
LULELUNIVERSITY 

	 1997:27 

OF TECHNOLOGY 

LICENTIATE THESIS 

Insulation of Safety Footwear: 
Effect of Steel Toe Cap in the Cold 

by 

KALEV KUKLANE 

Department of Human Work Sciences 
Division of Industrial Ergonomics 

1997:27  •  ISSN:  1402  -  1757  • ISRN: LTU -  LIC  - -  97/27  - -  SE  



FOR MY FATHER AND MOTHER -

VIKTOR AND VIRVE KUKLANE 

Insulation of saf ety f ootwear: 

eff ect of steel toe cap in the cold 

LULEA
L 

UNIVERSITY 
OF TECHNOLOGY 

by 

Kalev Kuklane 

Division of Industrial Ergonomics 
Department of Human Work Sciences 

Luleå University ofTechnology 
S - 971 87 Luleå 

September 1997, Luleå, Sweden 

� 
�-

Arbetslivsi:nstitutet 
National lnstitute for Working Lite 



Preface 

The study discussed in this thesis was carried out in the group of climate ergonomics 
at the Department of Ergonomics, National Institute for Working Life. 

First of all I would like to thank my supervisors Professor  Ingvar  Holm& at 
the Department of Ergonomics, National Institute for Working Life for his continuous 
guidance and encouragement and broader insight of the field, and Professor 
Houshang Shahnavaz for the long-term support. 

I would also like to thank the staff at the Department of Ergonomics, National 
Institute for Working Life, especially all the climate group for the fine co-operation. 
My special thanks belong to senior research engineer  Håkan  Nilsson for technical 
advice and support, and researches Gunnar  Ohlsson  and D6sire6 Gavhed for 
interesting discussions. 

My thanks belong also to the staff at the Division of Industrial Ergonomics, 
Department of Human Work Sciences,  Luleå  University of Technology, especially to 
Qiuqing  Geng  for fruitful co-operation. I should mention also Associate Professor 
John Abeysekera, the secretary of the division Ingrid  Sundmark  and my colleagues 
Xiaoxiong Liu and Paul Piamonte. 

I would also thank Arbesko-Gruppen AB and Sweden Boots AB for 
manufacturing and supplying boots for the study. 

At last I want to thank everybody, who directly or indirectly have supported 
and advised me including my parents, friends, subjects etc. 

II 



Summary 

Present standard on safety footwear (EN 344) checks the insulation only at one point 
in the shoes by means of measuring the temperature change. A method that uses 
thermal foot model allows to measure footwear insulation simultaneously at various 
locations and for whole footwear as total. 

In the cause of the present research the method of heated foot model has been 
developed further. Now it is possible to simulate sweating and evaluate reduction of 
insulation of footwear due to wetting and evaporative heat loss. 

Safety footwear with various insulation levels (from thin rubber boots to thick 
winter boots) was evaluated. The footwear was manufactured both with and without 
steel toe cap and this allowed to study the thermal effect of steel toe cap in different 
conditions. 

The subjects were used in addition to physical measurements on foot model. 
Data from subjects and foot model was used in evaluation of thermal properties of 
safety shoes. 

The insulation of safety footwear can vary depending on region and insulation 
level of the footwear. Heavy winter boots had lowest insulation in toe zone and thin 
boots had heel zone as the coldest region. Sweat simulation (10 g/h during 1.5 hours) 
reduced insulation of a footwear 30-37 % depending on insulation. Reduction was 
bigger in warm winter boots. A steel toe cap in a footwear seems to have an influence 
on foot skin temperature and it modifies the heat losses from the foot.  
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Sammanfattning 

Nuvarande  standard  om skyddsskor  (EN 344)  testar  den  tenniska isoleringen bara i  
en  punkt i  skor  genom att mäta  en  temperaturändring. Metoden som använder  en  
termisk fotmodell möjliggör att mäta  isolation  hos  skor  båda i olika zoner och i hela 
skon. 

I detta forskningsprojektet  har  metoden med uppvärmd fot modell vidare-
utvecklas. Det är möjligt att simulera svettning och bestämma ändring i  isolation  av  
skor  beroende på fukt och värmeförlust genom avdunstning. 

I projektet  har  skyddsskor med olika isoleringsnivåer (från tunna 
gummistövlar till tjocka vinterstövlar) undersökts. Skorna var tillverkade båda med 
och utan stålhätta och  den  termiska påverkan av stålhättan  under  olika betingelser 
studerades. 

Förutom mätningar på fotmodell gjordes försök med försökspersoner. För att 
bedöma tenniska egenskaper hos skyddsskorna användes  data  från försökspersoner 
och fotmodell tillsammans.  

Isolationen  hos skyddsskor varierar beroende på område, tjocklek och 
materjal. Varma vinterstövlar hade  den  lägsta isolationen vid tårna medan  den  
kallaste zonen i gummistövlar var vid hälen. Simulering av svettning  (10  g/h) 
minskade isolationen med  30-37  % beroende på modell. Minskningen var större i 
vinterstövlar. Det förefaller som om stålhättan  har en  inflytande om än litet på fotens 
hudtemperatur och modifierar värmeförlusterna från foten.  
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Kokkuvöte 

Praegune kaitsejalatsite testimise standard (EN 344) kontrollib soojapidavuslikke 
omadusi vaid jalatsi ühes punktis möötes temperatuuri muutust. Meetod, mis kasutab 
termilist jala mudelit vöimaldab mööta jalatsi soojaisolatsiooni üheaegselt erinevates 
piirkondades  fling  ühtlasi ka jalatsi kui terviku soojaisolatsiooni.  

Seile  uurimuse käigus  on  soojendatava jala meetodit edasi arendatud. Praegu  
on  vöimalik simuleerida higistamist ja hinnata niiskumisest ja aurustumis-
soojakadudest pöhjustatud soojapidavuse vähenemist. 

Käesolevas töös hinnati erinevate soojapidavusastmega kaitsejalatseid (alates 
öhukestest kummisaabastest kuni paksude ta1vesaabasteni). Jalatsid toodeti nui 
terasvarbakaitsega kui ka ilma selleta ja  see  vöimaldas uurida terasninamiku termilist 
möju erinevates tingimustes. 

Lisaks möötmistele jala mudeliga tehti möötmisi ka katseisikutega. Tulemusi 
kombineeriti kaitsejalatsite soojapidavuslike omaduste hindamiseks. 

