so the specific qualities and magnitude
of sensations required for clothing comfort have not been identified. Also, it is not
known how hand sensations translate to body sensations when a garment is worn at
rest or during activity.
2.6.2.3 Physiological comfort
Physiological comfort is associated with factors which affect body function during
activity. These can be divided into mechanical aspects relating to fit or level or support
provided by a garment and thermal aspects relating to heat and moisture transfer.
The evaluation of clothing comfort has primarily been assessed in relation to the
physiological component of comfort, with a specific focus on the thermal aspect.
Clothing represents a layer of insulation which acts as a barrier to heat and vapour
transport between the skin and the environment (Havenith 2002). Clothing typically
provides three sources of resistance to heat and vapour transport: the air trapped in and
between the fabric fibres; the layers of microenvironment air trapped between the skin
and the clothing; and the still air which is bound to the clothing’s outer surface
(Havenith, 1999; Havenith, 2002). Consequently, Havenith (1999) showed how
parameters relevant to heat exchange processes (air and radiant temperature, humidity,
wind speed, metabolic production and clothing insulation) impact a worker’s thermal
stress and highlighted the effect of clothing design, clothing fit and clothing air
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permeability. The assessment of thermal resistance and evaporative resistance of
clothing can therefore be used in the solution of heat balance equations to predict
physiological responses for warm and cold weather applications (McCullough and
Kenney 2003). Knowledge of human local sweat patterns (Smith and Havenith 2011)
have recently been applied to the design of sportswear (Wang et al. 2016; Jiao et al.
2017). Results have shown improvements in thermo-physiological responses and
thermal perception for body mapped ensembles compared to traditional ensembles
when running in a warm environments (Wang et al. 2016; Jiao et al. 2017).

2.7 Footwear Comfort
The main role of footwear is to mediate the relationship between the foot and the
ground. Footwear provides protection from the external environment, offers the
opportunity for expression, and aids performance, providing traction for different
terrains, motion control and cushioning. Thus, there has always been a demand for
footwear which is both functional and comfortable (Goonetilleke and Luximon 2001).
The importance of footwear comfort was first eluded to in Pontrelli's (1977) proposed
model of ‘comfort’s gestalt’ in which the principles of the model were related and
explored in the context of socks and shoes. Recognising the perception of comfort in
footwear to be based on the complex interaction of factors which affect foot function
during activity, these interactions were linked to the mechanical and thermal properties
of shoes. Due to the complexities of assessing the thermal interactions between the
foot-sock-shoe, relatively little is understood as to how we subjectively evaluate this
aspect of footwear comfort when exposed to warm environments or during physical
activity. Therefore since the work of Pontrelli (1977), exploration of psychological,
sensorial and physiological components of comfort in footwear have received little
attention.
2.7.1 Thermal properties of shoes
Thermal properties of shoes are typically attributed to the level of insulation and
vapour resistance provided and linked to the development of the shoe microclimate.
Like clothing, shoes represent a barrier for heat and vapour transfer between the skin
and the external environment (Figure 2.17). Thus when the wearer’s dry and
evaporative heat loss pathways are limited, heat and moisture may build within the air
layers between the skin and the footwear (Havenith et al. 1990a; Sullivan and Mekjavic
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1992; Bouskill et al. 2002). Consequently, heat loss from the skin to the shoe is reduced
as the gradient becomes smaller (Lu et al. 2013). The insulative and evaporative
resistance properties of footwear are therefore important parameters which can
influence local thermal responses and local thermal comfort at the foot.

Figure 2.17 Avenues of heat transfer in footwear.

2.7.1.1 Thermal insulation
Thermal insulation is defined as the temperature difference between two faces of
material divided by the resultant heat flux per unit area in the direction of the gradient;
it is expressed in square meters kelvin per watt (m2.K.W-1) or square metres per degree
Celsius per watt (m2.°C.W-1) (ISO 15831 2004; ISO 11092 2014). For a textile or
material this would be the resistance to heat transmission from the skin to a material
(and vice versa) (basic thermal insulation) but for a material in a garment/shoe or when
clothing consists of more layers (sock and shoe), this would be the resistance to heat
transmission from the skin to the material plus the surrounding air layer (total thermal
insulation).
Heat transfer through textile materials consists mainly of conduction and radiation
(Havenith 1999a). Insulation of a material depends on the thickness of the material
(that is the enclosed air layer) and less on the fibre type or fibre volume (Havenith
1999a). Although the fibres of a material influence the amount of radiative heat
transfer, as they reflect, absorb and re-emit radiation, this effect is of little importance
relative to thickness.
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2.7.1.2 Evaporative resistance
In order to determine the total effect of clothing/footwear on heat transfer, the
resistance of a material to vapour transfer in addition to the thermal insulation provided
is important. Water-vapour resistance is defined as the water-vapour pressure between
the two faces of material, divided by the resultant evaporative heat flux per unit area
in the direction of the gradient; it is expressed in square metres Pascal per watt
(m2.Pa.W-1) (ISO 15831 2004; ISO 11092 2014). For a textile or material this would
be the resistance to water-vapour transmission from the skin to a material (and vice
versa) (basic evaporative resistance) but for a material in a garment/shoe or when
clothing consists of more layers (sock and shoe), this would be the resistance to watervapour from the skin to the material plus the surrounding air layer (total evaporative
resistance).
As with thermal insulation, the thickness of the material and the enclosed still air layers
(opposed to fibre volume) determine clothing vapour resistance (Havenith, 1999;
Havenith, 2002). However, the relationship between fabric thickness and water-vapour
resistance is lost with the application of fabric treatments, coatings or use of
membranes and for thin materials, the weave characteristics become important,
influencing the materials diffusion properties (Havenith, 1999; Havenith, 2002). Thus,
the water-vapour resistance characteristics of footwear affect evaporative heat loss
pathways.
With exposure to warm environments and/or with physical activity, the production of
sweat at the foot surface needs to be evaporated for heat loss. The evaporation of sweat
from the shoe occurs through two processes: liquid sweat transport and ventilation. It
would seem reasonable to propose that sweat produced at the foot is primarily
absorbed into the sock before absorption into the materials of the shoe. Wetting of the
fibres and the capillary spaces between the fibres results in capillary flow in which
spontaneous uptake of liquid occurs. This process is called wicking and relates to the
ability of a textile to transport liquid sweat. Thus the sock has been reported to play an
important role in wicking liquid sweat from the foot to the shoe upper for evaporation
(Herring and Richie 1990). Alternatively, moisture build-up within the air layers
between the skin and the footwear (Havenith et al. 1990a; Sullivan and Mekjavic 1992;
Bouskill et al. 2002) can be transferred to the environment through ventilation features
such as using air permeable materials or through openings, gaps and vents in the shoe.
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2.7.1.3 Ventilation
Thermal insulation and evaporative resistance of clothing can be reduced by air
exchange between clothing and the environment (Havenith et al. 1990a). Air exchange
can occur based upon garment fit, garment movement and wind (Havenith et al. 1990a,
b; Havenith and Nilsson 2004). When clothing/shoes fit tightly, the air gap between
the inner clothing surface and the skin is reduced and so less air is included. It is often
a common misconception that wearing multiple layers of socks in shoes increase
thermal insulation (Howard and Oakley 1984; Kuklane and Holmer 1998; Kuklane et
al. 2000a). If shoes fit correctly with one sock, the wearer cannot increase the
insulation by adding more layers due to compression of the trapped still air layers
(Kuklane et al. 2001).
Air movement, such as the presence of wind, can also reduce thermal insulation. Wind
can disturb the still layer on the outside of clothing and the air layers in the ensemble
by penetration of the clothing fabric. Similarly, thermal insulation is reduced with
wearer movement. Application of the tracer gas method, a valid method for measuring
clothing ventilation (Havenith et al. 2010), has shown that movement of the foot within
the shoe causes a pumping action (bellows action) forcing air into different areas of
the shoe or exchange with the environment (Satsumoto et al. 2011; Shimazaki et al.
2015). It is suggested that wind mainly affects the surrounding air layer and the layer
underneath the outer garment whereas motion and wearer movement has an effect on
enclosed and surrounding air layers (Havenith et al. 1990a; Havenith 1999a). Air
movement and garment movement can therefore increase heat loss from footwear
through convective heat transfer pathways (Havenith et al. 1990a).
2.7.2 The effect of footwear on heat and moisture transfer
To date, only two studies have considered heat exchange processes in footwear in
relation to walking and running at different speeds (Shimazaki and Murata 2015;
Shimazaki et al. 2015). Foot skin temperature at seven locations was measured using
thermocouples during a 50 min protocol consisting of 10 min rest, 30 min gait,
transitioning from walking to running (3, 6, 9, 12 km.hr-1) and 10 min recovery in
ambient conditions of 27-29°C, 60-70% RH (Shimazaki and Murata 2015; Shimazaki
et al. 2015).
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Assuming metabolic heat generation occurs uniformly over the body, metabolic heat
generation at the feet was reported to increase, with increases in gait speed (110 W.m2

at 3 km.hr-1 to 480 W.m-2 at 12 km.hr-1). This was shown to impact on foot skin

temperature as progressive temperature elevations were observed with increased gait
speed (Shimazaki and Murata 2015). Interestingly, heat generation at the foot was also
associated with foot contact and the transformation of mechanical energy into thermal
energy during the gait action (Shimazaki and Murata 2015; Shimazaki et al. 2015).
Increasing gait speed resulted in larger contact forces, higher landing velocities and
higher skin temperature elevations. Also, areas of the foot which exhibited high
temperature elevations such as the ball of the foot and the heel coincided with regions
which experience high contact loading during gait. Heat generation associated with the
metabolic cost of gait exercise and foot contact are therefore dominant factors
influencing foot skin temperature elevations (Shimazaki and Murata 2015; Shimazaki
et al. 2015).
Overall heat dissipation by convective and evaporative heat loss pathways were
assumed to be influenced by the temperature gradient between the foot and the ambient
environment, the degree of foot movement within the shoe and the gait speed
(Shimazaki and Murata 2015; Shimazaki et al. 2015). As such, evaluation of the
relationships between foot skin temperature elevations and ventilation [assessed using
the tracer gas method (Havenith et al. 2010)] created by variations in gait speed and
shoe fit were assessed (Shimazaki et al. 2015). Faster gaits resulted in higher
ventilation rates. For example, running at 9 km.hr-1 resulted in a 7.3 L.min-1 increase
in ventilation from standing at rest (0.0 km.hr-1, 1.0 L.min-1). Wearing shoes which
were not tight fitting also resulted in higher ventilation due to the air gap between the
foot and footwear allowing for sufficient airflow. Although higher ventilation rates
were associated with lower foot skin temperature elevations, heat generation has a
stronger impact than heat loss at higher gait speeds (Shimazaki et al. 2015).
2.7.3 Evaluating footwear comfort
In 1972, a report was written by Hardy and Webber in which physiological and design
requirements of combat footwear were assessed in relation to new materials and
modern construction methods available to the footwear industry. It was reported that
‘wearer comfort preference appears to be for a skin temperature of about 33°C with a
relative humidity between 60-65%’. While the authors stated that no attempt was made
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to outline guidelines for the development of service footwear and provide no details as
to how these values were determined, several papers have since reported these values
as optimum conditions for the foot inside footwear (Howard and Oakley 1984;
Irzmańska et al. 2013; Irzmańska 2014).
Guidance for the choice of cold protective footwear is available and is based upon the
relationship between thermal sensation and foot skin temperature with exposure to
cold (3°C, -12°C and -25°C). Maintenance of foot skin temperature above 25°C has
been shown to correspond with neutral/warm thermal sensations (Kuklane et al. 1998).
However, with warm exposures and/or physical activity, the relationship between skin
temperature and thermal sensation has been shown to dissociate due to the onset of
sweating (Gagge et al. 1967). Excluding the comfort range reported by Hardy and
Webber (1972), no guidance has been provided regarding the upper comfort limit for
warm exposures and/or physical activity.
2.7.3.1 Shoe microclimate
As shoes represent a barrier for heat and vapour transfer between the skin and the
external environment, when the wearers dry and evaporative heat loss pathways are
limited, heat and moisture can build within the air layers between the skin and footwear
(Figure 2.18) (Havenith et al. 1990a; Sullivan and Mekjavic 1992; Bouskill et al. 2002).
Consequently, heat loss from the skin to the shoe is reduced as the gradient becomes
smaller (Lu et al. 2013). The development of the shoe microclimate has therefore been
suggested to have a decisive influence on the user’s sensations and perceptions of
thermal comfort (Arezes et al. 2013; Irzmańska et al. 2013; Shimazaki and Murata
2015).

Figure 2.18 Sock and shoe microclimate.
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Shoe microclimate development has been investigated in protective (Irzmańska et al.
2013; Irzmańska 2015), hiking and running shoes (Bertaux et al. 2010), but has been
restricted to the assessment of temperature and relative humidity at one or two
locations within footwear during physical activity. Under constant moderate climate
conditions (23-25°C, 50% RH) and with exercise, in-shoe temperature and in-shoe
relative humidity are reported to range between 27 and 37°C and 67-96% respectively
(Bertaux et al. 2010; Irzmańska et al. 2013; Irzmańska 2015). Similarities in the
temporal characteristics of shoe microclimate during a 40 min run (10 km.h-1) and a
40 min hike (5 km.h-1, 5% incline with a 5 kg load) have been observed (Bertaux et al.
2010). Temperature and relative humidity were shown to increase rapidly during the
first 20 min of physical activity. The increase in temperature and relative humidity was
not as great between 20 and 40 min (Bertaux et al. 2010). Similar temporal
characteristics were observed by Irzmanska et al. (2013) and Irzmańska (2015) during
an investigation of shoe microclimate in protective boots. Temperature and relative
humidity were reported to rise significantly with walking (5 km.h-1) increasing by 10%
and 7% from baseline, respectively (Irzmańska et al. 2013). Considerable increases in
relative humidity were typically observed during the first 3 min of exercise (Irzmańska
et al. 2013; Irzmańska 2015). The combination of physical exercise and high
temperatures inside footwear has been shown to add strain to the cardiovascular system
the lower extremities, increasing blood flow by 33% from rest (Irzmańska et al. 2013).
The consequences of high temperatures and levels of moisture inside shoes include the
development of fungal infections such as tinea pedis, commonly known as athlete's
foot. Primarily associated as a common problem for individuals who use public
facilities such as saunas and swimming pools, tinea pedis also represents a problem
for those who participate in physical activity where the feet are enclosed in shoes for
extended periods of times i.e. marathon runners (Auger et al. 1993). Changes to the
shoe microclimate can therefore encourage the growth of microorganisms which can
lead to odour development and poor foot health. Furthermore, high temperatures and
levels of moisture close to the skin have been shown to increase coefficients of friction
which have been found to influence the probability of blister formation (Sulzberger et
al. 1966). Despite these consequences, no quantitative shoe microclimate data is
available over time or within different areas of the shoe specifically for sports related
footwear.
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Knowledge regarding the subjective evaluation of shoe microclimate is also limited.
Although, González et al. (2001) reported differences in shoe microclimate can be
perceived for the foot as a whole and by foot zones, little published information
relating to the subjective evaluation of shoe microclimate is available. The evaluation
of running shoes, different in terms of air permeability (i.e. shoe models with mesh
uppers vs shoe models with leather and/or vinyl uppers) during 10 to 30 min bouts of
running have shown lower perceptions of temperature for more air permeable shoes,
despite no differences in foot skin temperature between shoe conditions being reported
(Barkley et al. 2011; White et al. 2019). For example, following 30 min of running,
foot skin temperature was reported to be 36.9°C in a mesh shoe compared to 37.1°C
in a vinyl shoe. Despite no differences in foot skin temperature, participants reported
warmer thermal sensations and greater thermal discomfort for the vinyl shoe (White
et al. 2019).
Although the subjective perception of foot skin temperature may not always coincide
with measured foot skin temperature (Barkley et al. 2011; White et al. 2019), local
discomfort has been attributed to elevations in temperature rather than elevations in
the moisture content within hiking boots (Arezes et al. 2013). Evaluation of two hiking
boots (bamboo/polypropylene lining [BAM/PP] vs polylactic acid/polyester lining
[PLA/PES]) during 10 min bouts of walking resulted in a higher sweat accumulation
in the sock worn for BAM/PP compared to PLA/PES. Interestingly, greater discomfort
was reported for PLA/PES which was in line with a slightly higher foot skin
temperature observed for PLA/PES vs BAM/PP (Arezes et al. 2013). While Irzmańska
et al. (2013) and Bertaux et al. (2010) report strong relationships between in-shoe
temperature and thermal sensation, the influence moisture has on foot comfort requires
further investigation as it is unknown whether changes in temperature and/or humidity
help an individual in determining perceptions of thermal comfort. As commercial
communities seek to improve footwear comfort, assessments of shoe microclimate in
sports related footwear would be valuable.
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2.7.3.2 The role of the sock
Socks are regarded as an important component within the foot-shoe system acting as
a barrier between the skin and the shoe. Often marketed as having moisture wicking,
insulative/heat dissipating or blister reducing properties, the role of the sock is believed
to be both protective and important for comfort (Herring and Richie 1990; Knapik et
al. 1996; Purvis and Tunstall 2004; Bogerd et al. 2012b). Surprisingly however, the
effect of the sock on blister incidence, thermo-physiological (skin temperature and
shoe microclimate) and/or perceptual responses is not well understood.
Blister prevention
Friction blisters are one of the most common injuries sustained in everyday activities,
athletics and military training (Reynolds et al. 1999; Mailler and Adams 2004). Blisters
account for 48% of the total injuries reported by infantry soldiers and are the most
common complaint of marathon runners (Reynolds et al. 1999; Mailler and Adams
2004). Blisters on the feet are caused by the rubbing of footwear against the skin. The
combination of pressure and shear frictional forces which occur when the foot contacts
the ground cause the formation of a reddened area commonly referred to as a hot spot
(Knapik et al. 1995). When these forces exceed the binding forces of the skin, the three
most superficial skin layers (the stratum corneum, the stratum lucidum and the stratum
granulosum) separate from the stratum spinosum (Naylor 1955). Once separated,
hydrostatic pressure causes the resulting free space to fill with blood or tissue
transudation (Naylor 1955; Knapik et al. 1995).
The major determinant of blister formation is the magnitude of the frictional force and
the number of times that an object cycles across the skin (Basler et al. 2004). Factors
affecting the shear frictional forces, which are typically expressed as a coefficient of
friction include skin characteristics, heat and moisture and factors which increase the
magnitude or frequency of forces applied to the skin such poor fitting footwear, as well
as the type, intensity and duration of activity being performed (Knapik et al. 1995).
Although the influence of moisture on blister formation has not been directly studied,
the effects of moisture on frictional forces have been examined. Rubbing moist skin
has been reported to produce higher frictional forces in comparison to rubbing dry or
very wet skin (Sulzberger et al. 1966). Interventions or practical solutions for the
prevention of blisters have therefore focused on reducing moisture at the foot (Knapik
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et al. 1995). As the sock is in direct contact with the skin, it has been suggested that
the moisture regain of sock fabrics and overall wicking performance can play an
important role in the reduction of friction coefficients and therefore blister incidence
(Naylor 1955; Herring and Richie 1990, 1993; Knapik et al. 1996). Initial studies
investigating the role of the sock within the foot-shoe system have assessed the effect
of sock fibre type on blister prevention (Herring and Richie 1990, 1993; Knapik et al.
1996).
Herring and Richie (1990) compared two socks (cotton vs acrylic) to determine if one
fibre had a superior function in blister prevention among long-distance runners. In
comparison to cotton socks, acrylic socks were associated with a lower blister ratio
(0.16-0.24 vs 0.28-0.37, respectively) and a lower chance of blistering during any
single run (21% vs 33% respectively). Acrylic socks were also associated with a
significantly smaller blister size compared to cotton socks (8.7-14.9 mm2 vs 11.7-81.2
mm2). Although Herring and Richie (1990), were able to identify the acrylic sock as
being superior to the cotton sock in the prevention of blistering, they were unable to
determine if the superiority of acrylic fibres was caused by the fibre composition or
the unique dense padding used in the sole region of the acrylic socks. To address this,
a subsequent study was performed, comparing cotton and acrylic socks with a generic
cushion sole design on blister incidence among long-distance runners (Herring and
Richie 1993). In contrast to their previous findings, a generic cushion sole sock
construction composed of cotton or acrylic did not show any superiority based on fibre
type in blister reduction. Herring and Richie (1993) reported that the padding
previously assessed enhanced the effectiveness of acrylic fibres by providing a thicker
framework of material to dissipate shearing forces.
The effect of socks on the incidence and severity of foot blisters has also been
examined among military recruits (Knapik et al. 1996). Three socks were evaluated:
(1) a standard military sock composed of a wool/cotton blend, (2) a standard military
sock in addition to a polyester liner sock worn underneath and (3) a wool/polyester
blend sock in addition to a polyester liner sock worn underneath. The wool/polyester
blend sock with polyester liner resulted in a significantly lower blister incidence than
the standard military boot sock (40% vs 69%) following 12 weeks of basic military
training. The advantages of the wool/polyester blend sock were more apparent in the
first 6 weeks of training. Although the exact means the socks reduced blister incidence
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is unknown, Knapik et al. (1996) hypothesised that a thin liner sock combined with a
thick outer sock may support moisture transfer away from the foot (wicking) and may
provide protection from frictional forces by acting as a thick barrier between the foot
and the boot. Although, Herring and Richie (1990, 1993) and Knapik et al. (1996) did
not directly examine the influence of moisture on blister formation, reductions in
blistering observed were attributed to differences in the thermal and moisture transfer
properties of sock fabrics according the fibre type used in addition to the
thickness/structure of the socks utilised.
Thermal, moisture and friction properties of sock fabrics; the effect of fibre type, yarn
and structure
In order to investigate the textile related parameters important for reducing blister
incidence and discomfort, several studies have been conducted to determine the effect
of fibre composition and structure on the heat and moisture transfer and friction
properties of sock fabrics (Bertaux et al. 2010; Baussan et al. 2013; Van Amber et al.
2014, 2015). An initial investigation assessed the relationship between coefficients of
friction, for 6 sock fabrics (different in fibre composition) and a synthetic skin under
dry and wet conditions using a Textile Friction Analyser (TFA). Perceptions of
comfort were assessed during 40 min of moderate physical activity performed in each
sock (Bertaux et al. 2010). Greater discomfort was reported for socks which had the
highest coefficients of friction. Socks containing cotton were generally perceived as
warmer, wetter and less comfortable (Bertaux et al. 2010). Friction properties and fibre
content were reported to be relevant textile parameters for comfort (Bertaux et al.
2010).
Friction properties of sock fabrics have also been reported to be affected by structure
(Baussan et al. 2013). Assessment of friction coefficients using a TFA under dry
conditions for four sock fabrics, identical in fibre composition (cotton) but different in
knit structure (single jersey, terry jersey, double jersey and duffel jersey) showed
lowest friction coefficients for terry jersey and double jersey socks (Baussan et al.
2013). It was inferred that terry jersey and double jersey socks would therefore reduce
the tangential forces acting on the skin of the foot when slipping forward, potentially
reducing blister incidence and discomfort (Baussan et al. 2013).
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Although Bertaux et al. (2010) and Baussan et al. (2013) highlight the importance of
fibre content and sock structure on friction properties, until recently the relative roles
of fabric structure, yarn and fibre type on characteristics of friction between sock
fabrics and the skin had not been explored (Van Amber et al. 2014). Van Amber et al.
(2014) applied the horizontal platform method (in which a loaded sled is drawn across
a fabric specimen to provide a friction force variation trace) to evaluate friction
characteristics between a synthetic skin and sock fabrics under dry and wet states.
Using a 3 x 3 x 3 factorial experimental design, the effects of fibre type, yarn and fabric
structure of sock fabrics were examined (Table 2.4).
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Table 2.4 Descriptive characteristics of sock fabrics assessed in relation to frictional properties
(Van Amber et al. 2014) and heat and moisture transfer properties (Van Amber et al. 2015).

Fibre
Acrylic

Yarn
twist
High

Thickness
(mm)

Mean

SD

Mean

SD

0.14

344.80

4.32

1.64

0.05

Low

7.75

0.25

357.40

9.53

1.69

0.04

Single

7.50

0.00

340.60

11.76

1.53

0.03

6.70

0.67

449.20

10.71

3.95

0.03

Low

6.30

0.57

446.50

16.38

4.02

0.03

Single

6.70

0.45

468.80

13.03

3.91

0.05

6.60

0.55

515.00

5.66

4.37

0.09

Low

7.00

0.61

522.80

13.77

4.62

0.07

Single

6.50

0.71

551.80

6.76

4.28

0.03

8.65

0.22

422.40

5.50

1.61

0.01

Low

8.65

0.22

437.60

3.21

1.66

0.02

Single

8.50

0.00

414.60

8.32

1.60

0.03

7.10

0.74

572.20

4.21

3.60

0.07

Low

6.60

1.52

563.80

16.89

3.66

0.04

Single

8.05

0.87

568.40

8.96

3.59

0.07

8.45

0.76

653.60

13.58

4.25

0.04

Low

8.50

0.50

687.80

19.01

4.40

0.06

Single

8.50

0.00

678.20

20.13

4.30

0.07

8.50

0.00

402.20

4.66

1.67

0.04

Low

8.40

0.22

385.40

5.32

1.66

0.04

Single

8.35

0.22

399.20

4.66

1.65

0.02

6.90

0.55

532.60

9.71

3.73

0.04

Low

6.70

0.76

498.60

5.32

3.68

0.05

Single

7.00

0.71

534.80

6.14

3.78

0.05

7.60

0.42

633.00

8.46

4.53

0.04

Low

7.60

0.74

607.20

9.55

4.44

0.06

Single

7.40

0.55

627.80

7.73

4.46

0.04

High

High

High

High

Mid-wool

Mass/unit area
(g.m2)

7.90

High

Fine-wool

Fabric
structure
Single jersey

Stitches per 10
mm (course
direction)
Mean
SD

High

High

High

Half-terry

Terry

Single jersey

Half-terry

Terry

Single jersey

Half-terry

Terry
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Fabric structure was reported to dominate frictional characteristics. Contrary to the
findings of Baussan et al. (2013), single jersey fabrics consistently resulted in lower
frictional forces compared to terry and half terry fabric structures. Fibre content of the
sock fabrics was also shown to have an effect on friction and this was greater than the
effect of yarn (Van Amber et al. 2014). In comparison to wool fibres, acrylic fibres
exhibited the highest frictional forces under all conditions. Although the use of
synthetic fibres has previously been reported to reduce blister incidence and
discomfort compared to natural fibres (Herring and Richie 1990; Knapik et al. 1996;
Bertaux et al. 2010), socks assessed in these later studies utilised commercial socks.
This has the potential to confound results due to fabric production not allowing for the
control of variables such as thickness, mass, structure and density etc. However,
although results reported by Van Amber et al. (2014) may be valid, it is also important
to consider the effect of the different friction test methods (TFA vs horizontal sled
method) when drawing comparisons.
Following on from the investigation of fabric properties on frictional characteristics
(Van Amber et al. 2014), the relative roles of fibre type, yarn and fabric structure of
the same sock fabrics (Table 2.4) on heat (thermal resistance) and moisture (moisture
regain, liquid absorption capacity, water vapour resistance and water vapour
permeability) transfer properties were assessed (Van Amber et al. 2015). Results
indicated that fabric structure dominated thermal and moisture properties, most likely
due to fabric thickness and mass. Terry fabrics which were the most thermal and water
vapour resistant were also the thickest and had the highest mass of all the fabrics. These
results are consistent with current understanding of the effect of thickness on fabric
properties, as it is generally acknowledged that thicker fabrics are most resistant to
heat and water vapour transfer (Havenith 1999a).
Only a small effect of fibre type on the thermal and moisture transfer properties of
sock fabrics was observed. As such the effect of fibre was only observed on properties
involving water (moisture regain and liquid absorption capacity) where fibre
absorption properties have a strong influence. The differences detected among fibre
types may therefore be linked to fibre hygroscopicity as fabrics composed of
hydrophobic acrylic fibres absorbed less moisture than fabrics composed of both types
of wool (Van Amber et al. 2015). It is a common view that natural fibres absorb more
water than synthetic fibres. However Yoo and Barker (2004) indicate that the total
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amount of liquid absorbed by fabrics does not change in relation to fibre type. Instead
the difference between fabrics with different hygroscopicity is in the rate of water
absorption. This has been demonstrated by Jeon et al. (2011). Cotton was shown to
absorb water faster at the moment of initial contact with liquid in comparison to a
polyester/polypropylene fabric, yet the total absorption capacity of the cotton fabric
was lower than that of the polyester/polypropylene fabric. Although fabric thickness
was the same between the fabrics, the absorbency capacity was closely related to fabric
weight (Jeon et al. 2011). The comparisons made between natural and synthetic fibres
are therefore often confounded by other fabric factors such as thickness and weight,
all of which affect water absorption parameters (Jeon et al. 2011; Raccuglia et al.
2017a). Although the acrylic fabrics assessed by Van Amber et al. (2015) were often
thicker than the wool fabrics, the acrylic fabrics were lower in weight. This suggests
that the acrylic fibres were less tightly packed into the fabric which may have caused
less moisture absorption compared to both types of wool. It is therefore important to
consider that water absorption properties of natural and synthetic fabrics depend
mainly on fabric thickness but also capillary volume, fabric density and weight for
more open-structure fabrics (Yoo and Barker 2004; Jeon et al. 2011; Raccuglia et al.
2017a).
Based upon the work of Van Amber et al. (2015), it has been concluded that thermal
and moisture properties of sock fabrics are primarily affected by fabric thickness and
the density and arrangement of fibres and yarns within the fabric. Although the effect
of fibre type is relatively small, fibre type is important for properties involving water
(moisture regain and liquid absorption capacity). The effect of fibre type however is
likely to be masked by the effect of fabric structure.
Physiological and perceptual influence of socks
Several human wear trials have been employed to investigate the role of sock fibre
type on the physiological responses of the foot and perception (Purvis and Tunstall
2004; Bertaux et al. 2010; Barkley et al. 2011; Bogerd et al. 2011a, 2012b; Van Roekel
et al. 2014). The assessment of socks composed of either natural or synthetic fibres
and natural/synthetic fibre blends during running (Purvis and Tunstall 2004; Bertaux
et al. 2010; Barkley et al. 2011; Van Roekel et al. 2014) and hiking (Bertaux et al.
2010) have been reported to produce no differences in foot skin temperature (Purvis
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and Tunstall 2004; Barkley et al. 2011; Van Roekel et al. 2014) or in-shoe temperature
(Bertaux et al. 2010). Despite this, participants have been reported to perceive their
feet as warmer for cotton socks or socks containing a high cotton fibre count (Bertaux
et al. 2010; Barkley et al. 2011). Although this has not been consistently observed
(Purvis and Tunstall 2004; Van Roekel et al. 2014), it has been suggested that the
subjective perception of temperature may not coincide with measured temperature
(Bertaux et al. 2010; Barkley et al. 2011).
Few studies have assessed the level of moisture which accumulates within socks preand post-exercise (Purvis and Tunstall 2004; Bogerd et al. 2011a, 2012b) or related
this to the perception of wetness (Bogerd et al. 2011a). Sock fabrics composed of
synthetic fibres have been reported to absorb less moisture than natural fibres however
sock fabrics assessed have not been matched for thickness or weight (Purvis and
Tunstall 2004; Bogerd et al. 2011a, 2012b). Considering one of the factors considered
as most crucial in causing wear discomfort during physical activity is the presence of
wetness at the skin-clothing interface (Fukazawa and Havenith 2009; Gerrett et al.
2013; Raccuglia et al. 2018) and the role garments such as sock could play in moisture
management (Bogerd et al. 2012a; Van Amber et al. 2015), moisture accumulation
and perceptions of wetness would be important perceptual variables to assess.
To our knowledge, one study has investigated the effect of sock fabric (wool/
polypropylene [BLEND] vs polypropylene sock [PP]) on wetness perception and
moisture accumulation in a military field setting (Bogerd et al. 2012b). Following a
6.5 km march, BLEND absorbed 2.9 times more water compared to PP. Despite this,
military recruits reported BLEND to be cooler, less damp and more comfortable.
Furthermore, skin hydration (assessed using corneometry) at 3 foot locations pre- and
post-physical activity was also lower for BLEND. It was hypothesised by the authors
that socks with a higher moisture absorption capacity may be a better choice for use in
shoes which have a high water vapor resistance. Wicking fabrics such as those
investigated under the PP condition may result in wetter skin and greater discomfort
when moisture transfer from the shoe to the environment is low (Bogerd et al. 2012b).
Characterisation of the shoe microclimate (temperature and humidity of the air layer
between the sock and the shoe) has been shown to differ between shoes of different air
permeabilities, with these differences influencing comfort (Bertaux et al. 2010;
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Irzmańska et al. 2013; Irzmańska 2015). Investigation of the effect of the sock on
changes to shoe microclimate may provide insight into both the thermo-physiological
impact of the sock and factors affecting foot thermal comfort. Currently only two
studies have investigated changes to shoe microclimate in relation to socks worn
(Bertaux et al. 2010; Bogerd et al. 2011a). The first study assessed in-shoe relative
humidity and perceptions of ‘dampness’ during 40 min of moderate physical activity
for 6 sets of socks, different in fibre composition (Bertaux et al. 2010). Socks
containing cotton were perceived as wetter than socks containing polyester or
polyamide (Bertaux et al. 2010). Unfortunately, the authors did not state whether the
sock worn elicited different in-shoe relative humidity’s. Only the minimum and
maximum in-shoe relative humidity is reported in relation to changes over time. The
second study assessed in-shoe temperature and foot skin temperature during walking
in military boots wearing either a wool/ polypropylene (BLEND) sock or a
polypropylene sock (PP) (Bogerd et al. 2011a). Interestingly, no differences in foot
skin temperature were observed but differences in shoe temperature were reported
(Bogerd et al. 2011a). Although differences in shoe temperature were not consistent
between sock conditions and varied according to measurement location within the boot
(i.e. higher temperature at the dorsal surface for BLEND vs PP compared to a higher
temperature at the distal anterior end of the tibia for PP vs BLEND), these results
suggest an effect of the sock on shoe microclimate.
Finally, it is important to consider that previous studies investigating the role of the
sock on thermo-physiological and perceptual responses at the foot, vary with regard to
the shoes (standardised running shoes, individual running shoes, hiking boots) and
socks used (differences in fibre blends, thickness, structure, weight), exercise
protocols (short bouts of running vs 45-180 min) and setting (field, laboratory) (Purvis
and Tunstall 2004; Bertaux et al. 2010; Barkley et al. 2011; Bogerd et al. 2011a, 2012b;
Van Roekel et al. 2014). Therefore although results from this studies have suggested
cotton to negatively affect temperature sensation and wetness perception, it is difficult
to (1) provide experimental evidence to substantiate the superiority of one sock over
another and (2) to isolate factors contributing to differences in perceptual responses
between sock conditions.
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2.8 Conclusions
From the literature review the following conclusions can be made:
x Mediating the relationship between the foot and the ground, the use of footwear
offers protection, offers the opportunity for expression and aids physical and
sporting performance.
x Footwear provides a physical barrier between the skin and the environment
which can impair heat and moisture transfer, affecting foot thermoregulatory
responses and local thermal comfort.
x Although thermal comfort is a recognisable state, we possess no specific sense
organ to identify it. A difficult and complex feeling to define, the perception of
comfort is attributed to the integration of thermal sensations (derived from
stimulation of peripheral and central thermoreceptors) and perceptions of
wetness (derived from thermal stimulation and mechanosensory cues) with an
individual’s previous personal experiences and learned responses.
x As the distribution of peripheral thermoreceptors varies across the body,
research on cutaneous thermal sensitivity to warmth and cold provides valuable
information regarding the integration of thermal inputs and how this influences
our thermal sensations and perception of thermal comfort. Only one study has
provided insight into regional variations in thermal sensation at the foot during
rest. The relationship between foot thermal sensation and whole body thermal
sensation and comfort is also unknown.
x Utilising a body mapping approach, regional differences in sweat distribution
across the foot surface have been identified, however the link between
perceptions of wetness and foot sweat rate and distribution has to date, not
been investigated.
x In relation to clothing, the perception of comfort becomes multi-factorial,
based upon three main components: (1) psychological factors, relating to an
individual’s role, values and social being, (2) sensorial factors, relating to
sensory stimulations generated between clothing textiles and the skin and (3)
physiological factors, which affect body function during activity.
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x Physiological comfort can be divided into mechanical aspects relating to fit or
the level of support or cushioning provided by the shoe and thermal aspects
relating to heat and moisture transfer.
x Due to the technical complexities of assessing thermal aspects, relatively little
is understood as to how we subjectively evaluate this aspect of footwear
comfort when exposed to warm environments and/or during physical activity.
x Limited quantitative shoe microclimate data over time, within different areas
of the shoe or in relation to perceptual responses is available. It is unknown
whether changes in temperature and/or humidity help an individual in
determining perceptions of thermal comfort.
x The effect of the sock on thermo-physiological (skin temperature, skin
hydration and shoe microclimate) and/or perceptual responses is also unclear.
x Objective and subjective methods for the assessment of the physiological
component of comfort in footwear are required.
x As the evaluation of clothing comfort is often assessed in relation to the
physiological component, methods for the exploration of psychological and
sensorial factors of comfort are also required.
x Knowledge of physiological and perceptual responses of the foot and
interactions within the foot-sock-shoe system are important in the design of
footwear, especially as footwear manufacturers seek to optimise shoes to
reduce thermal discomfort and improve foot health.
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PART I: THERMOREGULATORY AND
PERCEPTUAL RESPONSES OF THE
HUMAN FOOT
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CHAPTER 3: Laboratory Study 1
Foot Thermal Sensation to Warmth
Abstract
The aim of this study was threefold: (i) to investigate the relationship between whole
body thermal sensation and mean skin temperature by independently changing the
thermal state of the feet from that of the whole body, (ii) to investigate the effect of
different conditions (rest, exercise, foot heating and foot cooling) on thermal sensation
to warmth across the foot surface and (iii) to identify regional variations in thermal
sensation to warmth across the foot surface for different conditions (rest, exercise, foot
heating and foot cooling).
Using a magnitude estimation method, regional thermal sensation to warmth (40°C) at
13 foot regions were assessed in 10 females in four experimental conditions: rest
(23°C), post-exercise (23°C) and with foot heating (38°C) and foot cooling (15°C).
For rest, foot heating and foot cooling conditions, participants were required to lie in
a semi-recumbent position with their feet positioned in a foot climate system for 30
min. For the exercise condition, participants performed 30 min of low intensity
treadmill running at 55-60% VO2max before positioning their feet within the climate
system. Participants were required to report thermal sensation and thermal comfort for
the whole body and the foot every 5 min. After 30 min of conditioning, a thermal probe
was applied to the skin of the right foot for 10 s. Participants were required to provide
an initial thermal sensation immediately upon probe-to-skin contact and a steady state
thermal sensation after 10 s of application. All trials were conducted in a thermoneutral
environment (23°C, 50% RH).
The results and conclusions from our study are as follows. Firstly, although the
literature indicates that typically a ± 1.0-1.5°C increase or decrease in mean skin
temperature is required to elicit slightly warm or slightly cool thermal sensations from
neutral, in our data, regression analysis indicated a +0.9°C and -0.3°C change in mean
skin temperature, mainly caused by the foot, was enough to elicit slightly warm,
respectively slightly cool, whole body thermal sensations. This apparent increased
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sensitivity to mean skin temperature indicates a larger role of the feet in modulating
whole body thermal sensations compared to the rest of the body.
Secondly, our investigation of thermal sensation to warmth is the first to assess thermal
sensation in different environmental conditions and the first to consider how
interpretation and calculation of thermal sensation data can lead to substantially
different conclusions. Our data indicates that application of an identical thermal
stimulus gives people the same thermal sensation despite large pre-conditioning
changes. We postulate that local conditioning did not modulate thermal sensation as
application of the 40°C stimulus activated a different thermoTRP channel from those
active during the conditioning. We also recommend that when assessing the effect of
conditioning on thermal sensation, absolute thermal sensation votes should be taken
forward for analysis and interpretation opposed to delta thermal sensation votes.
Thirdly, the results from our study extends our knowledge of regional variations in
thermal sensation to warmth across the foot surface. The results indicate, (1) warmer
thermal sensations across hairy vs glabrous skin, (2) little variation in thermal
sensations across the dorsal foot surface while the arch is the most sensitive region on
the plantar foot surface, (3) regional variation in sensation observed across the foot
with application of the thermal stimulus is not observed prior to stimulation and (4)
highlight inconsistent findings with a previous assessment of foot thermal sensitivity
(Filingeri et al. 2018) which may result from differences in the methodological
approach applied.
Overall, our data present novel findings regarding the investigation of thermal
sensation and our foot thermal sensation maps produced for all conditions, offer
guidance for footwear design.
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3.1 Introduction
The ability to detect temperature changes in the surrounding environment result from
the activation of thermosensitive neurons (thermoreceptors) located peripherally in the
skin (Romanovsky 2007). Peripheral thermoreceptors provide immediate afferent
information relating to the thermal state of the body, important for the modulation of
autonomic thermal responses and for the initiation of behavioural responses. The
initiation of behavioural responses is the body’s most powerful and effective
mechanism in temperature regulation (Flouris 2011). The sensation of a temperature
change in the environment encourages us to make conscious decisions such as
adding/removing clothing or seeking shelter/shade in order to maintain thermal
balance and to avoid feelings of discomfort.
As the location, density and distribution of thermoreceptors vary across the body
(Hensel 1981), research has been conducted to investigate regional variations in
thermal sensation in relation to cold and warm thermal stimuli. Application of a
thermal probe set at different temperatures ranging between 0-30°C to a number of
body regions in males revealed strong sensitivity to cold at the back, followed by the
front torso, limbs and face (Stevens 1979). This was later confirmed by Ouzzahra et
al. (2012) and Gerrett et al. (2015). Application of a fixed cold stimulus (20°C)
revealed the torso to be most sensitive to cold with a decline in sensitivity toward the
extremities. In comparison, application of a fixed warm stimulus (40°C) in males and
females revealed greatest sensitivity to warmth at the head and torso, with lower
sensitivity observed at the extremities (Gerrett et al. 2014, 2015). Differences in
thermal sensation within body regions have also been identified across the torso and
arms and more recently at the hands and feet (Ouzzahra et al. 2012; Filingeri et al.
2018).
The human foot provides an interesting region for further investigation of thermal
sensation. Until recently, detection thresholds to warming and cooling at the foot had
only been assessed at the central part of the sole and at the big toe (Stevens and Choo
1998) and had been excluded from whole body thermal sensation assessments using
magnitude estimation (Ouzzahra et al. 2012; Gerrett et al. 2014, 2015). Assessment of
foot thermal sensitivity across 54 foot locations at rest, in thermoneutral conditions
provide our most detailed insight so far into peripheral and central mechanisms of
thermosensory integration (Filingeri et al. 2018). Results from the study reported a 5CHAPTER 3 - Study 1: Foot Thermal Sensation to Warmth
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fold variation in sensitivity to warm and cold across the foot surface with thermal
sensitivity exhibiting a proximal-to-distal decrease i.e. the sole and dorsal being more
sensitive than the toes. While Filingeri et al. (2018) provides a comprehensive
assessment of foot thermal sensitivity at rest, the magnitude estimation protocol
utilised clamped local skin temperature to 31°C via a stabilisation period of skin-probe
contact before delivering the thermal stimulus (± 5°C) and asking for a sensation rating
5s after delivery. They defined thermal sensitivity as the absolute thermal sensation
vote divided by the change in local skin temperature. While this is a common definition
of sensitivity within psychophysics, it is important to consider that the actual local skin
temperature at the site of the sensor was not measured. Instead the interface
temperature or ‘contact temperature’ between the skin and thermal probe was tracked
(Jay and Havenith 2004). Further, considering mean foot skin temperature at rest, in
thermoneutral conditions typically ranges between 28-29°C and skin temperature
variations are inherently present across the foot surface, it is unclear as to whether 5 s
was sufficient to bring and stabilise local skin temperature to 31°C and whether
subsequently 5 s was sufficient to shift local skin temperature by 5°C across all 54 foot
locations. Finally, the ability and motivation of the participants to consistently rate
such a large number of sites is questionable.
The overarching aim of the current chapter is therefore to further investigate foot
thermal sensation utilising a fixed temperature stimulus to allow for the assessment of
initial and steady state thermal sensation. The novelty of this study however lies within
the assessment of thermal sensation under different conditions (rest, exercise, foot
heating and foot cooling), whereby changes to the thermal state of the feet and local
thermal sensation can be assessed both with and independently of changes in the whole
body thermal state.
Variations in skin temperature are often greatest at the feet, primarily due to the
cutaneous vascular response being very sensitive to the thermal state of the body
(Havenith and Heus 1989; Kuklane et al. 1998). As local skin temperature is an
important physiological parameter in the evaluation of thermal comfort (Gagge et al.
1967; Zhang et al. 2010c), it is suggested that the feet play an important role in the
modulation of whole body thermal sensation and perceptions of comfort. Indeed, in
cool/cold environments, whole body thermal sensation and thermal discomfort follow
that of the coldest body regions (often observed at the extremities) (Arens et al. 2006a)
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and with progressive decreases in whole body mean skin temperature, thermal
sensitivity to warmth at the extremities has been reported to increase in a dosedependent fashion (i.e. a ⁓1% increase in thermal sensitivity to skin warming occurred
per 1°C decrease in skin temperature) (Filingeri et al. 2017). The application of warm
air to the extremities has also been reported to be effective in alleviating both local and
whole body thermal discomfort under cold conditions (Arens et al. 2006b). In these
studies however, both the thermal state of the whole body and feet change together
(Arens et al. 2006a, b; Filingeri et al. 2017). Considering many individuals are
occupationally exposed to moderately cold temperatures and are subjected daily to
local cooling of peripheral body parts, a combination of warm body, cold extremities
is common (Kuklane 2009). Comparatively, in thermoneutral environments, a
combination of thermoneutral whole body states in combination with warm
extremities can occur due to the use of footwear which represents a barrier for heat
and vapour transfer between the skin and the external environment, subjecting the feet
to local heat stress (Arezes et al. 2013; Irzmańska 2015; West et al. 2019b). The effect
of independently changing the thermal state of the feet (by increasing or decreasing
foot skin temperature) from that of the whole body on both local and whole body
thermal sensation and comfort has not previously been investigated.
The effect of exercise on thermal sensation (assessed using a fixed temperature
stimulus and reported as absolute thermal sensation votes) is also of interest and has
previously been investigated at a number of body regions (Ouzzahra et al. 2012;
Gerrett et al. 2014, 2015). Compared to rest, exercise has been reported to reduce
thermal sensation to both cold and warm stimuli across the body (Ouzzahra et al. 2012;
Gerrett et al. 2014, 2015). As the thermal state of the body did not change from rest to
exercise in the studies of Gerrett et al. (2014, 2015), attenuations in thermal sensation
to warm and cold may result from exercise-induced analgesia (EIA) which has also
been reported to reduce sensitivity to pain and touch (Pertovaara et al. 1984; Guieu et
al. 1992). However, for body regions which generally exhibit low thermal sensations
such as the extremities, the effect of EIA may be negligible indicating that a certain
level of sensitivity is required for EIA to exert an effect (Gerrett et al. 2014, 2015).
Furthermore, at the hand, thermal sensation to warmth has been reported to increase
after exercise indicating that EIA may also be site specific (Gerrett et al. 2014, 2015).
Considering the morphological and thermoregulatory similarities between the hands
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and feet, similar observations may be evident. Assessment of foot thermal sensation
with exercise has not previously been investigated. This information would be valuable
for footwear design in an effort to avoid changes in skin temperature at areas of the
foot which are particularly sensitivity to warm or cold.
Based on the considerations above, the aim of this study was threefold: (i) to
investigate the relationship between whole body thermal sensation and mean skin
temperature by independently changing the thermal state of the feet from that of the
whole body, (ii) to investigate the effect of different conditions (rest, exercise, foot
heating and foot cooling) on thermal sensation to warmth across the foot surface and
(iii) to identify regional variations in thermal sensation to warmth across the foot
surface for different conditions (rest, exercise, foot heating and foot cooling). Due to
the breadth of the investigation the results and discussion for each aim identified will
be presented in parts i, ii and iii.