Kaitsejalatsite soojaisolatsioon vöib köikuda söltuvalt jalatsi piirkonnast ja 
saapa soojaisolatsiooni astmest. Soojade talvesaabaste köige nörgemini soojustatud 
piirkond oh varbad ja ilma sooja hoidva kihita saabastel oli  selleks  piirkonnaks  kand.  
Higistamise simuleerimine (10 g/h 1.5  tunni  jooksul) vähendas jalatsite 
soojaisolatsiooni 30-37 % söltuvalt jalatsi soojaisolatsiooni astmest. Kahanemine oh 
suurem talvesaabaste puhul. Näib, et terasvarbakaitse möjutab jala nahatemperatuuri 
ja muudab soojakadusid jalast. 
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Insulation of safety footwear: effect of steel toe cap in the cold 

The thesis are based on three papers and some unpublished data. Papers are presented 
under Appendices: 

Kuldane,  K.,  Nilsson,  H.,  Hohner, I., Liu,  X.,  1997, Methods for handwear, footwear 
and headgear evaluation. Proceedings of a European Seminar on Thermal Manikin 
Testing. National Institute for Working Life, February 12, 1997,  eds.  Nilsson,  H.  and 
Holin6r, I., Arbetslivsrapport 1997:9, pp. 23-29 

Kuklane,  K., Geng, Q.  and Holmer, L, Appendix 2, Thermal effects of steel toe caps 
in footgear. International Journal of Industrial Ergonomics, accepted 

Kuldane,  K.  and Hohn6r, I., Appendix 3, Effect of sweating on insulation of 
footwear. International Journal of Occupational Safety and Ergonomics, submitted 
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Insulation of safety footwear 

1. Literature review and introduction 

1.1 Basic information 

Air temperature, radiant temperature, humidity and air velocity are the four 
environmental factors which affect human responses to thermal environments. Their 
combination with the parameters of metabolic heat generated by human activity and 
clothing worn by a person provides the six basic factors which define human thermal 
environments (Parsons, 1993). The stress of thermal environment results from a 
complex interaction of these six factors (Holm6r, 1991). 

The severity of environment is determined by the conditions for the 
maintenance of heat balance (Holm6r, 1991). Cold is a sensation that results from 
heat loss (Slonim, 1974). Cold is regarded by the workers of this kind of work as the 
main cause of accidents, illness and different types of complaints (Enander et al, 
1979). 

1.2 People in cold environment 

The primary control centre for thermoregulation is in the hypothalamus (Parsons, 
1993). The input to the hypothalamus from temperature sensitive nerve endings is 
decisive for the intensity of the heat production (Reinertsen, 1991). In a cold 
environment, this control system will try to maintain thermal balance. 

Conservation of heat is achieved by physical thermoregulation. It is brought 
about by a reduction of blood flow to the surface and a counter current heat exchange 
between arterial and venous blood (Slonim, 1974). For example, under cold 
conditions the arterial blood enters the foot at a temperature of about 30  °C.  (Love, 
1948). When cold receptors are excited, more heat is produced by increasing the 
metabolic rate and heat loss is diminished by vasoconstriction (Schmidt, 1978). This 
protective response causes a drop in skin temperature and may also cause shivering. 

To minimise heat loss and to preserve thermal homeostasis of the central part 
of the body, peripheral circulation is decreased in cold exposure. This causes cooling 
of the extremities, which will diminish muscle power and performance since a 
considerable proportion of the muscles are situated in the legs and arms (Rintamägi 
et. al, 1992). Vasoconstriction also reduces skin blood flow causing a loss in 
sensitivity (Parsons, 1993). 

Experimental evidence indicates that even relatively mild thermal stress may 
affect human performance. The deterioration in manual performance is associated 
with lower hand-skin temperature (Sanders and McCormick, 1987, Enander, 1989). 
Grip strength decreases when hands are cooled. The electrical activity of the most 
superficial muscle fibres drops due to cooling (Vincent and Tipton, 1988). If 
temperature falls muscles become stiff and blood viscosity increases and movements 
become clumsy (Parsons, 1993). Movements involving the fingers are affected more 
than those of the hands (Sanders and McCormick, 1987). Cold affects sensitivity, 
strength, simple and complex movements. The negative effects of cold are the 
changes in mechanical properties of the skin, effects on biomechanical processes at 
nerve or receptor level, loss of muscle strength and increased viscosity of the synovial 
fluid in the joints (Enander, 1986). In addition, discomfort and shivering provide 
distractions and cause behavioural changes (Parsons, 1993). The risk of accidents and 
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Insulation of safety footwear 

injuries is greater in situations involving rapid work under stress or use of sharp 
implements (Enander, 1986). 

For freezing injuries, pinching pain is the first symptom. This sensation 
disappears before the actual freezing takes place as nerve conductivity is abolished 
below +7  °C  in the tissue. Later sensation fails totally. For non-freezing injuries 
numbness, paraesthesia and pain disturbing sleep can be the first signs  (Granberg,  
1991). When hypothermia develops, the victim is often apathetic, feeling weak and 
not volitional to start his muscle activity  (Granberg,  1991). 

1.3 Protection from cold 

There are two approaches to prevent cold injuries  (Päsche  et al, 1990): 
a) to increase heat production;  
b) to reduce heat losses. 

In the cold, a higher insulation value means less heat loss and more efficient 
protection against body cooling (Holm6r, 1987). A man who is comfortably dressed 
for inactivity will be grossly overdressed for hard work in the same ambient 
temperature, and vice versa (Haisman, 1988). Moisture, e.g. sweat, that collects in 
clothing causes problems, especially when the periods with high activity are followed 
by periods of low activity  (Päsche  et al, 1990, Gavhed, 1996). Clothing must provide 
protection against hazardous substances, but at the same time allow vapour 
permeability (Nielsen, 1991). 

Several studies have demonstrated rapid cooling of the feet while standing 
still (Enander et al, 1979, Williamson et al, 1984). This can be attributed to decreased 
heat production and reduced blood flow to extremities (Nielsen et al, 1985). Inactive 
man exposed to cold climates and dressed in conventional cold-weather clothing 
experiences difficulty in maintaining the temperature of the hands and feet. Comfort 
and performance are degraded as the temperature of the extremities falls with 
duration of exposure (Haisman, 1988). To protect feet from cold we need to have 
footwear properly insulated. Here the term 'safety footwear' spreads to all type of cold 
climate footwear. Many activities in cold still need the protection of toes with steel 
cap, too. 

Electrical heating is a form of auxiliary heating which can offer a solution in 
some circumstances and is most useful when the wearer can conveniently connect to 
a power supply of a vehicle or some other type of equipment (Haisman, 1988). Other 
methods of keeping extremities and whole body warm are important. For example, 
breaks and warm-ups can be arranged and clothing design should allow easy doffing 
and donning to provide possibility for condensed humidity to evaporate (Nielsen, 
1991). 

Another way to avoid cooling is exercise. The human body is constantly 
producing heat. At rest it is about 50 W, but can easily rise to 500 W or more for 
short periods of very heavy activity (Crockford, 1979). Exercise intensity is critical 
for exposure time. The more heat that is available for the extremities, the longer is the 
exposure time (Holm6r, 1991). 

Working muscle groups are the sites of local heat production and moreover, 
working with a large mass of leg muscles stimulates circulation in the feet which is 
known to be directly related to foot temperature (Rintamägi and Hassi, 1989a). For 
cold climate outdoor activities we cannot forget snow. Metabolic energy expenditure 
for walking in snow grows as the footprint depth increases (Pandolf et al, 1976). 
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Insulation of safety footwear 

1.4 Feet and boots 

A thorough literature survey on various aspects of feet and cold weather footwear has 
been written by Bergquist (1995) as a part of her licentiate thesis. 

1.4.1 Feet in cold: The extremities are more affected by the cold exposure compared 
to other parts of the body. The hands and feet have a surface area which is very large 
in relation to their volume (Williamson et al, 1984). Due to the unfavourable surface 
to mass ratio of human extremities these parts suffer exceptionally high rates of heat 
loss (Holmer, 1991). 

Extremities have little local metabolic heat production because of their small 
muscle mass and this falls with tissue temperature. For example, each foot may 
generate up to 2 W, but at tissue temperatures below about 10  °C  this may be reduced 
to about 0.2 W (Oakley, 1984 ; Dyck, 1992). The heat balance of extremities rely 
greatly upon heat input by warm blood from the body core. Extremity blood flow is 
under thermoregulatory control and is often reduced in the cold when heat production 
is moderate or low (Holmer, 1991). The amount of heat given by the blood flow to 
foot reaches over 30 W in the warm or during exercise, but it is greatly reduced by 
cold and may fall below 3 W (Oaldey, 1984 ; Dyck, 1992). 

The third source of heat input in feet is heat content of the feet themselves. 
Each foot at mean temperature of 35  °C  has about 160 id of heat above an ambient of 
0  °C.  Even when the mean tissue temperature falls to 5  °C  this is still 23 kJ (Oakley, 
1984; Dyck, 1992) 

The hands and feet are in frequent contact with cold surfaces compared to 
other body parts. This further explains, why the extremities are more affected by cold 
exposure (Bergquist and Abeysekera, 1994). They are the first parts to be affected by 
chilling and it is where the results of chilling are most acute (Williamson et al, 1984). 
According to statistics regarding cold injuries at work in Sweden, 73% of the cold 
injuries in 1991 were on the hands and feet (Arbetarskyddstyrelsen, 1992). No matter 
how warm the rest of the man's body is, if he has cold and wet feet he will still feel 
uncomfortable and may get a cold injury (Oakley, 1984). 

Humans attain warmth when activity is at its peak. Concurrent sweating 
contributes to more rapid cooling during low activity (Enander et al, 1979). A study 
by Love (1948) showed, that from the heat lost in the cold from the feet, 27 % was 
evaporative loss and the water loss from the feet often equalled in intensity that from 
the body. Rintamägi and Hassi (1989a) also concluded that the dependence of 
sweating in foot skin temperature is obvious. 

Oakley (1984) studied the performance of military boots under field 
conditions. The results showed that toe skin temperatures decreased quickly, 
especially when the person was inactive in the cold. The toes might warm up during 
exercise, but fell rapidly when the exercise ceased. This temperate fall could be 
quicker, if sweating had made the footwear wet. Moisture, either absorbed from the 
outside or inside reduces the insulation. Similar results are also reported by Bunten 
(1982). Endrusick et al (1992) report the reduction of insulation by up to 35 % after 
prolonged soak. Kuklane and Holm& (Appendix 3) show a reduction of similar 
proportion after simulated sweating (10 g/h). 

Work in the cold with long periods of standing requires high insulation of 
clothing as well as of boots. The preservation of warm feet in the cold is the result of 
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Insulation of safety footwear 

a balance between heat input by circulatory blood and the heat losses. Thus, 
physiological factors as well as the insulation values of footwear and socks become 
decisive. Walking results in increased heat production and better blood circulation to 
feet. Consequently, the foot temperatures will remain higher  (Päsche  et al, 1990). 

If a person generally feels cool, he will notice it most perceptively in the feet. 
Since the skin temperature there, because of the vasoconstriction, is normally lowest. 
The cold feet may actually be only a symptom of general cold discomfort  (Fanger,  
1972). This is confirmed by Rintamägi and Hassi (1989b). 

Tanaka et al (1985) showed that cold and pain sensation during immersion of 
feet into cold water was strongest during the second minute of exposure when the 
constant temperature change was quickest. Later the temperature drop slowed down, 
and pain and cold sensations reduced. In a study by Tochihara et al (1995) a similar 
trend was noted. During shorter exposures the rate of skin temperature drop was the 
same as during longer exposures. However, the constant change was shorter in shorter 
exposures. In general it took longer time with short exposures to reach the same skin 
temperature than with long exposures. There was lower pain and cold sensation 
during short exposures although final lowest skin temperatures were about the same. 
The cold or pain sensation is often connected with a particular foot part: heel or even 
more often toes. And as the thermal sensation depends mostly on the temperature of 
the coldest part of the leg, then the cold protection of toes is important (Rintamägi 
and Hassi, 1989b). Similar conclusions as in above mentioned studies were drawn in 
a study by Kuldane et al (unpublished). 

Foot temperature is related to a number of different factors, e.g. activity, 
insulation and cleanliness  (Päsche  et. al., 1990). The feet are comfortable when the 
skin temperature is about 33  °C  and the relative humidity next to the skin is about 60 
% (Oakley, 1984). They start feeling cold at toe temperatures below 25  °C,  while 
discomfort from cold is noted at temperatures under 20-21  °C  (Enander et. al., 1979). 
Further decrease of the foot temperature to 20  °C  is associated with a strong 
perception of cold (Luczak, 1991). This was confirmed by Kuldane et al 
(unpublished). However, at the same time the toe and/or heel temperatures were 
found to be considerably lower. 

Williamson et. al. (1984) found that the hands and feet were particularly 
vulnerable to cold. In their studies, the average toe skin temperature before and after 
work in a cold store was 28.2  °C  and 24.1  °C  respectively. For the hands, the 
difference in skin temperature drop was 7.0  °C  (from 30.9  °C),  but the increase in 
discomfort sensation was 14 % for feet, while it was only 10 % for the hands. 

1.4.2 Feet injuries and protection from them: Performance of people depends to a 
large extent on their thermal conditions. For many occupations, e.g. foresters, 
farmers, industrial and construction workers, military personnel etc., personal 
mobility is of great importance. Personal mobility depends on legs and feet, and their 
condition is largely dependent on footwear. Footwear can be of different type, but 
working conditions dictate the specific one. 