3.2 Method
3.2.1 Participants
Ten healthy females (age: 25 ± 2 yrs; height: 169.1 ± 2.9 cm; body mass: 64.3 ± 7.3
kg; foot size: 6.5 ± 0.5 UK) volunteered to participate in this study. Participants
reported no history of diabetes, cardiovascular disease, skin conditions, neural or
perceptual contraindications. Test procedures were outlined in a written information
sheet and were fully explained to participants before obtaining written informed
consent. Experimental procedures were approved by Loughborough University Ethical
Committee.
3.2.2 Experimental design
To achieve the aims of the study, a repeated measures design was selected. Participants
were required to visit the laboratory on five separate occasions at approximately the
same time of day. Visits consisted of a familiarisation session, a resting condition, an
exercise condition, a foot heating condition (38°C) and a foot cooling condition (15°C).
The four experimental trials were completed in a balanced order across participants
after the familiarisation session. All trials were performed in a climatic chamber
maintained at 23°C, 50% RH.
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To provide a comprehensive representation of foot thermal sensation to warmth, 13
foot sites were investigated (Figure 3.1). Participants were trained to report thermal
sensations using a bipolar thermal sensation scale prior to and during the delivery of a
warm thermal stimulus applied using a 13 mm diameter thermal probe (NTE-2,
Physitemp Instruments, Inc, USA).
Pilot testing indicated comparable physiological and perceptual responses between the
right and left foot. As all participants were right-foot dominant, the investigation of
thermal sensation was performed on the right foot only. To ensure foot skin
temperature remained stable with each condition, the duration of the sensation test was
limited to 15 min. The sensation test sequence of foot sites was arranged to prevent
consecutive stimulation of adjacent sites and the first test site and sequential direction
were balanced across participants.

Figure 3.1 Locations tested for thermal sensation to warmth across hairy and glabrous skin
of the right foot.

3.2.3 Familiarisation session
Participants were required to attend a familiarisation session to collect anthropometric
measurements of height, body mass and body composition. Anthropometric
measurements of the right foot were also taken.
Participants were then familiarised with the protocol for assessing thermal sensation
and introduced to perceptual scales. The perceptual scales were thoroughly explained
and participants were given time to practice. Ratings of thermal sensation were
provided prior to thermal stimulation, with immediate application of a warm stimulus
and after 10 s of application. This was performed at two foot regions (central dorsal
(site 2) and bottom toe 1 (site 7)) for three warm reference temperatures (33°C, 40°C
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and 43°C). Familiarisation to the thermal sensation test protocol ensured all
participants were competent in using the thermal sensation scale and in providing
ratings when required by the investigator.
The familiarisation session was concluded with a sub-maximal fitness test performed
on a motorised treadmill (PPS 55sport-I, Woodway GmbH, Weil am Rhein, Germany).
The test was designed to achieve 85% of heart rate (HR) maximum after which the test
was stopped. Estimated maximal oxygen consumption (VO2max) was calculated based
upon the linear relationship between VO2 and HR (American College of Sports
Medicine 2017).
3.2.4 Experimental protocol
3.2.4.1 Instrumentation and stabilisation
Upon arrival to the laboratory, participants changed into ¾ length running tights, a tshirt and socks (ankle sock; 94% cotton, 3% polyamide, 3% elastane, single jersey).
Core body temperature was monitored continuously and recorded at 60 s intervals
(Squirrel 2020 data logger) using a thermistor self-inserted 10 cm beyond the anal
sphincter (Grant Instruments, Cambridge, UK). Skin temperature was measured at four
sites: tricep, chest, thigh and calf using iButton wireless temperature loggers (Maxim,
San Jose, USA). Foot skin temperature was measured at seven sites on the left foot
using T type thermocouples (plantar thermocouples, 1/0.508 mm wire, 827-5978;
dorsal thermocouples, 1/0.315 mm wire, 110-4469, RS Components Ltd, Corby, UK).
iButtons and thermocouples were secured to the skin with 3MTM TransporeTM surgical
ത
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ሻof four sites
௦
and the average of seven foot sites was calculated using the below equation:
ത
ሻሺ
ሻሺ
ሻ
ܶ

ൌሺ
ͲǤ
͵ܶכ

ܶ݁ܿ݅ݎ
ͲǤ
͵ܶכ௦

ݐݏ݄݁ܥ
ͲǤ
ʹܶכ௦

݄ܶ݅݃
݄ሻሺ
ͲǤ
ͳ͵
ܶכ௦

݂݈ܽܥ
௦
௦
ሺ
ͲǤ
Ͳ
ܶכ

ݐܨ
ሻ
௦

Participants were required to rest, seated in the climatic chamber for 20 min to allow
for stabilisation of physiological responses. During this period, participants were refamiliarised to the perceptual scales and thermal sensation test protocol. Participants
were given time to practice sensation ratings on the forearm. Identification of thermal
sensation test locations on the right foot (Figure 3.1) were made using a washable
marker.
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3.2.4.2 Experimental conditions
Participants were exposed to four different conditions on separate occasions for a
duration of 30 min. For rest, foot heating and foot cooling conditions, participants were
required to assume a seated position on a medical bed positioning their feet at hip level
on foot rests within a foot climate system (Figure 3.2). For the resting condition, the
air temperature within the foot climate system was the same as the external ambient
air temperature (23°C). For the foot heating and cooling conditions, the air temperature
within the foot climate system was set and regulated at 38°C and 15°C, respectively.
Once participants were in position, seven thermocouples were applied to the left foot
(Figure 3.1; sites 1-4, 10-12) to monitor foot skin temperature throughout the condition
and the thermal sensation test. To ensure foot skin temperature remained stable during
rest, socks were worn and then removed for sensation testing.
For the exercise condition, participants donned socks and running trainers (ankle sock,
adizero adios 3.0 running shoes) and were required to perform 30 min of low intensity
treadmill running (55-60% VO2max; HR 125-135 beats.min-1). Foot skin temperature
was assessed pre- and post-exercise using infrared thermography. Images of the dorsal
and plantar foot surfaces were captured. Following running, socks and shoes were
removed and participants were required to rest, seated with their feet within the foot
climate system which was regulated at an air temperature of 23°C (same as the external
ambient air temperature). Thermocouples were applied to the left foot (Figure 3.1; sites
1-4, 10-12) to monitor foot skin temperature during the sensation test.

Figure 3.2 Schematic representation of the foot climate system used for foot conditioning
and thermal sensation testing.
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3.2.4.3 Thermal sensation test
Prior to thermal stimulation, each test site was identified to participants using a
reference sheet (Figure 3.1). Participants were required to provide their pre-stimulus
thermal sensation (pre TS) while local foot skin temperature at the stimulation site was
measured using an infrared gun (FLUKE 566 IR THERMOMETER, Fluke
Corporation, Eindhoven, Netherlands). The thermal probe was then used to apply a
warm stimulus (40°C) to the test site with a consistent pressure for 10 s. Participants
were required to provide an initial thermal sensation (initial TS) immediately upon
probe-to-skin contact and a steady-state thermal sensation (steady state TS) after 10 s
of application.
3.2.5 Perceptual scales
Subjective perception of thermal sensation and thermal comfort was assessed using
ordinal scales (Figure 3.3) for the whole body and right foot every 5 min during
conditioning and during the thermal sensation test.
During the thermal sensation test, the thermal sensation scale was used to provide
ratings for the pre TS, initial TS and steady state TS for each foot region assessed.
Scales were designed in line with instructions from ISO 10551 (2001) with the
sensitivity, accuracy, ease of use and descriptors chosen for each individual scale
carefully considered.

Figure 3.3 Perceptual scales used for the assessment of thermal sensation and thermal
comfort.
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3.2.6 Analysis
In this study, thermal sensation was defined as the absolute response provided to a
fixed temperature stimulus. Mean thermal sensation votes provided for the 13 foot
locations assessed were taken forward for analysis. In addition, to provide a more
general overview of foot thermal sensation, the 13 foot locations assessed were
grouped to indicate thermal sensation for four foot regions; dorsal, dorsal toes, plantar
toes and plantar. Dorsal sensation was calculated based upon the average of medial
dorsal, central dorsal and lateral dorsal sensations. The sensation of the dorsal toes was
calculated based upon the average of dorsal toe 1, dorsal toe 3 and dorsal toe 5. The
sensation of the plantar toes was calculated based upon the average of plantar toe 1,
plantar toe 3 and plantar toe 5. Plantar sensation was calculated based upon the average
of the heel, arch, ball and outer foot sensations. Foot thermal sensation maps for
grouped and individual foot regions under each condition were created to depict
regional differences in pre TS, initial TS and steady state TS.
3.2.7 Statistical analysis
Differences in ambient and environmental conditions elicited within the foot climate
system were assessed using a one-way repeated measures ANOVA. To evaluate
changes in whole body and foot thermal state during experimental trials, core
temperature, mean skin temperature, whole foot skin temperature and local foot skin
temperature were analysed by means of a two-way repeated measures ANOVA with
condition as an independent factor and time as a repeated factor. A Friedman test was
conducted to evaluate changes in whole body and whole foot perceptual responses
between conditions and over time. When significant effects were observed, post hoc
analysis was conducted with a Wilcoxon signed rank test. To investigate differences
in thermal sensation over time, between conditions and between foot regions Friedman
tests were conducted. When significant effects were observed, post hoc analysis was
conducted with a Wilcoxon signed rank test. Pearson correlations were performed to
assess relationships between whole body thermal sensation/whole body thermal
comfort and mean skin temperature in addition to relationships between foot thermal
sensation/foot thermal comfort and mean foot skin temperature. Spearman correlations
were performed to assess relationships between absolute thermal sensation votes and
∆thermal sensation votes by condition. Statistical analysis was performed using IBM
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SPSS Statistics 24 (IBM, USA) and reported as means ± standard deviation (SD). The
threshold for significance was set at p < 0.05.

3.3 Generic Results
3.3.1 Environmental conditions
Ambient conditions and environmental conditions within the foot climate system are
shown in Table 3.1. Ambient air temperature and ambient relative humidity were not
significantly different between conditions. There were no differences in foot space air
temperature between rest and exercise conditions (p = 0.99). Foot space air velocity
was not different between foot heating and foot cooling (p = 0.38).
Table 3.1 Mean (±SD) Ambient conditions and environmental conditions elicited within the
foot climate system for experimental trials consisting of 30 min condition exposure (rest,
exercise, foot heating, foot cooling) followed by a 15 min foot thermal sensation test.
* significantly different from rest. # significantly different from exercise. significantly
different from foot heating. Significance set at p < 0.05.
Experimental Condition
Rest

Exercise

Foot Heating

Foot Cooling

Ambient Air
Temperature (°C)

23.1 ± 0.4

23.0 ± 0.3

23.4 ± 0.8

23.4 ± 1.1

Ambient Relative
Humidity (%)

51.1 ± 2.8

51.2 ± 2.3

47.3 ± 8.4

48.0 ± 2.7

Foot Space Air
Temperature (°C)

24.2 ± 0.3

24.2 ± 0.7

37.4 ± 0.3*#

15.0 ± 0.6*#†

-

-

0.21 ± 0.1

0.18 ± 0.1

Foot Space Air
Velocity (m.s-1)

3.3.2 Whole body thermal and perceptual responses
3.3.2.1 Core and mean skin temperature
In comparison to rest, foot heating and foot cooling, rectal temperature was
significantly higher following exercise and at the end of the thermal sensation test
(Table 3.2; p < 0.05).
Mean skin temperature (Table 3.2) was higher following exercise (p < 0.001) and foot
heating (p = 0.05) compared to rest. Mean skin temperature was also significantly
higher with foot heating compared to foot cooling (p = 0.05). Mean skin temperature
for all conditions fell within a 2.0°C range.
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3.3.2.2 Whole body thermal sensation and comfort
Whole body thermal sensations (Table 3.3) were neutral at the start/end of stabilisation
with no differences between conditions. At the start of conditioning and at start/end of
the thermal sensation test, whole body thermal sensation was significantly lower for
the foot cooling condition compared to rest, exercise and foot heating (p < 0.05).
Participants felt warmer and remained warmer after exercise compared with the resting
condition (p < 0.05). Participants reported higher thermal sensations at the end of foot
heating compared to exercise (p = 0.01). Participants remained comfortable throughout
the phases of experimental protocol (Table 3.3). Greater thermal discomfort was only
experienced following exercise in comparison to rest, foot heating and foot cooling (p
< 0.01).
3.3.3 Foot thermal and perceptual responses
3.3.3.1 Mean (left) foot skin temperature
Pilot testing performed for each experimental condition indicated similar changes in
foot skin temperature between the left and right foot (< 1°C difference). The left foot
skin temperature response is therefore deemed to be reflective of the right foot skin
temperature response on which the thermal sensation test was performed.
At the start of condition exposure, mean foot skin temperature (Table 3.2) was
significantly higher with foot heating compared to exercise (p < 0.001). At the end of
conditioning and at the end of the thermal sensation test, mean foot skin temperature
was similar between exercise and foot heating (p > 0.08). Mean foot skin temperature
was significantly different between all remaining conditions (p < 0.05).
3.3.3.2 Local (right) foot skin temperature
Assessment of local foot skin temperature on the right foot pre- and 30 s post-probe
application is shown in Table 3.4. Overall, the application of the warm thermal
stimulus had little effect on foot skin temperature over the duration of the thermal
sensation test.
3.3.3.3 Foot thermal sensation and comfort (left foot)
Foot thermal sensations (Table 3.3) were neutral at the start/end of stabilisation with
no differences between conditions. Excluding foot thermal sensation between rest
and exercise at the start of conditioning (rest vs exercise: 1.9 ± 2.3 vs 2.6 ± 2.4, p =
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0.21) and at the end of the thermal sensitivity test (rest vs exercise: 1.6 ± 3.2 vs 4.3 ±
2.8, p = 0.07), foot conditioning elicited significant differences in foot thermal
sensation across all phases of the experimental protocol (p < 0.05),
Participants remained comfortable at the start/end of stabilisation with no differences
between conditions (Table 3.3). Greater thermal discomfort was experienced
following exercise (3.2 ± 1.7) and foot cooling (3.7 ± 2.3) compared to rest (1.3 ± 0.7,
p < 0.02) and foot heating (2.1 ± 1.5 p < 0.05). At the end of the thermal sensation test,
greater discomfort was experienced with foot cooling compared to rest (p = 0.02),
exercise (p = 0.02) and foot heating (p = 0.04).
3.3.3.4 Comparison between left and right foot thermal sensation and comfort
votes
As shown in Table 3.3, at the end of the thermal sensation test, thermal sensation
reported for the left foot was significantly higher than those reported for the right foot
for the resting (left vs right: 1.6 ± 3.2 vs 0.2 ± 2.3, p = 0.03) and foot heating (left vs
right: 7.8 ± 3.2 vs 7.4 ± 2.5, p = 0.04). Thermal comfort votes reported for the left and
right foot were not significantly different at any phase of the experimental protocol.
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Table 3.2 Core temperature, mean skin temperature and foot skin temperature at the start/end of 10 min stabilisation, start/end 30 min condition exposure
(rest, exercise, foot heating, foot cooling) and at the end of a 15 min foot thermal sensation test. * significantly different from rest. # significantly different
from exercise. significantly different from foot heating. Significance set at p < 0.05.
Rest

Rectal Temperature (°C)

Mean Skin Temperature
(°C)

Left Foot Skin Temperature
(°C)

Exercise

Foot Heating

Foot Cooling

mean

SD

mean

SD

mean

SD

mean

SD

Start of stabilisation

37.2

0.4

37.1

0.5

37.3

0.4

37.3

0.4

End of stabilisation

37.2

0.4

37.1

0.5

37.2

0.4

37.3

0.4

Start of condition

37.2

0.4

37.1

0.5

37.2

0.4

37.3

0.4

Start of sensation test

37.1

0.4

37.9*

0.6

37.1#

0.4

37.3#

0.4

End of sensation test

37.2

0.2

37.4*

0.7

37.3#

0.1

37.2#†

0.4

Start of stabilisation

32.4

0.5

32.2

0.9

32.5

0.6

32.4

0.7

End of stabilisation

32.5

0.6

32.4

0.6

32.6

0.6

32.4

0.7

Start of condition

32.3

0.6

32.3

0.5

32.9

0.8

32.2

0.7

Start of sensation test

32.4

0.7

31.6

0.8

33.5*#

0.8

32.0†

0.6

End of sensation test

32.6

0.3

32.7

0.8

33.5*

0.8

32.2

0.7

Start of stabilisation

-

-

-

-

-

-

-

-

End of stabilisation

-

-

-

-

-

-

-

-

Start of condition

29.4

1.3

29.1

1.8

32.3#

1.8

27.7

1.7

Start of sensation test

29.0

1.6

34.1*

0.5

34.2*

1.0

23.2*#†

0.8

End of sensation test

29.1

1.5

33.1*

1.0

34.8*

1.1

22.3*#†

1.2
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Table 3.3 Thermal sensation and thermal comfort votes for the whole body, left and right foot at the start/end of 10 min stabilisation, start/end 30 min condition
exposure (rest, exercise, foot heating and foot cooling) and at the end of a 15 min foot thermal sensation test. * significantly different from rest. # significantly
different from exercise. significantly different from foot heating. Significance set at p < 0.05.
Rest
Whole Body Thermal
Sensation

Whole Body Thermal
Comfort

Left Foot Thermal Sensation

Left Foot Thermal Comfort

Exercise

Foot Heating

Foot Cooling

mean

SD

mean

SD

mean

SD

mean

SD

Start of stabilisation

2.1

1.9

2.3

2.0

2.4

2.3

1.6

1.6

End of stabilisation

1.5

1.8

1.3

1.3

1.8

1.8

1.2

1.8

Start of condition

1.2

1.2

2.5

2.3

3.3

2.3

-1.8*#†

3.1

Start of sensation test

1.4

2.2

12.1*

2.2

5.2#

3.3

-4.2*#†

3.8

End of sensation test

0.6

1.8

3.7*

2.6

4.4*

3.4

-1.8#†

4.2

Start of stabilisation

1.1

0.3

1.3

0.9

1.2

0.6

1.4

1.0

End of stabilisation

1.0

0.0

1.2

0.6

1.1

0.0

1.0

0.0

Start of condition

1.0

0.0

1.2

0.4

1.3

0.5

1.5

0.7

Start of sensation test

1.0

0.0

4.1*

1.7

1.5#

0.7

1.6#

1.0

End of sensation test

1.0

0.0

1.6

1.1

1.1

0.3

1.7

1.6

Start of stabilisation

2.0

2.8

1.5

2.8

2.2

2.6

2.0

2.2

End of stabilisation

1.0

2.1

1.5

2.7

2.1

2.2

1.4

2.4

Start of condition

1.9

2.3

2.6

2.4

5.6*#

2.3

-5.2*#†

2.8

Start of sensation test

2.2

3.6

9.9*

1.9

7.8*#

3.2

-12.7*#†

4.4

End of sensation test

1.6

3.2

4.3

2.8

9.2*#

1.9

-11.2*#†

3.4

Start of stabilisation

1.1

0.3

1.4

1.3

1.3

0.7

1.3

0.9

End of stabilisation

1.1

0.3

1.3

0.9

1.1

0.3

1.1

0.3

Start of condition

1.2

0.4

1.2

0.6

1.3

0.5

1.6

0.8

Start of sensation test

1.3

0.7

3.2*

1.7

2.1#

1.5

3.7*†

2.3

End of sensation test

1.3

0.7

1.7

1.3

2.1

1.5

3.7*#†

2.6
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Right Foot Thermal
Sensation

Right Foot Thermal
Comfort

Start of stabilisation

2.0

2.8

1.3

3.2

2.4

2.4

1.8

2.0

End of stabilisation

1.1

2.2

1.2

2.8

2.2

2.3

1.4

2.4

Start of condition

1.8

2.3

2.6

2.4

5.7*#

2.2

-5.3*#†

2.9

Start of sensation test

2.2

3.6

9.6*

2.3

7.7*#

3.2

-12.9*#†

4.4

End of sensation test

0.2

2.3

4.7*

2.8

7.4*#

2.5

-12.5*#†

3.5

Start of stabilisation

1.1

0.3

1.5

1.3

1.3

0.7

1.3

0.9

End of stabilisation

1.1

0.3

1.3

0.9

1.1

0.3

1.1

0.3

Start of condition

1.2

0.4

1.2

0.6

1.3

0.5

1.6

0.8

Start of sensation test

1.3

0.7

3.1*

1.7

2.1#

1.5

3.6*†

2.3

End of sensation test

1.1

0.3

1.6

1.3

1.9

1.4

3.8*#†

2.8
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Table 3.4 Local right foot skin temperature (°C) during a thermal sensation test pre- and 30 s post-probe application for all experimental trials (rest, exercise, foot
heating, foot cooling). Light grey shading indicates an increase in mean local foot skin temperature post probe. Dark grey shading indicates a decrease in mean
local foot skin temperature post probe. Level of significance: *p < 0.05, **p < 0.01

Medial
Dorsal
Central
Dorsal
Lateral
Dorsal
Dorsal
Toe 1
Dorsal
Toe 3
Dorsal
Toe 5
Plantar
Toe 1
Plantar
Toe 3
Plantar
Toe 5
Heel
Arch
Ball
Outer

PRE
POST
PRE
POST
PRE
POST
PRE
POST
PRE
POST
PRE
POST
PRE
POST
PRE
POST
PRE
POST
PRE
POST
PRE
POST
PRE
POST
PRE
POST

REST (°C)
Min
Max
25.9
32.1
23.8
31.8
23.9
32.7
23.8
32.4
25.5
31.9
25.7
31.5
24.2
32.1
24.0
32.5
23.2
30.6
23.5
31.0
24.5
30.4
23.9
30.4
23.5
32.6
23.4
32.2
24.2
31.8
24.6
31.1
24.8
31.9
24.8
32.0
23.8
27.5
24.3
27.0
27.7
30.9
27.1
30.5
25.8
31.2
25.3
31.1
25.3
31.6
25.4
32.0

Mean
28.9
28.5
29.2
29.2
28.0
27.9
28.0
27.7
26.9
26.9
26.8
26.6
27.7
27.6
27.6
27.4
27.8
27.9
25.6
26.0
29.0
28.8*
27.8
27.7
27.9
27.9

Median
28.7
28.6
29.5
29.7
27.8
27.8
28.4
27.7
27.5
27.4
27.2
27.0
27.6
27.5
27.8
27.4
28.0
28.2
25.5
26.4
29.1
28.7
27.0
27.6
27.8
27.8

SD
1.7
2.2
2.5
2.5
1.9
1.7
2.8
3.1
2.6
2.6
1.9
1.9
2.7
2.8
2.6
2.4
2.1
2.0
1.2
1.0
1.0
1.1
1.8
2.0
1.8
2.0

EXERCISE (°C)
Min
Max
Mean
33.0
35.4
34.0
32.9
35.1
33.9
32.8
35.3
33.9
33.0
34.8
34.0
30.5
35.3
33.4
31.3
34.8
33.2
31.0
35.6
34.2
30.6
35.8
34.1
30.7
36.1
33.9
31.3
36.1
33.9
28.1
36.3
31.6
27.9
35.6
31.3
28.3
35.6
32.4
27.6
34.9
32.4
25.1
35.7
31.8
25.3
36.1
31.7
24.1
36.2
31.6
24.3
36.0
31.4
27.4
34.3
31.9
26.9
34.0
31.8
32.1
34.5
33.6
32.4
34.4
33.4
28.3
35.2
33.2
28.7
35.7
33.5*
25.3
35.5
32.3
25.5
35.6
32.1
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Median
34.1
33.8
33.8
34.0
33.8
33.2
34.5
34.3
34.5
34.0
30.9
30.9
32.6
32.8
32.6
32.2
32.9
32.7
32.0
32.3
33.7
33.6
33.8
33.9
33.8
33.4

SD
0.8
0.7
0.7
0.5
1.3
1.1
1.4
1.5
1.8
1.6
2.7
2.2
2.3
2.3
3.7
3.6
4.2
4.3
1.9
2.0
0.6
0.7
2.1
2.0
3.4
3.2

FOOT HEATING (°C)
Min
Max
Mean
33.1
36.6
34.7
32.9
36.4
34.6
32.9
36.5
34.9
32.0
36.2
34.8
33.1
36.0
34.8
32.3
35.9
34.4*
33.4
36.5
34.7
33.2
36.2
34.6
33.1
36.2
34.7
32.8
35.9
34.4**
33.7
36.5
34.9
33.2
36.1
34.9
33.9
37.6
35.8
33.4
37.3
35.6
33.5
36.9
35.3
33.2
36.6
35.1
31.4
36.2
34.3
31.3
36.1
34.4
30.5
34.5
32.7
31.0
34.7
32.8
32.8
36.1
34.6
33.1
35.6
34.5
33.6
36.3
35.0
33.8
36.2
35.1
31.7
36.1
34.5
32.6
35.6
34.5

Median
34.7
34.4
35.1
35.1
34.8
34.4
34.7
34.5
34.8
34.5
34.8
35.2
35.5
35.6
35.7
35.5
34.1
34.2
33.0
33.0
34.6
34.8
35.2
35.2
34.6
34.5

SD
1.1
1.1
1.1
1.2
1.0
1.1
1.0
1.0
1.2
1.2
1.0
1.0
1.1
1.1
1.2
1.2
1.4
1.4
1.3
1.1
0.9
0.8
1.0
0.9
1.2
0.9

FOOT COOLING (°C)
Min
Max
Mean
20.1
25.0
22.7
21.2
25.4
23.0
21.2
24.9
23.7
21.7
25.7
23.9
18.5
23.0
21.4
18.8
22.9
21.3
15.9
19.9
17.6
16.1
19.3
17.5
15.5
20.9
17.0
15.4
20.6
17.0
15.6
21.4
17.4
15.7
21.8
17.3
14.9
23.3
19.0
14.1
23.1
18.7*
15.9
22.6
18.4
16.0
23.0
18.4
16.6
22.0
19.0
17.2
22.9
19.1
17.5
22.9
20.9
17.3
22.6
21.0
20.8
26.0
23.8
22.0
26.1
23.8
19.1
24.7
21.1
19.0
23.9
21.0
18.1
23.2
19.8
18.2
22.8
19.8

Median
22.8
22.7
24.3
24.2
21.8
21.9
17.4
17.5
16.5
16.9
16.9
16.7
18.2
17.8
17.7
18.1
18.5
18.2
21.3
21.7
23.8
23.8
20.7
20.6
19.2
19.4

SD
1.5
1.4
1.2
1.3
1.7
1.5
1.3
1.0
1.6
1.5
1.8
1.9
2.6
2.8
2.1
2.3
1.8
2.1
1.6
1.6
1.4
1.3
1.8
1.6
1.7
1.6
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3.4 Part I: Relationship between whole body perceptual responses
and mean skin temperature; the effect of independently
changing the thermal state of the feet from that of the whole body
3.4.1 Results
3.4.1.1 Whole body mean skin temperature and mean whole body perceptual
responses
As shown in Figure 3.4, from the start to end of conditioning, a small but significant
increase in mean skin temperature was observed during foot heating (+0.5°C, p =
0.001). Small but non-significant changes in mean skin temperature were observed
during foot cooling (-0.2°C, p = 0.14) and rest (+0.1°C, p = 0.31). A significant
difference in mean skin temperature was observed at the end of condition between rest
and foot heating (p = 0.05), exercise and foot heating (p < 0.001) and between foot
heating and foot cooling conditions (p = 0.05).
From the start of stabilisation to the end of conditioning, mean whole body thermal
sensation (Figure 3.5a) remained neutral during rest (p = 0.89) and increased from
neutral to slightly warm with foot heating (p = 0.04) and significantly decreased from
neutral to slightly cool with foot cooling (p = 0.01). Mean whole body thermal comfort
(Figure 3.5b) did not change during foot conditioning (p > 0.10).
3.4.1.2 Relation between whole body mean perceptual responses whole body
mean skin temperature
Significant positive relationships were observed between whole body thermal
sensation and mean skin temperature (Figure 3.6a: r2 > 0.84, p < 0.001). Regression
analysis indicated that a +0.9°C and -0.3°C change in mean skin temperature from
neutral, elicited slightly warm respectively slightly cool, whole body thermal
sensations.
While significant relationships were observed between whole body thermal comfort
and mean skin temperature (Figure 3.6b: r2 > 0.56, p = 0.05) the impact on whole body
thermal comfort was negligible as participants were comfortable for all foot
conditioning exposures.
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Figure 3.4 Whole body mean skin temperature during experimental trials consisting of 10
min stabilisation (23°C, 50% RH) and 30 min foot conditioning (rest: 23°C, foot heating:
38°C and foot cooling: 15°C). # indicates significant difference from previous time point
for foot heating only (p = 0.001). All trials were performed in a climatic chamber
maintained at 23°C, 50% RH.
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Figure 3.5 Mean (a) whole body thermal sensation and (b) thermal comfort during
experimental trials consisting of 10 min stabilisation (23°C, 50% RH) and 30 min foot
conditioning (rest: 23°C, foot heating: 38°C and foot cooling: 15°C). # indicates significant
difference from previous time point for foot heating (p = 0.04). indicates significant
difference from previous time for foot cooling (p = 0.01). All trials were performed in a
climatic chamber maintained at 23°C, 50% RH.
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Figure 3.6 Relationships between (a) whole body thermal sensation and mean skin
temperature and (b) whole body thermal comfort and mean skin temperature during
experimental trials consisting of 10 min stabilisation (23°C, 50% RH) and 30 min foot
conditioning (rest: 23°C, foot heating: 38°C and foot cooling: 15°C). * indicates significant
relationship (p < 0.02). All trials were performed in a climatic chamber maintained at 23°C,
50% RH.
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3.4.1.3 Mean foot skin temperature and mean foot perceptual responses
As shown in Figure 3.7, mean foot skin temperature significantly changed with foot
conditioning (rest -0.3°C, foot heating +1.9°C, foot cooling -4.5°C, p < 0.01). From
the start of stabilisation to the end of conditioning, mean foot thermal sensation (Figure
3.8a) remained neutral during rest (p = 0.92). With foot heating, mean foot thermal
sensation significantly increased from neutral to warm (p = 0.01) and significantly
decreased from neutral to cold with foot cooling (p = 0.01). A significant change in
mean foot thermal discomfort was only observed with foot cooling (Figure 3.8b:
comfortable to slightly uncomfortable, p = 0.02).
3.4.1.4 Relation between mean foot perceptual responses and mean foot skin
temperature
Regression analysis indicated significant positive relationships between mean foot
thermal sensation and mean foot skin temperature (Figure 3.9a: r2 > 0.95, p < 0.001).
Slightly warm and slightly cool thermal sensations were elicited with a plus or minus
2°C change from neutral in mean foot skin temperature. Significant positive
relationships were also observed between mean foot thermal comfort and mean foot
skin temperature (Figure 3.9b: r2 > 0.88, p < 0.01). Slightly uncomfortable perceptions
were only experienced with a 6°C decrease in mean foot skin temperature.

Figure 3.7 Mean foot skin temperature during 30 min foot conditioning (rest: 23°C, foot
heating: 38°C and foot cooling: 15°C). * indicates significant difference from previous time
point during rest (p = 0.06). # indicates significant difference from previous time point for
foot heating (p = 0.05). 
indicates significant difference from previous time point for foot
cooling (p = 0.01). All trials were performed in a climatic chamber maintained at 23°C,
50% RH.
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Figure 3.8 Mean (a) foot thermal sensation and (b) thermal comfort during experimental
trials consisting of 10 min stabilisation (23°C, 50% RH) and 30 min foot conditioning (rest:
23°C, foot heating: 38°C and foot cooling: 15°C). # indicates significant difference from
previous time point for foot heating (p = 0.008). indicates significant difference from
previous time for foot cooling (p < 0.02). All trials were performed in a climatic chamber
maintained at 23°C, 50% RH.
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Figure 3.9 Relationships between mean foot skin temperature and (a) mean foot thermal
sensation and (b) mean foot thermal comfort during 30 min foot conditioning (rest: 23°C,
foot heating: 38°C and foot cooling: 15°C). * indicates a significant relationship (p < 0.01).
All trials were performed in a climatic chamber maintained at 23°C, 50% RH.
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3.4.2 Discussion
The first aim of this study was to investigate the relationship between whole body
thermal sensation and mean skin temperature by independently changing the thermal
state of the feet from the rest of the body. Three conditions were applied to the feet
(rest/neutral 23°C, heating 38° and cooling 15°C) while the whole body remained in
neutral conditions (23°C, 50% RH). Comparisons between changes in whole body
thermal sensation votes and changes in whole body mean skin temperature were made
(Figure 3.6). To determine whether whole body thermal sensation is modulated by
small changes in mean skin temperature or by large changes in foot skin temperature,
our data were reviewed in line with the literature, investigating the relationship
between whole body thermal sensation and mean skin temperature during whole body
exposures to various ambient temperatures (Gagge et al. 1967; Yao et al. 2008; Zhang
et al. 2010a). We also draw upon data collected from a previous pilot study (West et
al. 2019a) assessing the relationship between whole body thermal sensation and mean
skin temperature during whole body inactive exposures to three environmental
conditions (10°C, 25°C, and 38°C). This is shown in Appendix A.
3.4.2.1 Relation between whole body thermal sensation and whole body mean skin
temperature
Whole body thermal sensation is well correlated with mean skin temperature between
29-34°C (Gagge et al. 1967; Rohles 1971; Zhang et al. 2010a). Yet the magnitude of
change in mean skin temperature required to elicit changes in thermal sensation (i.e.
from neutral to slightly warm/slightly cool) is not well reported. In the current study,
despite only a small change in mean skin temperature from the start to end of local
conditioning with heating (+0.5°C, p = 0.001) and cooling (-0.2°C, p = 0.14), whole
body thermal sensation increased from neutral to slightly warm (p = 0.04) or
respectively decreased from neutral to slightly cool (p = 0.01).
To determine whether whole body thermal sensation was modulated by the small
change in mean skin temperature or by the large changes in foot skin temperature, the
relationship between whole body thermal sensation and mean skin temperature was
explored (Figure 3.6a). Our data indicates a +0.9°C and -0.3°C change in mean skin
temperature from neutral is required to elicit slightly warm or respectively slightly cool
whole body thermal sensations.
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Within the literature, for whole body exposure to warm, the typical change in mean
skin temperature to elicit slightly warm thermal sensations from neutral varies. Gagge
et al. (1967) shows a ⁓0.3 °C increase in mean skin temperature from neutral (33.4°C)
to elicit slightly warm thermal sensations. Zhang et al. (2010a) and Yao et al. (2008)
however indicate that a larger 1.0-1.5°C increase in mean skin temperature from
neutral (33.3°C and 32°C, respectively) is required.
It is important to consider that the relationship between whole body thermal sensation
and mean skin temperature assessed by Gagge et al. (1967) is based upon data from
only three individuals during one hour inactive exposures to three quite extreme
environmental temperatures; 30°C, 42°C and 48°C. In comparison, the relationships
assessed by Yao et al. (2008) and Zhang et al. (2010a) during inactive exposures are
based upon data collected from 20 and 27 participants, respectively. Yao et al. (2008)
exposed participants to four quite moderate environmental conditions; 21°C, 24°C,
26°C and 29°C and Zhang et al. (2010a) exposed participants to more moderate
environmental temperatures ranging between 16-32°C. Today, the work of Zhang et
al. (2010a) is widely used in the prediction of both local and overall thermal sensation
and comfort. However, inconsistencies between individual publications (Arens et al.
2006a, b; Zhang et al. 2010b) make it difficult to clarify the specific nature of the
experiments and therefore the specific details pertaining to the relationship between
mean skin temperature and whole body thermal sensation.
Due to the discrepancy within the literature regarding the change in mean skin
temperature required to elicit slightly warm thermal sensations from neutral (Gagge et
al. 1967; Yao et al. 2008; Zhang et al. 2010a), we decided to review data collected
from a previous pilot study (West et al. 2019a) which assessed the relationship between
whole body thermal sensation and changes in mean skin temperature (in addition to
whole body thermal comfort) during one hour inactive whole body exposure to three
environmental conditions; 10°C, 25°C, and 38°C all at 50% RH. The relationship
(Appendix A) shows good agreement with Zhang et al. (2010a) and Yao et al. (2008),
indicating that a 1.3°C increase in mean skin temperature is required to elicit slightly
warm thermal sensations. Therefore, we are confident in stating that to elicit slightly
warm thermal sensations from neutral, a 1.0-1.5°C increase in mean skin temperature
is required (Yao et al. 2008; Zhang et al. 2010a; West et al. 2019a).
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Within the literature, for whole body exposure to cold there is agreement, indicating
that a 1.0-1.5°C decrease in mean skin temperature from neutral (32.0- 34.5°C) is
required to elicit slightly cool thermal sensations (Gagge et al. 1967; Yao et al. 2008;
Zhang et al. 2010a). The relationship shown in Appendix A also supports this,
indicating a 1.4°C decrease in mean skin temperature to elicit slightly cool thermal
sensations.
Therefore, the literature (Gagge et al. 1967; Yao et al. 2008; Zhang et al. 2010a) and
our data (Appendix A: West et al. 2019a), indicates that with whole body
environmental exposures, a ± 1.0-1.5°C change in mean skin temperature is required
to elicit slightly warm or slightly cool thermal sensations. In comparison, our data show
that when the body is in a neutral environment and the feet are exposed to neutral, hot
and cold environments, a +0.9°C and -0.3°C change in mean skin temperature from
neutral is required to elicit slightly warm or respectively slightly cool whole body
thermal sensations. The relationship for whole body and local exposures are shown
together in Appendix B. Compared to whole body exposures, local exposure of the
feet increases our sensitivity to changes in mean skin temperature, particularly with
foot cooling. This indicates a relatively larger role of the feet in the modulation of
whole body thermal sensation than is represented by the weight factor in the mean skin
temperature calculation.
3.4.2.2 Relation between whole body thermal comfort and whole body mean skin
temperature
Although whole body thermal sensation was modulated by changes in foot skin
temperature, this did not affect whole body perceptions of thermal comfort (Figure
3.6b). Of the relationships discussed (Gagge et al. 1967; Yao et al. 2008; Zhang et al.
2010a), the relationship between thermal comfort and mean skin temperature is only
shown by Gagge et al. (1967). To elicit slightly uncomfortable whole body perceptions
from comfortable with cold or warm exposures a -4.5°C or +2°C change in mean skin
temperature is required, respectively. When reviewed in line with data collected from
our previous experiment (relationship between changes in mean skin temperature,
whole body thermal sensation and whole body thermal comfort: Appendix A), a
similar change of -4°C with cold exposure was required to elicit slightly uncomfortable
perceptions. With warm exposure a +3°C change in mean skin temperature is required.
It has previously been reported that whole body thermal discomfort is associated with
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local discomfort at two or more body parts (Zhang et al. 2010b). Thus in the current
study, local discomfort at the feet alone may not have been strong enough to impact
on whole body thermal (dis)comfort (Zhang et al. 2010b).
3.4.3 Conclusion
In comparison to the literature which indicates that typically a ± 1.0-1.5°C change in
mean skin temperature from neutral is required to elicit slightly warm or slightly cool
whole body thermal sensations, our data indicates a +0.9°C and -0.3°C change in mean
skin temperature, mainly caused by the foot, was sufficient to elicit such changes. This
apparent increase in sensitivity to mean skin temperature indicates a relatively larger
role of the feet in modulating whole body thermal sensation than is represented by the
weight factor in the mean skin temperature calculation. Despite this, the current study
shows that whole body thermal comfort was not affected by local foot conditioning.
Our data indicates a ± 3-4°C change in mean skin temperature is required to elicit
slightly uncomfortable perceptions from comfortable.

3.5 Part II: Regional differences in foot thermal sensation to
warmth: a between condition comparison
This section compares absolute thermal sensation votes with the ∆thermal sensation
vote provided in response to an identical warm stimulus (40°C) applied to 13 foot
regions with foot conditioning (rest: 23°C, exercise: 23°C, foot heating: 38°C and foot
cooling: 15°C).
3.5.1 Results
Thermal sensation (TS) ratings were provided prior to application of the warm stimuli
of 40°C (pre TS), immediately upon probe-to-skin contact (initial TS; ITS) and after
10 s of application (steady state TS; SSTS). Figure 3.10 shows absolute pre TS and the
corresponding local skin temperatures, and ITS and SSTS provided for each condition
at 13 foot regions. Figure 3.11 shows ∆thermal sensation from pre TS to ITS (∆ITS)
and pre TS to SSTS (∆SSTS) for each condition at 13 foot regions.
3.5.1.1 Mean/local foot skin temperatures and pre TS
As previously reported in section 3.3 and shown in Table 3.2, mean foot skin
temperature was similar between exercise and foot heating (p > 0.08). Significant
differences in local skin temperature (assessed via an infrared gun during reported pre
TS) were not consistently observed between exercise and foot heating conditions
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(Figure 3.10). Mean foot skin temperatures however were significantly different
between rest, exercise and foot cooling conditions (Table 3.2; rest 29.0°C, exercise
34.1°C, foot cooling 23.2°C, p < 0.05). Differences in local skin temperature were also
observed for these conditions (Figure 3.10; p < 0.05).
Compared to the resting condition, pre TS (Figure 3.10) were higher following
exercise (p < 0.05) at 9 foot regions and foot heating (p < 0.05) at all foot regions. Pre
TS were higher for foot heating compared to exercise (p < 0.05) at 5 foot regions.
Lowest pre TS were observed for foot cooling (p < 0.05) at all foot regions.
3.5.1.2 ITS and SSTS
As shown in Figure 3.10, local foot conditioning (rest, exercise, foot heating, foot
cooling) did not result in substantially different ITS or SSTS between conditions.
Despite foot conditioning resulting in a total of 66 out of 78 significant differences in
pre TS (p < 0.05), this was reduced to a total of 24 significant differences in ITS (p <
0.05) and a further reduction to only 9 significant differences in SSTS (p < 0.05). Local
conditioning of the foot seemed to have only a minor impact on absolute temperature
sensation upon application of a 40°C stimulus.
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Figure 3.10 Foot thermal sensation for 13 foot regions provided before application of a warm stimuli
of 40°C (PRE) and the corresponding local skin temperature and foot thermal sensations provided
immediately after application (ITS) and after 10 s of application (SSTS) for four conditions: rest,
exercise, foot heating and foot cooling. Significant differences for local skin temperature indicated by:
× between all conditions. between all conditions excluding exercise and foot heating. Significant
differences for thermal sensation indicated by: * significantly different from rest. # significantly
different from exercise. 
significantly different from foot heating. Significance set at p < 0.05.
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3.5.1.3 ¨I76DQG¨
SSTS
In contrast to the absolute votes, assessment of the change in foot thermal sensation
for each condition (from pre TS to ITS [∆ITS] and from pre TS to SSTS [∆SSTS])
indicated a strong effect of local foot conditioning on temperature sensation.
Compared to exercise and foot heating, ∆ITS and ∆SSTS were higher for the resting
condition at more than half of the foot regions assessed (p < 0.05). ∆ITS and ∆SSTS
were similar for exercise and foot heating conditions across foot sites. Foot cooling
substantially increased thermal sensation to warmth (when expressed as a change in
sensation) at all foot regions compared to rest, exercise and foot heating conditions (p
< 0.01).

Figure 3.11 ∆foot thermal sensation for 13 foot regions from PRE-ITS (∆ITS) and from PRE-SSTS
(∆SSTS) for four conditions: rest, exercise, foot heating and foot cooling. * significantly different from
rest. # significantly different from exercise. significantly different from foot heating. Significance set
at p < 0.05.
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3.5.1.4 5HODWLRQEHWZHHQDEVROXWHWKHUPDOVHQV
votes by condition
As shown in Figure 3.12, the relationship between absolute thermal sensation votes
provided at each foot region across conditions in response to an identical temperature
stimulus were close together indicating that local conditioning had only a limited effect
on thermal sensation to warmth. The relationships between delta thermal sensation
votes for the different conditions however give an impression of raised thermal
sensation particularly following foot cooling.

Figure 3.12 Relation between thermal sensation votes provided between different conditions (rest: 23°C,
exercise: 23°C, foot heating: 38°C and foot cooling: 15°C) and the change in thermal sensation votes
between different conditions (rest: 23°C, exercise: 23°C, foot heating: 38°C and foot cooling: 15°C)
reported for foot regions during thermal sensation testing. * indicates significant relationship (p < 0.05).
All trials were performed in a climatic chamber maintained at 23°C, 50% RH.
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3.5.2 Discussion
The second aim of this study was to investigate the effect of local conditioning (rest,
exercise, foot heating, foot cooling) on thermal sensation to warmth across the foot
surface. The primary focus was to assess whether thermal sensation data should be
interpreted according to absolute thermal sensation votes or ∆thermal sensation votes
as both approaches can be found in the literature (Ouzzahra et al. 2012; Gerrett et al.
2014, 2015; Coull 2019).
The data showed that if the assessment of foot thermal sensation is made in relation to
absolute thermal sensation votes, local conditioning of the foot has only a minor effect
on temperature sensation. However, if the assessment of foot thermal sensation is made
in relation to the ∆thermal sensation vote, local conditioning of the foot substantially
effects temperature sensation. Thus, the method of analysis of foot thermal sensation
substantially influences the conclusions made. In the following discussion we will
argue that using the ∆thermal sensation is inappropriate and gives misleading results.

3.5.2.1 Interpretation of absROXWH WKHUPDO VHQVDWLRQ YRWHV
votes
The investigation of thermal sensation using the magnitude estimation method has
previously been applied to assess regional differences in thermal sensation to warm
and cold at rest and following exercise across the body (Ouzzahra et al. 2012; Gerrett
et al. 2014, 2015). To our knowledge, this is the first study to investigate the effect of
local conditioning (rest, exercise, foot heating and foot cooling) on thermal sensation
to warmth. It could be argued that in order to understand the effect of local
conditioning on perception, thermal sensation must be considered as a function of the
preceding local sensation prior to application of a temperature stimulus (i.e. the delta
change from pre thermal sensation to initial or steady state thermal sensation) (Coull
2019). Thus a body region which presents a larger delta value (i.e. larger difference
from the pre sensation) for a certain stimulus intensity exhibits a higher sensitivity to
warmth. Currently, the assessment of thermal sensation assessed via the magnitude
estimation method has been reviewed in relation to absolute thermal sensation votes
(Ouzzahra et al. 2012; Gerrett et al. 2014, 2015). However, as interest in thermal
sensation grows, the number of studies in the area increase and as variations are made
to the methodology i.e. the introduction of pre thermal sensations and the assessment
of local and whole body conditioning on sensation, results can be confounded if not
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fully understood. The method of interpretation of thermal sensation data therefore
becomes important but has not yet been discussed within the literature.
In the current study, regional differences in thermal sensation to warmth across the
foot following rest, exercise, foot heating and foot cooling were presented as absolute
thermal sensation votes (Figure 3.10) and ∆thermal sensation votes (Figure 3.11).
Interpretation of absolute thermal sensation votes inferred that conditioning of the foot
influenced absolute temperature sensation to only a small extent, suggesting similar
sensitives in the different conditions. In contrast, interpretation of the ∆thermal
sensation votes inferred that local conditioning of the foot did substantially influence
temperature sensation. In our view, it would be inappropriate to assign different levels
of sensitivity to these conditions. With this considered, two conclusions can be drawn:
(1) different methods of assessment (absolute vs delta change) provide very different
results and (2) application of an identical thermal stimulus gives people the same
thermal sensation despite large pre-conditioning changes. Thermal sensation data from
this point forward will therefore only be discussed in absolute terms.
3.5.2.2 Thermal sensation to warmth is similar regardless of local foot
conditioning
In the current study, the similarities in absolute thermal sensation votes for extremely
different conditions were unexpected and contrary to the literature (Ouzzahra et al.
2012; Gerrett et al. 2013, 2014; Filingeri et al. 2017). This section will look to explore
possible explanations as to why in the present experiment, similarities in absolute
thermal sensations were observed for the different conditions and why differences in
the literature have previously been reported.
The ability to sense temperatures ranging from innocuous warm (30-42°C) to noxious
heat (> 42°C) and innocuous cool (15-30°C) to noxious cold (< 15°C) is achieved
through the activation of thermoTRP channels. These include heat activated TRPV14, TRPM2, TRPM4 and TRPM5 and cold activated TRPM8 and TRPA1
(Romanovsky 2007, 2018).
Local conditioning of the foot prior to thermal sensation testing elicited differences in
mean foot skin temperature between conditions (Table 3.2; rest 29.0 ± 1.6°C; exercise
34.1 ± 0.5°C; foot heating 34.2 ± 1.0°C; foot cooling 23.2 ± 0.8°C; p < 0.05). With
reference to Figure 2.4 (Romanovsky 2007, 2018), the differences in mean foot skin
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temperature achieved with local conditioning would have activated a range of
thermoTRP channels within the innocuous range. The thermoTRP channels activated
with local conditions would also be different to channel activation with application of
the thermal stimulus. While it is important to recognise that the thresholds for
thermoTRP channel activation as shown in Figure 2.4 are based upon the activity of
the channels in heterologous systems and some are based upon the means of values
obtained in several studies (Romanovsky 2007, 2018), Figure 2.4 may be used to
consider the principles of the thermal sensation responses observed in the present
experiment.
When assessed in relation to Figure 2.4 (Romanovsky 2007, 2018), it could be
speculated that the mean foot skin temperature elicited with the resting condition (29.0
± 1.6°C) would have primarily activated TRPV4 which has an activation threshold
ranging from 25 to 34°C (Caterina 2007; Jeon and Caterina in Romanovsky 2018).
The similar mean foot skin temperatures of ⁓34°C elicited following exercise and foot
heating would have activated TRPV4 and TRPV3 which are responsive to
temperatures of 32-39°C (Jeon and Catrina in Romanovsky 2018) with TRPV3 and
TRPV4 activation overlapping at temperatures of 32-34°C (Romanovsky 2007, 2018).
Finally, the mean foot skin temperature elicited with foot cooling (23.2 ± 0.8°C) would
have primarily activated TRPM8 for which the apparent threshold for activation ranges
between ⁓17-25°C (Caterina 2007). These activation patterns explain why pre thermal
sensations differed between rest, exercise and foot cooling conditions and why fewer
differences in pre thermal sensations were observed between exercise and foot heating
conditioning. However, by application of the 40°C stimulus the focus of the
stimulation of the thermoTRP channels in all conditions would change to TRPV3 and
perhaps to a minor amount to TRPV1 (Romanovsky 2007, 2018). This implies that for
all conditions, rather than modulating the response of an already substantially activated
thermoTRP channel, the stimulus activates a different, new thermoTRP channel. This
may explain the limited influence of the pre-condition on the response as no interaction
with already active thermoTRP channels would take place.
Although the results of the current study indicate a minor effect of local conditioning
on thermal sensation, within the literature, conditioning has been reported to influence
thermal sensation (Ouzzahra et al. 2012; Gerrett et al. 2013, 2014; Filingeri et al. 2017).
The following two sections attempt to explore this discrepancy.
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Rest and exercise
To our knowledge there have been three investigations of regional differences in
thermal sensation across the whole body during rest and exercise (Ouzzahra et al. 2012;
Gerrett et al. 2013, 2014). Attenuations in thermal sensation across the body to cold
stimuli during exercise in males (Ouzzahra et al. 2012) and females (Gerrett et al. 2015)
and also to warm stimuli during exercise in males and females (Gerrett et al. 2014)
have been reported. These observations have been associated with EIA where the
activation of the endogenous opioid system reduces the transmission of sensory
information along afferent nerve fibres (Beaumont and Hughes 1979). In the current
study however, focusing on the foot only, thermal sensation to warmth was similar for
rest and exercise.
Gerrett et al. (2014, 2015) previously reported that for body regions which generally
exhibit low thermal sensitivity such as the extremities, the effect of EIA may be
negligible indicating that a certain level of sensitivity is required for EIA to exert an
effect. Furthermore, at the hand, thermal sensitivity to warmth has been reported to
increase after exercise rather than diminish indicating that EIA may also be site
specific (Gerrett et al. 2014, 2015). The present data are consistent with this, indicating
that the effect of exercise on thermal sensation has only a limited effect on sensation
to warmth when compared to rest. Given that thermal sensation has been reported to
decline towards the extremities (Stevens 1979; Gerrett et al. 2014, 2015) and
similarities in morphological and thermoregulatory responses are evident between the
hands and feet, it could be argued that the effect of EIA at the feet would be unlikely.
Foot cooling
Perhaps one surprising finding of the current study was that despite foot cooling
causing a substantial and significant decrease in mean foot skin temperature (Table
3.2), initial and steady state thermal sensations to warmth were similar regardless of
local conditioning. According to previous literature (Gerrett et al. 2017), decreases in
skin temperature elicited with foot cooling should result in thermoreceptors being
stimulated with a larger change in skin temperature, increasing the impulse frequency
and therefore the intensity of the thermal sensation.
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Although, the assessment of thermal sensation to warmth using magnitude estimation
with foot cooling has not previously been assessed, previous applications of warm air
to the feet with cold exposures (ambient and/or local) has been reported to be effective
in alleviating both local and whole body thermal discomfort (Arens et al. 2006a).
Furthermore, the perceived magnitude of warming stimuli (± 8°C from 30°C baseline)
applied to the hands and feet before a 30 min whole body cooling protocol (waterperfused suit; temperature, 5°C) and every 10 min thereafter has been reported to
increase sensitivity to a warm thermal stimulus (Filingeri et al. 2017). Expressed as
a %∆ from baseline thermal sensitivity to warmth at the hands and feet increased in a
dose-dependent fashion (i.e. a ⁓1% increase in thermal sensitivity to skin warming
occurred per 1°C decrease in skin temperature) (Filingeri et al. 2017).
Filingeri et al. (2017) speculated that (1) whole body cooling increased the magnitude
of the output thermal sensation from the warm stimulus due to intracortical neuron
contrast between receptive fields and (2) cold sensitive neurons innervating the skin
around the testing site could have induced ongoing inhibition in spinal warm-sensitive
neurons whose receptive fields corresponded to the testing site. For our localised
cooling data however, such an increased sensation to warmth as suggested by Filingeri
et al. (2017) with foot cooling was not observed. Hence our data provide no evidence
for intracortical neuron contrast or inhibition in spinal warm-sensitive neurons.
3.5.3 Conclusion
As the interest in thermal sensation research grows and the number of studies in the
area increase, the method of analysis of thermal sensation data becomes important.
Analysis and interpretation of our data using absolute thermal sensation votes and delta
thermal sensation highlight this point, demonstrating how interpretation can vary
substantially and lead to different conclusions. We recommend that when assessing
the effect of conditioning on thermal sensation, absolute thermal sensations votes
should be taken forward for analysis and interpretation. This is because greater
sensitivity observed when expressed as a ∆thermal sensation with one condition i.e.
local cooling, cannot be validly inferred when the actual absolute thermal sensations
observed between conditions are the same. Consequently, absolute thermal sensation
votes were taken forward for the investigation of the effect of local conditioning on
regional differences in thermal sensation to warmth. Overall, application of an
identical thermal stimulus gives people the same thermal sensation despite large preCHAPTER 3 - Study 1: Foot Thermal Sensation to Warmth
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conditioning changes. We postulate that local conditioning did not modulate thermal
sensation as application of the 40°C stimulus activated a different thermoTRP channel
from those active during the conditioning.

3.6 Part III: Regional differences in foot thermal sensation to
warmth: a within condition comparison
3.6.1 Results
Absolute thermal sensation votes were taken forward for the assessment of regional
differences in foot thermal sensation. To provide an overall picture for foot thermal
sensation, the 13 foot locations assessed were grouped to indicate overall sensation for
main regions. Overall dorsal sensation was calculated based upon the average of
medial dorsal, central dorsal and lateral dorsal sensations. The sensation of the dorsal
toes was calculated based upon the average of dorsal toe 1, dorsal toe 3 and dorsal toe
5. The sensation of the plantar toes was calculated based upon the average of plantar
toe 1, plantar toe 3 and plantar toe 5. Plantar sensation was calculated based upon the
average of the heel, arch, ball and outer foot sensations.
3.6.1.1 Change in thermal sensation over time (four foot regions)
Thermal sensations were all warmer from pre to ITS, pre to SSTS and from ITS to
SSTS at all foot regions with rest (p < 0.05) and foot cooling (p < 0.01). Thermal
sensations were also warmer following exercise (p < 0.05) and foot heating (p < 0.05)
although these differences were not consistently observed across all foot regions
(Figure 3.13).
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Figure 3.13 Change in sensation from pre sensation (PRE), initial thermal sensation (ITS) and steady state thermal sensation (SSTS) for grouped foot regions
(dorsal, dorsal toes, plantar, plantar toes) for four conditions: rest (23°C), exercise (23°C), foot heating (38°C) and foot cooling (15°C). Significantly different
at the: * dorsal, # dorsal toes, plantar, Áplantar toes. Significance set at p < 0.05. All trials were performed in a climatic chamber maintained at 23°C,
50% RH.
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3.6.1.2 Regional foot thermal sensation (four foot regions)
Thermal sensations (pre TS, ITS and SSTS when grouped into four regions) for each
experimental condition are shown in Figure 3.14. Significant differences in thermal
sensation between foot regions are shown in Table 3.5.
Pre TS
No significant overall effect of location on pre TS was observed following rest (p =
0.36), exercise (p = 0.14), foot heating (p = 0.98) or foot cooling (p = 0.10).
Initial TS
A significant overall effect of location was observed for ITS for all conditions (Table
3.5; p < 0.05). Warmer thermal sensations were reported at the dorsal foot region
compared to the plantar foot region (p < 0.05). Thermal sensation to warmth was also
higher at the dorsal toe region compared to the plantar toe region (excluding the
exercise condition, p = 0.09). Similar ITS were observed between the dorsal foot and
dorsal toe regions and between the plantar foot and plantar toe regions for all
conditions.
Steady state TS
No significant overall effect of location on steady state TS was observed following
rest (p = 0.19) or foot cooling (p = 0.29) but a significant overall effect of location was
observed for exercise (p = 0.03) and foot heating (p = 0.002). Following exercise,
thermal sensation was higher at the dorsal foot, dorsal toe and plantar toe regions
compared to the plantar foot region (p < 0.05). With foot heating, thermal sensation
was similar between the dorsal and plantar foot regions. Higher thermal sensations
were observed at the dorsal toes compared to the dorsal foot, plantar foot and plantar
toe regions (p < 0.05).
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Figure 3.14 Thermal sensation maps for 4 foot regions provided before application of a warm
(40°C) stimulus (PRE TS), immediately after application (INITIAL TS) and after 10 s of application
(STEADY STATE TS) for four conditions: rest (23°C), exercise (23°C), foot heating (38°C) and
foot cooling (15°C).
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Table 3.5 Significance of comparisons between foot regions for initial thermal sensations (ITS;
#) and steady state thermal sensations (SSTS; †) to a warm (40°C) stimulus for four
experimental conditions; rest (23°C), exercise (23°C), foot heating (38°C) and foot cooling
(15°C).
Dorsal
Dorsal Toes
Plantar Toes
Plantar
Exercise
Dorsal
Dorsal Toes
Plantar Toes
Plantar
Foot
Dorsal
heating
Dorsal Toes
Plantar Toes
Plantar
Foot
Dorsal
cooling
Dorsal Toes
Plantar Toes
Plantar
p < 0.05
p < 0.01

Dorsal

Dorsal Toes

#

#
#

#†

#†

Plantar Toes

Plantar

Rest

†

†
#

#
#

#†
#†

#

3.6.1.3 Regional foot thermal sensation (13 foot regions)
Thermal sensation (pre TS, ITS and SSTS for 13 foot regions) for each experimental
condition are shown in Figure 3.15. Significant differences in thermal sensation
between foot regions are shown in Table 3.6 to Table 3.9 .
Pre TS
No significant overall effect of location on pre TS was observed following rest (p =
0.64), exercise (p = 0.63) or foot heating (p = 0.48). An overall effect of location was
observed for pre TS following foot cooling (p = 0.03). Thermal sensations were similar
at the medial, central and lateral dorsal (-11.3 ± 4.6, -11.1 ± 2.9 and -11.7 ± 4.1, p >
0.50 respectively). No significant difference in thermal sensation was observed
between plantar foot regions (p > 0.10). Thermal sensation was similar between the
dorsal toes (p > 0.30), although a significant difference in thermal sensation was
observed between plantar toe 3 and plantar toe 5 (-12.6 ± 3.9 vs -11.7 ± 4.4, p = 0.05).
A comparison between dorsal toe and plantar toe regions indicated significantly colder
thermal sensations for dorsal toe 5 (-12.8 ± 4.4) compared to plantar toe 1 (-11.9 ± 4.0
p = 0.05) and plantar toe 5 (-11.7 ± 4.4, p = 0.04).
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Initial TS
A significant overall effect of location on ITS was observed for all conditions (p <
0.001). Thermal sensation to warmth was similar at the medial, central and lateral
dorsal during rest (p > 0.70), following exercise (p > 0.30) and with foot heating (p >
0.20). Thermal sensation was warmer at the medial dorsal (7.0 ± 4.7) after foot cooling
and this was significantly warmer in comparison to the central dorsal (5.1 ± 5.5, p =
0.01). The warmest thermal sensation for the plantar foot region was observed at the
arch for all conditions (p < 0.05).
Thermal sensation was similar between dorsal toes and plantar toes for rest and with
foot cooling. No differences in thermal sensation were observed between the plantar
toes following exercise or with foot heating, however thermal sensation was higher at
dorsal toe 3 compared to dorsal toe 5 with exercise (8.7 ± 3.8 vs 7.0 ± 3.7, p = 0.05)
and higher at dorsal toe 3 compared to dorsal toe 1 with foot heating (11.1 ± 3.1 vs 9.4
± 2.8, p = 0.02). Differences in thermal sensation were observed between the dorsal
and plantar toes for each condition (p < 0.05), although no consistent trend was
observed.
Steady state TS
A significant overall effect of location was observed for SSTS for all conditions (p <
0.01). Thermal sensation to warmth was similar at the medial, central and lateral dorsal
during rest (p > 0.10), following exercise (p > 0.40), and with foot heating (p > 0.70).
Thermal sensation was warmer at the medial dorsal (8.4 ± 4.4) with foot cooling and
this was significantly warmer than the central dorsal (5.1 ± 5.5, p = 0.01). The warmest
thermal sensation for the plantar foot region was observed at the arch for all conditions
(p < 0.05).
No significant differences in thermal sensation were observed between the dorsal toes
with rest (p > 0.10), however differences between dorsal toes were observed following
exercise, with foot heating and with foot cooling (p < 0.05). Thermal sensation did not
significantly differ between plantar toes with foot heating however thermal sensation
was warmer for plantar toe 3 compared to plantar toe 5 with rest (plantar toe 3 vs
plantar toe 5: 8.7 ± 4.2 vs 5.8 ± 4.4, p = 0.02) and following exercise (plantar toe 3 vs
plantar toe 5: 10.7 ± 4.3 vs 6.9 ± 4.3, p = 0.03). Thermal sensation was also warmer
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for plantar toe 3 (5.5 ± 4.6) compared to plantar toe 1 (2.9 ± 6.7, p = 0.04) with foot
cooling. Differences in thermal sensation were observed between the dorsal and
plantar toes for each condition (p < 0.05), although no consistent trend was observed.
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Figure 3.15 Thermal sensation maps for 13 foot regions prior to application of a warm (40°C)
stimulus (PRE TS), immediate after application (INITIAL TS) and after 10 s of application
(STEADY STATE TS) for four conditions: rest (23°C), exercise (23°C), foot heating (38°C) and
foot cooling (15°C). Areas in grey were not investigated.
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Table 3.6 Significance of comparisons between foot location pre (*), initial (#) and steady state (†) thermal sensations to a warm stimulus (40°C) following
30 min rest.
Medial
Dorsal

Central
Dorsal

Lateral
Dorsal

Dorsal
Toe 1

Dorsal
Toe 3

Dorsal
Toe 5

Plantar
Toe 1

Plantar
Toe 3

Plantar
Toe 5

Heel

†

#†

Arch

Ball

Medial Dorsal
Central Dorsal
Lateral Dorsal
Dorsal Toe 1
Dorsal Toe 3

†

†

Dorsal Toe 5
#†
#

Plantar Toe 1
Plantar Toe 3
Plantar Toe 5

#

#†

#

#

#†

#

Heel

#

†

†

#

#†

#

†

Arch
Ball
Outer
p < 0.05 p < 0.01

#†
#

#†
#†

#

#†
#
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Outer

Table 3.7 Significance of comparisons between foot location pre (*), initial (#) and steady state (†) thermal sensations to a warm stimulus (40°C) following
30 min of low intensity treadmill running (55-60% VO2max; HR 125-135 beats.min-1).
Medial
Dorsal

Central
Dorsal

Lateral
Dorsal

Dorsal
Toe 1

Dorsal
Toe 3

Dorsal
Toe 5

Plantar
Toe 1

Plantar
Toe 3

#†

†
#†

Plantar
Toe 5

Heel

#†

#†

Arch

Ball

Medial Dorsal
Central Dorsal
Lateral Dorsal
Dorsal Toe 1

†

Dorsal Toe 3

#†

Dorsal Toe 5
Plantar Toe 1

#

Plantar Toe 3

†

Plantar Toe 5
Heel

#†

#†

#†

#†

Arch
Ball
Outer
p < 0.05 p < 0.01

#†

#

#

#†

#†

#†

#

#†
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Outer

Table 3.8 Significance of comparisons between foot location pre (*), initial (#) and steady state (†) thermal sensations to a warm stimulus 40°C) following
30 min of foot heating (38°C).
Medial
Dorsal

Central
Dorsal

Lateral
Dorsal

Dorsal
Toe 1

Dorsal
Toe 3

Dorsal
Toe 5

Plantar
Toe 1

Plantar
Toe 3

†
†

#†

#†

†

†

Plantar Toe 1

#†

Plantar Toe 3

#†

Plantar Toe 5

#†

†
†
†
#†
†
#†
†

#

#†

Plantar
Toe 5

Heel

Arch

#†
#

#†

#†

†

Ball

Medial Dorsal
Central Dorsal
Lateral Dorsal
Dorsal Toe 1
Dorsal Toe 3

†
†

Dorsal Toe 5

Heel

#†

#†

#†

#†

Arch
Ball

#†

#

Outer
p < 0.05 p < 0.01
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Outer

Table 3.9 Significance of comparisons between foot location pre (*), initial (#) and steady state (†) thermal sensations to a warm stimulus (40°C) following
30 min of foot cooling (15°C).
Medial
Dorsal

Central
Dorsal

Lateral
Dorsal

Dorsal
Toe 1

Dorsal
Toe 3

Dorsal
Toe 5

#†

*

Plantar
Toe 1

Plantar
Toe 3

Plantar
Toe 5

Heel

Arch

Ball

#†

#

Medial Dorsal
Central Dorsal

#†

Lateral Dorsal
Dorsal Toe 1

#†

†

Dorsal Toe 3

†

Dorsal Toe 5

*

Plantar Toe 1

#

Plantar Toe 3

*#

#†

Plantar Toe 5

#

†
†

Heel

#

#†

*

Outer
p < 0.05 p < 0.01

*
*

*
*

†

Arch
Ball

†

#†

#
#†

#

#
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Outer

3.6.2 Discussion
The third and final aim of this study was to identify regional differences in thermal
sensation to warmth across the foot surface for each condition (rest, exercise, foot
heating and foot cooling). Overall, our findings indicated that:
1. Thermal sensations to warmth were greater across hairy skin (dorsal foot
regions) compared to glabrous skin (plantar foot regions).
2. Regional differences in thermal sensation to warmth (initial and steady state
TS) were observed across the foot surface with rest, following exercise and
with foot heating and foot cooling.
3. Regional differences in pre thermal sensations were not observed with rest,
following exercise nor with foot heating or foot cooling.
3.6.2.1 Foot thermal sensations to warmth are greater across hairy (non-glabrous)
skin compared to glabrous skin
Grouping of foot sites revealed greater thermal sensation to warmth across hairy skin
(dorsal foot regions) compared to glabrous skin (plantar foot regions) for all conditions.
This has also previously been reported by Filingeri et al. (2018). Although the method
of magnitude estimation utilised by Filingeri et al. (2018) clamped local skin
temperature at 31°C before delivering the thermal stimulus (± 5°C), thermosensitivity
(absolute thermal sensation vote divided by the change in local skin temperature) was
reported to be greater across the hairy skin of the hands and feet compared to the
glabrous skin. This could be the result of a higher density of cold- and warm-sensitive
spots in hairy skin compared to glabrous skin (Zotterman 1959 in Taylor et al. 2014).
Indeed, Zotterman (1959) identified 5.6 cold-sensitive spots per cm-2 on the dorsal foot
surface compared to 3.4 spots cm-2 on the plantar foot surface. A similar distribution
of cold-sensitive spots was also identified for the hand. For the present study, and the
application of a warm 40°C thermal stimulus to the skin, warm-sensitive spot
distribution is more relevant. Although the investigation of warm-sensitive spots
across body regions has received less attention, warm-sensitive spots have been
reported to be more evenly distributed across dorsal and plantar foot regions (0.4-1.7
spots cm-2) (Zotterman 1959).
Differences in skin thickness between hairy and glabrous skin may also explain the
observed differences in thermal sensation. Iannetti et al. (2006) has previously reported
a thickness-dependent delay and attenuation of painful warm stimuli with application
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of conductive heating which was not observed with the application of radiant heating
(short wavelength 1.34 μm) which makes the skin more transparent. However, a
relationship between epidermal thickness and thermal sensations has not been shown
when assessed at the palm of the hand (Li et al. 2008). Greater sensations to warmth
across hairy skin may therefore be due to a combination of variations in peripheral
innervation and skin thickness of the epidermal layer (Stevens and Choo 1998; Iannetti
et al. 2006; Filingeri et al. 2018).
3.6.2.2 Regional differences in thermal sensation to warmth across the foot surface
Thermal sensations to warmth at the foot during resting conditions has previously been
reported to vary in a distal-to-proximal fashion i.e. the sole and dorsal being more
sensitive than the toes (Filingeri et al. 2018). Thermal sensation to warmth has also
been reported to vary across the dorsal surface of the foot with the highest thermal
sensation observed on the plantar surface at the centre portion of the sole (Filingeri et
al. 2018).
In the current study, during the resting condition a distal-to-proximal topography of
thermal sensation was not observed as thermal sensations reported at the dorsal and
plantar foot regions were similar to thermal sensations reported at the dorsal toe and
plantar toe regions respectively. Furthermore, although we observed the arch to be the
most sensitive plantar foot region for all conditions, at the dorsal foot region thermal
sensations were similar at the medial, central and lateral regions. A higher thermal
sensation was only reported for the medial dorsal compared to the central dorsal with
foot cooling. The difference in conclusions drawn between investigations of foot
thermal sensation between the current work and those reported by Filingeri et al. (2018)
may be attributable to methodological differences in the assessment of thermal
sensation.
Firstly, in comparison to the current study which assessed absolute thermal sensation
votes in response to application of a 40°C thermal stimulus directly to the skin, the
magnitude estimation protocol utilised by Filingeri et al. (2018) clamped local skin
temperature to 31°C via a stabilisation period of skin-probe contact before delivering
the thermal stimulus (± 5°C) and asking for a sensation rating 5s after delivery.
Thermal sensitivity was defined as the absolute thermal sensation vote divided by the
change in local skin temperature. As the intensity of a thermal sensation rating is
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driven by the difference between skin temperature and stimulus temperature, regional
variations in skin temperature can lead to different spot temperature changes when the
same intensity of warming is applied. However, our data discussed in section 3.5
shows that differences in mean foot skin temperature ranging from 23.2 ± 0.8°C with
cooling and 34.2 ± 1.0°C with heating only had a minor impact on the absolute thermal
sensation votes reported with application of a 40°C stimulus. The approach adopted
by Filingeri et al. (2018) in which skin temperature is clamped prior to the delivery of
a thermal stimulus in order to eliminate regional variances in skin temperature and
reporting thermal sensation in relation to the change in skin temperature with delivery
of the thermal stimulus may therefore not be necessary. In addition, actual local skin
temperature was not measured by Filingeri et al. (2018). Instead the interface
temperature or ‘contact temperature’ (Jay and Havenith 2004) between the skin and
thermal probe was tracked which may be correlated to, but may not represent the
temperature at the receptors.
Secondly, application of a 40°C thermal stimulus compared to the application of a
36°C (31°C + 5°C) stimulus (Filingeri et al. 2018) may have contributed to the
observed discrepancies in conclusions drawn. Although application of both the 40°C
and 36°C stimulus would activate TRPV3, the level of channel activity achieved would
have been different and may have contributed to variations in reported thermal
sensation.
Thirdly, although Filingeri et al. (2018) matched male and female participants for body
surface area in order to account for spatial summation (an increased area of the skin
being thermally stimulated increases the magnitude of the resulting thermal sensation),
details regarding foot dimensions or foot sizes were not reported. As foot size and
shape varies for similar body surface areas and in relation to sex (Atamturk and Duyar
2008), differences in foot sizes between males and females may have resulted in
differences in the number of receptors being stimulated for a fixed area of stimulation.
In the current study, thermal sensation testing was only performed for females (average
body surface area of 1.73 ± 0.09 m2) with a shoe size of 6.5 UK. Any confounding
effect of body size or foot size would therefore be limited in the present study.
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3.6.2.3 Regional variations in pre thermal sensation do not occur with different
environmental exposures
In the current study, thermal sensations were assessed prior to the application of a
thermal stimulus, which to our knowledge has not previously been explored or
reported within the literature. Surprisingly, unlike the regional variations in sensation
observed across the foot surface with application of the thermal stimulus, this variation
was not observed prior to stimulation. On the contrary, thermal sensations were highly
homogenous across the foot surface for each condition (rest, exercise, foot heating and
foot cooling).
The conditions elicited within the foot climate system and the pre thermal sensations
reported are reflective of our ‘real-world’ interactions with the physical environment.
The assessment of thermal sensation with application of a contact stimulus, although
insightful, may represent a cutaneous sensation which is ‘artificial’ and multimodal
relating to the integration of both thermal and pressure/tactile stimuli. Filingeri et al.
(2014) provides evidence for this, reporting that the application of cold-dry stimuli to
the skin under high pressure (10 kPa) attenuated the sensation of cold compared to
applications applied under lower pressure (7 kPa), though both pressures are relatively
high. Under lower pressure conditions, Raccuglia et al. (2017) also provided evidence
for multimodal cutaneous sensations reporting higher wetness perceptions for fabrics
with dynamic skin contact under high pressure (0.24 kPa) compared to low pressure
(0.13 kPa). Furthermore, the duration of exposure to a thermal stimulus has also been
shown to affect thermal sensation votes. It is widely accepted that both cold and warm
fibres respond to an abrupt change in temperature with an overshoot in impulse
frequency followed by rapid fading in their activity (Hensel 1982; Romanovsky 2018).
This is reflected in thermal sensation votes as thermal sensations are often exaggerated
upon initial application of the thermal stimulus. However, it is questionable as to
whether application of a thermal stimulus to the skin for 10 s truly reflects a steady
state perceptual response. How thermal sensation changes with prolonged application
(>10s) has not been reported within the literature, yet it is likely that the duration
needed for complete adaption of cold and warm fibres is longer. Pre thermal sensation
votes as reported in the present data support this, indicating that exposure to contactless
stimuli via air for a duration of 30 min may cause the impulse frequency of warm and
cold fibres to level off - subsequent variations in thermal sensation as previously
reported in the literature become non-existent. This may imply that suggestions in the
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literature which are based on short (<10 s) exposure to thermal stimuli (Ouzzahra et al.
2012; Gerrett et al. 2014, 2015; Filingeri et al. 2018) may need to be dealt with
carefully when considering thermal sensations in relation to what happens in longer
exposures.
3.6.3 Conclusion
The present study extends our knowledge of thermal sensations to warmth across the
foot surface and provides the first assessment of foot thermal sensation under different
conditions (rest, exercise, foot heating and foot cooling). The results show how
regional sensations to warmth vary across the foot surface indicating (1) greater
thermal sensitivity across hairy vs glabrous skin, (2) little variation in sensitivity across
the dorsal foot surface while the arch is the most sensitive region on the plantar foot
surface, (3) highlight inconsistent findings with a previous assessment of foot thermal
sensitivity (Filingeri et al. 2018) which may result from differences in the
methodological approach applied. Moreover, this is the first study to suggest that
exposure to long duration, non-contact thermal stimuli – reflective of our ‘real world’
interaction with the environment, may not result in the same level of regional variation
in thermal sensation currently reported with short duration contact thermal stimulation.

3.7 Considerations and Limitations
It is important to note that the surface area of skin stimulation was the same across all
foot locations (13 mm). It is possible however that due to the curvatures of the foot,
the thermal probe may not have been in contact with the full test site. Although test
sites were chosen with the size of the probe and contact with the skin considered,
possible bias may have occurred in the context of spatial summation (Stevens et al.
1974).
Moreover, it is possible that manual application of thermal stimuli and large
differences in application pressure onto the skin can influence thermal sensation due
to neural stimulation of both mechanoreceptors and thermoreceptors (Filingeri et al.
2014b). Although it is unknown whether smaller differences in application pressure
influence thermal sensation, the standardisation of pressure with application of thermal
stimuli to the skin is recommended. Thus, in the current study the thermal stimulus
was applied to each foot location and participant by the same investigator to ensure
consistent pressure was applied.
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3.8 Conclusions and Applications
The aim of this study was threefold: (i) to investigate the relationship between whole
body thermal sensation and mean skin temperature by independently changing the
thermal state of the feet from that of the whole body, (ii) to investigate the effect of
different conditions (rest, exercise, foot heating and foot cooling) on thermal sensation
to warmth across the foot surface and (iii) to identify regional variations in thermal
sensation to warmth across the foot surface for different conditions (rest, exercise, foot
heating and foot cooling). Our data present novel findings with regard to the
investigation of thermal sensation and provides considerations for future work.
Firstly, the literature indicates that typically a ± 1.0-1.5°C increase or decrease in mean
skin temperature is required to elicit slightly warm or slightly cool thermal sensations
from neutral. In our data, regression analysis indicated a +0.9°C and -0.3°C change in
mean skin temperature, mainly caused by the foot, was enough to elicit slightly warm,
respectively slightly cool, whole body thermal sensations. This apparent increased
sensitivity to mean skin temperature indicates a larger role of the feet in modulating
whole body thermal sensations compared to the rest of the body.
Secondly, our investigation of thermal sensation to warmth across the foot surface is
the first to assess thermal sensation in different environmental conditions and the first
to consider how interpretation and calculation of thermal sensation data can lead to
substantially different conclusions. We recommend that when assessing the effect of
conditioning on thermal sensation, absolute thermal sensations votes should be taken
forward for analysis and interpretation opposed to delta thermal sensation votes. This
is because greater sensitivity observed when expressed as a ∆thermal sensation with
one condition i.e. local cooling, cannot be validly inferred when the actual absolute
thermal sensations observed between conditions are the same.
Thirdly, the investigation of the effect of local conditioning on regional differences in
thermal sensation to warmth indicated that the application of an identical thermal
stimulus gives people the same thermal sensation despite large pre-conditioning
changes. We postulate that local conditioning did not modulate thermal sensation as
application of the 40°C stimulus activated a different thermoTRP channel from those
active during conditioning.
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Finally, the results from our study extends our knowledge of regional variations in
thermal sensation to warmth across the foot surface. The results indicate, (1) warmer
thermal sensations across hairy vs glabrous skin, (2) little variation in thermal
sensations across the dorsal foot surface while the arch is the most sensitive region on
the plantar foot surface and (3) highlight inconsistent findings with a previous
assessment of foot thermal sensitivity (Filingeri et al. 2018) which may result from
differences in the methodological approach applied. Our data also suggest that
exposure to long duration, non-contact thermal stimuli may not result in the same level
of regional variation in thermal sensation currently reported with short duration contact
thermal stimulation. Thus, future research should seek to explore how thermal
sensation may vary depending on contact vs non-contact stimulation and how the
duration of contact stimulation (> 10s) affects thermal sensation.

3.9 Take Home Message
x The feet play an important role in modulating whole body thermal sensation.
x A +0.9°C and -0.3°C change in mean skin temperature, mainly caused by the
foot, was enough to elicit slightly warm and slightly cool thermal sensations,
respectively.
x Absolute thermal sensation values should be taken forward for analysis and
interpretation opposed to a change in thermal sensation pre- to post-thermal
stimulation.
x Local conditioning of the foot (rest, exercise, heating, cooling) has only a
minor effect on temperature sensation.
x For all conditions, rather than modulating the response of an already
substantially activated thermoTRP channel, the stimulus activates a different,
new thermoTRP channel.
x Thermal sensation to warmth is greater across hairy skin compared to glabrous
skin.
x There is little variation in thermal sensations across the dorsal foot surface,
while the arch is the most sensitive region on the plantar foot surface.
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x Thermal sensations are highly homogeneous across the foot surface when
exposed to long duration, non-contact thermal stimuli.
x Future research should seek to explore how thermal sensation may vary
depending on contact vs non-contact stimulation and how the duration of
contact stimulation (> 10 s) affects thermal sensation.
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CHAPTER 4: Laboratory Study 2
Sweat Distribution and Perceived Wetness across the
Human Foot: The Effect of Shoes and Exercise Intensity

Publication based on this chapter:
West, A.M., Tarrier, J., Hodder, S., Havenith, G. (2019) Sweat distribution and
perceived wetness across the human foot: the effect of shoes and exercise intensity.
Ergonomics, 1-26.

Abstract
This study investigates foot sweat distribution with and without shoes and the
relationship between foot sweat distribution and perceived wetness to enhance
guidance for footwear design. Fourteen females performed low-intensity running with
nude feet and low- and high-intensity running with shoes (55%VO2max and
75%VO2max, respectively) on separate occasions. Right foot sweat rates were measured
at 14 regions using absorbent material applied during the last 5 min of each work
intensity. Perceptual responses were recorded for the body, foot and four foot regions.
Foot sweat production was 22% greater nude (p < 0.001) and with shoes did not
increase with exercise intensity (p = 0.14). Highest sweat rates were observed at the
medial ankle and dorsal regions; lowest sweat rates at the toes. Perceptions of wetness
and foot discomfort did not correspond with regions of high sweat production or low
skin temperature but rather seemed dominated by tactile interactions caused by foot
movement within the shoe.
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4.1 Introduction
The study of sweat distribution for different body regions (sweat-mapping) has gained
attention in recent years (Havenith et al. 2008; Machado-Moreira et al. 2008b, a, Smith
and Havenith 2011, 2012, 2019) after early work mainly focused on the global sweat
response. Through a whole body sweat-mapping approach a more detailed picture of
the variations in sweat rate across the body has been identified. Highest sweat rates
have been observed on the central (upper and mid) and lower back (Machado-Moreira
et al. 2008b; Smith and Havenith 2011, 2012). Lowest values have been observed at
the extremities, particularly at the hands and feet (Machado-Moreira et al. 2008a;
Smith and Havenith 2011; Smith et al. 2013). The benefit of such an approach has led
to functional design improvements to protective clothing and sportswear.
The feet account for 7% of body surface area, yet foot sweat loss only accounts for 34% of whole body sweat loss (Weiner 1945; Taylor et al. 2006; Smith and Havenith
2011; Smith et al. 2013). Although foot sweat production is relatively small, the feet
are often contained within shoes which impair the dissipation of heat and evaporation
of sweat from its surface resulting in high temperatures and high humidity within the
shoe (Arezes et al. 2013; Irzmańska et al. 2013; West et al. 2019b). The combination
of high temperatures and humidity contribute to perceptions of foot discomfort (West
et al. 2019b) and encourage the growth of microorganisms which can lead to odour
development and to poor foot health, including tinea pedis (Auger et al. 1993) and
blister formation (Sulzberger et al. 1966). Knowledge regarding foot sweat rates and
distribution are therefore important in the design of footwear, especially as footwear
manufacturers seek to optimise shoes to improve foot thermal comfort and foot health.
Depending on the sweat measurement technique (ventilated sweat capsules vs
technical

absorbents)

and experimental

protocol

implemented (one-legged

incremental cycling, with sweat rates being measured from the stationary nude foot
[Taylor et al. 2006] vs low and high intensity running with footwear [shod] [Smith et
al. 2013]), each foot has been estimated to secrete between 23 and 27 g.hr -1
respectively. To add to this, investigations of foot sweat rates consistently report a
non-uniform distribution of sweat across the foot surface with sweat rates being
greatest from the dorsal surface compared to the plantar surface (~70% versus ~30%
respectively) (Taylor et al. 2006; Fogarty et al. 2007; Smith et al. 2013).
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Comparisons between investigations of foot sweat rates (Taylor et al. 2006) report that
when the passive foot is nude, foot sweat rates progressively increase with both
increased exercise load performed by the other foot and with the level of heat strain.
However, when footwear is worn (Fogarty et al. 2007; Smith et al. 2013), despite an
increased exercise load, foot sweat rates are suppressed. This observation has been
suggested to be the effect of hidromeiosis (skin swelling due to excessive hydration,
closing the sweat ducts) (Kerslake 1972; Candas et al. 1980). As these observations
on shod and nude feet are for test protocols differing in environmental conditions,
heating techniques and exercise modalities, no final conclusion on this issue can be
drawn. Hence, in the present study regional foot sweat distribution was investigated
using the same protocol at two exercise intensities when shod and at one exercise
intensity when the foot was nude. Sweat distribution for 14 foot regions were assessed
providing the most detailed overview of foot sweat rates to date.
Assessment of regional sweat distribution across the foot is also important in our
understanding of foot thermal comfort. Skin wettedness has been repeatedly shown to
play a significant role in the onset of thermal and clothing discomfort (Fukazawa and
Havenith 2009; Raccuglia et al. 2017b, 2018) and more recently has been shown to
play a role in the onset of foot discomfort (West et al. 2019b). Considering we are not
provided with specific receptors for the sensation of wetness or humidity, these
sensations are suggested to be the result of thermal (heat transfer) and tactile (skin
friction and stickiness) inputs produced from the interaction between the skin,
moisture and clothing (Bergmann Tiest et al. 2012; Filingeri and Havenith 2015).
These inputs are particularly high at the foot due to unfavourable changes to shoe
microclimate and the tactile inputs generated due to foot-sock-shoe interactions (West
et al. 2019b). Surprisingly, the perception of wetness in relation to foot sweat
distribution has not been investigated. In the present study, these relationships are
explored specifically for the feet and by studying shod and nude feet a large difference
in thermal and tactile inputs is created.
Moreover, the majority of research available and five of the eight papers discussed
above focuses on males rather than females (Taylor et al. 2006; Machado-Moreira et
al. 2008b, a, Smith and Havenith 2011, 2019). The first study to provide a comparison
of regional sweat rates across the whole body between males and females was
published by Smith and Havenith (2012). Differences in sweat distribution were
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observed between sexes, although high and low sweat regions were similar. Further
investigations of sweating in females are limited to the upper body (Havenith et al.
2008). Given the paucity of female data, it was decided to investigate foot sweat rates
in females.
As is evident from the above, foot sweat distribution has been studied yet many
questions remain unanswered. Therefore, the aims of this research were to investigate
(1) how foot sweat distribution varies with exercise intensity and when the foot is nude
versus shod and (2) how the perception of wetness relates to foot sweat distribution.
The applications of this research include the advancement of thermal foot manikin
design (Kuklane and Holmer 1998) and the design of footwear.

4.2 Materials and Methods
4.2.1 Participants
Fourteen trained female runners (age: 23 ± 3.6 yrs; height: 166.4 ± 5.3 cm; body mass:
56.7 ± 8.2 kg; VO2max 52.1 ± 4.9 ml.kg-1.min-1) participated in foot sweat mapping
trials. These were identified as individuals running 10 km in under 50 min. Test
procedures were outlined in a written information sheet and were explained to
participants before obtaining written informed consent and completing a health screen
questionnaire. Experimental procedures were approved by Loughborough University
Ethical Committee.
4.2.2 Pre-test session
Participants were required to attend the laboratory for a pre-test session involving
anthropometric measurements of height, body mass and body composition.
Anthropometric measurements of the right foot were taken to determine absorbent pad
dimensions for sweat rate analysis. All participants were right foot dominant.
Participants were introduced to perceptual scales and instructed on their use.
Maximal oxygen consumption (VO2max) was estimated from a sub-maximal fitness test
performed on a motorised treadmill (PPS 55sport-I, Woodway GmbH, Weil am Rhein,
Germany) The sub-maximal test comprised of four exercise intensities each lasting
five min. The test was designed to achieve 85% of heart rate (HR) maximum after
which the test was stopped. Estimation of VO2max was calculated based upon the linear
relationship between VO2 and HR (American College of Sports Medicine 2017).

CHAPTER 4 - Study 2: Sweat Distribution and Perceived Wetness

Page | 121

4.2.3 Experimental preparation
4.2.3.1 Sweat pad preparation and application
Regional foot sweat rates were determined by applying absorbent material (Product
2164 – Laminated Airlaid Tech Absorbents, Grimsby, UK) directly to the skin of the
right foot only for a short, predefined period of time. Although local sweat rates have
more commonly been assessed using the ventilated capsule method, the technical
absorbent method allows for local sweat rate measurements to be taken when wearing
shoes and while the foot is active. The technical absorbent method has been shown to
be highly correlated with local sweat rates measured using the ventilated capsule
method, irrespective of sample surface area and body region (Morris et al. 2013).
Based upon anthropometric measurements taken during the pre-test (Appendix C),
three sets of absorbent pads were produced for each participant, measuring sweat rate
from 14 foot regions (Figure 4.1). For fast application to the measured foot, absorbent
pads for the plantar and dorsal foot surface were kept together as one piece. To separate
the regions and to prevent the migration of sweat during collection, a width of 0.5 cm
of absorbent material was cut away from the plastic backing along the borders of the
marked regions. A 100% cotton toe sock (Bonamart, UK) was used to collect sweat
for the toes. Latex covers were placed over each toe to prevent sweat evaporation in
the measurement period.