The difference of the occupations, e.g. in the cold environments, from the 
point of view of feet is that jobs of the mobile type have lots of motion with shorter or 
longer breaks. Standing jobs, e.g. meat cutters job, are done mainly in one place and 
with few motions around. In first case one has to deal with intensive evaporation in 
feet due to work, as well as rapid cooling in times of inactivity with discomfort 
feeling due to high humidity concentration in footwear. The second case involves the 
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cooling of feet through intensive heat loss by conduction and lower heat input from 
blood flow, especially if there is not much possibilities for feet motion and warming 
them up with exercise. With exercise it is possible to warm up extremities or at least 
stop the cooling, but none of those exercises used in the study by Rintamägi, et al 
(1992) was able to warm up toes. Therefore, special attention should be devoted to 
cold protection of the toes. 

Combat conditions involve both cases. An additional trouble in combat 
conditions is that often people don't have opportunities to take off the boots, dry them 
or just go somewhere and warm themselves up (Oakley, 1984; McCaig and 
Gooderson, 1986; Dyck, 1992). A study by McCaig and Gooderson (1986) shows, 
that the most common problems during the Falkland conflict were the performance of 
boots and feet condition. There have been recorded a lot of data about frostbite on 
feet, trenched feet etc.. The recorded data dates back to 18th century, where military 
medical service started to take real care of soldiers (O'Sullivan et al, 1995). Frostbite 
occurs when skin temperature falls below its freezing point, i.e. 0.6  °C,  and tissue 
freezes. The recovery period is accompanied by easily visible changes such as 
blistering and gangrene (Oakley, 1984; Dyck, 1992). 

Incidence of trench foot has been noted in environments with ambient 
temperatures from just below to well above freezing. Factors in its causation are cold, 
wet, immobility, dependency of the feet and tightness of the boots and other 
restrictions to normal circulation. Typically, the first sign is loss of sensations in the 
toes (Oakley, 1984; Dyck, 1992, O'Sullivan, 1995). Endrusick et al (1992) has 
studied non-freezing and other foot injuries in military conditions and has shown 
similar problems. 

Providing the feet with adequate insulation is the most important single 
measure to counteract the injurious effects of cold (Haisman, 1988). Nielsen (1991) 
mentions the possibility of using electrically-heated socks and gloves. Someren et al 
(1982) warn by the results of their study that active heating of gloves and footwear in 
either cold air or cold water may carry the risk of inducing insidious hypothermia. 
There can also be several types of trouble with electrical heating connected with 
equipment and activities (Haisman, 1988). 

In 1993, over 43,000 reported toe/foot injuries in Sweden were work related 
(Arbetarskyddstyrelsen, 1995). Steel enforcements in footwear are aimed at avoiding 
most of these injuries. Many jobs require additional protection of the toes or shins 
(safety boots) (Oakley, 1984). However, safety boots are often heavy, bulky and 
"cold", making people less inclined to use them. 

Endrusick (1992) studied different types of boots for the U.S. Navy. He found 
that if the boots lacked an integrated steel safety toe, the personnel were at a higher 
risk of severe foot injuries. However, the steel toe cap can restrict fitness and 
adjustability (Bergquist and Abeysekera, 1994). In their questionnaire survey the 
highest reported problem was on footwear thermal comfort (57 %). Of this, 43 % 
related to discomfort and cold sensation associated with the steel toe cap and it's 
alleged cooling effect. However, studies have not shown any conclusive effects of the 
steel toe cap on the thermal properties of the shoe. According to  Päsche  et. al., 
(1990), work shoes with steel caps and steel-soles were not thermally different from 
the same models without steel enforcements. 

1.4.3 Footwear design: User involvement in any kind of user-oriented product 
development is of critical importance. The effect from user involvement in footwear 
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design is shown by  Rosenblad-Wallin (1988) in the study on developing new military 
boots. 

The feet are an unusual part of the human body because in normal 
circumstances only they are in contact with the ground serving as the main or only 
route of conductive heat loss. Because of the unfavourable mass-surface area 
relationship of the feet and the lack of a large mass of foot muscles, the feet are 
susceptible to loosing heat but are unable to produce it in large amounts (Rintamägi 
et al, 1992). 

McIntyre and Griffiths (1975) pointed out by the results of their study on the 
effects of added clothing on warmth and comfort in cool conditions that the feelings 
of discomfort of their subjects were associated with cold feet. For improving ordinary 
indoor thermal conditions floor heating can be recommended, but for outdoor and for 
some other indoor conditions it cannot be used. 

There are many conflicting requirements of ideal footwear design, such as 
mobility, protection, insulation, waterproofing, vapour permeability, durability, 
weight, fit, supply, etc. (Oakley, 1984). Safety shoes that are worn in the cold climate 
have to protect from work hamds and at the same time offer thermal comfort to the 
wearer (Bergquist and Abeysekera, 1994). The total foot comfort is determined by the 
interaction between socks, soles and shoes. Shoe should fit well on the foot. It should 
be large enough for socks and allow the toes to move (Nielsen, 1991). Fitness, 
thermal comfort, protection from work hazards, low weight and anti slip are most 
important when designing safety shoes for cold climate (Bergquist and Abeysekera, 
1994). 

The important factors for feet temperatures are the insulation properties of the 
shoe and the extent to which blood circulation to the feet is being affected  (Päsche  et 
al, 1990). The insulation properties of shoes to a great extent depend on the amount 
of air trapped inside the fabric and between the foot and the shoe. Compression of 
insulation layers must be avoided if possible. In cold climate, it is important that the 
shoes are big enough to accommodate the thick socks (Bergquist and Abeysekera, 
1994). Attempting an increase in insulation by increasing the number of socks may 
not be very efficient - e.g. stuffing two pairs of socks into a boot designed for one 
pair results in squeezing out of insulation air and substituting for conducting fibre. At 
the same time compression of the foot can occur and this reduces the circulatory heat 
delivered to it  (Päsche  et al, 1990). 

Boots must possess good thermal insulation. The sweat secreted by feet 
should not condense inside the boots in disturbing amounts. Boots should be able to 
protect the feet from wetting due to environmental moisture (Rintamägi and Hassi, 
1989a). Dampness of the fabrics leads to impaired insulation properties. During 
walking or other activities where feet are involved the air moves in footwear. The so-
called pumping effect is a good way to get rid of water vapour. The shoe must be 
designed in a way that it allows the pumping effect (Bergquist and Abeysekera, 
1994). In the case of winter boots, the pumping of moist air during walking by the 
study of Rintamägi and Hassi (1989a) is minimal. 