Figure 4.1 Location of absorbent pads to the right foot for the assessment of foot sweat
distribution. Site codes: 1- toe 1; 2- toe 2; 3- toe 3; 4- toe 4; 5- toe 5; 6- plantar ball; 7plantar outer; 8- plantar arch; 9- plantar heel; 10- medial dorsal; 11- central dorsal; 12lateral dorsal; 13- medial ankle; 14- lateral ankle.
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4.2.4 Experimental protocol
Participants were advised to consume 20 mL.kg-1 of water 2 hrs prior to testing to
maintain a euhydrated state and were allowed to drink water freely during
experimental sessions. Participants were advised against alcohol intake 24 hrs before
testing and against the consumption of food and caffeine within 2 hrs of
experimentation. Participants performed trials at the same time of day to minimise the
effect of circadian rhythm. Female menstrual cycle phase was not controlled for during
experimental sessions. Instead, menstrual cycle phase for each participant was noted
with a range of phases being tested during the experiment, thus providing a
representative sample of menses states in the results.
Experimental sessions were conducted in a climate-controlled chamber at 25°C, 50%
RH, 2 m.s-1 frontal air velocity. On arrival to the laboratory, participants were provided
with standardised clothing (shorts and t-shirt). Participants were weighed prior to each
run and immediately after each trial. Infrared images of the dorsal and plantar surfaces
of the feet were taken prior to testing and before and after each pad application. Core
body temperature was monitored continuously and recorded at 60 s intervals (Squirrel
2020 data logger) using a thermistor self-inserted 10 cm beyond the anal sphincter
(Grant Instruments, Cambridge, UK). Heart rate was monitored throughout the
experimental protocol and recorded at 60 s intervals (Polar RS400sd, Polar Electro
Oy,Kempele, Finland). Skin temperature was measured at four sites: chest, upper arm,
thigh and calf using iButton wireless temperature loggers (Maxim, San Jose, USA)
attached to the skin with 3MTM TransporeTM surgical tape (3M United Kingdom PLC).
The weighted skin temperature of four sites was calculated according to Ramanathan
(1964).
Thermal sensation, wetness perception, stickiness and thermal comfort were assessed
using ordinal scales (Figure 4.2a-d). Scales were designed in line with instructions
from ISO 10551 (2001) with the sensitivity, accuracy, ease of use and descriptors
chosen for each individual scale carefully considered. Scales were used to gain
perceptual information including thermal sensation and thermal comfort for the whole
body and thermal sensation, wetness perception, stickiness and thermal comfort for
the foot and four foot regions (dorsal, toes, sole and heel: Figure 4.2e). Subjective
information was obtained for the right foot only. Participants were prompted every 5
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min to provide perceptual votes which took between 1-2 min. Perceptual information
was not recorded during pad application.

Figure 4.2 (a) Thermal sensation scale; (b) wetness perception scale; (c) stickiness scale;
(d) thermal comfort scale and (e) reference sheet used to highlight foot regions for
perceptual evaluation.

Participants were required to attend two experimental sessions completing either 60
min or 35 min of treadmill running with a 1% incline. The 60 min protocol was
performed shod (socks and running shoes) and consisted of 35 min low-intensity
running (shod-I1: 55% VO2max; HR 125-135 beats.min-1) followed by 25 min of
higher-intensity running (shod-I2: 75% VO2max; HR 150-160 beats.min-1). The 35 min
protocol was performed bare-foot (nude), running at a low-intensity (nude-I1: 55%
VO2max; HR 125-135 beats.min-1). Higher-intensity running was not performed nude
due to high discomfort reported by participants and blister formation during pilot
testing.
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Socks used were adidas performance ankle socks (94% cotton, 3% polyamide, 3%
elastane, terry jersey). Running shoes (adidas adizero adios 3.0) had a heat resistance
of 0.09 m2.K.W-1 and a vapour resistance of 16.7 m2.Pa.W-1 determined according to
ISO 15831 (2004) using a 12 zone sweating thermal foot manikin (THERMETRICS,
Measurement Technology Northwest, Seattle, USA). These socks and shoes were
chosen to show the impact of a footwear ensemble on the foot sweat responses whilst
at the same time having minimal impact on that response. For example, the shoes were
minimal in design features and had a relatively uniform level of insulation across the
shoe upper.
During the 60 min protocol, sweat pads were applied first following 30 min of lowintensity running for 5 min and again for 5 min after 20 min of high-intensity running.
Participants ceased running, removed socks and shoes and towel dried their feet.
Infrared pictures of the dorsal and plantar foot surface were recorded to evaluate local
foot skin temperature (T620, FLIR Systems Ltd, West Malling, Kent, UK). Absorbent
pads and the sweat collection toe socks were taken out of their plastic bags and applied
to the skin. Shoes were donned and participants continued their run for the 5 min sweat
collection phase. At the conclusion of this period, the absorbent pads and toe socks
were removed quickly and sealed in their air tight bags, the skin dried and infrared
images taken. Participants dressed without pads to continue the test. In the nude
condition, the application of absorbent pads was as above but did not require removing
footwear.
Given the time needed for the application of the pads, not the whole application period
consisted of exercise, possibly resulting in a slight under estimation of sweat rates for
the workload. However, core body temperature and skin temperature (drivers of
sweating) were not greatly affected by the short interruption and so this effect is
assumed to be small and would not affect the comparison of the regions.
4.2.5 Post-experimental protocol
4.2.5.1 Weighing of absorbent pads and cotton socks
The individual sections of the plantar and dorsal absorbent pads and individual toes of
the cotton socks could not be weighed prior to testing. These specific areas of the
absorbent pads and socks were cut up immediately following sweat collection and
placed in individually labelled airtight bags. The wet weight of each individual section
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was weighed using electronic scales with a resolution of 0.001 g (FX-500i. A&D
Company Ltd, Oxfordshire, UK) recorded and then removed from its bag. Each section
was placed in a room at 25°C, 40% RH for 24 hrs to allow the material to dry. The
sections of absorbent pad and cotton sock were re-weighed inside their individual
labelled airtight bags to establish the dry weight. Absorbent pads used on the ankles
were weighed pre- and post-application.
4.2.6 Analysis
Gross sweat loss (GSL) was calculated based on the mass change of each participant
from the start to end of each running bout, adjusted for fluid consumption and
corrected for respiratory and metabolic mass losses.
Regional foot sweat rates were calculated in grams per metre squared per hour based
upon the change in pad mass, surface area and the duration of application to the skin
(Havenith et al. 2008; Smith and Havenith 2011):
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4.2.7 Statistical analysis
To investigate regional sweat distribution differences across the foot in relation to
condition and intensity, two one-way repeated measured ANOVA’s were performed.
Regional skin temperature data were analysed using the same method as for regional
sweat rate data. Data which deviated from normal distribution was assessed using
Wilcoxon signed rank tests. To investigate the subjective perception of foot sweat rate
across foot zones in relation to condition and intensity Friedman tests were performed.
When significant effects were observed, post hoc analysis was conducted with a
Wilcoxon signed rank test. Pearson correlation coefficient analyses were performed to
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study the relationships between foot sweat rate and foot skin temperatures as well as
foot perceptual responses and foot sweat rate. Statistical analysis was performed using
IBM SPSS Statistics 24 (IBM, USA) and reported as means ± standard deviation (SD).
The level of significance was set at p < 0.05.

4.3 Results
Mean (±SD) environmental conditions for the experimental trials were 24.9 ± 0.2°C,
49.5 ± 0.7% RH.
4.3.1 Core temperature and mean skin temperature
No difference in core temperature (37.7 ± 0.3°C vs 37.8 ± 0.2°C, p = 0.18) or mean
skin temperature (31.2 ± 0.8°C vs 31.3 ± 0.9°C, p = 0.19) were present between nudeI1 and shod-I1, respectively. With exercise intensity (shod-I1 to shod-I2), core
temperature significantly increased from 37.8 ± 0.2°C to 38.2 ± 0.3°C (p < 0.001), as
did mean skin temperature (31.3 ± 0.9°C to 32.0 ± 1.2°C, p = 0.001).
4.3.2 Gross sweat loss
No significant difference was observed in GSL between nude-I1 (277 ± 66 g.m-2.h-1)
and shod-I1 (275 ± 73 g.m-2.h-1). GSL increased significantly from 275 ± 73 to 360 ±
63 g.m-2.h-1 with exercise intensity (p < 0.001).
4.3.3 Foot sweat rate
Foot sweat rate was significantly greater (p < 0.001) when nude-I1 (262.9 ± 75.8 g.m2

.h-1) compared to shod-I1 (212.0 ± 73.5 g.m-2.h-1). Foot sweat rate did not increase (p

= 0.14) with shod-I2 (222.3 ± 72.3 g.m-2.h-1).
4.3.4 Regional foot sweat rates
Regional foot sweat distribution for nude-I1, shod-I1 and shod-I2 are illustrated in
Figure 4.3. The low sweat rates of the toes compared to the dorsal and plantar regions
are clearly presented. Little change in sweat distribution is observed between condition
and intensity. A comparison of sweat rates by region for nude-I1 and shod-I1 and for
shod-I1 to shod-I2 is presented in Table 4.1 with descriptive statistics for all regions
tested.
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Figure 4.3 Regional foot sweat distribution for trained female runners assessed during low intensity running (55% VO 2max) without shoes (nude) and during low and high
intensity running (55% and 75% VO2max, respectively) with shoes (shod) in moderately warm conditions (25°C, 50% RH).
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Table 4.1 Descriptive data for all foot regions sampled during shod and nude experimental trials. Light grey shading indicates a significantly higher mean sweat
rate for the comparison between Nude-I1 and Shod-I1. Dark grey shading indicates a significantly higher mean sweat rate for the comparison between Shod-I1 and
Shod-I2. Level of significance: *p < 0.05, **p < 0.01, ***p < 0001.
Regional Sweat Rates (g.m-2.hr-1)
Nude-I1

Shod-I1

Significance level
Nude-I1
Shod-I1
vs
vs
Shod-I1
Shod-I2

Shod-I2

Central Dorsal

min
43.8

max
578.1

median
281.9

mean
309.2

SD
125.4

min
44.9

max
548.7

median
269.0

mean
290.0

SD
124.9

min
37.6

max
554.7

median
302.8

mean
324.9

SD
128.7

0.45

0.04*

Medial Dorsal

53.2

854.3

348.9

373.5

199.2

131.7

809.2

277.0

315.6

160.4

79.8

431.5

303.1

294.3

86.7

0.43

0.59

Lateral Dorsal

26.1

433.7

264.1

267.2

105.5

9.7

383.9

223.9

217.6

86.5

13.3

387.0

251.9

228.1

84.2

0.01**

0.08

Toe 1

6.2

209.2

73.6

73.6

52.9

4.2

315.4

52.9

67.4

75.2

2.7

104.8

53.2

51.1

37.6

0.70

0.35

Toe 2

0.0

526.7

73.0

107.0

130.7

0.0

613.5

61.3

93.0

153.7

8.2

170.7

42.3

59.9

54.3

0.37

0.39

Toe 3

10.4

194.4

57.0

71.3

45.9

0.0

124.3

37.1

48.4

38.8

5.1

178.8

70.2

81.0

53.6

0.10

0.05*

Toe 4

6.3

203.4

53.3

65.1

52.6

0.0

230.6

55.2

75.0

70.7

5.4

218.6

55.3

74.1

61.7

0.61

0.99

Toe 5

0.0

214.1

73.7

73.3

64.9

0.0

173.1

31.4

52.6

55.4

0.0

256.9

50.4

81.8

81.2

0.47

0.26

Heel

116.7

542.9

352.6

358.1

126.4

110.1

281.8

205.4

211.5

57.4

8.9

283.9

219.8

207.1

70.1

<0.001***

0.73

Arch

12.9

373.0

221.9

221.2

103.0

105.1

356.8

185.5

198.8

75.3

66.1

251.8

166.4

159.0

56.1

0.51

0.05*

Ball

27.9

532.6

266.3

279.3

148.9

150.5

270.9

222.6

214.1

39.1

19.6

273.0

173.8

171.8

65.9

0.12

0.01**

Outer

149.6

428.7

328.9

310.6

101.5

130.6

352.2

209.1

211.6

56.2

111.0

249.6

198.3

188.3

38.4

0.001***

0.03*

Lateral Ankle

36.1

496.9

238.9

247.8

120.9

12.6

427.5

213.3

221.3

102.3

12.9

480.2

259.2

255.8

121.3

0.25

0.02*

Medial Ankle

41.0

720.4

326.1

362.3

163.7

8.3

681.4

271.9

300.6

159.8

0.0

724.3

368.2

380.4

180.3

0.14

<0.001***

Whole Foot

90.9

372.8

268.2

262.9

75.8

64.1

366.0

218.9

212.0

73.5

58.4

372.6

229.2

222.3

72.3

<0.001***

0.14
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4.3.5 Foot skin temperature
Mean foot skin temperature significantly increased from baseline to pre-pad
application for nude-I1 (baseline: 24.8 ± 1.2°C, pre-pad: 32.1 ± 1.0°C, p < 0.001) and
shod-I1 (baseline: 24.6 ± 1.5°C, pre-pad: 33.9 ± 0.5°C, p < 0.001), reflecting low
baseline values. Mean foot skin temperature significantly increased with exercise
intensity (shod-I1 post-pad: 33.3 ± 0.7°C, shod-I2 pre-pad: 34.3 ± 0.6°C, p < 0.001).
Mean foot skin temperature was 1.8°C higher pre-pad application (p < 0.001) and
1.0°C higher post-pad application (p = 0.01) for shod-I1 compared to nude-I1. Mean
foot skin temperature was 0.4°C higher pre- and post-pad application for shod-I2
compared to shod-I1 (p < 0.01).
To assess the impact of the sweat measurement procedure on skin temperature, the
change in foot skin temperature between pre- and post-pad application was reviewed.
During pad application, mean foot skin temperature increased by 0.2°C during nudeI1 (p = 0.15) and decreased by 0.6°C during shod-I1 and shod-I2 (p < 0.001). When
assessed by foot regions, a significant increase in foot skin temperature was only
observed at the dorsal region pre- to post-pad application during nude-I1 (+0.6°C, p =
0.001). Foot skin temperature across remaining foot regions significantly decreased
pre- to post-pad application across all conditions (< -1.0°C, p < 0.05).
4.3.6 Relation between foot skin temperature and foot sweat rate
No significant correlations were observed between mean foot skin temperature pre- or
post-pad application and mean foot sweat rate for nude-I1, shod-I1 or shod-I2 (r2 <
0.18). Significant correlations were also not observed between regional foot skin
temperature and regional foot sweat rates for all conditions.
4.3.7 Foot perceptual responses
Thermal sensation, wetness perception and stickiness were greater during shod-I1
compared to nude-I1 (Figure 4.4; p < 0.05). Although general trends indicated a greater
level of thermal discomfort during shod-I1, this did not reach significance (p = 0.20)
(Figure 4.4c). With an increase in exercise intensity (shod-I1 to shod-I2), thermal
sensation, wetness perception and stickiness increased, resulting in greater thermal
discomfort (Figure 4.4; p < 0.001).
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4.3.8 Relation between foot perceptual responses and foot sweat rate
No significant correlations were observed between foot perceptual responses and foot
sweat rate for nude-I1, shod-I1 or shod-I2 (r2 < 0.28). Wetness perception, stickiness
and thermal comfort was therefore not associated with the amount of sweat produced.
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Figure 4.4 Foot (a) thermal sensation (b) wetness perception (c) thermal comfort and (d) stickiness for nude and shod experimental trials. * denotes
significance from previous time point for all shoe conditions (p <0.001). denotes significance from nude (p < 0.05).
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4.3.9 Regional foot perceptual responses
Mean perceptual votes taken prior to pad application for four foot regions (dorsal, toes,
heel and sole) during nude-I1 and shod-I1 (min 30) and for shod-I2 (min 55) are shown
in Figure 4.5. Across all conditions, thermal sensation, wetness perception, stickiness
and thermal discomfort were greatest at the toes and heel. In most cases, these regions
were significantly different from dorsal and sole regions (p < 0.05).
4.3.10 Relation between regional foot perceptual responses and regional foot
sweat rates
Weak and mostly inconsistent positive and negative correlations were observed
between regional foot perceptual responses and regional foot sweat rates. Foot regions
of high sweat production were not associated with greater perceptions of wetness,
stickiness or thermal discomfort.
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Figure 4.5 Perceptual votes for (a) thermal sensation, (b) wetness perception, (c) thermal comfort and (d) stickiness taken as the final vote prior to pad
application for four foot regions during nude and shod experimental trials. # significantly greater than sole. * significantly greater than dorsal.
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4.4 Discussion
The primary aim of this study was to investigate regional foot sweat distribution when
the foot was nude and when the foot was shod at two different exercise intensities in
trained female runners. A secondary aim of the study was to assess the relationship
between perceived wetness and sweat distribution across the human foot. The data
have illustrated large inter-individual variation in foot sweat rates with a substantial
regional variation. Sweat distribution across the foot surface was similar for all studied
conditions and exercise intensities. Importantly regions of high sweat production are
not perceived as being regions of high wetness perception or thermal discomfort
pointing to an important role of tactile stimulation in the perception of wetness and
discomfort.
4.4.1 Foot sweat loss
Single foot sweat loss was 22% greater for nude-I1 compared to shod-I1 (12.6 ± 3.7
g.hr-1 and 10.3 ± 3.6 g.hr-1, p < 0.001, respectively) despite similar core temperatures,
mean skin temperatures, GSL and higher local skin temperatures in the latter. In line
with previous investigations of foot sweat rates (Fogarty et al. 2007; Smith et al. 2013),
this observation in the shod condition together with the lack of increase in sweat rate
from shod-I1 to I2 (10.3 ± 3.6 g.hr-1 and 10.8 ± 3.5 g.hr-1 and p = 0.14, respectively)
may be indicative of hidromeiosis. In hot humid environments, decreases in sweat rate
are dependent on evaporative conditions. If maximum evaporative capacity is low due
to high in-shoe microclimate water vapour pressure, hidromeiosis will be greater,
while non-existent if all secreted sweat is evaporated (Kerslake 1972; Candas et al.
1980). In the current study during nude-I1, with a substantially greater maximum
evaporative capacity, hidromeiosis would have been unlikely. In contrast, it could be
expected that when shod, changes to the shoe microclimate in terms of increased inshoe temperature and in-shoe relative and absolute humidity (West et al. 2019b) would
result in high levels of skin wettedness causing the observed reduction in foot sweat
rate.
Previous data for foot sweat loss estimate each foot to secrete 27.6 g.hr-1 for males
when measured using sweat capsules and between 23 g.hr-1 for low intensity activity
and 32 g.hr-1 for higher intensity activity for males and females when using the
technical absorbent method (Smith et al. 2013). With low and high intensity uphill
walking for males, Fogarty et al. (2007) reported foot sweat rates to be 15-29 g.hr-1.
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Whole foot sweat loss in the current study (nude-I1: 12.6 ± 3.7 g.hr-1, shod-I1: 10.3 ±
3.6 g.hr-1, shod-I2: 10.8 ± 3.5 g.hr-1) therefore appears to be lower than previously
reported (Smith and Havenith 2012; Smith et al. 2013). Subsequent analysis of Smith
and Havenith's (2012) and Smith et al's. (2013) whole foot sweat rate data indicates
that although the authors report whole foot sweat rate per foot, sweat rate has actually
been calculated and reported for both feet combined. With this being considered, the
sweat rate data reported in the current study is in line with previous research and shows
good agreement with the female sweat rate data reported by Smith et al. (2013).
Furthermore, the data in the current study illustrated large variation in whole foot sweat
rate between individuals with approximately a factor 4 and a factor 6 difference
between the lowest and highest sweat rate for the nude foot and shod foot respectively.
Large regional variations in whole body and foot sweat rates between individuals have
previously been reported (Smith and Havenith 2011, 2012; Smith et al. 2013).
4.4.2 Regional foot sweat loss
This study demonstrated significant regional variation across the foot surface with foot
sweat distribution patterns being similar regardless of condition or exercise intensity.
Highest sweat rates were observed from the medial ankle, medial dorsal and central
dorsal for shod-I1 and shod-I2 and from the medial dorsal, medial ankle and heel for
nude-I1. Lowest sweat rates were always observed at the toes. The medial ankle and
dorsal region have previously been identified as areas of high sweat production on the
foot surface (Taylor et al. 2006; Fogarty et al. 2007; Smith and Havenith 2011; Smith
et al. 2013). The observed variations in sweat rate across the foot surface cannot be
explained by sweat gland densities. Sweat gland densities have been reported to be
highest on the plantar surface (460 glands.cm-2) with values ranging from 302 to 620
glands.cm-2. Lower densities have been found on the dorsal surface (175 glands.cm -2)
ranging from 144-250 glands.cm-2 (Szabo 1967; Hwang and Baik 1997). Therefore
although 77% of foot sweat glands are located on the plantar surface they only account
for 30% of foot sweat production. This discrepancy between sweat gland density and
sweat production was also observed for the body as a whole by Smith and Havenith
(2011). The role of active sweat glands, output per gland and sweat gland sensitivity
must therefore be considered (Smith and Havenith 2011).

CHAPTER 4 - Study 2: Sweat Distribution and Perceived Wetness

Page | 136

Comparisons between foot regions in the different conditions indicated greater sweat
rates for nude-I1 compared to shod-I1 at the lateral dorsal, heel and outer. Decreased
sweat rates from shod-I1 to shod-I2 were observed for the arch, ball and outer foot
regions. It could be expected that the effect of hidromeiosis would be greater on the
plantar surface given the higher moisture accumulation. West et al. (2019) reported the
heel and sole to be areas of high in-shoe temperature and in-shoe humidity compared
to the dorsal and toe regions. Consequently, a reduced evaporative capacity and
therefore high levels of skin wettedness may have resulted in lower foot sweat rates at
these regions for shod-I1 compared to nude-I1 and a decrease in sweat rate at these
regions for shod-I2. In addition, the plantar foot regions experience high pressure
during running which in a limited number of studies has been demonstrated to suppress
sweat rate (Kuno 1956; Ferres 1960).
4.4.3 Foot skin temperature
Foot skin temperature was higher for the whole foot and by foot regions for shod-I1
compared to nude-I1 and for shod-I2 compared to shod-I1. Shoes act as a barrier to
heat and moisture transfer, thus resulting in higher foot skin temperatures (Irzmańska
et al. 2013; West et al. 2019b).
Local skin temperature, alongside core and mean skin temperature are suggested to
modulate sweat rate (Nadel et al. 1971). However, foot skin temperature was not
effective in explaining differences in foot sweat rates for nude-I1, shod-I1 or shod-I2
in the present data. In support, Smith and Havenith (2011) also did not observe a
relationship between regional sweat rate and regional skin temperatures across the
whole body. This could be due to skin temperatures remaining high (above 31°C in
the current study) with little variation between regions. Models of sweat rate as a
function of changes to core and skin temperature are based upon much larger variations
in skin temperatures (Nadel et al. 1971) than observed in the current study or in Smith
and Havenith (2011).
4.4.4 Foot perceptual responses
Higher thermal warmth sensations were experienced for shod-I1 compared to nude-I1
and with increased exercise intensity. This is in line with observed increases in foot
skin temperature. Foot skin temperature elevations have previously been reported to
be well perceived during running (Arezes et al. 2013; West et al. 2019b). In the present
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study, the perception of foot wetness however was not associated with foot sweat
production. Despite lower foot sweat rate during shod-I1 (10.3 ± 3.6 g.hr-1) compared
to nude-I1 (12.6 ± 3.7 g.hr-1), and no increase in foot sweat rate with shod-I2 (10.8 ±
3.5 g.hr-1), participants experienced greater sensations of wetness and stickiness for
shod-I1 compared to nude-I1 and with increased exercise intensity, resulting in higher
local thermal discomfort.
According to Filingeri et al. (2014) and Raccuglia et al. (2018) wetness is perceived
through the integration of thermal (heat transfer) and tactile (friction and stickiness)
inputs occurring at the skin. When thermal cues provide insufficient sensory inputs,
individuals seem to rely upon tactile inputs (i.e. stickiness resulting from the adhesion
of a wet material to the skin) for the perception of wetness (Bergmann Tiest et al. 2012;
Raccuglia et al. 2017b). In the present study, foot skin temperatures elicited by
condition and intensity were in a high and narrow range (⁓31°C). Thus, in the absence
of a variation in the temperature stimulus, the increased sensation of wetness in shodI1 compared to nude-I1 and with increased exercise intensity must be attributed to the
increased magnitude of stimulation of cutaneous mechanoreceptors from the
mechanical and pressure related sensations generated between the foot, sock and shoe.
4.4.5 Regional perceptual responses
The results from the current study show that foot regions associated with high levels
of perceived wetness are not the regions with the highest rates of sweat production.
Instead, the heel and toes, areas of low sweat production, are perceived as being the
wettest, stickiest and most uncomfortable foot regions regardless of condition or
exercise intensity. As mechanical and pressure related sensations could be expected to
play an important role in the ability to sense wetness at the foot through tactile
perception, it is perhaps not surprising that these regions are experienced as having
high wetness. During gait, the heel experiences high contact loads (Shimazaki and
Murata 2015) with the toes performing a grabbing action in order to leave the ground
and thrust the body forward upon toe-off (Dugan and Bhat 2005). In addition, it could
be expected that tactile cues are produced through toe movement not only against the
sock and shoe but also between the toes themselves. Thus tactile cues generated
between the foot, sock and shoe are strong predictors for wetness sensation at the foot,
a phenomenon observed earlier for textile-skin interactions at the torso (Raccuglia et
al. 2017b, 2018).
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4.5 Conclusions
The present study provides the most detailed view of regional sweat distribution to
date for trained female runners when feet are shod and nude. Highest sweat rates were
observed at the medial ankle and dorsal regions. Lowest sweat rates were observed at
the toes. Foot sweat rate was lower when wearing shoes and did not increase with
exercise intensity which may be indicative of hidromeiosis. Despite this, sweat
distribution patterns were similar between conditions and intensities. Foot discomfort
and wetness perception were not dominated by regions of high sweat production but
rather seemed to be dominated by tactile cues caused by foot movement in the shoe.
Skin temperature did not seem to play a role in the perception of foot wetness.

4.6 Application
Foot regions identified as areas of high sweat production should be targeted in sock
and shoe design, increasing ventilation and/or changing the shoe materials to aid
moisture removal. Permeable running shoes have been associated with lower thermal
discomfort in comparison to impermeable running shoes during exercise (West et al.
2019b). However, while targeting areas of high sweat production in shoe design is
relevant for overall improvements in comfort, the results show that for local sensations
the tactile component may be more important than the local wetness. This makes the
tactile interaction between the foot, sock and shoe a second important area for
development. A new approach for shoe designers would therefore be to target areas of
low sweat production, high wetness perception (toes and heel) in terms of reducing the
tactile afferents/cues generated between the foot, sock and shoe.

4.7 Take Home Message
x Comparing shod and nude feet, sweat production was 22% greater when the
foot was nude.
x With shoes, sweat rate did not continue to increase with exercise intensity.
x The later observation in the shod condition may be indicative of hidromeiosis
i.e. the reduction or plateauing of sweat rate when the skin is wet.
x Highest sweat rates were observed from the medial ankle and dorsal regions.
On the plantar foot surface, low sweat rates were observed from the arch.
Lowest sweat rates were always observed at the toes.
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x Perceptions of wetness and discomfort did not correspond with regions of high
sweat production but rather seemed dominated by tactile interactions caused
by foot movement within the shoe.
x Foot regions identified as areas of high sweat production should be targeted in
sock and shoe design. Shoe designers could also target areas of low sweat
production, high wetness perception, in terms of reducing the tactile afferents
generated between the foot, sock and shoe.
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CHAPTER 5: Laboratory Study 3
Shoe microclimate: An objective characterisation
and subjective evaluation

Publication based on this chapter:
West, A.M., Schönfisch, D., Picard, A., Tarrier, J., Hodder, S., Havenith, G. (2019)
Shoe microclimate: An objective characterisation and subjective evaluation. Applied
Ergonomics, 78, 1-12.

Abstract
Shoe microclimate (temperature and humidity) has been suggested to contribute to
perceptions of foot thermal comfort. However, limited data is available for perceptual
responses in relation to shoe microclimate development both over time and within
different areas of the shoe. This study evaluates perceptions of foot thermal comfort
for two running shoes different in terms of air permeability in relation to temporal and
spatial characteristics of shoe microclimate. The temporal characteristics of shoe
microclimate development were similar for both shoes assessed. However, higher
temperatures and humidity were observed for the less permeable shoe. Changes to shoe
microclimate over time and differences between shoes were perceivable by the users.
This study provides the most detailed assessment of shoe microclimate in relation to
foot thermal comfort to date, providing relevant information for footwear design and
evaluation.

CHAPTER 5 - Study 3: Shoe Microclimate

Page | 142

5.1 Introduction
There has always been a demand for footwear which is both functional and
comfortable. Yet the perception of comfort is complex and multi-factorial based on
the interaction of factors which affect foot function during activity (Goonetilleke and
Luximon 2001). These interactions can be linked to mechanical and thermal properties
of shoes.
Thermal properties of shoes are typically attributed to the level of insulation and
vapour resistance provided and linked to the development of the shoe microclimate.
Like clothing, shoes represent a barrier for heat and vapour transfer between the skin
and the external environment. Thus when the wearer’s dry and evaporative heat loss
pathways are limited, heat and moisture may build within the air layers between the
skin and the footwear (Havenith et al. 1990a; Bouskill et al. 2002). Consequently, heat
loss from the skin to the shoe is reduced as the gradient becomes smaller (Lu et al.
2013). The development of the shoe microclimate has therefore been suggested to have
a decisive influence on the users sensations and perceptions of thermal comfort
(Arezes et al. 2013; Irzmańska et al. 2013; Shimazaki and Murata 2015). The materials
used within shoes and socks, the air they enclose and the air bound on the outside of
the material layers are therefore important (Havenith 2002).
Shoe microclimate development has been investigated in protective and hiking
footwear but has been restricted to mechanical testing using thermal foot manikins
(Schols et al. 2004) or assessment of temperature and relative humidity at one or two
locations within footwear during physical activity. Under constant moderate climate
conditions (23-25°C, 50% RH) and with exercise, in-shoe temperature and in-shoe
relative humidity are reported to range between 27-37°C and 67-96%, respectively
(Bertaux et al. 2010; Irzmańska et al. 2013; Irzmańska 2015). Based on these data, foot
skin temperatures (foot ܶ௦
ሻhave been reported to exceed 34°C resulting in
perceptions of thermal discomfort. The combination of physical exercise and high
temperatures inside footwear has also been shown to add strain to the cardiovascular
system in the lower extremities, increasing blood flow by 33% from rest (Irzmańska
et al. 2013). Further consequences of high temperatures and levels of moisture inside
shoes include tinea pedis, commonly known as athlete’s foot. Primarily associated as
a common problem for individuals who use public facilities such as saunas and
swimming pools, tinea pedis also represents a problem for those who participate in
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physical activity where the feet are enclosed in shoes for extended periods of times i.e.
marathon runners (Auger et al. 1993). Intermediate levels of moisture have also been
shown to increase coefficients of friction which have been found to influence the
probability of blister formation (Sulzberger et al. 1966). Changes to the shoe
microclimate therefore encourage the growth of microorganisms which can lead to
odour development and to poor foot health.
Knowledge regarding the subjective evaluation of shoe microclimate is limited, with
little published information available. Although subjective perception of foot ܶ௦

may
not always coincide with measured foot ܶ௦

(Barkley et al. 2011), local discomfort has
been attributed to elevations in temperature rather than elevations in the moisture
content both within hiking boots (Arezes et al. 2013) and within sock and boot liner
materials worn within protective footwear (Irzmańska et al. 2013). The influence
moisture has on foot comfort therefore requires further investigation as it is unknown
whether changes in temperature and/or humidity help an individual in determining
perceptions of thermal comfort.
Despite the impact shoe microclimate has on foot health and foot thermal comfort, to
our knowledge no quantitative shoe microclimate data is available over time, within
different areas of the shoe or in relation to perceptual responses specifically for sports
related footwear. With exercise, metabolic heat generation and sweat rates are high
and so balancing the amount of heat supplied to or generated by the feet with heat loss
becomes crucial. Currently, only changes to foot ܶ௦
during running have been
reported (Barkley et al. 2011; Shimazaki and Murata 2015; Shimazaki et al. 2015).
During a 30 min running bout at 12 km.hr-1 temperature elevations from rest of 8.2°C
were observed at the heel and 4.8°C at the neck of the big toe, foot regions associated
with high contact loads and pressure during running (Shimazaki and Murata 2015).
Increased ventilation within running shoes has also been shown to produce a cooling
effect, reducing foot ܶ௦elevations, particularly on the arch of the foot (Shimazaki et
al. 2015). How the development of shoe microclimate influences perceptual responses
however has not been investigated. As commercial communities seek to improve
footwear comfort, assessments of shoe microclimate in running footwear would
therefore be valuable.
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The aim of this study was threefold: (i) to objectively investigate temporal and spatial
characteristics of shoe microclimate in running footwear, (ii) to determine whether
shoe microclimate is affected by the level of shoe permeability and (iii) to determine
whether changes to shoe microclimate are perceivable. The evaluation of footwear
thermal properties based upon objective and subjective parameters will provide
valuable information for footwear evaluation and design.

5.2 Method
5.2.1 Participants
Ten healthy females (age: 24 ± 2.6 years; height: 165.8 ± 6.2 cm; body mass: 61.4 ±
8.9 kg) volunteered to participate in this study. Test procedures were outlined in a
written information sheet and were explained to participants before obtaining written
informed consent. Experimental procedures were approved by Loughborough
University Ethical Committee.
5.2.2 Experimental design
To achieve the aims of the study, a repeated measures design was selected. Participants
took part in two running trials on separate occasions, wearing running shoes of the
same model but different in terms of air permeability (OPEN upper construction vs
CLOSED upper construction). No information was provided to participants regarding
shoe related differences and participants were not allowed to visually inspect the shoes.
It is important to note however that some differences may have been noted when
donning the shoes.
5.2.3 Instrumentation and calculations
5.2.3.1 Gross sweat loss and sock sweat absorption
To determine gross sweat loss (GSL), pre- and post-test semi-nude body mass and
fluid consumed during each experimental session were recorded using electronic
scales with a resolution of 0.001 kg (Mettler Toledo kcc150, Mettler Toledo, Leicester,
UK). GSL is presented in kilograms (kg) and was calculated:
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Sock mass was recorded pre- and post-test using electronic scales with a resolution of
0.001 g (FX-500i. A&D Company Ltd, Oxfordshire, UK) to determine sweat
absorption into the sock.
5.2.3.2 Aural, mean skin temperature and heart rate
Aural temperature was measured from the auditory canal (Braun ThermoScan 7,
IRT6520, Braun GmbH, Kronberg, Germany) at the beginning/end of each stage of
the experimental protocol. Changes to core temperature were expected to be minimal
and not affected by footwear. An infrared aural thermography sensor was therefore
chosen to reduce unnecessary discomfort to participants.
Skin temperature was measured at four sites: calf, thigh, chest and upper arm using
iButton wireless temperature loggers (Maxim, San Jose, USA) attached to the skin by
3MTM TransporeTM surgical tape (3M United Kingdom PLC). The weighted skin
ത
temperature (ܶ
ሻof four sites was calculated using the below equation (Ramanathan
௦
1964):
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Heart rate (HR) was measured during all tests using telemetry (Polar RS400sd,Polar
Electro Oy,Kempele, Finland).
5.2.3.3 Foot skin temperature
Foot ܶ௦was measured at seven sites on the right foot (Figure 5.1) using T type
thermocouples (plantar thermocouples, 1/0.508 mm wire, 827-5978; dorsal
thermocouples, 1/0.315 mm wire, 110-4469, RS Components Ltd, Corby, UK).
Thermocouples were connected to a data logger (Grant Squirrel SQ2020, Grant
Instruments Ltd, Cambridge, UK) which logged foot ܶ௦every 10 s. Thermocouples
were calibrated prior to testing by placing the measuring junction of each
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thermocouple in a circulating water bath where temperature was monitored with a
calibrated thermometer (resolution 0.1°C).

Figure 5.1 Anatomical positioning of thermocouples on the right foot. Site codes: 1- plantar
ball; 2 - plantar arch; 3 - plantar heel; 4 - base of toe 1; 5 - central dorsal; 6 - medial
dorsal; 7 - lateral dorsal.

5.2.3.4 In-shoe temperature and in-shoe relative humidity
Temperature and relative humidity sensors were attached to seven sites on the right
foot (Figure 5.2) to record changes to in-shoe temperature and in-shoe relative
humidity (SHT31, Sensirion, Switzerland). Sensors were applied to a standardised
sock using transpore surgical tape. Data was collected wirelessly from a specially
developed bluetooth data acquisition system (University of Applied Sciences
Kaiserslautern, Zweibrücken, Germany), secured to the participants ankle, at a
sampling rate of 10 s and simultaneously displayed and recorded in LabVIEW
software (2016, National Instruments). The total weight of the data acquisition system
and sensors was 112 g.

Figure 5.2 Positioning of temperature and relative humidity sensors on the right foot.
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5.2.3.5 In-shoe absolute humidity
In-shoe absolute humidity was calculated from in-shoe temperature and in-shoe
relative humidity using the Antoine equation (Parsons 2014):
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5.2.3.6 Perceptual scales
Ordinal scales were used to assess thermal sensation, wetness perception, stickiness
and thermal comfort (Figure 5.3). Scales were designed in line with instructions from
ISO 10551 (2001) with the sensitivity, accuracy, ease of use and descriptors chosen
for each individual scale carefully considered.
Scales were used to gain perceptual information for the whole body (thermal sensation
and thermal comfort), whole foot and four foot regions (thermal sensation, wetness
perception, stickiness and thermal comfort; Figure 5.4). Perceptual information was
obtained for the right foot only. Participants were instructed on how to use the
perceptual scales and were given time to practice under the guidance and assistance of
the experimenter. During the experimental trial, participants were prompted every 5
min to provide perceptual ratings which took between 1-2 min.
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Figure 5.3 (a) Thermal sensation scale; (b) wetness perception scale; (c) stickiness scale;
(d) thermal comfort scale.

Figure 5.4 Reference sheet used to highlight areas for subjective evaluation.

5.2.4 Experimental protocol
Participants took part in two experimental trials at approximately the same time of day.
Trials were performed in a climate controlled room maintained at 23°C, 35% RH. The
two experimental trials differed with regard to the running shoes worn (Figure 5.5).
All participants performed one trial wearing a shoe with an OPEN air permeable upper
construction (adidas Supernova Glide Boost 8 Clima Chill) and one trial wearing a
shoe with a CLOSED less air permeable upper construction (adidas Supernova Glide
Boost atr Clima Heat). Heat loss measurements for both shoes were performed using
a 12 zone sweating thermal foot manikin (THERMETRICS, Measurement
Technology Northwest, Seattle, USA) in accordance with ISO 15831 (2004). Thermal
insulation was 0.10 m2.K.W-1 vs 0.11 m2.K.W-1 and the evaporative resistance was
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16.06 m2.Pa.W-1 vs 25.18 m2.Pa.W-1 for the OPEN and CLOSED shoe respectively.
Socks were standardised for each trial (adidas performance ankle sock; 94% cotton, 3%
polyamide, 3% elastane, terry jersey).
Upon arrival, participants changed into running shorts and t-shirt and washed their feet
with tepid water. Following instrumentation, participants donned test shoes and rested
in an upright seated position for a 10 min period. Participants then performed 40 min
running at a constant speed (7.5 km.hr-1). This was followed by a 30 min recovery
period in an upright seated position.

Figure 5.5 Running footwear worn during the experimental trials. (a) adidas Supernova
Glide Boost 8 Clima Chill (OPEN) (b) adidas Supernova Glide Boost atr Clima Heat
(CLOSED).

5.2.5 Analysis
The mean foot response for each individual variable (foot ܶ௦
, in-shoe temperature and
in-shoe relative humidity/absolute humidity) was calculated by averaging the data
recorded from seven foot measurement sites for each participant over time and taken
forward for statistical analysis.
To determine changes to foot ܶ௦, in-shoe temperature and in-shoe relative
humidity/absolute humidity for different foot regions (dorsal, toes, heel and sole) data
recorded from measurement sites which were representative of each region were
averaged to calculate a mean response for each region. With reference to Figure 5.1
and Figure 5.2, measurement sites 5,6 and 7 were grouped to determine mean variable
responses for the dorsal region. Measurement sites 1 and 2 were grouped for the sole
region. Data from site 4 was taken to represent the toe region and data from site 3 was
taken to represent the heel region.
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5.2.6 Statistical analysis
In this study the independent variables were: shoe (OPEN vs CLOSED) and time
(REST, RUN, RECOVERY). Dependent variables were: GSL, sock sweat absorption,
HR, aural temperature, mean skin temperature, foot ܶ௦
, in-shoe temperature, in-shoe
relative humidity, in-shoe absolute humidity, whole body thermal sensation and whole
body thermal comfort and thermal sensation ሺ
ܶܵ
ሻ, wetness perception ሺ
ܹܲሻ,
stickiness ሺ
ܵܶ
ሻand thermal comfort ሺ
ܶܥ
ሻfor the whole foot and by foot regions. Data
were tested for normality of distribution with Shapiro-Wilk test. To investigate
temporal and spatial characteristics of shoe microclimate and to determine whether
shoe microclimate is affected by shoe permeability a two-way repeated measure
analysis of variance (ANOVA) was performed with post hoc multiple comparisons
(Bonferroni correction). To investigate subjective perception of shoe microclimate
over time and between shoe conditions a Friedman test was conducted. When
significant effects were observed, post hoc analysis was conducted with a Wilcoxon
signed rank test. Regression analyses were performed to study the relationships
between dependent and independent variables. These analyses were conducted using
data from group means over time. Statistical analysis was performed using IBM SPSS
Statistics 24 (IBM, USA) and reported as means ± standard deviation (SD). The level
of significance was set at p < 0.05.

5.3 Results
5.3.1 Environmental conditions
Mean (±SD) environmental conditions for the experimental trials were 23.2 ± 0.2°C
and 34.6 ± 1.6% RH.
5.3.2 Whole body thermal responses
5.3.2.1 Aural temperature, mean skin temperature and heart rate
Whole body thermal responses highlighted no shoe related differences in terms of
mean skin temperature, aural temperature or HR. Mean skin temperature was similar
between shoe conditions throughout the experimental protocol (OPEN vs CLOSED:
31.4 ± 0.5°C vs 31.3 ± 0.5°C at REST; 30.9 ± 0.9°C vs 31.1 ± 2.1°C at the end of
RUN; 31.5 ± 0.9°C vs 31.8 ± 1.2°C at the end of RECOVERY, all NS). Dynamics of
mean skin temperature were similar between shoe conditions.
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There were no shoe related differences in the dynamics of aural temperature and their
absolute values (OPEN vs CLOSED: 37.1 ± 0.3°C vs 37.1 ± 0.4°C at REST; 36.9 ±
0.8°C vs 37.0 ± 0.8°C at the end of RUN; 37.1 ± 0.6°C vs 37.1 ± 0.5°C at the end of
RECOVERY, all NS). Moreover, there were no differences in HR with a similar
plateau during RUN at 143 ± 19 bpm for OPEN and 144 ± 20 bpm for CLOSED.
5.3.2.2 Gross sweat loss and sock sweat absorption
GSL was not different between OPEN (0.46 ± 0.10 kg) and CLOSED (0.46 ± 0.19 kg)
shoe conditions (p = 0.95). No difference in sock sweat absorption was observed
(OPEN vs CLOSED 1.60 g [min-max 0.60-7.10 g] vs 1.79 g [min-max 0.70-8.00 g],
p = 0.66).
5.3.2.3 Perceptual responses
The dynamics of perceptual responses were similar between shoe conditions (NS).
During RUN, whole body thermal sensations increased from neutral to warm, for
OPEN (from 1.1 ± 1.8 at the end of REST to 11.3 ± 4.6 at the end of RUN, p = 0.01)
and CLOSED (from 1.5 ± 2.8 at the end of REST to 12.3 ± 3.5 at the end of RUN, p
= 0.01). Consequently, participants developed moderate thermal discomfort during the
running period.
With RECOVERY, whole body thermal sensations returned toward neutral for OPEN
and CLOSED (from 11.3 ± 4.6 and 12.3 ± 3.5 at the end of RUN to 3.3 ± 2.2 and 4.6
± 3.8 at the end of RECOVERY, p < 0.01) resulting in reduced thermal discomfort
(OPEN and CLOSED: from end of RUN 3.5 ± 1.8 and 3.9 ± 2.1 to end of RECOVERY
1.2 ± 0.4 and 1.4 ± 0.7, p < 0.05).
Despite no shoe related differences in terms of mean skin temperature or aural
temperature, participants felt warmer during the CLOSED shoe condition reaching
significance at 45 min (p = 0.02). There were no shoe related differences in whole
body thermal comfort.
5.3.3 Foot thermal responses
5.3.3.1 Mean foot skin temperature and mean in-shoe temperature
Mean foot
ܶ௦(Figure 5.6a) increased with REST for both shoe conditions (p < 0.001).
At the end of RUN (50 min), mean foot ܶ௦was 0.5°C greater for CLOSED (OPEN
vs CLOSED: 36.6 ± 0.7°C vs 37.1 ± 0.7°C, p = 0.002). With RECOVERY, mean foot
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ܶ௦decreased by approximately 2°C regardless of SHOE condition (p < 0.001).
Overall the difference in foot ܶ௦
between the two shoes reduced and lost significance
over time.
In-shoe temperature (Figure 5.6b) increased with REST for both shoe conditions (p <
0.001). At the end of RUN, in-shoe temperature was 0.9°C greater for CLOSED
(OPEN vs CLOSED: 35.2 ± 0.6°C vs 36.1 ± 0.5°C, p < 0.001). At the cessation of
running (50-55 min) in-shoe temperature briefly increased in the OPEN shoe but only
by 0.3°C.
5.3.3.2 Mean in-shoe relative humidity and mean in-shoe absolute humidity
Mean in-shoe relative humidity (Figure 5.6c) increased with REST for both shoe
conditions (p < 0.001). At the end of RUN, in-shoe relative humidity was 8.2% greater
for CLOSED (OPEN vs CLOSED: 75.8 ± 7.9% vs 84.1 ± 5.8%, p < 0.001). With the
cessation of running (50-55 min) mean in-shoe relative humidity increased by 7.8%
for OPEN and 3.8% for CLOSED. Mean in-shoe relative humidity remained high
during RECOVERY reaching 84.3 ± 8.0% for OPEN and 87.5 ± 6.7% for CLOSED
at 80 min (p < 0.05).
Mean in-shoe absolute humidity (Figure 5.6d) increased with REST and throughout
RUN reaching 31.3 ± 3.3 g.m-3 for OPEN and 35.7 ± 2.6 g.m-3 for CLOSED at 50 min
(p < 0.001). With the cessation of running (50-55 min), in-shoe absolute humidity
increased briefly by 3.1 g.m-3 for OPEN and 0.9 g.m-3 for CLOSED. During
RECOVERY (50-80 min), in-shoe absolute humidity decreased by 2.4 g.m-3 for
CLOSED only (p < 0.001). Given the lower temperature and the lower relative
humidity in OPEN, the difference in absolute humidity is even stronger than that of
relative humidity (p < 0.05).
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Figure 5.6 Mean (a) foot skin temperature, (b) in-shoe temperature, (c) in-shoe relative humidity and (d) in-shoe absolute humidity for two shoe
conditions during the experimental protocol consisting of rest, run and recovery. ** significant difference from the previous protocol phase for both
shoe conditions (p < 0.05). * significant difference from previous protocol phase for CLOSED (p < 0.001). significant difference from OPEN (p
< 0.05).
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5.3.4 Foot perceptual responses
5.3.4.1 Mean foot thermal sensation
With REST, participants ܶܵ
(Figure 5.7a) were neutral with no change over time.
During RUN, participants
ܶܵ
increased from neutral to warm/hot (p < 0.01). During
RECOVERY, ܶܵ
decreased to slightly warm (p < 0.01). Mean foot ܶܵ
in CLOSED
were significantly warmer than in OPEN during most of the running phase (p < 0.05).
5.3.4.2 Mean foot wetness and stickiness
Participants experienced no ܹܲ(Figure 5.7b) or ܵܶ
(Figure 5.7d) at REST. At the end
of RUN, perceptions of ܹܲand ܵܶ
reached a mean of slightly wet and sticky. During
RECOVERY, ܹܲand ܵܶ
decreased towards a mean of barely wet and slightly sticky
respectively, for both OPEN and CLOSED (p < 0.05). Significant differences in ܹܲ
between OPEN and CLOSED during RUN were observed at time points 25 min (p =
0.02), 30 min (p = 0.02) and 35 min (p = 0.01). Significant differences in ܵܶ
between
OPEN and CLOSED were observed from 20-45 min and at 80 min (p < 0.05).
5.3.4.3 Mean foot thermal comfort
With REST, participants were comfortable (Figure 5.7c) with no change over time.
Participants experienced moderate local discomfort throughout RUN regardless of
SHOE (p < 0.01). With RECOVERY, ܶܥ
returned towards comfortable (p < 0.01).
The effect of SHOE on ܶܥ
was significant at time points 30 min (p = 0.04) and 35 min
(p = 0.03).
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Figure 5.7 Mean (a) foot thermal sensation, (b) foot wetness perception, (c) foot thermal comfort and (d) foot stickiness for two shoe conditions across all
stages of the experimental protocol consisting of rest, run and recovery. ** significant difference from the previous protocol phase for both shoe conditions
(p < 0.01). significant from OPEN (p < 0.05).
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5.3.5 Relation between foot thermal responses
During RUN, positive relationships were observed between mean in-shoe relative
humidity and mean in-shoe temperature (OPEN and CLOSED; r2 = 0.97, and r2 = 1.00,
p < 0.001) and between mean in-shoe absolute humidity and mean in-shoe temperature
(OPEN and CLOSED; r2 = 0.99 and r2 = 1.00, p < 0.001).
With RECOVERY, a positive relationship was observed between in-shoe absolute
humidity and mean in-shoe temperature (OPEN and CLOSED; r2 = 0.98 and r2 = 1.00,
p < 0.001). The relationship between in-shoe relative humidity and in-shoe
temperature however was weak and not significant (OPEN and CLOSED; r2 = 0.22
and r2 = 0.28).
5.3.6 Relation between foot perceptual responses and foot thermal responses
During RUN, a positive relation was observed between mean foot ܶܵ
and mean foot
ܶ௦(OPEN and CLOSED; r2 = 0.95 and r2 = 0.97, p < 0.001) and between mean foot
ܶܵ
and mean in-shoe temperature (OPEN and CLOSED; r2 = 0.94 and r2 = 0.96, p <
0.001). With RECOVERY, positive relationships were observed between mean foot
ܶܵ
and mean foot ܶ௦(OPEN and CLOSED; r2 = 1.00 and r2 = 0.95, p < 0.001) and
between mean foot ܶܵ
and mean in-shoe temperature (OPEN and CLOSED; r2 = 0.99
and r2 = 0.96, p < 0.001), although a hysteresis effect was evident after exercise ceased
(Figure 5.8).