Weight is another important factor for choosing footwear. Several studies 
have shown that increase in weight of footwear for 100  g  will increase oxygen 
consumption for about 0.7-1.0% (Frederick, 1984; Jones, et al, 1984; Jones, et al, 
1986; Legg and Mahanty, 1986). The weight added to footwear is equivalent, in 
energy cost, to about 5 and more times the weight carried on the torso (Legg and 
Mahanty, 1986; Oakley, 1984). The other factors for choosing footwear can be colour 
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and reflectance which can have an effect on heat load. The dark colours customarily 
chosen for boots absorb the most incident radiation, so that when there is positive net 
radiation they will be the warmest (Clark and Cena, 1978; Oaldey, 1984). 

However, cold injuries to heels and toes are not the most common problems of 
improper boots for cold environment. Injuries caused by slipping and falling are more 
frequent  (Päsche  et al, 1990). The sole must be designed according to the intended 
use of footwear, to avoid slipping and stumbling, but also to protect from harmful 
effects of contacting surfaces of various conditions (oil, nails etc.). Chiou et al (1996) 
and Rowland (1997) describe some methods for testing slipping. 

1.5 Some test methods for determining the insulation values 

Various methods can be used for determining the insulation of garments. One way is 
to measure the heat and vapour transfer properties of textiles (EN 31092) and later 
estimate the insulation and evaporative resistance by mathematical calculations. 
Another possibility for estimating thermal properties is to measure the rate of the 
change in temperature inside of a product after moving it from one environmental 
condition to another. It is done in such way by present standard for testing footwear 
(EN 344). The third method involves thermal models/mannequins. Recorded heat 
losses through garments at constant environmental and model surface temperatures 
allow to calculate the insulation value of a garment. These principles are used for 
evaluation of gloves (EN 511) and clothing (prEN 342). 

There are whole body thermal models/mannequins available for evaluation of 
climatic conditions and clothing  (Hohn&  and Nilsson, 1995; Holm& et. al., 1995; 
Meinander, 1992). Because of various reasons it is quite hard to divide whole body 
mannequin into ultimate number of zones and often there is not a need for that. 
However, sometimes a more exact evaluation of various local areas is needed. Hand 
(Nilsson et al, 1992), head (Liu and Holm&-, 1996) and foot (Bergquist and Holm&, 
1995) models of this type have been developed. 

Present standard for testing footwear (EN 344) does not give a good answer 
on various aspects of thermal protection provided by footwear. The test method for 
determining the thermal properties that is used in the EN 344 does not provide 
sufficient feedback on the weak points in the construction to the manufacturers. 
Berquist et al (1994) has described various methods for measuring the thermal 
protection of footwear. The method used by Endrusick et al (1992) is one of them. In 
this method an Automated Foot Model was used in dry conditions and after 18  h  
immersion in 8 cm water. Bergquist and Holm& (1995) suggest a dynamic method 
for determining dry heat loss from footwear. In their study the effects of weight and 
size were studied, too. 

Beside the measurements of dry heat loss, it is possible to simulate sweating 
in some models (Meinander, 1992, Liu, 1997). Sweating has been simulated on foot 
model, too (Kuldane and Holm&, 1997, Kuldane and Holm&, Appendix 3). 
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2. Aims and objectives 

Cold feet and toes are common problems at various jobs and activities. From the 
results of the study conducted by Bergquist and Abeysekera (1994) the demand for 
thermal comfort of cold weather safety shoes was ranked second after fitness and 
before protection from work hazards. Therefore, it is important to chose shoes with 
proper insulation properties for various jobs. Thermal comfort of feet does not depend 
only on insulation of footwear, but also on humidity level in the boots, boot material, 
activity etc.. 

The steel toe cap and its alleged cooling effect has been a frequent subject of 
complaint. However, the studies have not pointed out any effect of the toe cap on the 
thermal properties of the shoe. According to  Päsche  et. al., (1990) the work shoes 
with steel caps and steel-sole layers were not thermally different from the same shoe 
models without steel enforcements. The only difference that has been established is 
that the time for rewarming the foot when going inside is a bit longer when wearing 
shoes with steel toe cap (Arbetshygienska  Institutet,  1982). 

It is hard to find particular studies on the thermal effects of steel cap in 
footwear. For this reason and to acquire relevant data on this subject a new research 
study was designed and conducted at the National Institute for Working Life (NIWL). 
The objectives of the research study were to: 

1. In a series of studies compare insulation values of two types of cold weather 
footgear, both with and without steel toe caps, by means of measurements with an 
artificial heated foot as well as wear trials with subjects. In contrast to previous 
studies a more sophisticated measurement protocol was used. The boots for 
comparison were specially prepared and manufactured by a shoe manufacturer. 

2. Look at the effects on thermal insulation of wetting of the footwear from 
the inside. Various boots were used to give relevant basis for further studies with 
subjects. 

3. Simultaneously, the study series aimed to find out the trends and the need 
for further research in this particular area. Of special interest was to improve the basis 
for an alternative test method instead of the present standard (EN 344) for 
determining the thermal properties of cold weather footwear. The test method should 
give a good basis for classification of footwear, as well as providing feedback to the 
manufacturers. 
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Figure 1. Old (F2) and new (F3) foot models. 

Insulation of safety footwear 

3. Methodology 

Study series consisted of measurements on thermal foot models, as well as tests with 
human subjects. 

3.1 Artificial heated foot models 

Two artificial heated foot (AHF) models (Figure 1) were used for measuring heat loss 
through footwear. Both of them are working on the same principles. The main 
principles are to keep certain variables constant, e.g. surface temperature of the model 
and environmental temperature, and by changing other parameters, e.g. clothing, 
measure the difference in third parameters, e.g. power input. Power input is 
proportional to the heat loss. Further calculations give useful information on 
products, e.g. insulation values. The regulation program for thermal models at 
National Institute for Working Life (NIWL) allows to choose a constant surface 
temperature, a constant heat loss or physiological temperature. However, most 
commonly is used constant surface temperature (usually 34  °C)  for measuring heat 
losses and calculation of clothing insulation. The calculations are carried out for each 
zone separately, for zone groups and /or for whole model: 

Q=IVAi  (1)  

kr  F(Ti-Ta)/Qi  (2)  

kr=(  Ts-Ta)/(EPiff-Ai)  (3)  

where Pi  - power to each zone (W), Ai  - area of each zone (m2);T, - surface 
temperature of a zone  (°C);  T, - mean surface temperature  (°C);  Ta  - ambient air 
temperature  (°C);  1 - insulation of a zone (m2°C/W);  kr  - total insulation (m2°C/W). 
In Kuldane et al (1997, Appendix 1) is 
available a short description of 3 models of 
this type. 

The new model was made during 
the study series. It differs from its 
predecessor by the number of zones, and 
joint motion. Previous model (F2) had 9 
zones versus 8 zones on new model (fl). 
F2 has a movable joint only at toes while 
F3 can be moved at toe and ankle joints 
(Figure 1). Thanks to the flexion at ankle it 
is possible to push fl into the proper size 
(40-41) of footwear. The length of the foot 
of F3 is 254 mm and width 86 mm versus 
263 and 87 mm of F2. 

The main improvement of F3 is that 
it has 3 in-built sweat glands. They are 
located on the top of the toe zone, under the 
sole at the border of heel and sole zones, 
and on the lateral side of the wrist zone. 
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The new model's surface is totally covered with tape to restrict the water from 
reaching the measuring wires and causing short-circuit, while the old model has the 
tape only on measuring wires. The total volume and areas of the models are about the 
same. 

The heat losses from the models are measured and the insulation values can be 
calculated for the whole boot as well as for the independent zones. The latter allows 
the more precise evaluation of footwear. The method is also described by Bergquist 
and Holm& (1995). 

3.2 Climatic chamber 

A well functioning climatic chamber is a demand to keep environmental conditions 
constant at desired level. The cold chamber used in the study is adjustable from +5  
°C  to -40  °C.  The changes from the set temperature are in the range of ±0.5  °C.  Air 
velocity is kept at 0.15±0.05  m/s.  

3.3 Boots 

In the first study (Appendix 2) 2 boot models (W and V) were tested. The models 
were manufactured both with (WS and VS) and without steel toe cap (WN and  VN).  

In the second study (Appendix 3) the boots were chosen to represent various 
insulation levels - from thin rubber boot  (B)  to well insulated leather boot (W). Four 
boot models were used (AS, BS, VS and WS). These models were manufactured 
without steel toe cap, too (AN, BN,  VN  and WN). A and  B  were the thin boots, and 
V and W were the winter boots. 

For more detailed description look corresponding Appendices. 

3.4 Conditions and procedures of the first study (for more precise description look 
Appendix 2) 

3.4.1 Measurements with the artificial heated foot: Insulation values were 
determined at a chamber temperature of -20  °C  with the AHF (F2) placed on a 
copper/zinc alloy plate. Each measurement lasted for about 90 minutes. Double 
determinations were carried out for each case. The same procedure was repeated with 
sock and at environmental temperature of -10  °C.  A vertical pressure of 100  N  was 
applied to the AHF to simulate the pressure exerted on the soles by a sitting subject. 

Another test was done with the AHF to compare the rate of change of heat 
loss through the footwear. The AHF was fitted with the boot and exposed to room 
temperature (19.0±0.5  °C)  for 30 minutes. The boot with AHF was then placed under 
-10  °C  for 90 minutes and again kept at room temperature for 1 hour (i.e. altogether 
180 minutes). The difference in the drop (120 to 145 min) in heat loss from the toe 
zone was used to compare the thermal properties of boots with and without steel caps. 
Measurements with each boot were repeated 3 times. 

3.4.2 Measurements on subjects: Six male subjects with an average age of 33±6 years 
(26 to 43), height of 174±7 cm (167 to 186) and weight of 79.2±5.5 kg (71.0 to 85.7) 
were used in the experiment. Each subject had to perform the test twice. 
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NTC-resistance, temperature matched thennistors of type ACC-001 
manufactured according to Mil-T-23648 were used for skin and chamber temperature 
measurements. Skin and chamber temperatures were recorded every minute. 

The climate chamber temperature was kept at -10  °C  for all the trials. Room 
temperature outside the climatic chamber was at 19.0±0.5  °C,  with a relative 
humidity of 28±5 %. Three thermal sensors were attached on each foot. They were 
placed on the dorsum of the foot, on the lateral heel and on the second toe. Skin and 
chamber temperatures were recorded once every minute. 

Boots WS and WN of appropriate sizes were used by the subjects. The pairs 
of boots were mixed so that a pair consisted of one WS and one WN. Three subjects 
wore WS and three wore WN on their right foot during their first trial. The second 
trial was just the opposite. 

Socks of the same model were also provided for all the subjects. The subjects 
were told not to move their legs during the exposure. However, some movement of 
legs occurred during the tests. 

The following scale was used for recording thermal responses. The subjects 
were free to tell any value in between the given scale values. 

4 	very hot 
3 	hot 
2 	warm 
1 	slightly warm 
0 	neither warm nor cool 

-1 	slightly cool 
-2 	cool 
-3 	cold 
-4 	very cold 

Each trial lasted for 120 minutes, during which the subjects constantly wore 
the boots. They sat at room temperature when the measurements of skin temperature 
started. On 30th  minutes they moved to the climatic chamber (-10  °C).  After 90 
minutes of the experiment (60 minutes of cold exposure) the subjects left the climatic 
chamber. For the next 30 minutes skin temperature recovery was recorded. 

3.5 Conditions and procedures of the second study (for more precise description 
look Appendix 3) 

The tests were carried out under standardised conditions: chamber temperature 
+3±0.5  °C,  wind 0.15±0.05  m/s.  The foot model (F3) was placed in an upright 
position on a copper/zinc alloy plate. The duration of each test was 90 minutes and 
each condition was tested twice. Between the tests the boots were left at room 
temperature (21±0.5  °C,  relative humidity 33±5 %). All the tests were carried out 
when the foot was standing. Boots of size 41 were used for test. Six conditions were 
used for testing the boots (Table 1). 

In wet condition the water was supplied with a peristaltic pump (Pretech 
Instruments, Gilson). The flow was regulated to be 10 g/h, i.e. from each gland came 
around 3.3 g/h. For 90 minute test the total water supply was 15  g.  A thin sock was 
used for better water distribution. The weight of the boot and sock was measured at 
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the beginning and at the end of each trial. The water tubes to the foot were insulated 
and the water temperature was kept at 34  °C.  The tests were repeated when the boots 
had dried again to the weight level of dry tests. 

Table 1. Combination of measurement conditions. 

Abbreviation Dry/Wet Weigh 35 kg Sock 
DNN Dry No No  (N)  
DW1 Dry Yes Thick (1) 
DN2 Dry No Thin (2) 
DW2 Dry Yes Thin (2) 
WN2 Wet No Thin (2) 
WW2 Wet Yes Thin (2) 
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4. Results and discussions 

The full results and discussions of the study series are given in each appendix 
(Appendices 1-3). Appendix 1 introduces the methodology. The summaries of the 
results and discussions of Appendices 2 and 3 are given later in this section. Below 
are shown and discussed some results that are not included in the publications. 