Figure 5.8 Relationship between mean foot thermal sensation and (a) mean foot skin
temperature and (b) mean in-shoe temperature for two shoe conditions during an experimental
protocol consisting of rest, run and recovery. *indicates a significant relationship (p < 0.001).
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During RUN, positive relationships were observed between mean foot ܹܲand mean
in-shoe relative humidity and mean in-shoe absolute humidity. The relationship was
tighter however with in-shoe absolute humidity (Figure 5.9).
During RECOVERY, no significant relation was observed between mean foot ܹܲand
mean in-shoe relative humidity (OPEN and CLOSED; r2 = 0.31, p = 0.25 and r2 = 0.15,
p = 0.45; Figure 5.9). However positive relations were observed between mean foot
ܹܲand mean in-shoe absolute humidity (OPEN and CLOSED; r2 = 0.90, p = 0.004
and r2 = 0.94, p = 0.001). A positive relation was also observed between mean foot
ܹܲand mean foot ܶ௦with less of a hysteresis evident (OPEN and CLOSED; r2 =
0.96 and r2 = 0.95, p < 0.001).
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Figure 5.9 Relationship between mean foot wetness perception and (a) mean in-shoe relative humidity, (b) mean in-shoe absolute humidity and (c)
mean foot skin temperature, for two shoe conditions during an experimental protocol consisting of rest, run and recovery. * indicates a significant
relationship (p < 0.05).
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Mean foot ܹܲand mean foot ܵܶ
(Figure 5.10) were strongly linked during RUN and
RECOVERY.

Figure 5.10 Relationship between mean foot wetness perception and mean foot stickiness
for two shoe conditions during an experimental protocol consisting of rest, run and recovery.
* indicates a significant relationship (p < 0.01).

To define factors affecting mean foot ܶܥ
when all stages of the experimental protocol
(REST, RUN and RECOVERY) were combined, stepwise regression analysis was
conducted. For this analysis, mean foot ܶ௦
, mean in-shoe temperature, mean in-shoe
relative humidity, mean in-shoe absolute humidity and mean skin temperature were
input as independent variables, and mean foot ܶܥ
as the dependent variable.
Mean foot ܶܥ
was described by mean foot ܶ௦giving an explained variance of 67%
(Table 5.1, Model 1). The inclusion of mean in-shoe relative humidity made a valuable
improvement to the model (r2 = 0.74, p < 0.001) (Table 5.1, Model 2). Further
improvements were observed with the additional inclusion of mean in-shoe absolute
humidity and in-shoe temperature. However, tolerance statistics indicated collinearity
(< 0.1) between independent variables, making that extended model questionable.
Given that several subjective scores, when merged over shoe types, had a tighter
relation with in-shoe absolute humidity rather than relative humidity, the same analysis
was performed forcing in-shoe absolute humidity as second predictor. This, combined
with mean foot ܶ௦
, explained less of the variance in mean foot ܶܥ
(r2 = 0.70, p <
0.001), (Table 5.1, Model 3) than the relative humidity model, mainly due to the high
collinearity of the two variables used.
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Table 5.1 Stepwise regression analysis for mean foot thermal comfort when all phases of the experimental protocol (rest, run and recovery) are combined.

Perceptual Variables

Predictor Variable

MODEL 1

Unstandardised

Standardised

Collinearity

coefficient

coefficient

statistic

β

Tolerance

B

SD error

(Constant)

-5.488

0.992

Thermal Comfort

Foot skin temperature

0.233

0.029

MODEL 2

(Constant)

-7.050

1.039

Thermal Comfort

Foot skin temperature

0.378

0.056

1.326

In-shoe relative humidity

-0.045

0.015

-0.576

MODEL 3

(Constant)

-9.910

2.485

Thermal Comfort

Foot skin temperature

0.432

0.107

1.514

In-shoe absolute humidity

-0.083

0.043

-0.723
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0.816

t

Sign.

F

R2

-5.535

<0.001

63.84

0.67

7.990

<0.001

-6.788

<0.001

43.79

0.74

0.218

6.744

<0.001

0.218

-2.931

<0.001

-3.987

<0.001

36.48

0.70

0.068

4.034

<0.001

0.068

-1.926

0.063

1.000
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5.3.7 Local thermal responses by foot region
Local foot thermal responses followed the general trend as shown for the mean foot
ܶ௦
, mean in-shoe temperature, mean in-shoe relative humidity and mean in-shoe
absolute humidity (Figure 5.6). Thus, only local foot in-shoe temperature and local
foot in-shoe absolute humidity across foot regions are presented in Figure 5.11 for the
OPEN and CLOSED shoe respectively.
5.3.7.1 Mean local in-shoe temperature by foot region
At the end of RUN and RECOVERY highest local in-shoe temperatures were observed
at the heel and sole regions for both shoe conditions (p < 0.05) (Figure 5.11a and Figure
5.11b). In comparison to local foot
ܶ௦
, local in-shoe temperatures were lower at the
dorsal and toe regions, but similar at the heel and sole regions reflecting low rates of
heat transfer.
At the end of RUN, in-shoe temperature was significantly greater for CLOSED
compared to OPEN at the dorsal, heel and toe regions (p < 0.05). At the end of
RECOVERY, in-shoe temperature was significantly greater for CLOSED compared
to OPEN at the toe region (p = 0.05).
5.3.7.2 Mean local in-shoe absolute humidity by foot region
At the end of RUN, highest local in-shoe absolute humidity (Figure 5.11c/d) were
observed at the heel and sole regions for both shoe conditions (p < 0.05). In-shoe
absolute humidity was significantly greater for CLOSED at the dorsal and toe regions
(p < 0.01).
Local trends observed for changes in absolute humidity were similar to those of
relative humidity across foot regions, excluding the recovery period. Local in-shoe
relative humidity remained high (74-98%) at all foot regions for both shoe conditions.
However, local in-shoe absolute humidity significantly decreased for OPEN at the heel
(p = 0.01) but significantly increased at the toes (p = 0.01) (Figure 5.11c). For
CLOSED, local in-shoe absolute humidity significantly decreased at the sole (p = 0.05),
heel (p = 0.03) and toe (p < 0.001) regions (Figure 5.11d).
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Figure 5.11 Mean (a) in-shoe temperature and (b) in-shoe absolute humidity across four foot regions (dorsal, toes, heel and sole) for two shoe conditions
during the experimental protocol consisting of rest, run and recovery. * indicates significant difference from OPEN at the dorsal region. # indicates significant
difference from OPEN at the toe region. indicates significant difference from OPEN at the heel region. Significant differences were also observed between
foot regions for each shoe condition with the largest differences observed between the dorsal/toe and plantar regions. Significance set at p < 0.05.
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5.3.8 Local perceptual responses by foot region
5.3.8.1 Mean local thermal sensation by foot region
At the end of RUN, local ܶܵ
(Figure 5.12a) at the toes (hot) was significantly greater
than local ܶܵat the dorsal (warm) (p = 0.03) for OPEN. No other significant
differences in local ܶܵbetween foot regions were observed. Local

ܶܵwas

significantly greater at the end of the RUN between OPEN and CLOSED at the dorsal
(p = 0.03) (Figure 5.12a and Figure 5.13a).
5.3.8.2 Mean local wetness perception and mean local stickiness by foot region
Local ܹܲand ܵܶ
(Figure 5.12b/d and Figure 5.13b/d) were significantly greater at the
dorsal region at the end of REST compared to all other foot regions (p < 0.05). At the
end of RUN, local ܹܲand ܵܶ
was greater at the toes compared to the dorsal (p < 0.05)
for OPEN. Local ܹܲwas greater at the toes compared to the heel (p = 0.04) region
for both shoe conditions. Despite local in-shoe relative humidity increasing with the
cessation of running and remaining close to saturation and in-shoe absolute humidity
remaining close to/higher than local absolute humidity values experienced during the
final 20 min of the running phase, perceptions of local ܹܲand ܵܶ
decreased with
RECOVERY returning towards a mean of barely wet and slightly sticky at all regions
(p < 0.05).
5.3.8.3 Mean local thermal comfort by foot region
With REST, participants rated all foot regions as being comfortable for both shoe
conditions. Participants experienced moderate discomfort with RUN for all foot
regions although higher discomfort was only experienced for the CLOSED shoe
between the toe and dorsal region (p = 0.03) (Figure 5.13c).
At the end of RUN, greater thermal discomfort was experienced for the CLOSED shoe
compared to OPEN at the toe and heel region (p < 0.05). With RECOVERY, a
significant decrease in thermal discomfort was observed at the dorsal, toes and sole for
both shoe conditions (p < 0.05) and at the heel for CLOSED (p = 0.01).
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Figure 5.12 Mean (a) thermal sensation (b) wetness perception (c) thermal comfort and (d) stickiness across four foot regions (dorsal, toes, heel and sole) for
the OPEN shoe condition during the experimental protocol consisting of rest, run and recovery.* indicates significant difference between the toe and dorsal
region. # indicates significant difference between the toe and heel region. indicates significant difference between the dorsal and all remaining foot regions.
Significance set at p < 0.05.
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Figure 5.13 Mean (a) thermal sensation (b) wetness perception (c) thermal comfort and (d) stickiness across four foot regions (dorsal, toes, heel and sole) for
the CLOSED shoe condition during the experimental protocol consisting of rest, run and recovery.* indicates significant difference between the toe and dorsal
region. # indicates significant difference between the toe and heel region. indicates significant difference between the dorsal and all remaining foot regions.
Significance set at p < 0.05.
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5.4 Discussion
The aim of this study was to objectively investigate the temporal and spatial
characteristics of shoe microclimate in running footwear, to determine whether shoe
microclimate is affected by shoe permeability and to determine whether changes to
shoe microclimate are perceivable.
The outcomes of this study demonstrate that the general temporal characteristics of
shoe microclimate variables were similar for both shoes assessed. However, a clear
impact of the shoe permeability on shoe microclimate was observed particularly during
running. The closed shoe (less air and vapour permeable) resulted in higher
temperatures and levels of moisture accumulation in comparison to the open shoe.
During recovery, shoe microclimate readings of the two shoes converged towards
lower temperature and humidity. This suggests that with the cessation of exercise,
reduced foot movement causes a reduction in the pumping effect and shoe ventilation
(Satsumoto et al. 2016). Consequently, heat loss from the shoe is reduced. As the effect
of ventilation was greater for the open shoe, causing a difference between open and
closed shoe during run, the cessation of the pumping effect during recovery brings the
heat production and heat loss balance for both shoes closer together. Regarding
perceptual responses, clear differences between the shoes were observed during
running, with more favourable responses for open. With recovery, the convergence of
shoe microclimate variables also resulted in a convergence of perceptual responses.
5.4.1 Temporal characteristics of foot Tsk and shoe microclimate development
During the initial 10 min of the experimental protocol, participants were required to
rest. Temperature and moisture increased slightly but significantly during this period
for both shoe conditions. With running, foot ܶ௦and in-shoe temperature increased
rapidly and substantially during the first 20 min before gradually stabilising. The level
of moisture within the shoe also increased during the first 20 min before gradually
stabilising for the remaining 20 min of the run. Consequently, significant increases in
temperature and moisture were reported from the start to the end of running period.
According to Shimazaki and Murata (2015) shoe microclimate variables increase
based upon ‘(1) expelled heat generated inside the body and (2) heat transfer to/from
the footwear surface’. With physical activity, metabolic heat generation increases.
While little metabolic activity is present in the foot itself, the increased body heat load
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results in changes to vasomotor tone causing increases in foot blood flow as the body
attempts to balance heat gain with heat loss. Consequently, the increased delivery of
warm blood to the foot causes elevations in foot
ܶ௦reducing the body core to skin
temperature gradient, impacting the temperature profile within footwear (Shimazaki
and Murata 2015). Although heat loss can be substantially aided through the
evaporation of sweat, containment of the foot within the shoe negatively impacts
evaporative heat transfer. Therefore, heat input into the foot tends to exceed heat loss
from the foot causing a progressive increase in foot temperature, foot
ܶ௦and shoe
microclimate variables.
During the recovery period of the experimental protocol, foot
ܶ௦decreased, likely due
to reduced blood flow to the foot or a reduction in blood temperature. While heat losses
would become less with the cessation of movement, heat loss from the shoe was
nevertheless greater than the reduced heat input to the foot resulting in a reduction of
in-shoe temperature. With regard to changes to in-shoe relative humidity and in-shoe
absolute humidity values during the recovery phase of the experimental protocol, an
inverse effect was observed. In-shoe relative humidity increased during recovery
compared to no change/ a decrease in absolute humidity. The decrease in absolute
humidity indicates that moisture losses from the shoe are now greater than the moisture
generated by the foot. The fact that in-shoe relative humidity increases is therefore
solely caused by the decreasing temperature lowering the saturated water vapour
pressure. In-shoe relative humidity therefore increases despite the decreasing water
content. To our knowledge, no study has presented shoe microclimate in relation to
changes to absolute humidity.
5.4.2 Spatial characteristics of foot Tsk and shoe microclimate
The heel and sole foot regions were highlighted as being areas of high temperature and
high moisture with running thus suggesting low rates of heat and moisture transfer
from the foot at these regions. Irzmanska et al. (2013) similarly reported a higher inshoe temperature at the plantar region (37°C) compared to the dorsal region (36°C)
following 50-60 min of walking in protective footwear. It has been suggested that
repeated compression loads on these areas during walking and running produces heat
from the conversion of mechanical energy (Shimazaki and Murata 2015). The
absorption of contact forces on the plantar foot regions is therefore suggested to result
in temperature elevations although there is no direct evidence for this. More
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importantly, although foot sweat rates are greatest from the dorsal surface compared
to the plantar surface (~70% and ~30%, respectively) (Taylor et al. 2006; Smith et al.
2013), highly insulative materials used within the mid-sole section of the shoe reduce
dry and evaporative heat loss from the plantar foot surface to the environment leaving
only heat loss by ventilation. Assuming a similar internal heat input to all foot regions,
this insulative effect could explain why the heel and sole were areas of high
temperature and moisture accumulation.
5.4.3 Influence of shoe permeability on foot Tsk and shoe microclimate
In the current study, shoe microclimate was shown to be significantly affected by shoe
permeability. This was most evident during the running and recovery stages of the
experimental protocol as the open shoe consistently had lower temperature and
moisture values in comparison with the closed shoe. These differences were also more
pronounced at the toe region where differences in shoe construction were most
apparent. In running shoes, the microclimate is therefore dependent upon the level of
permeability provided as earlier described for protective and hiking footwear (Arezes
et al. 2013; Irzmańska 2015).
Foot
ܶ௦is usually higher than ambient and footwear surface temperature resulting in
heat transfer through convective and radiative pathways. It would be expected that
during running, convective heat transfer would be high due to increased air flow
around the shoe in addition to movement of the foot within the shoe causing a pumping
action forcing air into the environment (Havenith et al. 1990a; Satsumoto et al. 2016).
The mesh upper construction of the open shoe allowed effective convective heat
transfer during running resulting in lower foot
ܶ௦and in-shoe temperature elevations.
Indeed, a relationship has been reported between temperature elevations and
ventilation suggesting lower temperature elevations with higher ventilation rates
(Shimazaki et al. 2015). The effect of convective heat transfer is also visible when
transitioning from running to recovery. With the cessation of running, air flow around
the foot reduces. Consequently in-shoe temperature slightly increases initially in the
open shoe indicating a reduction in convective heat transfer from the shoe to the
environment.
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With increased heat delivery to the foot through vasomotor adjustments, it could also
be expected that local sweat rates would increase. Although there were no significant
differences in sock sweat absorption between shoe conditions, in-shoe relative
humidity and in-shoe absolute humidity values were greater for the closed shoe. It is
suggested that increased ventilation can be effective in limiting an increase in skin
moisture concentration (Ueda et al. 2006; Satsumoto et al. 2016). As a result, the mesh
upper construction of the open shoe resulted in greater ventilation and therefore a
reduction in the amount of moisture accumulated within the shoe.
5.4.4 Perceptions of shoe microclimate
Changes to shoe microclimate are suggested to cause strong sensations of discomfort.
However, relatively few studies have assessed perceptual parameters in footwear
(Barkley et al. 2011; Arezes et al. 2013; Irzmańska et al. 2013). In the current study,
warmer thermal sensations and higher perceptions of wetness and stickiness were
reported for the closed shoe in comparison to the open shoe during running and
recovery. This is in line with the observed shoe microclimate data being greater for the
closed shoe. Consequently, the closed shoe was perceived as more uncomfortable
during running. This has applied importance indicating a need for shoes which support
heat dissipation and moisture removal during physical activity performed in neutral to
warm conditions in order to improve perceptions of local thermal comfort.
It has long been acknowledged that during exposure to warm or hot environments, the
level of skin wetness drives thermal discomfort (Gagge et al. 1969). However, it is
unclear as to whether foot discomfort is attributed to elevations in temperature or to
moisture accumulation within footwear (Arezes et al. 2013; Irzmańska et al. 2013).
Temperature elevations were well perceived in the current study as strong correlations
between foot
ܶ௦and foot thermal sensation and in-shoe temperature and foot thermal
sensation were observed during run and recovery. However, the observation of a
hysteresis effect during recovery indicates that the perception of temperature at the
foot, is not solely determined by changes to foot
ܶ௦
, in-shoe temperature or in-shoe
humidity. The reduction in mean skin temperature during recovery in addition to the
decrease in foot
ܶ௦may therefore also influence foot thermal sensation.
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With regard to moisture accumulation and perceptions of wetness, strong relationships
were observed during run. However, during recovery perceptions of wetness reduced
from a mean of slightly wet to a mean of barely wet for both shoe conditions, despite
in-shoe relative and absolute humidity remaining higher/close to values experienced
during the final 20 min of the running phase. Thus indicating a more complex
interaction of relevant parameters.
Skin cooling contributes significantly to the perception of wetness. Filingeri et al.
(2013) measured drops in forearm skin temperature ranging between 1.4-4.1°C with a
cooling rate of 0.14-0.41°C/s with the application of cold-dry stimulus to the forearm
evoking a clear wetness perception. In the current study however, foot
ܶ௦increased
during the run, nevertheless resulting in greater perceptions of wetness for both shoe
conditions. Participants were therefore able to sense skin wetness although they did
not experience any cold or cooling sensations. This is contrary to previous reports that
during static application of a warm-wet stimulus (4°C and 8°C above local skin
temperature) no local wetness was perceived as no skin cooling and thus no cold
sensations were experienced (Filingeri et al. 2015b). Furthermore, when skin cooling
was observed during recovery, perceptions of wetness did not increase. It is however
important to consider that foot
ܶ௦in the current study ranged between 35-37°C.
Therefore despite a 2°C decrease in foot
ܶ௦during recovery, this probably would not
have activated peripheral cold sensitive thermoreceptors which operate within the
range of 20-30°C (Guyton and Hall 1991; Romanovsky 2007). Indeed, Filingeri et al.
(2013) was able to elicit this response as the resting skin temperature of the forearm
before the application of the cold-dry stimulus was ~30°C.
It is important to consider however that investigations so far have mainly focused on
very local skin wetness perceptions evoked by static or dynamic applications of
thermal and pre-wetted stimuli (Filingeri et al. 2013, 2015b; Raccuglia et al. 2017b).
Perceptions of wetness evoked during conditions of sweat-induced skin wetness rather
than externally applied wetness may be dependent more on mechanosensory inputs
such as stickiness rather than thermal inputs (Raccuglia et al. 2018), especially where
the body part is free to move over the textile surface as in the case of the foot-sock
interaction.
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Bergmann Tiest et al. (2012) reported that dynamic as opposed to static interactions
with wet materials, significantly decreased wetness discrimination thresholds.
Dynamic exploration of wet materials therefore increases an individual’s cutaneous
sensitivity to wetness. Assessments under conditions of sweat-induced wetness while
wearing clothing (tight vs loose fitting garment) also indicated that if no skin cooling
occurs, restricting the repeated adhesion and movement of clothing on wet skin results
in a reduction in the overall level of wetness perceived (Filingeri et al. 2015a).
Due to the complex interactions between the foot, sock and shoe, mechanosensory
stimuli could be particularly high. This is reflected in the current study as participants
sensed an increase in stickiness during running with this being integrated as wetness.
Thus, it could be expected that during recovery, perceptions of wetness decrease
despite in-shoe relative/absolute humidity remaining high, due to a reduced magnitude
of stimulation of cutaneous mechanoreceptors generated between the foot, sock and
shoe. Although participants are often observed moving their feet around in their shoes
when asked for wetness perceptions during rest/recovery, this may not be sufficient to
increase cutaneous sensitivity to wetness. The results from this study highlight the
importance of tactile cues/dynamic exploration in attempting to perceive wetness
within footwear.
As to whether foot discomfort is attributed to elevations in temperature or to moisture
accumulation within footwear, the findings of the present study suggest that when all
phases of the experimental protocol are considered, 67% of the variance in local
thermal comfort can be attributed to foot 
ܶ௦. However, as discussed, positive
relationships were observed between shoe microclimate variables and also between
shoe microclimate variables and perceptual responses. High collinearity between
variables therefore suggests that it may be difficult to discriminate between
temperature and moisture in natural wear tests, as opposed to externally applied
thermal/pre-wetted stimuli. Changes to local thermal comfort must therefore be
considered as a function of both temperature and moisture accumulation within the
shoe.
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5.5 Conclusion
The outcomes of this study have both fundamental and applied importance. On the
applied side, it has been demonstrated that the temporal characteristics of shoe
microclimate development were similar for both shoes assessed. Clear differences in
shoe microclimate were however evident during running due to the differences in shoe
permeability, but these differences converge once exercise stops. Furthermore, the heel
and sole foot regions were identified as areas of high temperature and high moisture
accumulation. On the fundamental side, results from this study demonstrate that
changes to shoe microclimate over time and between shoe conditions are perceivable
by the wearer.
The results from this study are important for footwear design as shoe designers and
manufacturers can work towards developing shoes which better support heat
dissipation and moisture removal. Shoes which better support heat dissipation and
moisture removal may reduce the growth of microorganisms and thereby reduce the
risk of odour development and poor foot health (i.e. tinea pedis and blister formation).
This could be achieved by increasing moisture loss through changing shoe materials
or increasing ventilation by making shoes more permeable. Ventilation openings in the
sole and heel regions could be particularly advantageous.

5.6 Take Home Message
x The temporal characteristics of shoe microclimate development were similar
for both shoes assessed.
x At the end of running, foot skin temperature, in-shoe temperature, in-shoe
relative humidity and in-shoe absolute humidity were approximately 37°C,
36°C, 80% and 34 g.m-3, respectively.
x Clear differences in shoe microclimate were evident during running due to the
differences in shoe permeability.
x Largest differences in shoe microclimate were observed at the toe region where
most differences in shoe construction occur.
x The heel and sole foot regions were identified as areas of high temperature and
high moisture accumulation.
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x Changes to shoe microclimate over time and differences between shoes were
perceivable by the users.
x The CLOSED (less air and vapour permeable) shoe was perceived as warmer,
wetter, stickier and more uncomfortable compared to the OPEN shoe.
x During recovery, perceptions of wetness decreased despite in-shoe
relative/absolute humidity remaining high, due to a reduced magnitude of
stimulation of cutaneous mechanoreceptors generated between the foot, sock
and shoe.
x Tactile cues/dynamic exploration are important in attempting to perceive
wetness within footwear.
x 67% of the variance in local thermal comfort can be attributed to foot
ܶ௦
.
However, high collinearity between variables suggests that it may be difficult
to discriminate between temperature and moisture.
x Changes to local thermal comfort must be considered as a function of both
temperature and moisture accumulation within the shoe.
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CHAPTER 6: Laboratory Study 4
Are running socks as important as your shoes and are they
beneficial for comfort? An investigation into the role of the
sock and sock fibre type on shoe microclimate and subjective
evaluations of thermal comfort at rest and exercise
Abstract
Socks are regarded as an important component within the foot-shoe system acting as
a barrier between the skin and the shoe. Considered to be both important for protection
and for comfort, the effect of the sock on blister incidence, thermo-physiological and
perceptual responses is not well understood. This study is the first to evaluate the effect
of sock fibre type (accounting for sock design/construction, weight and thickness) and
the impact of not wearing a sock on perceptions of foot thermal comfort in relation to
thermo-physiological responses (foot ܶ௦
and shoe microclimate).
Ten female participants undertook running trials on five separate occasions, without
wearing a sock or wearing socks identical in design and matched for weight and
thickness but different in fibre composition (94% cotton, wool, polyester or Coolmax
with 3% polyamide and 3% elastane). Running trials were conducted in 23°C, 50%
RH and consisted for three phases: 10min seated rest, 40min running (7.5 km.hr-1) and
15min seated recovery. Foot ܶ௦
, in-shoe temperature and in-shoe relative humidity
were measured at 7 sites on the right foot. Foot skin hydration using corneometry was
measured at nine sites. Subjective ratings for thermal sensation, wetness perception,
stickiness and thermal comfort for the whole body and foot were recorded every 5min.
Subjective ratings for texture and pleasantness were also recorded to gain information
relating to sock properties.
Foot thermo-physiological and foot perceptual responses were similar for all sock
conditions assessed. Although foot thermo-physiological responses were also similar
between the socks and no sock condition, not wearing a sock resulted in greater
perceptions of foot wetness, stickiness and discomfort. As tactile cues have been
shown to be strong predictors of wetness perception at the foot and a key contributor
to wear discomfort, socks play an important role in the reduction of tactile cues
generated between the foot and the shoe. Overall, the sock could provide an important
area for development when working towards the design of comfortable footwear.
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6.1 Introduction
Socks are regarded as an important component within the foot-shoe system acting as
a barrier between the skin and the shoe. Often marketed as having moisture wicking,
insulative/heat dissipating or blister reducing properties, the sock is believed to be both
important for protection and for comfort. Surprisingly however, the effect of the sock
on blister incidence, thermo-physiological (skin temperature, skin hydration and shoe
microclimate) and/or perceptual responses is not well understood. While we believe
the sock to provide protection and comfort, the literature provides limited evidence or
insights as to how. As shoe designers and manufacturers work towards developing
shoes which better support heat dissipation and moisture removal, the sock is an
important area for exploration.
Friction blisters are one of the most common injuries sustained in everyday, athletic
and military activities (Reynolds et al. 1999; Mailler and Adams 2004). Initial studies
investigating the role of the sock within the foot-shoe system assessed the effect of
sock fibre type on blister prevention. Herring and Richie (1990) assessed two socks
(cotton vs acrylic) to determine if one fibre had a superior function in blister prevention
among long-distance runners. In comparison to cotton socks, acrylic socks were
associated with a lower blister ratio (0.16 - 0.24 vs 0.28 - 0.37, respectively) and a
lower chance of blistering during any single run (21% vs 33% respectively). Acrylic
socks were also perceived to be drier during wear. Knapik et al. (1996) also reported
lower blister incidence in marines wearing a polyester liner sock under a
wool/polyester blend sock compared to a wool/cotton blend sock (48% vs 69%,
respectively). Although the influence of moisture on blister formation has not been
directly studied, the effects of moisture on frictional forces have been examined.
Rubbing moist skin has been reported to produce higher frictional forces in comparison
to rubbing dry or very wet skin (Sulzberger et al. 1966). With this considered, the
reductions in blistering observed by Herring and Richie (1990) and Knapik et al. (1996)
were attributed to differences in the thermal and moisture transfer properties of sock
fabrics according to the fibre type used (Herring and Richie 1990).
Investigation of thermal and moisture transfer properties of sock fabrics have however
shown the effect of fibre type to be relatively small (Bogerd et al. 2012a; Van Amber
et al. 2014). No differences in thermal insulation or evaporative resistance
measurements were observed for three socks different in fibre composition
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(polypropylene/polyamide,

merino

wool/polyamide

and

merino

wool/polypropylene/polyamide). Fibre type did however influence moisture retention
(weight difference of the sock pre- and post-manikin testing) with the merino
wool/polyamide sock retaining 3.7 g more moisture in comparison to the
polypropylene/polyamide sock (Bogerd et al. 2012a). This was later supported by Van
Amber et al. (2014) who conducted a systematic investigation assessing the relative
effects of fibre type (fine wool, mid-micron wool, acrylic), yarn type (high-twist, lowtwist, single twist) and fabric structure (single jersey, half terry jersey, terry jersey) on
thermal resistance, water vapor resistance, thermal conductance, water vapor
permeability, liquid absorption capacity, and regain. Fibre type did not have a large
effect on thermal and moisture transfer properties of socks and was only linked to
moisture regain as hydrophobic acrylic fibres absorbed less moisture than fabrics
composed of both types of wool (Van Amber et al. 2014). Although natural fibres are
often reported to absorb more water than synthetic fibres, Yoo and Barker (2004)
reported that the total amount of liquid absorbed by fabrics does not change in relation
to fibre type. Instead the difference between fabrics with different hygroscopicity is in
the rate of water absorption. Therefore, comparisons of natural and synthetic fibres are
often confounded by other fabric factors such as thickness and weight, all of which
affect water absorption parameters (Jeon et al. 2011; Raccuglia et al. 2017a).
Differences in the moisture management properties of natural and synthetic fabrics
may therefore be more attributed to wicking (transport of water from one side to the
other side of the fabric). Investigation of perceived moisture in cotton and polyester
shirt fabrics in relation to simulated low (0.5 ml) and high (1.5 ml) amounts of sweat
indicated that under high sweat conditions, polyester fabrics which had the highest
wicking rate at 30-70% of maximum absorption capacity also had the largest
difference thresholds (the minimum amount of stimulus change required to produce a
difference in the perception of wetness) for moisture perception (Jeon et al. 2011). The
authors reported that the faster wicking rate made the perception of the water
increments in the fabric difficult. At high sweat levels, synthetic fabrics would
therefore feel drier than natural fabrics.
Several human wear trials have been employed to investigate the role of sock fibre
type on thermal perception as well as factors which influence the probability of blister
formation (Purvis and Tunstall 2004; Bertaux et al. 2010; Barkley et al. 2011). The
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assessment of socks composed of either natural or synthetic fibres and
natural/synthetic fibre blends during running (Purvis and Tunstall 2004; Bertaux et al.
2010; Barkley et al. 2011) and hiking (Bertaux et al. 2010) have been reported to
produce no differences in foot skin temperature (foot ܶ௦
ሻ

or moisture accumulation
within the sock. Despite this, the perception of temperature and moisture between
socks of different fibre types have been reported to be different. Although this did not
always cause greater discomfort to the wearer (Purvis and Tunstall 2004; Barkley et
al. 2011), participants perceived their feet as warmer and wetter for cotton socks or
socks with a higher cotton fibre count (Purvis and Tunstall 2004; Bertaux et al. 2010;
Barkley et al. 2011).
The results from these studies suggest that socks affect our perceptions of temperature
and wetness within the shoe but have little thermo-physiological impact. It is important
to consider however that this is based upon the assessment of foot ܶ௦alone.
Considering the sock could play an important role in moisture management (Jeon et
al. 2011; Bogerd et al. 2012a; Van Amber et al. 2014), objective assessments of
moisture during wear have not be performed. Characterisation of the shoe
microclimate (temperature and humidity within the air layer between the sock and the
shoe) has been shown to differ between shoes of different permeabilities while wearing
identical socks, with these differences being perceivable by the wearer, influencing
comfort (West et al. 2019b). The effect of the sock on changes to shoe microclimate
have been neglected but could provide insight into both the thermo-physiological
impact of the sock and factors affecting foot thermal comfort. In addition, although the
sock is recognised to be an important component within the foot-shoe system, the
thermo-physiological and perceptual impact of not wearing a sock has not be
investigated.
Furthermore, it is also important to consider that previous studies investigating the role
of the sock vary in terms of the shoes (standardised running shoes, individual running
shoes, hiking boots) and socks used (differences in blends, thickness, structure),
exercise protocols (short bouts of running vs 45-180 min) and setting (field, laboratory)
(Herring and Richie 1990; Knapik et al. 1996; Purvis and Tunstall 2004; Bertaux et al.
2010; Barkley et al. 2011). Although cotton has been reported to negatively affect
temperature sensation and wetness perception, it is difficult to (1) provide
experimental evidence to substantiate the superiority of one sock over another and (2)
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to isolate factors contributing to differences in perceptual responses between sock
conditions.
The aim of this study was threefold: (i) to investigate the impact of wearing socks on
thermo-physiological responses and perceptions of comfort in comparison to not
wearing a sock, (ii) to determine whether socks of different fibre types affect foot ܶ௦
and shoe microclimate during rest and exercise and (iii) to assess whether socks of
different fibre types affect our perceptions of comfort.

6.2 Method
6.2.1 Participants
Ten healthy females (age: 23 ± 4 years; height: 169.1 ± 4.6 cm; body weight: 62.7 ±
8.2 kg; foot size: 6.5 ± 0.6 UK) volunteered to participate in this study. Test procedures
were outlined in a written information sheet and were explained to participants before
obtaining written informed consent. Experimental procedures were approved by
Loughborough University Ethical Committee.
6.2.2 Experimental design
To achieve the aims of the study, a repeated measures design was selected. Participants
took part in five running trials on separate occasions at approximately the same time
of day. In each trial, one of four experimental socks were worn. One trial was
performed without a sock. The testing sequence was counterbalanced to minimise any
order effects. No information was provided to participants regarding sock related
differences and participants were not allowed to visually inspect the socks. Some
differences however may have been noted when donning the socks.
6.2.3 Instrumentation and calculations
6.2.3.1 Gross sweat loss and sock sweat absorption
To determine gross sweat loss (GSL), pre- and post-test semi-nude body weight and
fluid consumed during each experimental session were recorded using electronic
scales with a resolution of 0.001 kg (Mettler Toledo kcc150, Mettler Toledo, Leicester,
UK). GSL is presented in kilograms (kg) and was calculated:
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Sock weight was recorded pre- and post-test using electronic scales with a resolution
of 0.001 g (FX-500i. A&D Company Ltd, Oxfordshire, UK) to determine sweat
absorption into the sock.
6.2.3.2 Rectal temperature, mean skin temperature and heart rate
Core body temperature was monitor continuously and recorded at 60 s intervals
(Squirrel 2020 data logger) using a thermistor self-inserted 10 cm beyond the anal
sphincter (Grant Instruments, Cambridge, UK). Skin temperature was measured at four
sites: calf, thigh, chest and upper arm using iButton wireless temperature loggers
(Maxim, San Jose, USA) attached to the skin by 3MTM TransporeTM surgical tape (3M
ത
United Kingdom PLC). The weighted skin temperature ( ܶ
ሻof four sites was
௦
calculated using the below equation (Ramanathan 1964):
ത
ሻሺ
ሻሺ
ܶ

ൌሺ
ͲǤ
͵ܶכ

ܷݎ݁

ܽ݉ݎ
ͲǤ
͵ܶכ

ݐݏ݄݁ܥ
ͲǤ
ʹܶכ

݄ܶ݅݃
݄ሻሺ
ͲǤ
ʹܶכ

݂݈ܽܥ
ሻ
௦
௦
௦
௦
௦

Heart rate (HR) was measured during all tests using telemetry (Polar RS400sd,Polar
Electro Oy, Kempele, Finland).
6.2.3.3 Foot skin hydration
Corneometry was used to assess skin hydration at nine sites on the right foot (Figure
6.1) pre- and post-test at the stratum corneum and epidermis (MoistureMeterSC and
MoistureMeterEpiD, Delfin Technologies, Kuopio, Finland). The corneometers derive
skin hydration from the electrical capacitance of the skin. This parameter depends on
the high dielectric constant of water content relative to other skin components (Alanen
et al. 2004; Gerrett et al. 2018). The water content of the stratum corneum was
expressed digitally by the MoistureMeterSC in arbitrary units. The measurement scale
is up to 300. The water content of the epidermis was expressed digitally by the
MoistureMeterEpiD which converts the tissue dielectric constant value into a
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percentage. Foot testing sites were selected based upon areas reported to have high
blister incidence within the literature (Baussan et al. 2010, 2013, Bogerd et al. 2011a,
2012b). Three measurements at both skin levels for each test site were recorded.

Figure 6.1 Foot locations for skin hydration (stratum corneum and epidermis) assessment.

6.2.3.4 Foot skin temperature
Foot ܶ௦was measured at seven sites on the right foot (Figure 6.2) using T type
thermocouples (plantar thermocouples, 1/0.508 mm wire, 827-5978; dorsal
thermocouples, 1/0.315 mm wire, 110-4469, RS Components Ltd, Corby, UK).
Thermocouples were connected to a data logger (Grant Squirrel SQ2020, Grant
Instruments Ltd, Cambridge, UK) which logged foot ܶ௦every 10 s. Thermocouples
were calibrated prior to testing by placing the measuring junction of each
thermocouple in a circulating water bath where temperature was monitored with a
calibrated thermometer (resolution 0.1°C).

Figure 6.2 Anatomical positioning of thermocouples on the right foot. Site codes: 1-plantar
ball; 2 - plantar arch; 3 - plantar heel; 4 - base of toe 1; 5 - central dorsal; 6 -medial dorsal;
7 - lateral dorsal.

CHAPTER 6 - Study 4: Role of the Sock – Thermo-physiological Responses

Page | 181

6.2.3.5 In-shoe temperature and in-shoe relative humidity
Temperature and relative humidity sensors were attached to seven sites on the right
foot (Figure 6.3) to record changes to in-shoe temperature and in-shoe relative
humidity (SHT31, Sensirion, Switzerland). Sensors were applied to each sock or to the
skin for the no sock condition using transpore surgical tape. Data was collected
wirelessly from a specially developed bluetooth data acquisition system (University of
Applied Sciences Kaiserslautern, Zweibrücken, Germany), secured to the participants
ankle, at a sampling rate of 10 s and simultaneously displayed and recorded in
LabVIEW software (2016, National Instruments). The total weight of the data
acquisition system and sensors was 112 g.

Figure 6.3 Positioning of temperature and relative humidity sensors on the right foot.

6.2.3.6 In-shoe absolute humidity
In-shoe absolute humidity was calculated from in-shoe temperature and in-shoe
relative humidity using the Antoine equation (Parsons 2014):
ସଷ
Ǥ
ଵ଼ଷ

ቂ
ଵ
Ǥ
ହଷ

ି
ቃ
்
ାଶଷହ
ݎ
݄ ݁
െ
ଷ

ሺ
݁ݐݑ݈ݏܾܣ

ݕݐ݅݀݅݉ݑܪ

݃Ǥ
݉ ሻൌ
ൈ

ͳͲ
ͳͲͲ Ͷͳ
Ǥ
Ͷሺ
ܶʹ͵
ሻ

Where;
݁ൌ݈݁ܽ݅ݐ݊݁݊ݔ

݂݊݅ݐܿ݊ݑ
ܶൌ݁ݎݑݐܽݎ݁݉݁ݐ

ሺ
ι
ܥሻ
ݎ
݄ൌ݁ݒ݅ݐ݈ܽ݁ݎ

݄ݕݐ݅݀݅݉ݑ

ሺ
Ψ)

CHAPTER 6 - Study 4: Role of the Sock – Thermo-physiological Responses

Page | 182

6.2.3.7 Perceptual scales
Ordinal scales were used to assess thermal sensation, wetness perception, stickiness
and thermal comfort (Figure 6.4). Scales were designed in line with instructions from
ISO 10551 (2001) with the sensitivity, accuracy, ease of use and descriptors chosen
for each individual scale carefully considered.
Scales were used to gain subjective information for the whole body (thermal sensation
and thermal comfort) and whole foot (thermal sensation, wetness perception,
stickiness and thermal comfort; Figure 6.4a-d). Texture and pleasantness scales
(Raccuglia et al. 2017; Figure 6.4e-f ) were also used to gain information in relation to
sock properties. Subjective information was obtained for the right foot only.
Participants were instructed on how to use the perceptual scales and were given time
to practice under the guidance and assistance of the experimenter. During the
experimental trial, participants were prompted every 5 min to provide perceptual
ratings which took between 1-2 min.

Figure 6.4 (a) Thermal sensation scale; (b) wetness perception scale; (c) stickiness scale;
(d) thermal comfort scale; (e) texture scale; (f) pleasantness scale.
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6.2.4 Experimental protocol
Participants took part in five experimental trials performed in a climatic chamber
maintained at 23°C, 50% RH. The five experimental trials differed with regard to the
running socks worn. One trial was performed without wearing a sock, four trials were
performed

with

socks.

The

running

socks

assessed

were

identical

in

design/construction (ankle length, single jersey, ribbed cuff) but different in terms of
the fibre composition (Table 6.1). Socks were matched for thickness and weight.
Table 6.1 Experimental sock specifications
Sock

Fibre type

Structure

Thickness (mm)
Mid-section

Cotton

94% cotton /

Single jersey,

3% polyamide/

ribbed cuff

Weight (g)

Upper-cuff

1.07 ± 0.01

3.65 ± 0.01

13.34 ± 0.01

1.23 ± 0.01

3.24 ± 0.05

15.00 ± 0.00

1.14 ± 0.05

3.16 ± 0.04

11.58 ± 0.04

1.14 ± 0.06

3.10 ± 0.09

10.63 ± 0.08

3% elastane
Wool

94% wool /

Single jersey,

3% polyamide/

ribbed cuff

3% elastane
Polyester

94% polyester /

Single jersey,

3% polyamide/

ribbed cuff

3% elastane
Coolmax

94% Coolmax/

Single jersey,

3% polyamide/

ribbed cuff

3% elastane

Heat loss measurements for the socks were performed using a 12 zone sweating
thermal foot manikin (THERMETRICS, Measurement Technology Northwest, Seattle,
USA) in accordance with ISO 15831 (2004). Thermal insulation was 0.07 m2.K.W-1
for cotton and wool socks and 0.06 m2.K.W-1 for polyester and Coolmax socks.
Evaporative resistance was similar between socks (cotton: 9.1 m 2.Pa.W-1, wool: 8.5
m2.Pa.W-1, polyester: 8.7 m2.Pa.W-1 and Coolmax: 9.0 m2.Pa.W-1). Shoes were
standardised for each trial (adidas Supernova Glide Boost 8 Clima Chill) and had a
thermal insulation of 0.10 m2.K.W-1 and evaporative resistance of 16.1 m2.Pa.W-1.
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Upon arrival, participants changed into running shorts and t-shirt and washed their feet
with tepid water. Following instrumentation, participants donned test shoes and rested
in an upright seated position for a 10 min period. Participants then performed 40 min
running at a constant speed (7.5 km.hr-1). This was followed by a 15 min recovery
period in an upright seated position.
6.2.5 Analysis
The mean foot response for each individual variable (foot ܶ௦
, in-shoe temperature and
in-shoe relative humidity/absolute humidity) was calculated by averaging the data
recorded from seven foot measurement sites for each participant over time and taken
forward for statistical analysis. Although changes to foot ܶ௦
, in-shoe temperature and
in-shoe relative humidity/absolute humidity for different foot regions (dorsal, toes,
heel and sole) could have been determined, this was not a focus of the study.
6.2.6 Statistical analysis
In this study the independent variables were: no sock, sock (cotton, wool, polyester,
Coolmax) and time (REST, RUN, RECOVERY). Dependent variables were: GSL,
sock sweat absorption, HR, skin hydration, rectal temperature, mean skin temperature,
foot ܶ
, in-shoe temperature, in-shoe relative humidity, in-shoe absolute humidity,
௦
whole body thermal sensation and whole body thermal comfort and thermal sensation
ሺ
ܶܵ
ሻ, wetness perception ሺ
ܹܲሻ, stickiness ሺ
ܵܶ
ሻ, thermal comfort ሺ
ܶܥ
ሻ, texture
sensation and pleasantness for the whole foot. Data were tested for normality of
distribution with Shapiro-Wilk test. To investigate whether foot ܶ௦and shoe
microclimate is affected by no sock/sock fibre type and time a two-way repeated
measure analysis of variance (ANOVA) was performed with post hoc multiple
comparisons (Bonferroni correction). To investigate subjective perception of shoe
microclimate between no sock and sock conditions a Friedman test was conducted.
When significant effects were observed, post hoc analysis was conducted with a
Wilcoxon signed rank test. Regression analyses were performed to study the
relationships between dependent and independent variables. These analyses were
conducted using data from group means over time. Statistical analysis was performed
using IBM SPSS Statistics 24 (IBM, USA) and reported as means ± standard deviation
(SD). The level of significance was set at p < 0.05.
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6.3 Results
6.3.1 Environmental conditions
Mean (±SD) environmental conditions for the experimental trials were 23.1 ± 0.2°C
and 49.6 ± 2.6% RH. No significant difference in ambient air temperature (p = 0.79)
or ambient relative humidity (p = 0.16) between trials was observed.
6.3.2 Whole body thermal responses
6.3.2.1 Rectal temperature, mean skin temperature and heart rate
There were no sock related differences in the dynamics of core temperature (p = 0.85)
and their absolute values (p = 0.88). A condition*time interaction was observed for
mean skin temperature (p = 0.02). At the end of the RUN (50 min) mean skin
temperature was significantly higher when participants wore the polyester socks (31.3
± 0.7°C) compared to the cotton (30.8 ± 0.5°C, p = 0.02) and Coolmax socks (30.9 ±
0.7°C, p < 0.01). There were no differences in HR between trials (p = 0.95).
6.3.2.2 Gross sweat loss and sock sweat absorption
GSL was not different between sock trials (average GSL across trials 0.39 ± 0.10 kg,
p = 0.52). A difference in sock sweat absorption was only observed between the
polyester and wool sock (1.0 ± 1.2 g vs 2.2 ± 0.8 g respectively, p = 0.002).
6.3.2.3 Perceptual responses
The dynamics of perceptual responses were similar between all trials (NS). During
RUN, whole body thermal sensation increased from neutral to warm. Participants
experienced moderate thermal discomfort during the running period. With
RECOVERY, whole body thermal sensation returned toward neutral resulting in
reduced thermal discomfort.
No sock related differences were observed in whole body thermal sensation.
Participants felt slightly more uncomfortable in the cotton sock compared to the wool
sock at the end of RUN (cotton vs wool: 3.9 ± 1.9 vs 3.4 ± 1.7, p = 0.04).
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6.3.3 Foot thermal responses
6.3.3.1 Foot skin hydration
The results indicated no significant main effect of condition on skin hydration of the
stratum corneum (p = 0.30). A significant main effect of location however was
observed (p = 0.001). Significant differences within each condition are shown in
Figure 6.5. The results indicated no significant main effect of condition (p = 0.20) or
location (p = 0.21) on skin hydration of the epidermis.
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Figure 6.5 Change in skin hydration of the stratum corneum at 9 foot sites from the start to end of the experimental protocol consisting of rest, run and
recovery for four sock conditions (cotton, wool, polyester and Coolmax) and a no sock condition * indicates significant difference (p < 0.05).
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6.3.3.2 Mean foot skin temperature and mean in-shoe temperature
As shown in Figure 6.6, mean foot ܶ௦increased with REST during wool (p = 0.01),
Coolmax and no sock trials (p < 0.001). An increase in mean foot ܶ௦was observed
during RUN for all trials. With RECOVERY, a significant decrease in mean foot
ܶ௦
was observed, excluding the no sock condition (p = 0.21).
Although a significant main effect of condition (p = 0.28) or condition*time (p = 0.88)
was not observed for mean foot ܶ௦the no sock condition elicited a 0.6-0.8°C lower
skin temperature in comparison to the sock conditions.
In-shoe temperature increased with REST (p < 0.001) and RUN (p < 0.001) and
decreased with RECOVERY (p < 0.05) for all conditions (Figure 6.6). A significant
main effect of condition (p = 0.29) or condition*time was not observed (p = 0.48).
6.3.3.3 Mean in-shoe relative humidity and mean in-shoe absolute humidity
Mean in-shoe relative humidity increased with REST (p < 0.001) and throughout RUN
(p < 0.001) for all conditions (Figure 6.6). Mean in-shoe relative humidity remained
high during RECOVERY for all conditions (p <0.05). A significant main effect of
condition (p = 0.78) or condition*time was not observed (p = 0.12).
Mean in-shoe absolute humidity increased with REST and throughout RUN (p < 0.001)
for all conditions (Figure 6.6). With the cessation of running (50-55 min), in-shoe
absolute humidity increased briefly increased by ⁓2.5 g.m-3 before decreasing for all
sock conditions by ⁓1.5 g.m-3 (NS). In-shoe absolute humidity significantly decreased
for the no sock condition only (1.7 g.m-3, p = 0.03).
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Figure 6.6 Mean foot skin temperature, in-shoe temperature, in-shoe relative humidity and in-shoe absolute humidity for four sock conditions (cotton, wool, polyester,
Coolmax) and a no sock condition during the experimental protocol consisting of rest, run and recovery. * significant difference from the previous protocol phase for all
conditions (p < 0.05). # significant difference from the previous protocol phase for wool, Coolmax and no sock (p < 0.01). significant difference from the previous
protocol phase for sock conditions only (p < 0.001). Ásignificant difference from the previous protocol phase for no sock (p = 0.03).
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6.3.4 Foot perceptual responses
Foot perceptual responses are shown in Figure 6.7 with differences over time and
between conditions shown in Table 6.2.
6.3.4.1 Mean foot thermal sensation
With REST, participants ܶܵ
were neutral with no change over time. During RUN,
participants
ܶܵ
increased from neutral to warm/hot (p < 0.01). During RECOVERY,
ܶܵ
decreased towards slightly warm for all conditions (p < 0.01). Mean foot ܶܵ
did
not differ between conditions.
6.3.4.2 Mean foot wetness and stickiness
Participants experienced no ܹܲor ܵܶ
at REST. At the end of RUN, ܹܲand ܵܶ
reached a mean of barely wet/slightly wet and slightly sticky/sticky (p < 0.01). During
RECOVERY, ܹܲand ܵܶ
significantly decreased for the wool, Coolmax and no sock
condition (p < 0.05).
At the end of the RUN, ܹܲand ܵܶ
were significantly greater for the no sock condition
compared to the cotton, wool and polyester sock conditions (p < 0.05). At the end of
RECOVERY, ܹܲand ܵܶ
remained high for the no sock condition in comparison to
cotton, polyester and Coolmax socks (p < 0.05).
6.3.4.3 Mean foot thermal comfort
With REST, participants were comfortable with no change over time. Participants
experienced moderate local discomfort throughout RUN regardless of the condition (p
< 0.01). With RECOVERY, ܶܥreturned towards comfortable (p < 0.01). Higher
thermal discomfort was experienced for the no sock condition compared to the cotton
and polyester sock conditions at the end of RUN (p < 0.05). No differences in ܶܥ
between conditions were observed at the end of RECOVERY.
6.3.4.4 Mean sock/no sock texture sensation
Texture sensations did not change with REST. During RUN, texture sensation only
significantly changed for the polyester sock (p = 0.01). With recovery, texture
sensation only significantly changed for the cotton sock (p = 0.02).
Differences in texture were significantly different between the no sock condition and
sock conditions (p < 0.05) at the start of the experiment. At the end of RUN, the wool
sock was perceived as smoother than the polyester and no sock condition (p < 0.05).
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At the end of RECOVERY, the wool sock was significantly smoother than the no sock
condition (p = 0.02).
6.3.4.5 Mean foot pleasantness
With REST, participants rated their feet as slightly pleasant/pleasant. At the end of
RUN, participants rated their feet as neither pleasant nor unpleasant to slightly
unpleasant (p < 0.01). During RECOVERY, participants returned more towards
slightly pleasant sensations (p < 0.05).

Figure 6.7 Mean foot thermal sensation, foot wetness perception, foot stickiness, foot thermal
comfort, texture sensation and foot pleasantness for four socks conditions (cotton, wool, polyester,
Coolmax) and a no sock condition during the experimental protocol consisting of rest, run and
recovery.
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Table 6.2 Significance of comparisons for perceptual responses provided over time and between four sock conditions (cotton [CT], wool [WL], polyester [PES], Coolmax
[CM]) and a no sock condition (NS) during the experimental protocol consisting of rest, run and recovery. p < 0.05 p < 0.01 p < 0.001

Thermal
sensation

Cotton
Wool
Polyester
Coolmax
No sock
Wetness
Cotton
perception
Wool
Polyester
Coolmax
No sock
Stickiness
Cotton
Wool
Polyester
Coolmax
No sock
Thermal
Cotton
Comfort
Wool
Polyester
Coolmax
No sock
Texture
Cotton
Wool
Polyester
Coolmax
No sock
Pleasantness Cotton
Wool
Polyester
Coolmax
No sock

REST
0-10min
0.06
0.16
0.06
0.21
0.02
0.99
0.99
0.05
0.32
0.06
0.32
0.32
0.32
0.16
0.10
0.99
0.99
0.32
0.32
0.99
0.56
0.66
0.71
0.16
0.10
0.08
0.32
0.99
0.41
0.27

RUN
RECV
10-50min 50-65min
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.12
0.01
0.02
0.01
0.15
0.01
0.01
0.01
0.01
0.01
0.06
0.01
0.03
0.01
0.08
0.01
0.02
0.01
0.01
0.004
0.01
0.01
0.01
0.01
0.38
0.01
0.01
0.01
0.01
0.10
0.10
0.79
0.16
0.01
0.08
0.16
0.10
0.16
0.26
0.01
0.01
0.01
0.01
0.01
0.04
0.01
0.02
0.01
0.01

WL
0.79

0 min
PES CM
0.34 0.68
0.11 0.34
0.67

NS
0.73
0.17
0.80
0.63

WL
0.33

10 min
PES CM
0.58 0.89
0.71 0.60
0.48

NS
0.99
0.52
0.26
0.73

WL
0.55

50 min
PES CM
0.67 0.80
0.21 0.19
0.67

NS
0.99
0.50
0.62
0.41

WL
0.92

65 min
PES CM
0.67 0.86
0.73 0.94
0.83

NS
0.44
0.75
0.75
0.92

0.32

0.18
0.32

0.41
0.32
0.32

0.28
0.08
0.99
0.13

0.16

0.41
0.16

0.66
0.32
0.26

0.10
0.06
0.22
0.07

0.92

0.60
0.26

0.26
0.63
0.10

0.02
0.05
0.02
0.24

0.94

0.99
0.99

0.57
0.99
0.73

0.02
0.12
0.08
0.24

0.32

0.32
0.32

0.32
0.99
0.32

0.67
0.32
0.99
0.32

0.32

0.99
0.67

0.32
0.56
0.99

0.16
0.19
0.28
0.28

0.46

0.89
0.23

0.80
0.99
0.13

0.05
0.02
0.01
0.06

0.43

0.06
0.78

0.58
0.94
0.74

0.10
0.14
0.04
0.04

0.32

0.99
0.32

0.99
0.99
0.32

0.32
0.32
0.66
0.32

0.99

0.99
0.99

0.32
0.32
0.32

0.32
0.32
0.32
0.99

0.16

0.68
0.20

0.45
0.92
0.08

0.03
0.19
0.03
0.16

0.71

0.99
0.99

0.24
0.06
0.24

0.24
0.13
0.26
0.99

0.39

0.23
0.80

0.79
0.23
0.17

0.06
0.02
0.01
0.03

0.23

0.59
0.99

0.92
0.57
0.19

0.12
0.04
0.03
0.11

0.67

0.17
0.05

0.43
0.34
0.21

0.24
0.02
0.44
0.21

0.27

0.10
0.80

0.91
0.34
0.78

0.11
0.02
0.99
0.08

0.79

0.39
0.46

0.41
0.93
0.58

0.07
0.06
0.07
0.05

0.33

0.26
0.59

0.16
0.67
0.71

0.07
0.04
0.10
0.06

0.29

0.51
0.94

0.75
0.59
0.27

0.02
0.04
0.02
0.05

0.14

0.02
0.49

0.34
0.22
0.22

0.09
0.02
0.01
0.02
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6.3.5 Relation between foot perceptual responses
Foot ܹܲand foot ܵܶ
were strongly linked when all sock conditions and phases of the
experimental protocol were considered (Figure 6.8).

Figure 6.8 Relationship between foot wetness perception and foot stickiness for four socks
conditions (cotton, wool, polyester, Coolmax) and a no sock condition during the
experimental protocol consisting of rest, run and recovery. * indicates a significant
relationship when all conditions and protocol phases are combined (p < 0.001).

Weak but significant relationships (p < 0.001) were observed between texture
sensation and foot ܹܲ(Figure 6.9a) and foot ܵܶ
(Figure 6.9b).

Figure 6.9 Relationship between the sensation of texture and (a) foot wetness perception
and (b) foot stickiness for four socks conditions (cotton, wool, polyester, Coolmax) and
a no sock condition during the experimental protocol consisting of rest, run and recovery.
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Texture sensation showed a significant relationship with pleasantness when all sock
conditions and phases of the experimental protocol were considered (Figure 6.10: r2 =
0.61, p < 0.001).

Figure 6.10 Relationship between the sensation of texture and pleasantness for four socks
conditions (cotton, wool, polyester, Coolmax) and a no sock condition during the
experimental protocol consisting of rest, run and recovery. * indicates a significant
relationship when all conditions and protocol phases are combined (p < 0.001).

6.4 Discussion
This study is the first to evaluate the effect of sock fibre type (accounting for sock
design/construction, weight and thickness) and the impact of not wearing a sock on
perceptions of foot thermal comfort in relation to thermo-physiological responses (foot
ܶ௦
, foot skin hydration and shoe microclimate).
The outcomes of this study show similar thermo-physiological responses when
wearing socks (regardless of fibre type) compared to not wearing a sock during rest
and exercise. No differences in foot ܶ௦, shoe microclimate or foot skin hydration were
observed. Socks composed of different fibre types were also shown to elicit similar
thermo-physiological response as no differences in foot ܶ௦
, shoe microclimate or foot
skin hydration were observed during rest and exercise.
Although wearing socks of different fibre types were shown to have little thermophysiological impact and no effect on the perception of comfort (all socks elicited
moderate local discomfort to participants with exercise p < 0.01), exercising without
a sock resulted in greater perceptions of wetness, stickiness and thermal discomfort.
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Perceptions of texture were also different between the no sock and sock conditions (p
< 0.05). Although a strong significant relationship was observed between wetness and
stickiness the relationship between wetness and texture and between stickiness and
texture were weak and therefore does not clearly explain the higher discomfort
experienced for the no sock condition.
6.4.1 Should we wear socks?
The sock is regarded as an important component within the foot-shoe system acting as
a barrier between the skin and the shoe. Although the sock is believed to be both
important for protection and for comfort, the thermo-physiological effect of not
wearing a sock during exercise has not been investigated within the literature.
In the current study, we show little thermo-physiological effect of wearing socks
different in fibre composition compared to not wearing a sock during any phase (rest,
run, recovery) of the experimental protocol. No differences in foot ܶ௦or shoe
microclimate (temperature or humidity) were observed between sock and no sock
conditions. Despite this, participants reported greater perceptions of wetness,
stickiness and higher thermal discomfort primarily at the end of exercise for the no
sock condition compared to sock conditions.
In our previous experimental work (West et al. 2019b), characterisation of the shoe
microclimate for two running shoes different in terms of air permeability indicated that
for a closed, less permeable shoe, foot ܶ௦
, in-shoe temperature and in-shoe relative
humidity at the end of running was respectively, 0.5°C, 0.9°C and 8.2% greater
compared to an open, more permeable shoe. When assessed in relation to perceptual
responses, the difference in foot ܶ௦and shoe microclimate resulted in warmer thermal
sensations, greater perceptions of wetness and stickiness and greater thermal
discomfort for the closed shoe.
Although foot ܶ௦in the current study was slightly higher (0.6-0.8°C) for sock
conditions compared to the no sock condition, this did not result in warmer thermal
sensations. In comparison to observations reported by West et al. (2019), in the current
study differences in foot ܶ௦were not accompanied with differences in shoe
temperature between the no sock and sock conditions. The perception of temperature
within the shoe is therefore reflective of changes to both foot ܶ௦and in-shoe
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temperature, highlighting and strengthening the importance of shoe microclimate in
the generation of thermal sensations (West et al. 2019b).
Surprisingly however, in the current study, despite no differences in foot skin
hydration or in-shoe relative/absolute humidity, participants reported greater
perceptions of foot wetness, stickiness and discomfort for the no sock condition
compared to the sock conditions. Tactile cues/dynamic exploration are important in
the perception of wetness when wearing apparel (Filingeri et al. 2015a; Raccuglia et
al. 2018) and footwear (West et al. 2019b, c). Our previous experimental work
(Chapter 4, Study 2; West et al. 2019c) has shown that the perception of wetness and
comfort at the foot is not dominated by regions of high sweat production but rather by
tactile cues caused by foot movement in the shoe. Areas of low sweat production (toes
and heel) were perceived as being wetter, stickier and more uncomfortable than the
dorsal and plantar foot regions (areas of high sweat production) due to the expected
higher contact loads and propulsion actions experienced and required at these regions
during running. The perception of wetness at the foot is therefore strongly related to
the perception of stickiness (West et al. 2019c) which is also supported in the present
data (Figure 6.8).
It could be expected therefore that running without socks generates tactile inputs which
are greater than those experienced when running with socks. The tactile cues generated
between the foot and sock fabric may therefore be lower than those generated directly
between the foot and shoe lining. Shoe linings vary from padded textile areas around
the heel to meshed areas in the forefoot. Also seams, stitching and overlapping of
materials particularly around the lacing area/ tongue of the shoe may provide greater
tactile inputs. Although we assessed the perception of texture, in an attempt to identify
potential differences in the tactile cues generated between the no sock and sock
conditions, only weak relationships were observed between texture and foot stickiness
(Figure 6.9b). Bertaux et al. (2010) also observed no correlation between surface
roughness of sock fabrics and comfort. The textile related parameter which would need
to be assessed in order to identify differences in tactile cues generated between
conditions such as those investigated in the present work is currently unknown but
provides an interesting area for exploration.
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Overall, although wearing socks compared to not wearing a sock with exercise had
little thermo-physiological effect in terms of differences in foot ܶ௦or shoe
microclimate, not wearing a sock resulted in greater perceptions of wetness, stickiness
and discomfort. The data would therefore suggest that socks play an important role in
the reduction of tactile and mechanical inputs generated between the foot and the shoe.
As previously highlighted in West et al. (2019c), the tactile interactions between the
foot, sock and shoe are an important area for development and relevant for overall
improvements in footwear comfort.
6.4.2 The effect of sock fibre type on foot skin temperature, in-shoe temperature
and thermal sensation
Wearing socks matched for thickness and weight but different in fibre type did not
result in differences in foot ܶ௦or in-shoe temperature during any phase (rest, run,
recovery) of the experimental protocol. The mean foot ܶ௦and mean in-shoe
temperature across sock conditions at the end of run was 36.0°C and 34.8°C,
respectively. Consequently, no differences in thermal sensation were observed
between sock conditions.
Within the literature, the assessment of socks composed of either natural or synthetic
fibres and natural/synthetic fibre blends during running (Purvis and Tunstall 2004;
Bertaux et al. 2010; Barkley et al. 2011; Van Roekel et al. 2014) have been reported
to produce no differences in foot ܶ௦(Purvis and Tunstall 2004; Barkley et al. 2011;
Van Roekel et al. 2014) or in-shoe temperature (Bertaux et al. 2010). Despite this,
participants have been reported to perceive their feet as warmer for cotton socks or
socks containing a high cotton fibre count (Purvis and Tunstall 2004; Bertaux et al.
2010; Barkley et al. 2011). Although in these investigations, socks have not been
matched for thickness or weight, it has been suggested that the subjective perception
of temperature may not coincide with measured temperature.
Although in Barkley, Bumgarner, and Poss (2011) the change in foot ܶ௦(measured at
one site on the top of the foot) pre- to post-running were not different between the
socks worn (cotton: +2.1 ± 0.3°C, polyester: +2.1 ± 0.3°C, cotton/polyester blend: +2.2
± 0.3°C), thermal sensations were greater for the cotton sock conditions. However, the
assessment of thermal sensation was performed using a visual analogue scale anchored
with most hot imaginable vs least hot imaginable. This may have been misleading to
participants and already assumes that the foot is hot. Purvis and Tunstall (2004) also
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reported no differences in foot ܶ
௦following 30 min running in cotton socks compared
to a cotton/Coolmax/polypropylene blend (34.1 ± 2.7°C vs 34.0 ± 2.7°C, respectively).
However, the reported cooler sensations for the cotton/Coolmax/polypropylene
blended sock is incorrect. The authors report no significant difference in the rating of
thermal perception of the sock conditions which were both reported as warm (7 ± 1 on
the thermal sensation scale). Also, the figure referenced to show thermal sensations
for the sock conditions is missing from the paper. Although differences in thermal
sensation may have been observed in results obtained from a questionnaire, this is not
made clear by authors.
With regard to the assessment of in-shoe temperature in relation to socks different in
fibre composition, to our knowledge this has only been performed by Bertaux et al.
(2010). Unfortunately, only the minimum and maximum in-shoe temperatures
(assessed at the toe and arch area of the shoe during running) in relation to changes
over time are reported. Although the in-shoe temperatures reported at the toe (minmax: 33.9 ± 0.9°C and 34.5 ± 0.9°C, respectively) and arch (min-max: 33.0 ± 0.2°C
and 35.6 ± 0.6°C, respectively) at the end of running are comparable to the mean inshoe temperature (34.8°C) observed across sock conditions at the end of the run in the
current study, Bertaux et al. (2010) fails to report whether the socks worn elicited
different in-shoe temperatures. Consequently, the impact of socks composed of
different fibre types on in-shoe temperature cannot be compared with the results of the
current study. Despite this, like Barkley, Bumgarner, and Poss (2011) and Purvis and
Tunstall (2004), Bertaux et al. (2010) also reported warmer thermal sensations for
socks containing cotton in comparison to socks without cotton. However, for the
assessment of thermal sensation three metal pieces, pre-conditioned at temperatures of
15°C, 25°C and 35°C were applied to the forearm with participants assessing which
one was closest to the temperature of their feet. This presents several issues.
Firstly, across the body surface, the distribution of thermoreceptors vary and the
number of warm and cold receptors are unequal resulting in regional differences in
thermal sensation (Ouzzahra et al. 2012; Gerrett et al. 2014, 2015). Secondly, the
surface area exposed to the thermal stimulus impacts the thermal sensation (Stevens et
al. 1974). Referred to as spatial summation, thermal sensations are relative to the
surface area stimulated and the number of thermoreceptors activated. Thirdly, while
differences in thermal sensation were observed, providing only three temperatures
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(wide in range) for participants to use as a reference to foot temperature limits the
ability to discriminate between sock conditions. Considering the limited effect of the
socks on thermo-physiological responses observed in the current study, it is surprising
that Bertaux et al. (2010) observed any perceptual differences. At rest in thermoneutral
conditions, mean foot ܶ௦typically ranges between 27-28°C (West et al. 2019b), with
exercise it could have been expected that all participants would have rated their
sensations in line with the 35°C stimuli.
Therefore, although research suggests that the subjective perception of temperature
may not coincide with measured temperature, a number of methodological issues have
been identified. With this considered, our previous work which provided a detailed
assessment of shoe microclimate in relation to perceptions for two running shoes,
showed that differences in foot ܶ௦and in-shoe temperature were perceivable (West et
al. 2019b). Therefore, considering no differences in foot ܶ௦or in-shoe temperature
were observed between sock conditions in the current study, it may not be surprising
that differences in thermal sensation were also not observed.
6.4.3 The effect of sock fibre type on skin hydration, in-shoe humidity and
wetness perception
It has been suggested that synthetic fibres have a superior function over natural fibres
in the prevention of blistering (Herring and Richie 1990; Knapik et al. 1996). As
coefficients of friction have been shown to increase with increased moisture content
of fabrics (Gerhardt et al. 2008), reductions in blister incidence have been attributed
to differences in the moisture transfer properties of sock fabrics (Herring and Richie
1990, 1993; Knapik et al. 1996). Although several studies have assessed moisture
transfer properties of sock fabrics through standardised material testing methods
(Bogerd et al. 2012a; Van Amber et al. 2014), very limited information is available
regarding moisture related changes which may occur during wear.
Assessment of the mean change in sock weight (an indication of sweat accumulation
within the sock) pre- and post-test, only indicated a small difference of 1.2 g between
the wool and polyester sock (p = 0.002). No differences in sweat accumulation were
observed between any other sock conditions. Purvis and Tunstall (2004) also reported
no significant differences in the change in sock weight (1.6 g) of cotton compared to a
cotton/Coolmax polypropylene blended sock following running.
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The present study also indicated no differences in the change in skin hydration at the
stratum corneum or epidermis level across multiple foot sites in relation to sock fibre
type. Considering the assessment of skin hydration contributes to our understanding
of how sweat production and transportation from the gland to the skin surface is
affected by the textiles worn and the subsequent impact of this on skin properties i.e.
blister formation, it may be considered surprising that the assessment of foot skin
hydration in relation to sock fibre type composition has only previously been reported
twice (Bogerd et al. 2011a, 2012b).
Under laboratory conditions, military recruits performed 3 bouts of 30 min walking in
a polypropylene sock and a polypropylene/wool blended sock. Skin hydration assessed
at the stratum corneum was not different according to sock type (Bogerd et al. 2011a).
A subsequent investigation of the socks under military field conditions (6.5 km march)
however, revealed that although moisture accumulation (determined in relation to sock
weight pre- and post-exercise) was greater for the polypropylene/wool blend sock, skin
hydration was higher for the polypropylene sock (Bogerd et al. 2012b). It was
suggested that the shorter exercise duration employed in the laboratory study
compared to the field study may have been insufficient to elicit observable differences
in skin hydration (Bogerd et al. 2011a). Despite this however, the authors hypothesised
that for shoes with a high water vapor resistance i.e. military boots, socks with a higher
moisture absorption capacity such as the polypropylene/wool blend sock investigated
may be a better choice (Bogerd et al. 2012b). Skin hydration may therefore increase
with the application of wicking fabrics, in conditions where moisture transfer from the
shoe to the environment is low (Bogerd et al. 2012b). For the present study, using
permeable shoes, this may explain the lack of significant effect of sock type on skin
hydration.
In addition to the lack of differences observed for moisture accumulation and skin
hydration between sock conditions, the current study also shows that socks different
in fibre type did not result in different in-shoe relative or absolute humidity during any
phase (rest, run, recovery) of the experimental protocol. The mean in-shoe relative
humidity and mean in-shoe absolute humidity across sock conditions at the end of run
was 77.6% and 30.4 g.m-3, respectively. To our knowledge only Bertaux et al. (2010)
has assessed changes to in-shoe relative humidity during running when wearing three
socks different in fibre composition. Again, and unfortunately, as with the assessment
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of in-shoe temperature reported above, the authors did not state whether the sock worn
affected in-shoe relative humidity. Only the minimum and maximum in-shoe relative
humidity was reported in relation to changes over time. Although this was similar to
the in-shoe relative humidity observed in the current study (after 40 min running
minimum and maximum in-shoe relative humidity at the toe area was 77.5 ± 7.9% and
86.8 ± 8.5%, respectively) the impact of the socks worn on in-shoe relative humidity
was not discussed (Bertaux et al. 2010).
Regarding the perception of moisture in the current study, no differences in wetness
perception or stickiness were observed based upon sock fibre composition. As already
discussed, tactile cues/dynamic exploration is important in the perception of wetness
within footwear (West et al. 2019b). As sock design/construction, weight and thickness
were controlled for within the study and considering perceptions of stickiness did not
differ between the sock conditions, the mechanosensory stimuli generated between the
sock conditions would have been similar, thus no perceptual differences were observed.
6.4.4 The effect of sock fibre type on thermal comfort and perceptions of
pleasantness
Fibre content and frictional properties have been suggested to be two relevant textile
parameters important for sock comfort (Bertaux et al. 2010). In the present data,
although participants experienced moderate local discomfort throughout exercise, the
level of discomfort reported did not differ according to the sock worn. This is perhaps
not surprising considering wearing socks of different fibre types were shown to have
little thermo-physiological (foot ܶ௦
, shoe microclimate) or perceptual impact (thermal
sensation, wetness perception and stickiness). Barkley, Bumgarner, and Poss (2011)
and Purvis and Tunstall (2004) also reported no differences in the level of thermal
discomfort (despite differences in thermal sensation being reported) experienced by
participants wearing socks composed of natural or synthetic fibres and
natural/synthetic fibre blends (Purvis and Tunstall 2004; Barkley et al. 2011).
Pleasantness is also commonly used in the assessment and evaluation of fabrics and
clothing. Although pleasantness did not differ according to the socks worn, socks
which were perceived as rougher were associated with being unpleasant (Figure 6.10).
Raccuglia et al. (2017) previously reported a significant reduction in pleasantness
when fabric texture increased both in dry and wet states.
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6.4.5 Considerations and limitations
In the current study, changes to shoe microclimate were monitored using a data
acquisition system attached to the participants ankle. It is important to consider the
impact of this system on an individual’s ability to run and on perceptions of comfort.
Pilot testing indicated that during running, with and without the system, participants
reported no changes to their running gait or style and no differences in comfort ratings
were observed providing correct placement of sensors to the foot and secure
attachment of the system to the ankle.
Furthermore, although heat loss measurements for the socks were performed using a
sweating thermal foot manikin, the thermal foot manikin may not have the level of
accuracy required to measure differences in thermal and evaporative resistance for
socks with very similar attributes and design characteristics. A skin model may provide
better accuracy.

6.5 Conclusion
This study investigated the role of the sock on comfort within the foot-shoe system.
Firstly, differences in fibre composition of socks but matched for design/construction,
weight and thickness have little thermo-physiological effect. No differences in foot
ܶ௦
, shoe microclimate or foot skin hydration were observed. The level of discomfort
reported also did not differ according to the sock worn. Previous differences reported
between natural and synthetic fibres may be confounded by other fabric factors such
as thickness, weight and differences in design/construction.
Secondly, wearing socks (regardless of fibre composition) compared to not wearing a
sock with exercise in a running shoe, had little thermo-physiological effect.
Differences in foot ܶ௦
, shoe microclimate and foot skin hydration were not observed.
However not wearing a sock resulted in greater perceptions of foot wetness, stickiness
and thermal discomfort. As tactile cues have been shown to be strong predictors for
wetness perception and as wetness perception is a key contributor to wear discomfort,
socks therefore play an important positive role in the reduction of the tactile cues
generated between the foot and the shoe. Thus, the sock could provide an important
area for development and consideration when working towards the design of
comfortable footwear.
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Finally, although tactile cues generated between the foot and the shoe are strong
predictors of wetness perception, texture sensation was insufficient in explaining
differences in the level of stickiness reported. The textile related parameter which
would need to be assessed in order to identify differences in tactile cues/stickiness is
currently unknown but provides an interesting area for exploration.

6.6 Take Home Message
x Socks different in fibre composition but matched for design/construction,
weight and thickness have little thermo-physiological effect.
x At the end of running, foot ܶ௦
, in-shoe temperature, in-shoe relative humidity
and in-shoe absolute humidity for all sock conditions were approximately 36°C,
35°C, 78% and 31 g.m-3, respectively.
x The level of discomfort reported did not differ according to the sock worn.
Previous differences reported in the literature between natural and synthetic
fibres may be confounded by other fabric factors.
x Wearing socks (regardless of fibre composition), compared to not wearing a
sock also had little thermo-physiological effect. However, not wearing a sock
resulted in greater perceptions of wetness, stickiness and thermal discomfort.
x As tactile cues have been shown to be strong predictors of wetness perception
at the foot and a key contributor to wear discomfort, socks play an important
role in the reduction of tactile cues generated between the foot and the shoe.
x Although tactile cues generated between the foot and the shoe are strong
predictors of wetness perception, texture sensation was insufficient in
explaining differences in the level of stickiness reported.
x The textile related parameter which would need to be assessed in order to
identify differences in tactile cues/stickiness is currently unknown but provides
an interesting area for exploration.
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CHAPTER 7: Laboratory Study 5
Are running socks as important as your shoes and are they
beneficial for comfort? Investigating consumer attitudes
and the role of textile parameters and preferences at rest
Abstract
The perception of comfort is a complex and multi-factorial phenomenon based upon
three main components: (1) psychological factors relating to an individual’s role,
values and social being, (2) sensorial factors relating to the thermal, tactile and
pressure sensations generated between clothing and the skin and (3) physiological
factors which affect body function during activity i.e. mechanical aspects (fit, level of
support) and thermal aspects (heat and moisture transfer) (Pontrelli 1977; Sontag
1985). The evaluation of comfort in clothing has primarily been determined in relation
to the physiological component. The exploration and understanding of psychological
and sensorial factors of comfort is therefore limited. This study will consider the
methods which can be used to explore these two components of comfort and the
insights gained from undertaking a multi-factorial approach. This multi-factorial
approach was adopted in relation to a footwear application investigating the
importance and role of the sock on comfort within the foot-shoe system.
Four socks identical in design/construction but different in fibre composition (94% of
either cotton, wool, polyester or Coolmax with 3% polyamide and 3% elastane) were
used for the assessment. Psychological factors were explored using Best-Worst
Scaling to allow for the assessment of attribute importance and consumer preferences.
Sensorial factors of comfort for each sock were evaluated by completing a word
association task and filling in a questionnaire containing sets of opposing adjectives
(e.g. thick vs thin, comfortable vs uncomfortable) to allow for semantic profiling. This
was performed at rest with hand feel, at rest with socks being applied to the participants
feet and following exercise.
Comfort and functionality were identified as important attributes influencing sock
purchase and should be considered in marketing and product development. The ability
to evaluate fabric properties varied according to the mode of assessment. Assessments
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performed when wearing the socks at rest allowed for the greatest discrimination of
textile

properties

(i.e.

rough/smooth,

scratchy/silky)

and

perception

(i.e.

comfortable/uncomfortable, pleasant/unpleasant) between sock conditions. In
summary, the assessment of psychological and sensorial components of comfort
through a multi-factorial approach has shown that comfort is context specific.
Researchers and industry should consider the aspects of comfort they wish to explore
and choose the appropriate methods and modes for assessments.
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7.1 Introduction
The perception of comfort is complex and multi-factorial. Within clothing science,
Pontrelli (1977) introduced the concept of ‘comfort’s gestalt’. The word ‘gestalt’
means whole, suggesting that the whole is perceived as more than the sum of its parts
i.e. by defining all characteristics you do not define the whole (Perls and Stevens 1971).
Therefore, according to ‘comfort’s gestalt’, physical (environmental variables and
level of physical activity) and psycho-physiological attributes (fit, fashion and end-use)
are filtered down and assessed according to ‘stored person modifiers’ which represent
an individual’s previous experiences, anticipations and expectations (Figure 2.14:
Pontrelli 1977). Today, the importance of an individual’s previous experiences,
anticipations and expectations are recognised but rather than physical and psychophysiological attributes being filtered and assessed in relation to them, they are instead
integrated into them. Thus, each element is dependent on and affects the other elements
(Sontag 1985; Liu and Little 2008).
According to Pontrelli (1977), Sontag (1985) and Liu and Little (2008), the perception
of comfort is based upon three main components: (1) psychological factors relating to
an individual’s role, values and social being, (2) sensorial factors, relating to the
thermal, tactile and pressure sensations generated between clothing and the skin and
(3) physiological factors which affect body function during activity i.e. mechanical
aspects relating to fit and thermal aspects relating to heat and moisture transfer.
The evaluation of clothing comfort has primarily been determined in relation to the
physiological component of comfort (Chapters 5 and 6). Havenith (1999) showed how
parameters relevant to heat exchange processes between the body and environment
(air and radiant temperature, humidity, wind speed, metabolic production and clothing
insulation) impact a worker’s thermal stress and highlighted the effect of clothing
design, clothing fit and clothing air permeability. The assessment of thermal resistance
and evaporative resistance of clothing can be therefore used in the solution of heat
balance equations to predict physiological responses for warm and cold weather
applications (McCullough and Kenney 2003). Also, knowledge of human local sweat
patterns (Smith and Havenith 2011) have recently been applied to the design of
sportswear (Wang et al. 2016; Jiao et al. 2017). Results have shown improvements in
thermo-physiological responses and thermal perception for body-mapped ensembles
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compared to traditional ensembles when running in warm environments (Wang et al.
2016; Jiao et al. 2017).
Alternatively, the sensorial component of clothing comfort has been investigated
through the sense of touch, the process of which is referred to as the ‘fabric hand’
(Winakor et al. 1980). Although there is a lack of consensus regarding the
psychophysical techniques to apply (Cardello et al. 2003), the use of semantic profiling
(bipolar rating scale consisting of opposite word pairs i.e. hot – cold, rough – smooth
[Osgood et al. 1957]) is now frequently used (Cardello et al. 2003; Alcántara et al.
2005a, b). Semantic profiling has been shown to be an effective way to measure and
control the effects of product development and innovation. Alcántara et al. (2005a)
conducted a study to identify the semantic space of casual shoes by identifying
concepts which were important and relevant for the design of footwear. The results of
which were applied to study innovation of a hospital clog (Alcántara et al. 2005a).
Although the clogs were only visually evaluated the results of the study supported the
validity of using differential semantics as a technique to compare products with a
reference (Alcántara et al. 2005a). Barker (2002) was also able to evaluate three
surgical gowns for warm-cool feelings, softness and comfort using sematic profiling.
Differences identified were attributed to fibre characteristics, yarn and fabric
construction and fabric finish. It is therefore evident that semantic profiling allows for
the identification of specific sensory qualities (hot – cold, rough – smooth etc.) but
also the perceived magnitude of the sensation (very hot, slightly rough etc.). Primarily
assessed through the ‘fabric hand’, it is not known how these sensations translate to
the sensations experienced when a garment is worn at rest or during physical activity.
Moreover, there is no subjective criterion relating to hand feel (Bishop 1996) and so
the specific qualities and magnitude of sensations required for clothing comfort have
not been identified.
Despite growing interest, the exploration and understanding of psychological factors
of comfort is limited. To identify consumer needs and expectations, researchers have
assessed the importance given by consumers to various clothing attributes such as fit,
price and comfort etc (Workman 1990; Fowler 1999; Swinker and Hines 2006).
Fowler (1999) identified comfort and fit as two important attributes sought by males
and females when purchasing sports apparel. Also, exploration of perceptions relating
to natural or synthetic fibre use in jeans through the rating of 27 attributes on a 7-point
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scale indicated that polyester jeans were characterised as low-quality garments and
would therefore not be purchased by college students (Workman 1990). Moreover, in
the evaluation of clothing quality, appearance cues were ranked highly suggesting that
a garment is not considered high quality unless it looks and feels good (Swinker and
Hines 2006). Price was also identified as a predictor of clothing quality (Swinker and
Hines 2006). However, discrimination between attribute importance is not always
possible when using rating scales as respondents often rate all attributes as ‘important’.
Best-Worst Scaling commonly used in sensory science to explore consumer
perceptions to food products and packaging allows for greater discrimination of
attribute importance. Individuals are required to identify the best and worst attributes
for combinations of profiles relating to clothing features and characteristics (Finn and
Louviere 1992; Louviere et al. 2013). Although the method has not been applied within
clothing science, identification of consumer expectations is useful for product
innovation and marketing, allowing for the communication of functional,
informational and aesthetic benefits to consumers.
The aim of this study was therefore to consider the methods which can be used to
explore psychological and sensorial components of comfort and the insights gained
from undertaking a multi-factorial approach. This multi-factorial approach was
adopted in relation to a footwear application investigating the importance and role of
the sock on comfort within the foot-shoe system.

7.2 Method
7.2.1 Participants
10 healthy females (age: 23 ± 4 years; height: 169.1 ± 4.6 cm; body mass: 62.7 ± 8.2
kg; foot size: 6.5 ± 0.6 UK) volunteered to participate in this study. Test procedures
were outlined in a written information sheet and were fully explained to participants
before obtaining written informed consent. Experimental procedures were approved
by Loughborough University’s Ethical Committee.
7.2.2 Garments
The experimental garments assessed were four socks identical in design/construction
(ankle length, single jersey, ribbed cuff) but different in fibre composition (Table 7.1).
Socks were matched for thickness and weight.
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Table 7.1 Experimental sock specifications
Sock

Fibre type

Structure

Thickness (mm)
Mid-section

Cotton

94% cotton /

Single jersey,

3% polyamide/

ribbed cuff

Weight (g)

Upper-cuff

1.07 ± 0.01

3.65 ± 0.01

13.34 ± 0.01

1.23 ± 0.01

3.24 ± 0.05

15.00 ± 0.00

1.14 ± 0.05

3.16 ± 0.04

11.58 ± 0.04

1.14 ± 0.06

3.10 ± 0.09

10.63 ± 0.08

3% elastane
Wool

94% wool /

Single jersey,

3% polyamide/

ribbed cuff

3% elastane
Polyester

94% polyester /

Single jersey,

3% polyamide/

ribbed cuff

3% elastane
Coolmax

94% Coolmax/

Single jersey,

3% polyamide/

ribbed cuff

3% elastane

7.2.3 Experimental design
To achieve the aims of the study, a repeated measures design was selected. Participants
were required to visit the laboratory on five separate occasions at approximately the
same time of day. The first experimental session involved the assessment of
psychological and sensorial components of comfort using Best-Worst Scaling and
semantic profiling. Experimental sessions two to five involved the assessment of
sensorial components of comfort using semantic profiling after participants had
performed, on separate occasions, low intensity running in each experimental sock.
These sessions were completed in a balanced order across participants after the first
experimental session. All experimental sessions were performed in a climatic chamber
maintained at 23°C, 50% RH.
7.2.4 Experimental protocol
For the first experimental session, anthropometric measurements of height in cm
(stadiometer), body mass in kg (Metter Toledo kcc150, Metter Toledo, Leicester, UK,
resolution 1g) and body composition via bio-electrical impedance (Body composition
analyser, Tanita, MC-780MA) were recorded. Anthropometric measurements of the
foot (ankle circumference, forefoot length, ball of foot and instep-sole circumference)
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and foot volume for the right and left foot (taken by displacement when the foot was
immersed in water to the most prominent part of the lateral malleolus) were recorded.
Participants were then required to rest seated for a 15 min stabilisation period.
Following stabilisation, participants were required to complete a questionnaire to
allow for the assessment of psychological components of comfort relating to consumer
attitudes and attribute importance. This included a word association task and BestWorst Scaling. In order to gain better insight into attributes important to consumers,
Best-Worst Scaling was completed by an additional 10 participants (n = 20).
7.2.4.1 Assessment of psychological comfort
Word associations
Participants were given three statements to consider; (1) when I think about everyday
socks, I think about… (2) when I think about sport socks, I think about… (3) when I
think about the socks I wear for running, I think about…Participants were required to
provide three words which best described their thoughts. Participants were allowed to
repeat words if applicable to different statements.
Best-Worst Scaling
Best-Worst Scaling, developed by Louviere and Woodworth (1990) and first published
in 1992 (Finn and Louviere 1992) allows for the assessment of attribute importance
and consumer preferences. This insight can allow for product development in line and
in accordance with consumer expectations and demands. Consequently, Best-Worst
Scaling has been utilised in several areas such as health care and food science (Cohen
2009; Finn and Louviere 1992; Louviere et al. 2013).
Assessment of attribute importance has often been assessed using rating scales. Two
disadvantages of this method are that attributes are not measured relative to other
attributes and respondents often rate all attributes as ‘important’. Discrimination
between the importance of attributes is therefore not possible. Attribute importance
can also be assessed using ranking. Although a relatively easy task which requires
respondents to assess which is more important of the two items presented, the number
of items to be assessed can lead to a substantial amount of paired comparisons to be
made. For example, just 13 items result in respondents needing to make 78 paired
comparisons. Alternatively, Best-Worst Scaling allows for items to be arranged into
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subsets of three or four items, reducing the number of comparisons needed.
Respondents are only required to choose the most preferred item (best) and least
preferred item (worst). Best-Worst Scaling is therefore advantageous, allowing for
discrimination between attributes.
Best-Worst Scaling survey design
In order to assess factors influencing consumer sock purchases, 13 attributes (Table
7.2) were identified from clothing and footwear specific literature (Fowler 1999;
Cardello et al. 2003; Alcántara et al. 2005b). Using a balanced, incomplete block
design, 13 choice sets were formed with each set containing four attributes (Table 7.3).
Each attribute appeared once with each other and appeared four times across choice
sets. All 13 choice sets were presented to participants in a questionnaire (Figure 7.1).
Table 7.2 Attributes consumers consider when purchasing socks for use during running.
Attributes identified from clothing and footwear specific literature (Fowler 1999; Cardello et
al. 2003; Alcántara et al. 2005b).
Attribute
1

Price

2

Colour

3

Fit

4

Length

5

Thickness

6

Material (cotton, wool, polyester)

7

Material weave (plain, knitted, ribbed)

8

Attractiveness

9

Brand name

10

Durability

11

Ease of care

12

Functionality (moisture management, breathability, anti-blister)

13

Comfort
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Table 7.3 Balanced incomplete block design for the assessment of 13 attributes utilising a
Best-Worst Scaling approach.
Choice set

Attribute number

1

1

2

4

10

2

2

3

5

11

3

3

4

6

12

4

4

5

7

13

5

5

6

8

1

6

6

7

9

2

7

7

8

10

3

8

8

9

11

4

9

9

10

12

5

10

10

11

13

6

11

11

12

1

7

12

12

13

2

8

13

13

1

3

9

Considering only these four attributes, which one would be most important and least
important when purchasing socks for use during running?
Most important

Attribute

Least important

Price
Colour
Length
Durability
Figure 7.1 An example of a choice set presented to respondents utilising a Best-Worst
Scaling approach for the assessment of attributes considered when purchasing socks for use
during running.