4.1 Comparative study of 2 thermal foot models 

After finishing the new model (F3), a small comparative study was carried out. The 
data from Kuldane (1995) and new data measured with F2 and F3 were analysed. The 
procedure was tried to keep as close to the previous study as possible. The same 
calculation methods were used. Note that the estimated voltage drop was used in 
these calculations. 

The results are shown in Tables 2 and 3. The separate insulation value of a 
sock measured with F3 was 0.140 m2°C/W and with F2 was 0.137 m2°C/W. The 
insulation of air layer measured with bare model was for F3 0.088 m2°C/W and for 
F2 0.085 m2°C/W For toe zones of both models it was 0.082 m2°C/W. 

Table 2. The insulation values for whole boots (m2°C/W). 
Boots and conditions 

Model 	Sock 	Steel toe Size 
F3 F2 F2 by Kuldane 

(1995) 
515 yes yes 43 0.285 0.269 
515 no yes 43 0.266 0.259 0.254 
515 yes no 43 0.288 0.272 
515 no no 43 0.269 0.265 0.253 
520 yes yes 42 0.302 0.293 0.284 
520 no yes 42 0.277 0.271 0.261 
520 yes no 42 0.307 0.298 0.289 
520 no no 42 0.284 0.277 0.267 

Table 3. The insulation values for toe zones (m2°C/W). 
Boots and conditions 

Model 	Sock 	Steel toe Size 
F3 F2 F2 by Kuldane 

(1995) 
515 yes yes 43 0.243 0.241 
515 no yes 43 0.227 0.224 0.233 
515 yes no 43 0.247 0.248 
515 no no 43 0.229 0.235 0.231 
520 yes yes 42 0.260 0.260 0.262 
520 no yes 42 0.242 0.245 0.243 
520 yes no 42 0.269 0.274 0.270 
520 no no 42 0.250 0.251 0.248 

The tables show that the insulation values of F2 and F3 were quite close. The 
insulation values of toes were very similar. The total insulation values for boots had 
still noticeable differences. The differences between F3 and F2 were less than 0.01 
m2°C/W. In all cases F3 had higher values than F2. The reason could be that the 
surface of F3 is totally covered with tape but F2 has tape only on measuring wires. 
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Similar type of difference was present between F2 of this comparative test and 
F2 of the study by Kuldane (1995). The differences for certain boots and conditions 
were even higher than 0.01 m2°C/W, although they stayed in the limit of 5 % 
(recommended maximum difference for two tests in whole body mannequin testing, 
prENV 342:1996). These differences could be due to some differences in 
experimental conditions, e.g. location of the model in chamber and dependence of air 
velocity on the location. The sock of the same type was used in this study, but not 
exactly the same one as in Kuldane (1995).The results from F3 differed from the 
results of old study more than the limit of 5 %. However, the insulation of toe zone 
was practically the same. 

4.2 Summary of the results and discussion of the first study (Appendix 2): Thermal 
effects of steel toe caps in footgear 

The difference between double determinations of insulation with  ABF  was 
usually less than 0.005 m2°C/W (about 2 %). This indicates high accuracy and 
reliability of the method. The observed differences between the boots with and 
without steel toe caps as well as the changes in heat loss can thus be considered valid. 
The experimental results showed no major differences between boots with and 
without steel toe caps. Still, some important tendencies can be noted. 

There were no differences between insulation levels of boots with and without 
steel cap for one boot model, but the differences were statistically significant for the 
second model showing slightly higher insulation values for the boot without steel cap. 
No significant differences due to insulation dissimilarities could be found from the 
measurements on subjects. 

Statistically significant differences were found for both models regarding the 
rate of change of heat loss from AHF when its location was changed from warm to 
cold and back to  wann.  The rise and decrease of heat loss from AHF depended on the 
rate of temperature change of the boots. The results showed that a faster change in 
heat loss from AHF occurred for boots without steel toe caps. Data from subjects 
seemed to confirm this by a somewhat faster, though not significant, rise in toe skin 
temperatures after cold exposure in boots without steel toe caps. The effect may be 
attributed to the higher mass and heat contents of the boots with steel toe cap. 

The results showed that foot skin temperatures under cold condition tended to 
stay somewhat higher in boots with steel cap. However, when the subjects came out 
to a warm room, the foot skin temperatures in steel capped boots dropped more 
compared to boots without steel cap. This effect can be especially seen on the toe skin 
temperatures. A similar tendency was present for toe skin temperatures of all subjects. 
The rewanning of the feet after cold exposure takes longer time in boots with steel toe 
caps. 

The small differences in the subjects foot temperatures, although not 
significant, may reflect the difference in heat content. Although, boots without steel 
cap had higher insulation, the foot temperatures in these boots stayed lower in cold 
conditions than those in boots with steel toe cap. At the start of the trials, the subjects 
were seated at room temperature for 30 minutes with the boots on. During this time 
the feet temperatures rose and the boots could thus gain heat. In the cold, the feet 
stayed  wann  longer in with steel cap due to the higher heat content of these boots. 
Especially noticeable was the effect on the toes where the extra mass was located. 
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After coming out from the cold, the situation changed - the extra mass kept the feet 
cold longer. 

4.3 Summary of the results and discussion of the second study (Appendix 3): Effect 
of sweating on insulation of footwear 

The mean difference and standard deviation for the double determinations for the 
insulation of whole shoe was 0.004±0.003 m2°C/W and for the toe zone 0.004±0.004 
m2°C/W in dry conditions, respectively 0.006±0.006 m2°C/W and 0.004±0.003 
m2°C/W in wet conditions. Difference between replicates in dry conditions was less 
than 2 % of the mean value for all measurements, respectively 3 % for wet 
conditions. Differences between means of double determinations for different shoes 
exceeding 4 %, respective 6 % would then be significant (p<0.05). The values for dry 
conditions agree with previous results from the study by Bergquist and Holm6r 
(1995) on another foot model. 

Only a small amount of water was evaporating through the boots. The boots 
with insulation layer had less water in socks than the boots without it. A dry test was 
carried out 1 day after the wet test to check the reduction of insulation. There was still 
a slight influence from the water that was left in the boots. 

The differences in total insulation between the boots with and without steel 
toe cap were not significant. The toe zones of boots AS and BS had significantly 
higher insulation than boots AN and BN in dry and wet conditions. VS had 
significantly higher insulation than  VN  in dry conditions, but not in wet conditions. 
WS and WN did not have any significant differences. However, if in dry conditions 
toe zones of WS and VS had somewhat higher insulation than WN and  VN,  then in 
wet condition the situation was the opposite. Even in AN the reduction of insulation 
compared to AS was somewhat smaller in the wet condition than in the dry. 