7.2.4.2 Assessment of sensorial comfort
Word associations and semantic profiling at rest
For the assessment of sensorial comfort, participants were required to evaluate each
sock during a ‘hand feel’ assessment (Figure 7.2a) and ‘foot feel’ assessment (Figure
7.2b) using a questionnaire. Participants were shielded from seeing the socks,
performing the evaluations seated behind a black drape. The hand feel assessment was
performed first (using both hands), followed by the foot feel assessment. Each sock
was evaluated in turn. For the foot feel assessment, socks were applied and removed
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by the experimenter. During assessments, participants were allowed to interact with
each sock for as long as they liked and however they liked. Socks were presented to
participants in a balanced order.

Figure 7.2 Assessment of sensorial comfort during (a) hand feel assessments and (b) foot
feel assessments.

The questionnaire used for the evaluation of sensorial comfort during hand and foot
feel assessments contained a word association task. Participants were provided with
the following statement; Which words would you use to describe this sock? Please
provide three. The questionnaire also contained 14 (hand feel assessment) and 15 (foot
feel assessment) sets of opposing adjectives each arranged on a five-point bipolar scale
to allow for semantic profiling (Table 7.4). Sets of opposing adjectives were identified
from clothing and footwear specific literature (Cardello et al. 2003; Alcántara et al.
2005b).
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Table 7.4 Semantic profiling performed on a five-point scale for opposing adjectives during
the evaluation of four socks based upon a hand feel and foot feel assessment. *included for
foot feel evaluation only.
Adjectives
1

Thick/Thin

2

Comfortable/Uncomfortable

3

Smooth/Rough

4

Wet/Dry

5

Unacceptable/Acceptable

6

Flexible/Stiff

7

Hot/Cold

8

Heavy/Light

9

Pleasant/Unpleasant

10

Not breathable/Breathable

11

Tight/Loose

12

Satisfactory/Unsatisfactory

13

Scratchy/Silky

14

Synthetic/Natural

15

Unrestricted toe movement/Restricted toe movement*

Following the respective hand feel and foot feel assessments, participants were
required to rank the socks in order of most preferable to least preferable to wear if they
were going for a 30 min run. Each sock was handed to the participant in turn.
Participants were required to state whether they preferred it more or less than the sock
previously handled. Once a rank had been established, socks were handed in the
selected order for confirmation by the participant. Participants could make changes to
this order during this stage. This ranking process was also performed with socks being
applied to the participants feet by the experimenter in turn.
Word associations and semantic profiling post-exercise
For experimental session two to five, upon arrival to the laboratory, participants were
required to change into running shorts and a t-shirt. The experimental sessions differed
with regard to the running socks worn (Table 7.1). No information was provided to
participants regarding sock related differences and participants were not allowed to
visually inspect the socks. Some differences however may have been noted when
donning the socks. Participants donned test shoes which were standardised for each
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trial (Supernova Glide Boost 8 Clima Chill) and rested in an upright seated position
for a 10 min period. Participants then performed 40 min running at a constant speed
(7.5 km.hr-1). This was followed by a 15 min recovery period in an upright seated
position.
Following recovery, socks and shoes were removed and participants were required to
reflect on their running experience performed in the socks worn using the
questionnaire previously used for hand and foot feel assessments at rest. Participants
were provided with the following statement; Which words would you use to describe
this sock? Please provide three. Participants were then required to give ratings for 15
sets of opposing adjectives on a five-point bipolar scale to allow for semantic profiling
(Table 7.4). Participants were also required to rank the socks in order of most
preferable to least preferable to wear after each trial.
7.2.5 Qualitative analysis
7.2.5.1 Word association
The word associations provided by participants were grouped into categories. For each
sock and for each mode of assessment (hand feel, foot feel rest and foot feel exercise),
a search for recurrent words was performed. Words with similar meanings were
grouped to form categories. The grouping of words into categories were performed by
two researchers independently before meeting to check for agreement between
classifications. Words which were reported by more than 3 participants were grouped
and identified as being associated with the socks. Words which were reported once or
twice were grouped and labelled as ‘other’.
7.2.5.2 Best-Worst Scaling
An overall sum of best (B) and worst (W) votes for each attribute was determined by
totalling the number of times each attribute was selected as most important and least
important. To determine a B-W score for each attribute, the number of times it was
least important was subtracted from the number of times it was most important. As
shown below, the average B-W score was calculated by dividing the total B-W scores
by the number of responses and the frequency that each attribute appeared in the design
of choice sets.
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7.2.5.3 Semantic profiling
An average score based upon ratings provided for each set of opposing adjectives were
taken forward for graphical representation of sock perceptions during hand feel, foot
feel rest and foot feel post-exercise.
7.2.5.4 Sock preference
Preference rank sums were obtained by aggregating ranks across participants to
identify the ranking of most to least preferable socks to wear for a 30 min run.
Preference rank sums were determined for each mode of assessment (hand feel, foot
feel rest and foot feel post-exercise) allowing for the identification of rank order.
7.2.6 Statistical analysis
To assess differences between sock properties for hand feel, foot feel and foot feel
exercise according to the semantic profiles, a Friedman test was conducted. When
significant effects were observed, post hoc analysis was conducted with a Wilcoxon
signed rank test.

7.3 Results
Mean (±SD) environmental conditions for the experimental trials were 23.1 ± 0.2°C,
49.6 ± 2.6% RH.
7.3.1 Best-Worst Scaling
Results from Best-Worst Scaling are presented in Table 7.5. The most important
attributes to consumers when purchasing socks were clearly identified as comfort and
functionality. Colour was identified as the least important attribute.
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Table 7.5 Importance of sock attributes when purchasing socks for running. Ranked according
to Best-Worst Scaling (n = 20).
No.
13
12
3
10
6
1
4
5
11
7
8
9
2

Attribute
Comfort
Functionality
Fit
Durability
Material
Price
Length
Thickness
Ease of care
Material weave
Attractiveness
Brand name
Colour

SUM Best
50
52
28
24
35
20
24
7
7
1
4
5
3

SUM Worst
3
4
3
3
17
6
14
6
25
33
37
46
63

B-W Score
47
48
25
21
18
14
10
1
-18
-32
-33
-41
-60

Average B-W Score
0.6
0.6
0.3
0.3
0.2
0.2
0.1
0.0
-0.2
-0.4
-0.4
-0.5
-0.8

7.3.2 Word association
7.3.2.1 Sock preconceptions
Participants were asked to provide three words which they associated with the
following three statements; (1) When I think about everyday socks, I think about… (2)
When I think about sport socks, I think about… (3) When I think about the socks I wear
for running, I think about... Figure 7.3 shows the frequency of associations provided
by participants for each statement.
Comfort and length were associations made in relation to all three statements relating
to everyday socks, sport socks and the socks participants wore for running. Colour was
associated with everyday and sport socks but were not associated with the socks
participants wore for running. Instead, fit and thickness were associated with the socks
participants wore for running, although these were not associated with sport socks in
general.
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Figure 7.3 Frequency of associations provided by participants when asked to consider the
following three statements; (i) when I think about everyday socks, I think about… (ii) when
I think about sport socks, I think about… (iii) when I thinking about the socks I wear for
running, I think about… Categories were established according to words which were
mentioned by more than 3 participants (>10%). Words mentioned by less than 3 participants
were grouped as ‘other associations’.

A comparison between results from Best-Worst Scaling and the word association task
indicate that comfort is an important attribute. Comfort is associated with everyday
socks, sport socks and the socks participants wear for running and was identified as
one of the most important attributes influencing sock purchase. In comparison, colour
was identified as the least important attribute influencing sock purchase yet was
associated with everyday and sport socks.
7.3.2.2 Hand and foot feel assessments
The word association task was also performed for each of the four socks during a hand
feel and foot feel assessment at rest and post-exercise. Figure 7.4 shows the frequency
of associations provided by participants for each sock during each mode of assessment.
For hand and foot feel assessments performed at rest, the associations made related to
texture i.e. rough, smooth, soft, fluffy etc. For foot feel assessments post-exercise, the
associations made related to thermal properties i.e. warm, wet, breathable. Participants
only associated socks as being comfortable when wearing them at rest and in their
evaluations post-exercise. Participants did not make this association during hand feel
assessments. The results also show a large percentage of associations classified as
other, for all socks assessed and for each mode of assessment.
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Figure 7.4 Frequency of associations provided by participants for four socks (cotton, wool, polyester and Coolmax) during hand feel (rest), foot feet (rest)
and foot feel (post-exercise). Categories were established according to words which were mentioned by more than 3 participants (>10%). Words mentioned
by less than 3 participants were grouped as ‘other associations’.
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7.3.3 Semantic profiling
7.3.3.1 Hand feel rest
As shown in Figure 7.5a, the wool sock was perceived as being thicker in comparison
to the cotton, polyester and Coolmax socks (p < 0.05). There were no differences in
the perceived weight (light/heavy, p = 0.17) or flexibility (flexible/stiff, p = 0.13) of
the socks. Participants also perceived no differences in fit (tight/loose, p = 0.15).
Synthetic socks were perceived as less scratchy compared to wool socks (p < 0.05),
although no differences in smoothness/roughness were observed (p = 0.17).
Participants correctly identified the wool sock as being natural compared to the
synthetic fibre compositions of polyester and Coolmax socks (p < 0.05). The cotton
sock was identified as being less synthetic in comparison to the Coolmax sock (p =
0.03). No differences in the level of breathability were observed between the socks (p
= 0.38). All socks were perceived as dry (p = 0.31) and no differences in temperature
were observed (p = 0.10). All socks were perceived equally as comfortable (p = 0.20),
pleasant (p = 0.09), satisfactory (p = 0.16), and acceptable (p = 0.10).
7.3.3.2 Foot feel rest
As shown in Figure 7.5b participants did not perceive differences in sock thickness
(thick/thin, p = 0.92), weight (light/heavy, p = 0.34) or flexibility (flexible/stiff, p =
0.17). The Coolmax sock was perceived to be tighter compared to the cotton (p = 0.02)
and wool sock (p = 0.01). The cotton sock was rougher compared to the wool, polyester
and Coolmax socks (p < 0.05). The cotton sock was also perceived as scratchier
compared to the wool and polyester socks (p < 0.02). The polyester sock was identified
as being silkier compared to the Coolmax sock (p = 0.04). Participants identified a
difference in fibre composition (natural vs synthetic) between the wool and polyester
sock (p = 0.01). The wool sock was perceived as being less restrictive compared to
cotton (p = 0.02) and Coolmax (p = 0.03) sock. No differences in the level of
breathability were observed between the socks (p = 0.15). All socks were perceived as
dry (p = 0.24) and no differences in temperature were observed (p = 0.17). The cotton
sock was identified as less comfortable, less pleasant, less satisfactory and less
acceptable in comparison to wool, polyester and Coolmax socks (p < 0.05).
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7.3.3.3 Foot feel post-exercise
As shown in Figure 7.5c, post-exercise participants did not perceive differences in
sock thickness (thick/thin, p = 0.08), weight (light/heavy, p = 0.12) or flexibility
(flexible/stiff, p = 0.70). The cotton sock was perceived to be tighter compared to wool
(p = 0.01) and polyester (p = 0.04) socks. The Coolmax sock was also perceived to be
tighter compared to the wool sock (p = 0.01). There were no differences in texture
related sock properties (smooth/rough, p = 0.76; silky/scratchy p = 0.70). Participants
correctly identified the fibre composition of the wool sock as being natural in
comparison to the synthetic fibre composition of the polyester and Coolmax socks (p
< 0.05). The wool sock was also identified as being more natural in comparison to the
cotton sock which was identified as having a synthetic fibre composition (p = 0.02).
All socks were perceived as unrestrictive (p = 0.50). No differences in the level of
breathability were observed between the socks (p = 0.08). No differences in wetness
(p = 0.62) or temperature (p = 0.41) were observed between sock conditions. All socks
were perceived equally as comfortable (p = 0.48), pleasant (p = 0.19) and satisfactory
(p = 0.43). However, the wool sock was identified as being less acceptable for wear
during running compared to synthetic socks (p < 0.05).
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Figure 7.5 Semantic profiles for the assessment of four socks (cotton, wool, polyester and Coolmax) during a hand feel assessment at rest, a foot feel assessment at rest and
a foot feel assessment post-exercise.
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7.3.4 Sock preference
Following hand feel and foot feel assessments at rest and following the foot feel
assessment post-exercise, participants were required to rank socks in order of most
preferable to least preferable to wear if they were going for a 30 min run. Preference
rank sums are shown in Table 7.6. The Coolmax sock was ranked as being the most
preferable sock to wear for a 30 min run with hand feel and foot feel assessments at
rest. For the foot feel assessment post-exercise, the polyester and Coolmax socks were
ranked similarly and were therefore most preferable.
Table 7.6 Rank sums for the identification of the most to least preferable sock to wear for a
30 min run determined for each mode of assessment (hand feel, foot feel rest and foot feel
post-exercise). Lowest rank sum equates to most preferable sock to wear.
Rank sum for each sock assessed
Assessment method
Hand feel (rest)
Foot feel (rest)
Foot feel (exercise)

Cotton
23 (2nd)
33 (4th)
27 (3rd)

Wool
33 (4th)
22 (2nd)
31 (4th)

Polyester
24 (3rd)
27 (3rd)
20 (1st)

Coolmax
20 (1st)
18 (1st)
22 (2nd)

7.4 Discussion
The aim of this study was to consider the methods which can be used to explore
psychological and sensorial components of comfort and the insights gained from
undertaking a multi-factorial approach. Adopted in relation to a footwear application
investigating the importance and role of the sock on comfort within the foot-shoe
system, the outcomes of this study demonstrate how a variety of techniques, typically
applied in sensory science to explore consumer perceptions to food products and
packaging can be applied to clothing science.
The outcomes of this study demonstrate the importance of exploring and
understanding psychological factors for comfort and how the identification of
consumer expectation is useful for product innovation and marketing. The data also
show that the perception of fabric properties change according to the mode of
assessment. Thus, researchers and industry should consider the aspects of sensorial
comfort they wish to explore and choose the appropriate methods and modes of
assessment.
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7.4.1 The mode of assessment alters the perception of sock fabric properties
The ‘fabric hand’ is often used to assess the sensorial component of comfort and has
been reported to be fundamental in determining whether or not a particular fabric is
suitable for a given end use (Bishop 1996; Kamalha et al. 2013). However, the specific
qualities and magnitude of sensations required for clothing comfort have not been
identified (Bishop 1996) and it is not known how ‘fabric hand’ sensations translate to
the sensations experienced when a garment is worn at rest or during physical activity.
In the current study, results from the semantic profiles indicate that the ability to
identify and evaluate fabric properties varies according to the mode of assessment.
Although the evaluation of sock fabrics at rest with hand feel allowed for the
identification of texture related properties (rough - smooth, scratchy – silky), the
evaluation of sock fabrics with wear at rest allowed for a greater level of discrimination
of texture related properties and properties relating to fit, both of which were important,
driving perceptual responses relating to comfort, pleasantness, satisfaction and
acceptability. This was also supported by the results from the word association tasks.
Words provided during hand feel assessments were made in relation to texture (i.e.
soft, smooth, fluffy). Yet with foot feel assessments at rest, words were made in relation
to texture, fit and perceptual properties (i.e. soft, smooth, tight, comfortable). The
assessment of sensorial comfort when wearing a garment at rest may therefore provide
greater insights and be more beneficial to product innovation and development
compared to assessments made through the ‘fabric hand’ alone.
The results from the semantic profiles also indicate a reduced ability to discriminate
between sock fabrics post-exercise compared with wear at rest. Following exercise,
participants were only able to identify differences between the socks in relation to fit
and fibre composition. Consequently, all socks were identified as comfortable,
pleasant and satisfactory. Results from the word association task confirm a reduced
ability to identify texture related properties with post-exercise evaluations. However,
participants reported associations relating to the thermal properties of the socks (warm,
wet, breathable) which had not previously been identified with assessments performed
at rest. The assessment of sensorial comfort post-exercise may therefore not be
appropriate for the evaluation of properties relating to the texture of sock fabrics. Word
association tasks may provide clearer insights.
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Our work suggests that properties relating to fabric texture alone are not sufficient to
determine comfort. Instead it is the integration of a variety of fabric properties of which
some can only be determined during wear at rest which contribute to the perception of
comfort. In agreement with Raccuglia et al. (2018) the process of clothing evaluation
should be human-orientated.
7.4.2 Practical use of fabric properties for the assessment of wear comfort
Material and clothing properties for comfort have been evaluated extensively, but the
important characteristics have not been clearly determined (Bishop 1996). Results
from our word association task indicated that participants were able to identify
simple/general fabric properties (i.e. smooth, soft, thick) for each sock. This was also
observed in the results from semantic profiling. Of the 11 properties proposed for
evaluation, participants could not consistently discern differences between sock
fabrics as only 3/11 properties for hand feel, 5/11 for foot feel rest and 2/11 for foot
feel exercise were significantly different. Therefore although, participants can bring a
level of discrimination to the evaluation of fabrics, we may lack the capability to
identify complex/unfamiliar fabric attributes such as stiffness. The identification of
differences in material properties and overall comfort evaluation may be better
determined by assessing fewer ‘familiar’ attributes which are easier to identify by nonexperts and everyday users.
7.4.3 Comfort and functionality are important attributes influencing sock
purchase
Best-Worst Scaling is frequently used in marketing research and particularly within
the food industry to assess the importance of attributes which influence a consumer’s
decision to purchase a product (Cohen 2009; Lagerkvist 2013; Louviere et al. 2013).
As individuals rely on their personal values and desires when responding to attribute
information, understanding how an individual perceives a product is important to the
process of product design and innovation (Masson et al. 2016). To our knowledge,
Best-Worst Scaling has not been applied within the sports clothing industry but
provides an opportunity to measure the importance of attributes which influence a
consumer’s decision to purchase. Using the Best-Worst Scaling method, the
importance of clothing attributes was determined in the context of choosing socks for
use during running.

CHAPTER 7 - Study 5: Role of the Sock - Textile Parameters and Preferences

Page | 226

Results indicated that the highest level of attribute importance was given to comfort
and functionality. Typically, the assessment of attributes which are likely to influence
a consumer’s decision to make clothing purchases are based upon intrinsic cues
(comfort, functionality, fit) and extrinsic cues (brand, price, attractiveness). Unlike
apparel and footwear which can be tried on prior to purchase, socks are often prepacked and not tried on by consumers. Consumer buying behaviour for socks therefore
rely upon extrinsic cues and the product information provided. The identification of
attributes which are important to the consumer (comfort and functionality) can
therefore be a useful communication tool to influence product purchase. Colour was
identified as being the least important attribute influencing sock purchase. Sport socks
are considered a functional garment opposed to a garment where a judgement relating
to appearance is made. If participants were asked to consider the attributes in the
context of everyday socks, colour may have greater importance. Indeed, results from
the word association task indicated that colour was associated with everyday socks but
not with the sport socks participants already owned. This may be because sport socks
are currently offered in white, black or grey. Colour and aesthetics may be an under
looked aspect in sock design and could be an area for future development.
7.4.4 Perception of sock fabrics are influenced by fibre type
The sensory and physical properties of a fabric are influenced by the fibre content,
yarns, fabric construction and finish (Kim and Vaughn 1979). In particular, the type
of fibre used within a material and garment has been reported to influence perceptions
of comfort, the evaluation of garment quality and purchase decisions (Hatch and
Roberts 1985; Hyun et al. 1991).
Results from the semantic profiles within the current study show that when participants
were asked to rate whether a sock was natural or synthetic, the sock composed of wool
fibres was correctly identified as being natural compared to the synthetic fibre
compositions of polyester and Coolmax socks. Cotton socks were perceived similarly
to polyester and Coolmax fibres and therefore more synthetic compared to wool.
Overvliet, Karana, and Soto-Faraco (2014) have previously reported that wool fabrics
are perceived as the most natural materials, possibly due to the aesthetic qualities of
wool being ‘unique’ and recognisable in comparison to cotton which can be easily
imitated by synthetic materials.
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7.4.5 Synthetic fibres are preferred over natural fibres for running
The present work has shown that when asked which sock would be most preferable to
wear for a 30 min run, participants identified the Coolmax socks as most preferable
during hand and foot feel assessments performed at rest and the polyester/Coolmax
fibres as most preferable following foot feel assessment post-exercise.
In many daily contexts, natural fibres such as cotton are typically preferred over
unnatural/synthetic fibres such as polyester (Hatch and Roberts 1985; Forsythe and
Thomas 1989; Byrne et al. 1993). Materials which look and feel natural (such as wool
and cotton) are suggested to bring positive experiences to the wearer (Overvliet et al.
2016). Consequently, any consumers prefer clothing containing cotton because they
like the ‘cotton touch’ (Bertaux et al. 2010). However, when the suitability of fibres
are considered for particular end-uses (such as physical activity) individuals often
show a preference for synthetic fibres (Byrne et al. 1993). This was highlighted by
Morris, Prato, and White (1984) who reported that 75% of students would select to
wear a 100% cotton sock if they wanted maximum comfort. However, following wear
trials consisting of relatively strenuous physical activity, students reported slightly
higher comfort for socks composed of 100% polyester compared to 100% cotton.
Several studies have reported the perceived and measurable benefits of wearing socks
composed of synthetic fibres in comparison to natural fibres during exercise (Herring
and Richie 1990; Purvis and Tunstall 2004; Bertaux et al. 2010; Tasron et al. 2016;
Komárková et al. 2017). Socks composed of acrylic fibres were reported to have a
superior function over cotton socks in terms of perceptions of moisture and blister
prevention among long-distance runners (Herring and Richie 1990). Synthetic fibres
which wick moisture through the fabric in order to provide a larger surface from which
moisture can evaporate are also perceived as less wet compared to other socks and
more comfortable (Purvis and Tunstall 2004; Bertaux et al. 2010; Komárková et al.
2017). In the current study, results from the word association task performed postexercise indicated the wool sock to be warm and wet. However, no differences in
breathability, wetness or temperature were reported with semantic profiling for all
three methods of assessment. Therefore, the preference for synthetic fibres over natural
fibres may be due to texture rather than thermal related factors. For example, results
from the word association task indicated that the Coolmax sock was associated with
being smooth and tight. Smooth fabrics increase the area of contact with the skin and
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therefore heat flow providing cool sensations (Bishop 1996). Wearers often look for
cool or warm, and/or smooth feelings in clothing (Kaplan and Okur 2012). In
comparison, the wool sock was associated with being soft and fluffy. These qualities
are not typically associated with being beneficial during running and therefore may
explain why the wool sock was identified as least preferable to wear following the foot
feel post-exercise.
7.4.6 Considerations and limitations
A limitation of this study is the relatively low sample size which may affect the extent
to which these findings can be generalised to the wider population. Despite this
however, this study provides good insight into the methods which can be utilised to
explore psychological and sensorial components of comfort within clothing science. It
is also important to consider the influence of personal characteristics such as age, sex
and ethnicity on psychological and sensorial components of comfort, as the perception
of a product can vary according to differences in the population group assessed
(Eckman and Wagner 1994; Alcántara et al. 2005b, a). In the current study a
heterogenous sample (White British females) was chosen to control for the influence
of personal characteristics. Further research is required to determine the influence of
personal characteristics on psychological and sensorial components of comfort in
clothing.

7.5 Conclusion
The present study provides insight into the methods which can be used to explore
psychological and sensorial components of comfort and the insights gained from
undertaking a multi-factorial approach. The results show how Best-Worst Scaling can
be applied within the field of clothing science to measure the importance of attributes
which influence consumers decisions to purchase products. The identification of
attributes which are important to the consumer can be useful in marketing and product
development.
The results also show how the perception of fabric properties change according to the
mode of assessment. Assessments performed at rest allowed for the discrimination of
properties relating to texture between sock conditions. Importantly, the ability to also
identify properties relating to fit when wearing the socks at rest influenced the
perception of (dis)comfort. The assessment of sensorial comfort during wear at rest
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may therefore provide greater insights and may be more beneficial to product
innovation and development compared to assessments made through the ‘fabric hand’
alone. Furthermore, although, participants can bring a level of discrimination to the
evaluation of fabrics, we may lack the capability to identify complex/unfamiliar fabric
attributes. The identification of differences in material properties and overall comfort
evaluation may be better determined by assessing fewer ‘familiar’ attributes.
Generally, wool socks were perceived as the most natural materials, possibly due to
the aesthetic qualities of wool being ‘unique’ and recognisable in comparison to cotton
which can be easily imitated by synthetic materials. Post-exercise evaluations revealed
that participants preferred to wear socks composed of synthetic fibres for running.
Although this was not related to thermal factors (breathability, wetness or temperature),
synthetic fibres were associated with being smooth and tight, qualities which may be
associated as being beneficial during running.

7.6 Application
It could be argued that the assessment of sensorial comfort in this study represents a
shop vs use situation. During the shopping experience, garments are evaluated
according to the provided product information, touch/hand feel and by trying a
garment on. Linking fabric properties perceived as positive/beneficial during wear,
with those you can perceive when handling a garment would allow for the
manipulation of comfort in an immediate context which becomes important when
selling a garment. In comparison, the sensations generated and associations made with
a garment after purchase during everyday wear or with physical activity, represent our
evaluations of comfort in a long term context. This becomes important when building
a consumer’s loyalty, trust and willingness to return to the brand and product.

7.7 Take Home Message
x Comfort and functionality are important attributes influencing sock purchase.
x Participants preferred socks composed of synthetic fibres compared to natural
fibres for running.
x The ability to identify and evaluate fabric properties varied according to the
mode of assessment.
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x Assessments performed at rest allowed for the discrimination of properties
relating to texture between sock conditions. Importantly, the ability to also
identify properties relating to fit when wearing the socks at rest influenced the
perception of (dis)comfort.
x The assessment of sensorial comfort during wear at rest may provide greater
insights and may be more beneficial to product innovation and development
compared to assessments made through the ‘fabric hand’ alone.
x Although participants can bring a level of discrimination to the evaluation of
fabrics, we may lack the capability to identify complex/unfamiliar fabric
attributes. The identification of differences in material properties and overall
comfort evaluation may be better determined by assessing fewer ‘familiar’
attributes.
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PART III: EVALUATING THE THERMAL
PERFORMANCE OF FOOTWEAR
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CHAPTER 8: Laboratory Study 6
A thermal foot manikin as a tool for footwear
evaluation and development
Abstract
This study investigated the relationship between thermal perceptions provided during
human wear trials and thermal foot manikin measurements of heat and vapour
resistance for five running shoes varying in materials and construction.
Heat loss measurements (thermal insulation and evaporative resistance) for the
running shoes were performed using a 12-zone sweating thermal foot manikin. 11 male
participants undertook running trials on five separate occasions, wearing running shoes
of the same design but different in materials and construction to achieve a range of
heat and vapour resistances and air permeabilities. Trials were conducted in 20°C, 60%
RH and consisted of three phases: 15min seated rest, 40min treadmill running (8.5
km.hr-1), 15min seated recovery. In-shoe temperature and in-shoe humidity were
measured at two sites on the left foot. Perceptual responses (thermal sensation, wetness
perception and thermal comfort) were provided for the left foot and four foot regions.
Variations in shoe materials and construction resulted in differences in thermal
insulation and evaporative resistance. These differences were reflected in measured
changes to in-shoe temperature and in-shoe absolute humidity assessed during wear
trials. At the end of rest thermal sensation was strongly related to thermal insulation
(r2 = 0.69, p < 0.001). During exercise however, thermal sensation, wetness perception
and thermal discomfort were related to both thermal insulation and evaporative
resistance.
Thermal foot manikins provide an effective and sensitive evaluation of the thermal
properties of footwear which are also reflective of changes to in-shoe parameters
during actual use. This discriminate power may be further enhanced by using higher,
more realistic, air speeds in the tests, and additionally by simulating foot movement.
While thermal foot manikins are highly sensitive to design features/attributes of
footwear e.g. ventilation openings, air permeabilities and coatings, subjective
evaluations of footwear do not seem to have the same sensitivity and discriminative
power.
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8.1 Introduction
The thermal properties of footwear (insulation, evaporative resistance, permeability
and the related shoe microclimate) are important characteristics which in addition to
the mechanical properties of footwear (fit and dynamic function) determine the level
of comfort experienced by the wearer (Goonetilleke and Luximon 2001; Arezes et al.
2013; Irzmańska et al. 2013; West et al. 2019b). Little published information with
regard to how the thermal properties of shoes influence perceptions of comfort is
available despite it being known that, like clothing, footwear acts as a barrier to heat
and moisture transfer from the skin to the environment.
In warm environments and with physical activity, increased delivery of warm blood to
the foot causes elevations in foot skin temperature, impacting the temperature profile
within footwear (West et al. 2019b). Although heat loss can be aided through the
evaporation of sweat, containment of the foot within the shoe negatively impacts
evaporative heat transfer (Smith et al. 2013; Satsumoto et al. 2016; West et al. 2019c).
Therefore, heat input into the foot tends to exceed heat loss from the foot causing a
progressive increase in foot temperature, foot skin temperature and shoe microclimate
variables (in-shoe temperature and in-shoe humidity). These changes have been shown
to cause sensations of discomfort (Kuklane et al. 1998; Arezes et al. 2013; Irzmańska
2015; West et al. 2019b). The insulative and evaporative resistance properties of
footwear are therefore important parameters which can influence local thermal
responses and local thermal comfort at the foot.
The thermal properties of clothing and footwear can be assessed through subjective
assessments on human participants (Kuklane et al. 1999; Nilsson and Holmér 2003).
Subjective assessments are advantageous allowing for a comparison of garments tested
with respect to performance and thermal comfort under simulated field conditions (Fan
and Tsang 2009). However, assessments using human participants tend to be less
reproducible and consistent due to inter-individual and intra-individual variations. The
assessment of the thermal insulation and evaporative resistant properties of clothing
garments and/or ensembles using whole body or multi-segment thermal manikins
seem to offer an objective, time efficient and reliable alternative (Holmér 2004).
However, very few results from these manikin measurements are in the public domain
having primarily been used by commercial companies and defence research
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establishments. Also, linking results from manikin measurements to human responses
is documented rather poorly compromising actual validity.
Thermal foot manikin measurements which are available in the literature have
primarily been utilised to determine the effect of insulation on foot skin temperature
responses in cold with low activity levels (Kuklane et al. 1998, 2004). Results
highlighted the importance of insulation for keeping the feet warm and indicated a
correlation between mean foot skin temperature and thermal sensation in the cold
despite considerable individual variation (Kuklane et al. 1998, 2004). Insulation
calculated based upon foot skin temperature data from human participants and thermal
foot manikin outputs have also been compared (Kuklane et al. 1999). Results indicated
the thermal manikin to be a good method for the thermal testing of footwear in cold
protection (Kuklane et al. 1999). A subsequent validation of Lotens et al. (1989)
model for predicting foot skin temperatures was therefore conducted using a
combination of footwear insulation values obtained from a thermal foot manikin and
actual measurements of foot skin temperature obtained from participants exposed to
cold environments (Kuklane et al. 2000b). Regarding the assessment of water vapour
uptake and permeability properties of shoes, although consistent results have been
reported for an artificial foot, comparisons between safety shoes with variations in
lining materials indicated relatively small differences (Schols et al. 2004). Furthermore,
when assessed in relation to foot skin temperature data, the effects on comfort were
unclear (Heus et al. 2005).
The exploration of the link between manikin and human responses has been further
encouraged to validate manikin data (Wang 2017). The use of whole body thermal
manikins and a thermal head manikin has been validated in tests with human
participants (Nilsson and Holmér 2003; Bogerd et al. 2011b). However, to our
knowledge the relationship between subjective evaluations of footwear assessed
during wear trials and objective thermal foot manikin measurements has not been
assessed for neutral or warm conditions. This would be valuable, as assessment of the
thermal properties of footwear on human participants can be challenging which
explains why limited published information is currently available (Arezes et al. 2013;
Irzmańska 2015; West et al. 2019b).
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This study therefore investigated the relationship between thermal perception (thermal
sensation, wetness perception and thermal comfort) assessed in a controlled wear trial
and thermal foot manikin measurements (thermal insulation, evaporative resistance,
dry and evaporative heat loss) for five running shoes. Given that testing for cold
protection may be quite different from testing for athletic performance the focus of
this study was to explore thermal foot manikin measurements in relation to local
thermal responses in warm environments and with physical activity.

8.2 Method
8.2.1 Participants
Eleven aerobically trained male runners (age: 30.9 ± 10.5 yrs; height: 176.0 ± 4.8 cm;
body mass: 75.4 ± 8.7 kg) volunteered to take part in this study. Participants had a shoe
size of 8.5 UK (42 2/3 EU). Experimental procedures were fully explained to the
participants before obtaining written informed consent and completion of a health
screen questionnaire. Ethical approval was obtained from the local ethical review
board.
8.2.2 Footwear
Five prototype running shoes in size UK 8.5 and a standardised running sock (62%
cotton, 34% polyester, 3% elastane, 1% nylon) were selected for testing (adidas AG,
Herzogenaurach, Germany). All running shoes were made using the same shoe last
and were of the same design but different in materials and construction. This was to
produce a range of heat and vapour resistances as well as air permeabilities to elicit
different shoe microclimates. Details regarding shoe design are outlined in Table 8.1
and shown in Figure 8.1. Participants were not informed about any of the shoe
variations and were not allowed to visually inspect the shoes.
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Table 8.1 Running shoe specifications according to colour, weight and shoe materials used (adidas AG, Herzogenaurach, Germany).
Sample

Label

Colour

Weight
(g)
277

Mesh upper
open sole

MUo

Black/
red

Mesh upper
closed sole

MUc

Woven upper

Shoe upper
Sandwich mesh

Ventilation
windows
Sandwich mesh

Sockliner

Midsole

EVA tricot lining;
1.5 mm perforated holes

EVA open ventilation cavities
at sole mid-and forefoot

Grey

286

Sandwich mesh

Sandwich mesh

EVA tricot lining;
1.5 mm perforated holes

EVA

WU

Blue

312

Woven

Woven backer
foam; tricot lining

EVA napped
tricot lining

EVA

PU coated upper
open side windows

PUow

Red

319

PU film
sandwich mesh

Sandwich mesh

EVA napped
tricot lining

EVA

PU coated upper
closed side windows

PUcw

Purple

346

PU film
sandwich mesh

PU film
sandwich mesh

EVA napped
tricot lining

EVA
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Figure 8.1 Running shoes assessed: (a) Mesh upper open sole (MUo), (b) Mesh upper
closed sole (MUc), (c) Woven upper (WU), (d) PU coated upper open side windows
(PUow), (e) PU coated upper closed side windows (PUcw).
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8.2.3 Thermal foot manikin measurements
Heat loss measurements were performed using a 12 zone sweating thermal foot
manikin as shown in Figure 8.2 (THERMETRICS, Measurement Technology
Northwest, Seattle, USA). The thermal foot manikin (foot and lower leg) has a total
surface area of 0.1069 m2 and is suitable for testing footwear sized 8.5 UK (EU 42
2/3), left shoe only. The thermal foot manikin is set within a controlled climatic
chamber (width 101 x depth 127 x height 169 cm) allowing for the adjustment and
monitoring of air temperature, relative humidity and wind speed during testing
(temperature and humidity chamber Plantinous J series, type 3, ESPEC CORP, Osaka,
Japan).
Each independent zone of the thermal foot manikin is equipped with temperature
sensors and heating elements. 22 perspiration nozzles (pores) are distributed evenly
over the manikin surface. Control of the surface temperature or power to each zone
can be measured enabling the calculation of heat losses and therefore thermal
resistance of footwear and/or footwear ensembles. Calculations can be carried out for
each zone separately, for grouped zones and for the whole manikin as outlined in ISO
9920: 2009.
Measurements of thermal insulation were made in line with test procedures outlined
in ISO 15831: 2004. The surface temperature of the thermal foot manikin was
controlled and maintained at 34.0 ± 0.2°C. Environmental conditions were fixed
allowing for heat loss to be determined by measuring the heating power required to
maintain a constant surface temperature of each segment. Lower leg zones were
excluded for the calculation of footwear thermal properties with only the 8 foot zones
(surface area 0.060 m2) taken forward for assessment (Figure 8.2).
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Figure 8.2 Thermal foot manikin and climatic chamber. Site codes: 1- ankle; 2 - insole; 3 toe top; 4 - toe bottom; 5 - foot top; 6 - foot outer; 7 - heel; 8 - foot bottom.

8.2.3.1 Thermal foot manikin test procedures
Running shoes and socks were conditioned in a climate controlled room of 21°C, 65%
RH for 12 hrs before testing. With application of footwear onto the manikin, shoes
were carefully laced to achieve a similar tension on the laces each time and so not to
influence the fit of the shoe on the manikin.
Dry heat resistance measurements were performed in environmental conditions
controlled at 21°C, 50% RH with 0.20 m.s-1 air speed within the climate controlled
chamber. The test was performed for a duration of 1 hr ensuring a steady state in heat
loss was present.
In a separate test, evaporative heat resistance measurements were taken in isothermal
conditions in a climate controlled chamber regulated at 34°C, 50% RH with 0.20 m.s1

air speed. Dry heat loss would be minimal or absent in these tests improving the

accuracy of evaporative heat loss measures. Thermal foot manikin zones were
preheated to 34°C and flow rates to independent pores set at 5000 ml.hr -1 for a flow
verification check. A visual inspection of all pores was performed to ensure all pores
were operational. The water temperature was controlled at 34°C when entering the
foot manikin. Following pre-heating and flow verification, the foot manikin was dried
and fitted with a tight fitting, moisture wicking textile ‘skin’. The skin was pre-wetted
with water to simulate a sweating skin surface. A pumping unit connected to a distilled
water reservoir was used to distribute water to independent pores to prevent the skin
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from drying out during the measurement period. Flow rates to independent pores were
determined from physiological sweat data collected at 14 foot regions during low
intensity running (West et al. 2019c). To determine flow rates to manikin zones, flow
rates were adjusted in relation to surface area and set accordingly (Table 8.2).
Following installation and wetting of the textile skin, the footwear ensemble was
installed onto the thermal foot manikin. The test was performed for a duration of 1hr
30min. Dry and evaporative heat resistance measurements were replicated and if
steady measurement states were not achieved, a third measurement was performed.
Table 8.2 Water flow rates calculated in relation to thermal foot manikin zones for evaporative
resistance testing.
Manikin
site code
1
2
3
4
5
6
7
8

Manikin zone
Ankle
Insole
Toe Top
Toe Bottom
Foot Top
Foot Outer
Heel
Foot Bottom

Water flow rate
(ml.m2.hr)
261
318
171
171
288
216
261
834

8.2.3.2 Dry heat resistance calculation
Total thermal insulation (It) of the footwear was calculated by the parallel method (ISO
9920 2009) using the following equation:
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8.2.3.3 Evaporative heat resistance calculation
Evaporation of the water from the thermal foot manikin through footwear or a footwear
ensemble draws heat away from the manikin. Using the manikin surface temperature,
the water vapour pressure at the manikin surface and the vapour pressure gradient
between the skin and the environment, evaporative resistance (Ret) can be calculated.
Although measurements were performed in isothermal conditions with air temperature
at 34°C, dry heat loss, caused by small deviations from isothermal conditions was
subtracted from total measured heat loss.
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8.2.4 Experimental protocol for wear trials
Participants were required to visit the laboratory on five separate occasions at
approximately the same time of day. Trials were performed in a climatic chamber,
maintained at 20°C, 60% RH. Trials differed only with regard to the running shoe
worn. A standardised sock was donned for all trials. The order of conditions was
presented in a balanced order.
Upon arrival, participants changed into running shorts and a t-shirt. Each participant
was fitted with a Polar heart rate monitor (H7, Polar Electro Oy, Kempele, Finland).
Temperature and relative humidity sensors (HTU21D, Measurement Specialities,
USA) were attached to two sites on the left foot (longitudinal arch of the sole and third
metatarsal at the distal end of the upper foot region) to record changes to in-shoe
temperature and in-shoe relative humidity. Sensors were applied to the standardised
sock using transpore surgical tape. Data was collected wirelessly at 10 s intervals
through a custom made Bluetooth acquisition system (University of Applied Sciences
Kaiserslautern, Zweibrücken, Germany) and simultaneously displayed and recorded
in LabVIEW software (2016, National Instruments). In-shoe absolute humidity was
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calculated from in-shoe temperature and in-shoe relative humidity using the Antoine
equation (Parsons 2014).
Following instrumentation, participants donned test shoes and rested for 15 min in an
upright seated position. Participants then performed 40 min of treadmill running at a
constant speed of 8.5 km.hr-1 (h/p cosmos sports and medical GmbH, Traunstein,
Germany). This was followed by a 15 min seated recovery period. Aural temperature
was measured from the auditory canal (Braun Thermoscan 7, IRT6520, Braun GmbH,
Kronberg, Germany) at the beginning/end of each protocol phase. A non-invasive core
temperature measurement was taken to avoid discomfort.
8.2.4.1 Perceptual measurements
Ordinal scales were used to assess thermal sensation, wetness perception and thermal
comfort (Figure 8.3). Descriptors were provided in both English and German due to
several German speaking participants. Participants were instructed on how to use the
perceptual scales and were given time to practice under the guidance and assistance of
the experimenter. Scales were used to gain subjective information for the whole body,
whole foot, and four foot regions (Figure 8.3d). Participants were required to give
ratings every 5 min for the left foot only.
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Figure 8.3 (a) Thermal sensation scale; (b) wetness perception scale; (c) thermal comfort
scale and (d) reference sheet used to highlight areas for evaluation during wear trials.

8.2.5 Statistical analysis
To investigate temporal characteristics of shoe microclimate and to determine whether
shoe microclimate is affected by shoe permeability a two-way repeated measure
analysis of variance (ANOVA) was performed with post hoc multiple comparisons
(Bonferroni correction). To investigate the subjective perception of shoe microclimate
over time and between shoe conditions a Friedman test was conducted. When
significant effects were observed, post hoc analysis was conducted with a Wilcoxon
signed rank test. Regression analyses were performed to study the relationships
between thermal perception and thermal foot manikin measurements as well as
between shoe microclimate and thermal foot manikin measurements. For clarity,
relationships shown in the figures are for the means of individual shoes at different
time points, however r2 and significance are reflective of analysis with individual data.
Statistical analysis was performed using IBM SPSS Statistics 24 (IBM, USA) and
reported as means ± standard deviation (SD). The level of significance was set at p <
0.05.

CHAPTER 8 - Study 6: Thermal Foot Manikin for Footwear Evaluation

Page | 244

8.3 Results
8.3.1 Thermal insulation
Despite clear design differences in terms of ventilation features, thermal insulation
measured on the thermal foot manikin showed only limited, although relevant (⁓ 15%),
variations from 0.13 to 0.15 m2.K.W-1 (Table 8.3). Thermal insulation provided by
PUow was lower in comparison to PUcw (0.13 vs 0.15 m2.K.W-1, respectively)
indicating an effect of the sandwich mesh ventilation openings located on the lateral
and medial sides of the shoe upper for PUow. The ventilation openings located in the
midsole and sock liner of MUo also resulted in a lower thermal insulation compared
to the closed midsole construction of MUc (0.13 vs 0.14 m2.K.W-1, respectively).
8.3.2 Evaporative resistance
The material features and coatings caused evaporative resistance to vary substantially
(19.8 to 62.8 m2.Pa.W-1; Table 8.3). The ventilation openings in the midsole and sock
liner of MUo had little effect on evaporative resistance when compared to MUc (19.8
vs 19.7 m2.Pa.W-1, respectively). Evaporative resistance was lower for PUow
compared to PUcw (32.3 vs 62.8 m2.Pa.W-1, respectively) indicating an effect of the
sandwich mesh ventilation openings. Yet, the application of coatings to PUow and
PUcw resulted in considerably high evaporative resistance (32.3 and 62.8 m2.Pa.W-1,
respectively).
Table 8.3 Thermal insulation, evaporative resistance and the permeability index (calculated
from thermal foot manikin measurements performed statically at an air velocity of 0.20 m.s -1)
for five footwear samples. All values are averages of at least two tests.
Thermal Properties
2

Area selected (m )
Thermal Insulation
(m2.K.W-1)
Evaporative Resistance
(m2.Pa.W-1)
Permeability Index (n.d)

Footwear Sample
MUo

MUc

WU

PUow

PUcw

0.06

0.06

0.06

0.06

0.06

0.13

0.14

0.15

0.13

0.15

19.75

19.69

29.96

32.29

62.75

0.41

0.42

0.30

0.24

0.15
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8.3.3 Relationship between thermal insulation and evaporative resistance
Evaporative resistance and thermal insulation measured using a thermal foot manikin
were not related (r2 = 0.33, p = 0.31; Figure 8.4).

Figure 8.4 Relationship between evaporative resistance and thermal insulation for five shoe
conditions determined using a thermal foot manikin, p = 0.31.

8.3.4 Shoe microclimate
Mean in-shoe temperature and mean in-shoe absolute humidity during the
experimental protocol for all five shoe conditions are presented in Figure 8.5. The
range in heat and evaporative resistances achieved by variations in shoe
materials/construction resulted in different shoe microclimates. These differences
were primarily reflected in differences for in-shoe absolute humidity compared to inshoe temperature. General trends indicated lower in-shoe temperatures and in-shoe
humidity for MUo and MUc. The highest in-shoe temperature was observed for PUcw
and WU. Highest in-shoe absolute humidity was observed for PUcw.
8.3.5 Perceptual responses
Perceptual responses varied between shoes and were reflective of the observed
differences in shoe microclimate. Thermal sensations (Figure 8.6a) and wetness
perceptions (Figure 8.6b) were greatest for PUcw and WU and lowest for MUo.
Differences in thermal comfort were primarily observed at the end of RUN (Figure
8.6c). A significant difference in thermal comfort was observed between PUcw and
PUow indicating a perceivable benefit of the sandwich mesh ventilation openings
located on the lateral and medial sides of the shoe upper for PUow.
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Figure 8.5 Mean (a) in-shoe temperature and (b) in-shoe absolute humidity for five shoe conditions during the experimental protocol consisting of rest, run and
recovery. * significant difference between MUo and PUcw (p < 0.05). + significant different between MUc and WU (p < 0.05). significant difference between
MUo and PUow (p = 0.01). # significant difference between MUo and PUcw (p < 0.03). Ásignificant difference between MUc and PUow (p = 0.01). x
significant difference between PUow and PUcw (p = 0.04).
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Figure 8.6 Mean (a) thermal sensation, (b) wetness perception and (c) thermal comfort for five shoe conditions during the experimental protocol consisting
of rest, run and recovery. ¥ significant difference between PUow and WU. ¤ significant difference between WU and MUo. # significant difference between
PUcw and PUow. significant difference between MUc and MUo. * Significant difference between PUcw and MUo. + significant difference between WU
and MUc. x significant difference between PUcw and MUc. Significance set at p < 0.05.
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8.3.6 Relation between shoe microclimate and thermal foot manikin
measurements
Positive relationships were observed between mean in-shoe temperature and thermal
insulation (p < 0.01;Figure 8.7a) and between mean in-shoe temperature and
evaporative resistance (r2 > 0.40, p < 0.05; Figure 8.7b). A higher predictive power of
evaporative resistance was observed for mean in-shoe absolute humidity at the end of
RUN (r2 = 0.76, p < 0.001; Figure 8.7d) and RECOVERY (r2 =0.63, p = 0.05; Figure
8.7d).

Figure 8.7 Relationship between in-shoe temperature and (a) thermal insulation and (b)
evaporative resistance and the relationship between in-shoe absolute humidity and (c)
thermal insulation and (d) evaporative resistance for five shoe conditions. In-shoe
temperature and in-shoe absolute humidity assessed during the experimental protocol
consisting of rest, run and recovery and thermal insulation and evaporative resistance
determined using a thermal foot manikin. Relationships shown are for the means of
individual shoes at different time points, however r2 and significance are reflective of
analysis with individual data. *indicates a significant relationship (p < 0.05).
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8.3.7 Relation between thermal perception and thermal foot manikin
measurements
At the end of the REST, thermal sensation was strongly related to thermal insulation
(r2 = 0.69, p < 0.001; Figure 8.8a). However, with RUN, thermal sensation, wetness
perception and thermal discomfort were related to both thermal insulation and
evaporative resistance (Figure 8.8).

Figure 8.8 Relationships for thermal insulation and evaporative resistance with (a-b)
thermal sensation, (c-d) wetness perception and (e-g) thermal discomfort. Perceptual
responses assessed during the experimental protocol consisting of rest, run and recovery
and thermal insulation and evaporative resistance determined using a thermal foot manikin.
Relationships shown are for the means of individual shoes at different time points, however
r2 and significance are reflective of analysis with individual data. * indicates a significant
relationship (p < 0.05).
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8.3.8 Dry heat loss by thermal foot manikin regions
Dry heat loss by manikin foot regions were greatest at the toe region and lowest at the
heel and sole regions (Table 8.4). The greatest variation in dry heat loss between
footwear samples (38.8 W.m-2) was observed at the upper foot region. Ventilation
openings in the midsole and sock liner of MUo resulted in a 5.9 W.m-2 higher dry heat
loss at the sole region compared to MUc. The application of the sandwich mesh
ventilation openings on the medial and lateral sides of PUow also resulted in a 28.8
W.m-2 greater dry heat loss at the upper foot region compared to PUcw.
8.3.9 Evaporative heat loss by thermal foot manikin regions
Due to a large range in evaporative resistance values between footwear samples and
foot regions, evaporative heat loss showed substantial variation (Table 8.4).
Evaporative heat loss was lowest at the heel and sole regions and highest at the upper
foot and toe region. The greatest variation in evaporative heat loss between footwear
samples (155 W.m-2) was observed at the upper foot region. Ventilation openings in
the midsole and sock liner of MUo did not improve evaporative heat loss compared to
MUc (41 and 36 W.m-2, respectively). However, the application of the sandwich mesh
ventilation openings on the medial and lateral sides of PUow improved evaporative
heat loss by 77 W.m-2 in comparison to PUcw at the upper foot region.
8.3.10 Thermal perception by foot regions
The sandwich mesh ventilation openings on the medial and lateral sides of PUow and
the ventilation openings in the midsole and sock liner of MUo did not result in
significantly lower thermal sensations, perceptions of wetness or reduced thermal
discomfort in comparison to PUcw and MUc at the upper foot or sole regions
respectively (p > 0.05).
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Table 8.4 Total dry and evaporative heat loss (calculated from thermal foot manikin
measurements performed statically at an air velocity of 0.20 m.s-1) for the upper, toe, sole and
heel regions for five footwear samples
Footwear Sample
Thermal

Foot

Area

Properties

Region

Selected

Dry Heat Loss

Upper

MUo

MUc

WU

PUow

PUcw

0.013

107.9

104.1

77.1

97.9

69.1

Toes

0.009

108.3

109.8

101.2

132.5

105.4

Sole

0.019

67.4

61.5

62.8

65.5

69.1

Heel

0.007

52.8

54.9

66.9

64.0

56.0

Evaporative Heat

Upper

0.013

170.4

166.5

59.4

93.0

15.8

Loss (W.m-2)

Toes

0.009

151.7

151.7

75.8

3.7

6.7

Sole

0.019

40.9

36.9

18.1

3.5

3.5

Heel

0.007

29.1

53.9

76.7

49.3

4.0

-2

(W.m )

8.4 Discussion
Thermal foot manikin measurements have primarily focused on the evaluation of
protective or occupational footwear for use in cold conditions (Lotens et al. 1989;
Kuklane et al. 1998, 1999, 2000b). Little information is available regarding the thermal
properties of footwear for use in warm environments and/or with physical activity. In
addition, the relationship between thermal perception obtained from human
participants during wear trials and thermal foot manikin measurements needs
validation and was therefore the aim of this study.
8.4.1 Thermal foot manikin measurements
In the current study, despite substantial differences in the materials and the
construction of the shoes assessed, the range in overall thermal insulation measured
was limited to 15% (0.13 - 0.15 m2.K.W-1). The range in overall evaporative resistance
on the other hand varied substantially (19.7 - 62.8 m2.Pa.W-1). The largest local
difference in thermal insulation and evaporative heat loss between footwear samples
(0.07 m2.K.W-1 and 155 W.m-2, respectively) were primarily observed at the upper foot
region. This is not surprising considering most variation in shoe design occurs in the
construction of the shoe upper. Ventilation openings applied to the midsole and lateral
and medial sides of the shoe upper resulted in lower overall thermal insulation and
evaporative resistance in comparison to shoes without ventilation openings.
Differences in shoe construction also resulted in regional improvements in thermal
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insulation at the upper and sole region and evaporative heat loss at the upper region.
Ventilation openings in the sole however did not improve evaporative heat loss at this
region.
It has been shown that body movement and exposure to wind enhances heat and vapour
transfer by convection and can therefore reduce the level of thermal insulation and
evaporative resistance provided by clothing (Havenith et al. 1990b, a; Bouskill et al.
2002). In the current study, the air speed within the climatic chamber was constant and
stable around the thermal foot manikin and was regulated to 0.2 m.s-1; lower than the
recommended air speed of 0.4 m.s-1 for whole body manikin testing as outlined in
ISO15831 (2004). Regardless, air speeds used to assess the thermal properties of
clothing/footwear are not realistic of air speeds generated through body movement and
exposure to wind during wear conditions. In an applied sense, it could be expected that
participants in the current study, running at a speed of 8.5 km.hr-1 would have elicited
an air speed close to 2.4 m.s-1 and moreover, around the foot fluctuating air speeds
between 0 and 5 m.s-1. Lower air speeds and thermal foot manikin measurements being
performed in static conditions with the absence of a pumping effect caused by
insufficient movement between the thermal foot manikin and footwear may therefore
not represent the level of thermal insulation and evaporative resistance provided by the
footwear during actual wear conditions. Walking movements alone have previously
been reported to reduce clothing insulation by 20-30% (Havenith et al. 1990a; Holmér
and Nilsson 1995) and the combination of walking movements in air velocities of 4
m.s-1 have been reported to reduce evaporative resistance by up to 80% (Havenith et
al. 1990b; Havenith 1999b). Therefore, although a high level of sensitivity was
observed in thermal foot manikin measurements, it is important to consider that
measurements performed dynamically i.e. a moving foot, rolling against a solid surface
and with greater air speeds could be more sensitive to ventilation features or fabric air
permeability and also indicate greater effects of specific differences in shoe
construction than currently reported.
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8.4.2 Relationship between thermal perception, in-shoe measurements and
thermal foot manikin measurements
During physical activity, thermal discomfort has previously been attributed to the
evaporative resistance and accumulation of moisture within a clothing ensemble rather
than the level of thermal insulation provided (Fan and Tsang 2009). In the current
study however, despite the limited range in thermal insulation achieved between
footwear samples, at the end of rest thermal sensation was governed by thermal
insulation (r2 = 0.69, p < 0.001). During exercise however, thermal sensation, wetness
perception and thermal discomfort were governed by both thermal insulation and
evaporative resistance. These results suggest that subjective evaluations of footwear
in wear trials do not have the same sensitivity and discriminative power of that
achieved with thermal foot manikin measurements. It seems logical that a shoe which
provides greater thermal insulation, greater evaporative resistance and consequently
unfavourable changes to shoe microclimate would be perceived, in the end, as warmer,
wetter and more uncomfortable. Subjective evaluations of footwear will therefore
indicate links between parameters, but clear differences based upon design
features/attributes e.g. ventilation openings, air permeability and coatings may be
harder to subjectively identify.
With this being considered, the high sensitivity of thermal foot manikin measurements
in the identification of differences (small or large) in footwear design remain valuable
for footwear research, innovation and development. However, it is important that
interpretation of these differences are considered in the context of what may be
perceivable to the wearer, relative to the cost and resources associated with
incorporating engineered design features.
8.4.3 Limitations
This study has several limitations. Firstly, thermal foot manikin measurements were
performed statically. Hence no pumping effect within the shoe is present. Secondly a
low air speed of 0.2 m.s-1 was used. Considering the influence of body movement and
wind on clothing heat transfer, static measurements in low wind may not be reflective
of the insulation and evaporative resistance provided during wear conditions (Holmér
and Nilsson 1995), especially where the shoe has design features to increase
ventilation. A dynamic measurement with greater air speeds may have resulted in more
substantial variation in thermal insulation and would have indicated to a greater extent
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the impact of specific design features/attributes. Hence more realistic wind speeds for
walking/running would be appropriate to increase sensitivity of the manikin data.
Secondly, perceptual scales with additional descriptors and greater sensitivity could
have resulted in a higher level of discriminative power for the subjective evaluation of
footwear and will therefore be considered for subsequent studies. Furthermore,
although participants were not allowed to visually inspect footwear samples or have
insight into the design features/variations, some inferences based upon the styles could
have influenced their perceptions. Finally, it is important to consider that the
correlation analysis is based upon the evaluation of thermal properties and subjective
evaluations for five footwear samples only.

8.5 Conclusions
This study is the first to show thermal foot manikins to provide an effective and
sensitive evaluation of the thermal properties of footwear for use in warm
environments and with physical activity. Thermal foot manikin measurements were
reflective of changes to in-shoe temperature and in-shoe absolute humidity during
wear trials and indicated a high level of sensitivity with regard to footwear design
features/attributes. The subjective evaluation of footwear however did not seem to
achieve the same level of sensitivity or discriminative power.
In order to further increase sensitivity of the manikin testing, more realistic air speeds
are required e.g. around 1.2 m.s-1 for walking and 2.4 m.s-1 for running. A dynamic
foot, pushing the foot against a surface (or vice versa), similar to the movement in gait
would further improve realism and sensitivity but may be technically challenging.
Interpretation of thermal foot manikin measurements should be considered in the
context of what may be perceivable by the wearer, relative to the cost and resources
associated with incorporating engineered design features.
In an applied sense, the use of thermal foot manikin measurements may help to assign
footwear with a ‘label of insulation’ or a ‘label of evaporative resistance’ improving
the transparency and comparability between product categories for consumers and to
provide the possibility to choose footwear appropriate to individual preferences and
use. However, measurable improvements to the level of thermal insulation and
evaporative resistance may not always be perceived by the wearer.
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8.6 Take Home Message
x The range in overall thermal insulation measured was limited to 15% (0.13 0.15 m2.K.W-1).
x The range in overall evaporative resistance varied substantially (19.7 - 62.8
m2.Pa.W-1).
x Differences in shoe construction at the upper region resulted in regional
improvements in thermal insulation and evaporative resistance.
x Ventilation openings in the sole resulted in regional improvements in thermal
insulation but did not improve evaporative heat loss at this region.
x Thermal foot manikins provide an effective and sensitive evaluation of the
thermal properties of footwear which are also reflective of changes to in-shoe
parameters during actual use.
x This discriminative power may be further enhanced by using higher, more
realistic, air speeds in the tests, and additionally by simulating foot movement.
x Thermal sensation at rest is governed by thermal insulation. During exercise,
thermal sensation, wetness perception and thermal discomfort is governed by
both thermal insulation and evaporative resistance.
x Subjective evaluations of footwear in wear trials do not have the same
sensitivity and discriminative power of that achieved with thermal foot
manikin measurements.
x Interpretation of manikin measurements should be considered in the context of
what may be perceivable by the wearer relative to cost and resources associated
with incorporating engineered design features.
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CHAPTER 9: Discussion and Guidance
9.1 Discussion
The focus of this research was to investigate the physiological and perceptual
responses of the foot, the interactions with footwear and the impact on comfort. As the
literature review presented in Chapter 2 identified, thermal comfort is a complex and
difficult feeling to define but has been attributed to the integration of thermal
sensations and perceptions of wetness with an individual’s previous personal
experiences and learned responses. In relation to clothing, comfort becomes multifactorial based upon psychological, sensorial and physiological factors. Due to the
technical complexities and challenges of assessing comfort in footwear, understanding
of foot thermoregulatory responses and interactions within the foot-sock-shoe system
have been limited. Therefore, a research methodology was developed to bring insight
to these areas.
Part I of this thesis presents two experimental studies in which thermoregulatory and
perceptual responses (thermal sensation and wetness perception) of the foot are
investigated. Part II presents three experimental studies investigating interactions
within the foot-sock-shoe system and the impact on comfort utilising a multi-factorial
approach. Finally, Part III focuses on methods for evaluating the thermal performance
of footwear. Overall, five major findings from this research can be drawn. Together
these findings provide guidance for the development of thermally comfortable
footwear.
9.1.1 Whole body thermal sensation is independently modulated by local
changes in foot skin temperature
The feet have previously been shown to play an important role in the modulation of
whole body thermal sensation and thermal comfort (Arens et al. 2006a, b; Filingeri et
al. 2017). However, in these studies the thermal state of the whole body and of the feet
change together. Although we often experience whole body thermoneutral states in
combination with warm or cold extremities, the effect of independently changing the
thermal state of the feet (by increasing or decreasing foot skin temperature) from that
of the whole body on both local and whole body thermal sensation and comfort had
not previously been investigated (Study 1, Chapter 3). In comparison to the literature,
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which indicates that typically a ± 1.0-1.5°C change in mean skin temperature from
neutral is required to elicit slightly warm or slightly cool whole body thermal
sensitivity (Gagge et al. 1967; Yao et al. 2008; Zhang et al. 2010a), our data with
independent foot warming or cooling indicates a +0.9°C and -0.3°C change in mean
skin temperature, mainly caused by the foot, was sufficient to elicit such changes. This
apparent increase in sensation, related to mean skin temperature, indicates a potentially
more important role of the feet in modulating whole body thermal sensations than is
represented by the weighting factor in the mean skin temperature calculation.
9.1.2 Foot sweat distribution
Comparing shod and nude feet, sweat production was 22% greater when the foot was
nude, while with shoes sweat rate did not continue to increase with exercise intensity
(Study 2, Chapter 4). The latter observation in the shod condition may be indicative
of hidromeiosis i.e. the reduction or plateauing of sweat rate when the skin is wet. In
hot humid environments, decreases or plateaus in sweat rate are dependent on
evaporative conditions. If maximum evaporative capacity is low due to high in-shoe
microclimate water vapour pressure, hidromeiosis will be greater, while non-existent
if all secreted sweat is evaporated (Kerslake 1972; Candas et al. 1980). For a nude foot
with a substantially greater maximum evaporative capacity, hidromeiosis would
therefore have been unlikely, consistent with our observations.
Significant regional variation in sweat rate across the foot surface was observed,
although distribution patterns were similar regardless of condition or exercise intensity.
Highest sweat rates were observed from the medial ankle and dorsal regions. On the
plantar foot surface, low sweat rates were observed from the arch. Lowest sweat rates
were always observed at the toes.
9.1.3 The foot-sock-shoe system
Interactions within the foot-sock-shoe system and the impact on comfort utilising a
multi-factorial approach were investigated in Study 3, 4 and 5 (Chapters 5, 6 and 7).
The investigation of psychological comfort using Best-Worst Scaling allowed for the
identification of attributes important to consumers when seeking to purchase socks for
running (Study 5, Chapter 7). Of 13 attributes assessed, comfort and functionality were
given the highest importance. Unlike apparel and footwear which can be tried on prior
to purchase, socks are often pre-packed. As consumer buying behaviour for socks
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relies upon the product information provided, the identification of attributes which are
important to the consumer at the purchasing stage, are a useful marketing tool.
Identification of attributes important to consumers can also allow for product
development in line with consumer demands and expectations.
The investigation of sensorial comfort using semantic profiling based upon a hand feel
experiment, wearing the socks at rest and assessment following exercise, indicated that
the evaluation of fabric properties varies according to the mode of assessment (Study
5, Chapter 7). Although the evaluation of sock fabrics at rest with hand feel allowed
for the identification of texture related properties, the evaluation of sock fabrics with
wear at rest allowed for both a greater level of discrimination of texture related
properties, but also properties relating to fit. Both of these were important, driving
perceptual responses relating to comfort, pleasantness, satisfaction and acceptability.
The assessment of sensorial comfort when wearing a garment at rest, may therefore
provide greater insights and be more beneficial to product innovation and development,
compared to assessments made through the ‘fabric hand’ alone. It should also be
considered that although participants can bring a level of discrimination to the
evaluation of fabrics, they may lack the capability to identify complex/unfamiliar
fabric attributes e.g. stiffness. The identification of differences in material properties
and overall comfort evaluation for a novice user population, may be better determined
by assessing fewer ‘familiar’ attributes.
The investigation of physiological comfort revealed similar thermo-physiological
responses when wearing socks compared to not wearing a sock during running (Study
4, Chapter 6). No differences in foot skin temperature, shoe microclimate (in-shoe
temperature or in-shoe relative/absolute humidity) or foot skin hydration were
observed. Although the perceptual responses reported for sock conditions were similar,
perceptions of wetness, stickiness and discomfort were greater for the no sock
condition. Together, these results suggest that although wearing/not wearing a sock
does not elicit differences in thermo-physiological responses, the sock does play a role
in minimising wear discomfort.
To investigate the effect of footwear on heat and moisture transfer, a detailed
characterisation and subjective evaluation of shoe microclimate was performed for
running shoes of the same model but different in permeability (OPEN upper
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construction – more air and vapor permeable vs CLOSED upper construction – less
air and vapour permeable (Study 3, Chapter 5). The investigation indicated that
temporal characteristics of shoe microclimate were similar for both shoes investigated,
yet shoe microclimate was shown to be significantly affected by shoe permeability.
This was most evident during the running and recovery stages of the experimental
protocol, as the open shoe consistently had lower temperature and moisture values in
comparison with the closed (less air and vapour permeable) shoe. Observed differences
in shoe microclimate were more pronounced at the toe region where differences in
shoe construction were most apparent. The heel and sole regions were highlighted as
being areas of high temperature and high moisture, suggesting low rates of heat and
moisture transfer from these regions. The mean values for foot skin temperature, inshoe temperature, in-shoe relative humidity and in-shoe absolute humidity at the end
of exercise, for the open and closed shoes combined were approx. 37°C, 36°C, 80%,
34 g.m-3, respectively. Changes to shoe microclimate over time and differences
between shoes were perceivable by the users. Warmer thermal sensations and greater
perceptions of wetness and stickiness were reported for the closed shoe, in comparison
to the open shoe during running and recovery. Consequently, the closed shoe was
perceived as more uncomfortable during running. Although 67% of the variance in
local thermal comfort can be attributed to foot skin temperature, high collinearity
between shoe microclimate variables and between shoe microclimate variables and
perceptual responses suggest that it may be difficult to discriminate between
temperature and moisture in natural wear tests. Changes to local thermal comfort must
therefore be considered as a function of both temperature and moisture accumulation
within the shoe.
9.1.4 Evaluating the thermal performance of footwear
The experimental work within this thesis demonstrates the advantage of subjective
assessments of thermal comfort in footwear under simulated field conditions. However,
for clothing, the assessment of the thermal insulation and evaporative resistant
properties of garments and/or ensembles, using whole body or multi-segment thermal
manikins seems to offer an objective, time efficient and reliable alternative.
Thermal foot manikins show a high level of measurement sensitivity with regard to
footwear design features/attributes (Study 6, Chapter 8). The largest local differences
in thermal insulation and evaporative heat loss between footwear samples were
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primarily observed at the upper foot region, where most variation in shoe design occurs.
To further increase sensitivity of foot manikin testing, more realistic air speeds are
required e.g. ⁓1.2 m.s-1 for walking and 2.4 m.s-1 for running. A dynamic foot, pushing
the foot against a surface (or vice versa), similar to the movement in gait would further
improve realism and sensitivity but may be technically challenging.
Although thermal manikin measurements were reflective of changes to in-shoe
temperature and in-shoe absolute humidity observed during wear trials, measurable
improvements to the level of thermal insulation and evaporative resistance may not
always be perceived by the wearer (Study 6, Chapter 8). The subjective evaluation of
footwear did not seem to achieve the same level of sensitivity or discriminative power
observed with thermal manikin tests. Manikin measures provide/indicate links
between parameters, but clear differences based upon design may be hard to
subjectively evaluate. Interpretation of manikin measurements should be considered
in the context of what may be perceivable by the wearer, relative to cost and resources
associated with incorporating engineered design features.
9.1.5 Perception at the foot
Interpretation of the thermal environment is driven by the activation of thermosensitive
neurons, which upon stimulation relay information to the brain about the surrounding
environment (Hensel 1982). This sensory information is interpreted according to the
level of stimulation, but also in relation to our previous experiences or knowledge of
the stimulation. Human perception relating to the thermal environment, is therefore
dependent upon the generation of thermal sensations and with warm exposures or
exercise, the perception of wetness (Gagge et al. 1967; Filingeri et al. 2014a; Raccuglia
et al. 2018). By investigating the thermoregulatory responses of the feet and the
interactions within the foot-sock-shoe system, we have been able to gain insight into
the mechanisms involved in this process.
9.1.5.1 Thermal sensation to a warm thermal stimulus: a mechanistic approach
Investigation of regional variations in thermal sensation across the body, with
application of a fixed temperature stimulus in thermoneutral conditions, have
highlighted skin regions with strong sensitivities to warm and cold (Ouzzahra et al.
2012; Gerrett et al. 2014, 2015; Filingeri et al. 2018). While our investigation of
thermal sensation to warmth under four different conditions; rest, exercise, foot
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heating and foot cooling also show spatial variations in thermal sensation across the
foot surface, interestingly the spatial variation observed with application of a fixed
thermal stimulus was not observed prior to stimulation (Study 1, Chapter 3). On the
contrary, after 30 min of pre-conditioning thermal sensations were highly homogenous
across the foot surface. Our findings are the first to suggest that the assessment of
thermal sensation with application of a contact stimulus, although insightful, may
represent a cutaneous sensation which is ‘artificial’. Exposure to longer duration,
convective opposed to conductive thermal stimuli, reflective of our ‘real world’
interaction with the environment, may not result in the same level of regional variation
in thermal sensation currently reported with short duration (10-20 s), contact thermal
stimulation. This may imply that suggestions in the literature which are based on short
exposures to contact thermal stimuli (Ouzzahra et al. 2012; Gerrett et al. 2014, 2015;
Filingeri et al. 2018), may need to be considered with care when interpreting the
thermal sensations over a longer time frame.
Moreover, according to previous literature, the direction and magnitude of the change
in skin temperature increases or decreases the firing rates of thermoreceptors, which
ultimately influences the thermal sensation experienced (Romanovsky 2018). For our
data however, this was not observed, as application of an identical thermal stimulus
resulted in similar thermal sensations despite large pre-condition differences (Study 1,
Chapter 3). For example, a substantial and significant decrease in foot skin temperature,
elicited with foot cooling, did not increase thermal sensation to warmth and the
absolute thermal sensation votes reported, were similar to those reported after rest,
exercise and foot heating. As the intensity of the rating does not seem to be driven by
the difference between skin temperature and stimulus temperature, we propose that the
differences in mean foot skin temperature achieved with local conditioning, would
have activated a range of thermoTRP channels within the innocuous range (15-42°C)
(Romanovsky 2007, 2018). The thermoTRP channels activated with the local
conditions used, would also be different to channel activation with application of the
thermal stimulus. This implies that for all conditions, rather than modulating the
response of an already substantially activated thermoTRP channel, the stimulus
activates a different, new thermoTRP channel. This may explain the limited influence
of the pre-condition on the response, as no interaction with already active thermoTRP
channels would take place.
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9.1.5.2 Thermal sensation to warmth in shoes: an applied approach
With physical activity, metabolic heat generation increases. While little metabolic
activity is present in the foot itself, the increased body heat load results in changes to
vasomotor tone, causing increases in foot blood flow as the body attempts to balance
heat gain with heat loss. Consequently, the increased delivery of warm blood to the
foot causes elevations in foot skin temperature reducing the body core to skin
temperature gradient, impacting the temperature profile within footwear (Shimazaki
and Murata 2015).
For shoes different in air permeability, temporal characteristics of shoe microclimate
development were similar for both shoes assessed (Study 3, Chapter 5). These
temperature changes were clearly perceived by the users as strong relationships were
observed between foot skin temperature and thermal sensation and between in-shoe
temperature and thermal sensation during running and recovery. Interestingly,
although a higher foot skin temperature (0.5°C) and in-shoe temperature (0.9°C)
observed for the closed shoe (less air and vapour permeable) resulted in warmer
thermal sensations in comparison to the open shoe (Study 3, Chapter 5), a higher foot
skin temperature (0.6-0.8°C), but similar in-shoe temperatures observed when running
in socks compared to wearing no sock did not (Study 4, Chapter 6). The perception of
temperature within footwear is therefore reflective of changes to both foot skin
temperature and in-shoe temperature, highlighting and strengthening the importance
of shoe microclimate in the generation of thermal sensations.
9.1.5.3 Foot wetness perception
Wetness is perceived through the integration of thermal (heat transfer) (Filingeri et al.
2014a) and tactile inputs (friction and stickiness) (Raccuglia et al. 2018) occurring at
the skin. A growing body of research has focused on the contribution of thermal inputs
in the perception of wetness. Cold sensations (resulting from the afferent activity of
cold sensitivity thermoreceptors in the skin) play an important role in the ability to
perceive local skin wetness. For example, the cold sensations evoked by the drop in
skin temperature during the evaporation of moisture from the skin, or during
conductive heat loss when in contact with wet materials (Raccuglia et al. 2017a)
provide a signal for the presence of moisture and thus wetness on the skin surface
(Filingeri et al. 2014a).
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While the thermal aspects of sensing wetness relating to skin cooling are important,
we also experience wetness at stable or increased skin temperatures, such as those
demonstrated within this thesis (Studies 2 to 6, Chapters 4 to 8). We have shown that
with exposure to warm environments and with physical activity, containment of the
foot within the shoe limits dry and evaporative heat loss pathways. This causes heat
and moisture to build within the air layers between the skin and the footwear creating
a microclimate in which one of the inputs for wetness perception (skin cooling and
cold sensations) is absent (Study 3, Chapter 5). In this case, tactile and mechanical
inputs resulting from skin displacement, as well as movement of stimuli across or
against the skin become important in the perception of skin wetness. The research
presented in this thesis provides substantial evidence for the importance of tactile and
mechanical inputs in the perception of skin wetness within footwear.
Firstly, the results from this research show that an increase in mechanical cues
primarily in the form of stickiness can increase wetness discrimination during physical
activity (Study 3, Chapter 5). A closed (less air and vapour permeable) shoe resulted
in higher temperatures and levels of moisture accumulation in comparison to an open
shoe during running. Higher levels of moisture in the closed shoe may have caused
higher frictional forces and/or displacement of the skin, sensed by the cutaneous
mechanoreceptors as higher stickiness and perceived as greater wetness. Indeed, a
strong relationship was observed between foot wetness perception and stickiness.
Secondly, this research indicates that the level of mechanical stimulation alters skin
wetness perception independently of the level or presence of moisture on the skin
(Study 2 and 3, Chapter 4 and 5). The perception of local foot wetness was not
associated with local foot sweat production. Further, foot regions with the highest rates
of sweat production were not associated with high levels of perceived wetness (Study
2, Chapter 4). Instead, the heel and toes, areas of low sweat production, were perceived
as being the wettest foot regions regardless of condition or exercise intensity. As the
perception of stickiness was also greatest at the toes and heel, these observations were
suggested to be caused by higher tactile and mechanical inputs occurring at these
regions, thus providing individuals with an illusion of wetness. The heel experiences
high contact loads during gait (Shimazaki and Murata 2015) with the toes performing
a grabbing action in order to leave the ground and thrust the body forward upon toeoff (Dugan and Bhat 2005). In addition, it could be expected that tactile cues are
CHAPTER 9: Discussion and Guidance

Page | 264

produced through toe movement not only against the sock and shoe but also between
the toes themselves. Wetness perception is therefore not dominated by regions of high
sweat production but rather seemed to be dominated by tactile cues caused by foot
movement in the shoe.
In support of the above, the level of mechanical stimulation was also shown to alter
skin wetness perception independently of the level or presence of moisture. In Study
3 (Chapter 5), a clear impact of shoe permeability on shoe microclimate was observed
particularly during running with differences between shoes being perceivable by the
users. However, with the cessation of exercise, reduced foot movement causing a
reduction in the pumping effect and shoe ventilation, resulted in the level of moisture
in the shoes to increase/remain close to values experienced during the final 20 min of
running. Interestingly, despite moisture in the shoe remaining high, perceptions of
wetness reduced. Although foot skin temperature decreased by 2°C during recovery,
foot skin temperature remained high, between 35-37°C. Activation of peripheral cold
sensitive thermoreceptors which operate within the range of 20-30°C (Guyton and Hall
1991; Romanovsky 2007) and resulting cold sensations would therefore have been
unlikely. Instead it could be expected that during recovery, perceptions of wetness
decrease due to a reduction in tactile and mechanical inputs generated within the footsock-shoe system than those experienced with physical activity. Although participants
are often observed moving their feet around in their shoes when asked for wetness
perceptions during rest/recovery, this may not be sufficient to increase cutaneous
sensitivity to wetness.
Thirdly, this research indicates that reductions in the level of mechanical stimulation
during physical activity, can produce reductions in skin wetness perception. During
physical activity, socks different in fibre type did not result in higher temperatures or
levels of moisture accumulation in the shoe compared with not wearing a sock (Study
4, Chapter 6). Despite this, greater perceptions of wetness were reported for the no
sock condition. It could be expected that running without wearing a sock, generates
tactile and mechanical cues greater than those experienced when running with socks.
Direct contact of the skin with shoe linings, seams and stitches may provide higher
skin friction and/or displacement, sensed as higher stickiness and associated with
greater wetness. The sock therefore plays an important role in reducing tactile and
mechanical inputs generated between the foot and the shoe.
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Together, these results highlight the importance of dynamic exploration and
tactile/mechanical inputs generated within the foot-sock-shoe system in attempting to
perceive wetness within footwear (Studies 2 to 4, Chapters 4 to 6). The tactile
interactions generated between the foot, sock and shoe are therefore an important area
for development and relevant for overall improvements in footwear comfort.
In light of these findings and considering stickiness is strongly linked with wetness
perception, identification of the textile property/properties contributing to stickiness
sensation would be valuable. As shown in Study 4 (Chapter 6), only a weak
relationship was observed between stickiness sensation and texture sensation
(rough/smooth). The textile related parameter which would need to be assessed in
order to identify differences in tactile and mechanical inputs is currently unknown but
provides an interesting area for exploration.
9.1.5.4 Footwear comfort
The perception of comfort in clothing is complex and multi-factorial. Defined
according to three components: psychological, sensorial, and physiological (Kamalha
et al. 2013), each component is influenced by several attributes relating to the wearenvironment setting. Due to the complexity of interactions and mixed methods
required to assess clothing comfort using a multi-factorial approach, this approach is
rarely adopted. In this thesis, we also did not originally intend to assess comfort in
footwear using a multi-approach, yet in doing so we provide evidence of the benefits
and advantages which can be gained.
The assessment of sensorial components of comfort revealed that the perception of
fabric properties change according to the mode of assessment. Although hand feel
assessments of sock fabrics performed at rest allowed for the discrimination of
properties relating to texture, wear assessments performed at rest allowed for not only
a greater level of discrimination of texture related properties but also properties
relating to fit. Both of these were important, driving perceptual responses relating to
comfort, pleasantness, satisfaction and acceptability (Study 5, Chapter 7). With this
considered, the fabric properties perceived as positive with wear may not be perceived
as

positive

when

handled.

Linking

the

fabric

properties

perceived

as

positive/beneficial during wear, with those you can perceive when handling the
garment would allow for the manipulation of comfort in an immediate context i.e.
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during the shopping experience, in which garments are evaluated according to the
provided product information, touch/hand feel and by trying a garment on.
In comparison, the assessment of physiological comfort in relation to thermal aspects,
demonstrated the impact of footwear on heat and moisture transfer and subsequently
the thermal sensations and perceptions of wetness generated (Studies 2 to 4, Chapters
4 to 6). Elevated foot skin temperature, in-shoe temperature and moisture
accumulation in shoes during physical activity cause discomfort due to warmer
thermal sensations and higher perceptions of wetness and stickiness (Study 3 and 4,
Chapter 5 and 6). Discomfort also depends on the tactile and mechanical inputs
generated within the foot-sock-shoe system, which allows for increased
sensitivity/discrimination of wetness (Study 3, Chapter 5), but can also provide an
illusion of wetness independently of the level or presence of moisture on the skin
(Study 2 and 4, Chapter 4 and 6). Improvements to physiological components of
comfort in footwear are therefore important for human experience. They shape and
inform our view of what comfort is. Thus, manipulation of comfort in a longer-term
context i.e. post-purchase is crucial for building consumer loyalty, trust and
willingness to return to a brand or product.

9.2 Guidance for the development of thermally comfortable footwear
The results from this study are important for footwear design as shoe designers, sport
scientists and engineers work towards the development of thermally comfortable
footwear. Shoes which better support heat dissipation and moisture removal may
reduce the growth of microorganisms and thereby reduce the risk of odour
development and poor foot health (i.e. tinea pedis and blister formation). Findings
from Study 3 (Chapter 5) suggest that this could be achieved by making shoes more
permeable by increasing ventilation and/or changing the shoe materials. Ventilation
openings in the sole and heel regions and targeting areas of high sweat production
(Study 2, Chapter 4) could be particularly advantageous.
While making shoes more permeable and targeting areas of high sweat production in
shoe design is relevant for overall improvements in comfort, the results from Studies
2, 3 and 4 (Chapters 4-6) show that for local perceptions, the tactile component may
be more important than the local wetness. This makes the tactile interaction between
the foot, sock and shoe a second important area for development. A new approach for
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shoe designers would therefore be to target areas of low sweat production, high
wetness perception (toes and heel) in terms of reducing the tactile and mechanical
inputs generated between the foot, sock and shoe (Study 2, Chapter 4). Also, in
comparison to running without a sock, wearing socks was shown to be beneficial in
reducing tactile cues generated between the foot and the shoe, as perceptions of
wetness, stickiness and level of discomfort was lower (Study 4, Chapter 6). The sock
could provide an important area for development and consideration when working
towards the design of comfortable footwear.
Finally, the use of thermal foot manikin measurements may help to assign footwear
with a ‘label of insulation’ or a ‘label of evaporative resistance’ improving the
transparency and comparability between product categories for consumers and to
provide the possibility to choose footwear appropriate to individual preferences and
end use.
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APPENDICES
Appendix A
Assessment of the relationship between whole body thermal sensation and mean skin
temperature assessed during 1-hour inactive exposures to three environmental
conditions: 10°C, 25°C and 38°C all at 50% RH.
Regression analysis indicated neutral mean skin temperatures to be 32.8°C with
slightly warm and slightly cool thermal sensations elicited at mean skin temperatures
of 34.2°C and 31.3°C, respectively. Thus a ± 1.5°C change in mean skin temperature
is required to elicit slightly warm or slightly cool thermal sensations.
Regression analysis also indicated that with cold exposure, a decrease in mean skin
temperature of 4°C is required to elicit slightly uncomfortable perceptions. In
comparison, with warm exposures an increase in mean skin temperature of +3°C is
required to elicit slightly uncomfortable perceptions.
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Relationship between (a) whole body thermal sensation and (b) whole body thermal comfort with mean skin temperature during 1-hr inactive whole
body exposure to three environmental conditions on separate occasions (10°C, 25°C and 38°C all at 50% RH). *indicates significant relationship (p
< 0.001).
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Appendix B
Linking with Appendix A, plotting the relationships for whole body exposures and
local-foot exposures together indicated that local exposure of the feet increase our
sensitivity to changes in mean skin temperature, particularly with foot cooling.

Relationship between whole body thermal sensation and mean skin temperature during 1hr inactive whole body exposure to three environmental conditions (∆ 10°C, □ 25°C, and ◊
38°C all at 50% RH) and during 30-min local-foot conditions ( 15°C, 23°C and 38°C)
in environmental conditions of 23°C, 50% RH.
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Appendix C
Measurements for Ankle Pad Dimensions
Location

Right Ankle
(cm)

Ankle circumference
at the height of the
proximal surface of
the medial and lateral
malleoli.
Ankle height
measured vertically
from the floor to the
proximal surface of
the lateral malleolus.
Ankle height
measured vertically
from the floor to the
proximal surface of
the medial malleolus.

Measurements for Dorsal Pad Dimensions
Location

Right
(cm)

Forefoot length from the
head of metatarsal I to the
point where the skin meets
the top of the foot.
Ball of foot circumference
(CIRC) measured around
the head of metatarsal I and
the head of metatarsal V

Instep-sole circumference
(CIRC) measured around
the foot at the height of the
instep.
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Measurements for Dorsal and Plantar Toe Pad Dimensions
Dorsal Location

Right
(cm)

Plantar Location

Toe 1 Length measured
from the top of the toe
to the head of
metatarsal I

Right
(cm)

Toe 1 Length
measured from the
bottom of the toe to
where the skin meets
the foot pad
Toe 2 Length
measured from the
bottom of the toe to
where the skin meets
the foot pad
Toe 3 Length
measured from the
bottom of the toe to
where the skin meets
the foot pad
Toe 4 Length
measured from the
bottom of the toe to
where the skin meets
the foot pad
Toe 5 Length
measured from the
bottom of the toe to
where the skin meets
the foot pad

Toe 2 Length measured
from the top of the toe
to the head of
metatarsal II
Toe 3 Length measured
from the top of the toe
to the head of
metatarsal III
Toe 4 Length measured
from the top of the toe
to the head of
metatarsal IV
Toe 5 Length measured
from the top of the toe
to the head of
metatarsal V

Measurements for Sole Dimensions
Draw around the foot onto paper and use for measurements.
Pad Dimension Calculation Sheet
Participant:_____________________________________
Right lateral ankle
Height: lateral ankle height * 0.6

cm

Width: ankle CIRC /2
Dorsal Right
Forefoot length
Ball of foot CIRC * 0.6
Instep-sole CIRC * 0.6
Ball of foot and Instep of sole/3

Right medial ankle
Height: medial ankle height *
0.6
Width: ankle CIRC /2

cm

cm

0.5 cm gap to stop sweat from spreading to other pads.
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Appendix D
Absorbent pad and cotton sock material were tested to ensure saturation would not be
reached during sweat mapping trials. 25cm2 pieces of material were weighed and then
immersed in water for a 5 minute period. The material was removed with excess water
allowed to drip off before being re-weighed. The weight change per surface area was
calculated for all samples. These values suggest saturation of these materials would
not be reached during 5 minute sample periods.
Sock absorbency testing
Sample
1
2
3
4
5
6
7
8
9
10
Mean
SD

Area
(cm²)
25
25
25
25
25
25
25
25
25
25
25
0

Pre Weight
(g)
0.82
0.83
0.79
0.83
0.78
0.83
0.82
0.87
0.78
0.81
0.82
0.03

Post
Weight (g)
4.03
4.03
3.82
3.81
3.68
4.12
3.85
4.11
3.82
3.93
3.92
0.15

Weight
Change (g)
3.21
3.2
3.03
2.98
2.9
3.29
3.03
3.24
3.04
3.12
3.10
0.13

Weight Change
per SA (g.m²)
1284
1280
1212
1192
1160
1316
1212
1296
1216
1248
1241.60
50.92

Absorbency testing to be conducted for absorbent material.
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Appendix E
[Insert name of research proposal]
INFORMED CONSENT
FORM
(to be completed after Participant Information Sheet has been read)
Taking Part

Please

initial box

The purpose and details of this study have been explained to me. I
understand that this study is designed to further scientific knowledge and
that all procedures have been approved by the Loughborough University
Ethics Approvals (Human Participants) Sub-Committee.
I have read and understood the information sheet and this consent form.
I have had an opportunity to ask questions about my participation.
I understand that I am under no obligation to take part in the study, have
the right to withdraw from this study at any stage for any reason, and will
not be required to explain my reasons for withdrawing.
I agree to take part in this study.
Use of Information
I understand that all the personal information I provide will be treated in
strict confidence and will be kept anonymous and confidential to the
researchers unless (under the statutory obligations of the agencies which
the researchers are working with), it is judged that confidentiality will have
to be breached for the safety of the participant or others or for audit by
regulatory authorities.
I agree for the data I provide to be securely archived at the end of the
project.

________________________

_____________________

________

Name of participant

Signature

Date

_______________________
Signature

_________
Date

[printed]

__________________________
Researcher
[printed]
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Appendix F
Health Screen Questionnaire for Study Volunteers
As a volunteer participating in a research study, it is important that you are currently
in good health and have had no significant medical problems in the past. This is (i)
to ensure your own continuing well-being and (ii) to avoid the possibility of individual
health issues confounding study outcomes.
Please complete this brief questionnaire to confirm your fitness to participate:
1.

2.

3.

At present, do you have any health problem for which you are:
(a) on medication, prescribed or otherwise ...........

Yes

No

(b) attending your general practitioner ..................

Yes

No

(c)

Yes

No

on a hospital waiting list ...................................

In the past two years, have you had any illness or injury which required you to:
(a) consult your GP ...............................................

Yes

No

(b) attend a hospital outpatient department ...........

Yes

No

(c)

Yes

No

be admitted to hospital ...................................

Have you ever had any of the following:
(a)

Convulsions/epilepsy .......................................

Yes

No

(b)

Asthma ............................................................

Yes

No

(c)

Eczema ...........................................................

Yes

No

(d)

Diabetes ..........................................................

Yes

No

(e)

A blood disorder ..............................................

Yes

No

(f)

Head injury ......................................................

Yes

No

(g)

Digestive problems ..........................................

Yes

No

(h)

Heart problems/chest pains.……………………
Yes
No

(i)

Problems with muscles, bones or joints

........

Yes

No

(j)

Disturbance of balance/coordination ................

Yes

No

(k)

Numbness in hands or feet ..............................

Yes

No

(l)

Disturbance of vision .......................................

Yes

No

(m) Ear/hearing problems ......................................

Yes

No

(n)

Thyroid problems .............................................

Yes

No

(o)

Kidney or liver problems ..................................

Yes

No

(p)

Problems with blood pressure ..........................

Yes

No

If YES to any question, please describe briefly if you wish (eg to confirm
problem was/is short-lived, insignificant or well controlled.)
......................................................................................................................................
......................................................................................................................................
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4.

Smoking, physical activity and family history
(a) Are you a current or recent (within the last six
months) smoker?
(b) Are you physically active (30 minutes of
moderate intensity, physical activity on at least
3 days each week for at least 3 months)?
(c) Has any, otherwise healthy, member of your
family under the age of 35 died suddenly during
or soon after exercise?

5.

Yes

No

Yes

No

Yes

No

Yes

No

(b) Are you allergic to any medicines?

Yes

No

(c)

Yes

No

Yes

No

Allergy Information
(a) Are you allergic to any food products?

Are you allergic to plasters?

(d) Are you allergic to latex?

If YES to any of the above, please provide additional information
……………………………………………………………………………………………………………

6.

Additional questions for female participants
(a) Are your periods normal/regular?

Yes

No

(b) Are you on your period right now?

Yes

No

(c) If yes, what day of your cycle are you on?

Day

(d) If no, when was your last period?

Day

Month

(e) Are you on hormonal contraception?

Yes

No

(f) Could you be pregnant?

Yes

No

(g) Are you taking hormone replacement therapy?

Yes

No

7. Are you currently involved in any other research studies at the University
or elsewhere?
Yes
No
If yes, please provide details.
……………………………………………………………………………………………
8. Please provide contact details of a suitable person for us to contact in the
event of any incident or emergency.
Name and Relation to Participant
………………………………………………………………………………………….
Telephone Number
………………………………………………………………………………………….
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