Sweating strongly reduced the insulation values of the boots. There are two 
reasons for this: 

- the evaporative heat loss in addition to dry heat loss; 
- the drop in effective insulation due to wetted layers. 

The second reason explains why the drop in insulation was higher in boots W and V. 
The toe insulation in these boots dropped clearly to the same level with boots A and  
B,  while  B  still had the lowest insulation. 

Sweating had minimal effect on the sole insulation of boot W. Boot W has 
thick felt soles. This type of sole was greatly affected by added weight. Still, the 
combined effect of weight and sweating for the sole of this boot was less than the 
same effect in the other boots. Weight in the other boots had a small effect on sole 
and heel insulation, and no effect for the other zones. This study shows that weight 
influence depends also on sole material. 

The study by Endrusick et al (1992) showed considerable reduction of thermal 
resistance of the footwear that were immersed for 18 hours into 8 cm of water. These 
reductions were in the same range as the reductions observed in this study. However, 
due to inside water supply (sweating) similar reduction occurred already after 1.5 
hours. 

The slight differences in evaporation and water gain in socks can be 
explained. Boots with insulation (W and V) had lower amount of water in socks 
because the insulation could absorb water better and the evaporation was more 
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difficult. During walking the effect of evaporation could be bigger than measured in 
static conditions. 

The warmest boots were W, followed by V and A. The rubber boots  (B)  had 
the lowest insulation. For all boots the sole had highest insulation in all conditions. 
For the boots without special insulation layer (A and  B)  the coldest zone seemed to be 
the heel. Generally, the insulation of these boots in all zones was homogenous. For 
the boots with special insulation layer (W and V) the coldest zone was toes and it was 
considerably lower than the total value for all foot zones and wrist. The toe insulation 
of boots W and V, in comparison with other zones, was closest to these of boots with 
no special insulation, especially in wet conditions. 
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5. Conclusions 

The differences in insulation values of footwear measured with two heated foot 
models were minimal. It supports the idea that the method is reliable and is only to 
small extent affected by differences in construction. 

The measuring conditions and procedure affect the results. For standard use of the 
method a clear description of experimental procedure is required. Apparently the 
AHF method may serve as a basis for developing a standard method for measuring 
insulation of footwear. The mean error was around 2-3 %. 

The  ABF  method appears to be a practical tool for thermal evaluation of footwear. 

Small differences between some types of boots with and without steel toe caps can be 
detected. Boots with steel toe caps may show an "after-effect" which affects cooling 
of the feet. This effect can be caused by the higher mass and thermal inertia of steel 
toe caps. 

The effect of steel toe cap varied with insulation - steel capped boots with lower 
insulation had higher insulation (steel toe cap could act here as an additional layer) 
even in wet conditions. In boots with higher insulation this effect was negligible. In 
wet conditions the effect of steel toe was negative for boots with higher insulation. 

The boots with lower insulation had more homogenous insulation distribution than 
the boots with higher insulation. The toe insulation of cold weather footwear was 
comparatively low and could be improved. 

Wetting reduced insulation by 19 to 25 %. In toes the insulation reduction was even 
up to 37 %. Only minimal amount of sweat evaporated from boots while standing. 

Weight reduced insulation 3-4 % in dry condition. In wet condition the reduction of 
insulation due to weight was higher. The sole insulation was affected more by weight. 
In wet conditions the insulation reduction could reach up to 13-14 %. 
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6. Further studies 

These study series have shown not only many interesting results, but also raised a lot 
of assumptions. In combination with previous studies (Bergquist, 1995, Endrusick et 
al, 1992 etc.) it shows the trends of what can be the next steps. 

There is a need to carry out more studies on subjects to get relevant basis for 
models to predict exposure times and insulation required for various activities and 
environmental temperatures. The tests in various conditions should be carried out. 
The activity level of the subjects as well as intermittent activity are important factors. 
The subjects should be used to validate the results from the AHF measurements. It is 
important to check how various insulation levels affect the skin temperature of the 
feet and the subjective ratings. 

The field tests should be carried out to validate the measuring method and 
prove it's reliability. These tests could give valuable information for prediction 
models. 

Dynamic tests on thermal foot model, together with sweat simulation, to 
evaluate the footwear in the conditions that are more realistic should be carried out. 
Different sweat rates should be tested as well as boots of different materials and 
construction. To work out a standard testing method, it is required to carry out more 
comparative studies on different foot models while applying the same and the 
alternative procedures. 
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Methods for handwear, footwear and 
headgear evaluation  

K  Kuklane',  H  Nilsson, I Ho1m6r,  X  Liu 
National Institute for Working Life 
Department of Ergonomics, Solna, Sweden 

Introduction 
There are several whole body thermal models/manekins available for evaluation of 
climatic conditions and clothing (Holm& and Nilsson, 1995; Holm6r et. al., 1995; 
Meinander, 1992). Generally the main principles are to keep certain variables constant, 
e.g surface temperature of the model and environmental temperature, and changing 
other parameters, e.g. clothing and measureing the difference in third parameters, e.g. 
power input. Further analysis can give useful information on products. The regulation 
program for thermal models that is used in our laboratory allows to choose a constant 
surface temperature, a constant heat loss or a physiological surface temperature. 
However, most commonly, constant surface temperature is used (usually 34  °C)  for 
measuring heat losses or calculation of clothing insulation. The calculations are carried 
out by 2 basic formulas: 

Q.--.P./A. 

Ij-(T.-T.)/Q. 

P.  - power to a model (W); A. - surface area of a model (m2);  Q.  - heat loss from a 
model (W/m2); T. - surface temperature of a model  (°C);  -I" - environment (ambient air) 
temperature  (°c);  Itr  - insulation (m2°C/W). 
Models are divided into zones and heat losses for each zone can be calculated 
separately. It allows more precise evaluation of climatic condition or clothing. For 
evaluation of clothing insulation a total insulation is always calculated, too. 
Often full-scale manekin are not made for specific measurements, for example hand, 
finger or foot measurements. A more exact evaluation of various local areas is needed. 
Our laboratory has developed three thermal models - hand, head and foot model - for 
studying more precisely the thermal properties of gloves, headgear and footwear. These 
models work on the same principles as whole body mannequins. The heat losses and/or 
insulation values are calculated for each zone separately and as total for all or some 
specific combination of zones. 

1  K.  Kuklane is a Ph.  D.  student at  Luleå  University of Technology, Division of Industrial Ergonomics,  
Luleå,  Sweden, who does his research at National Institute for Working Life, Department of Ergonomics, 
Solna, Sweden 
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Handwear evaluation 
The hand model is divided into ten zones (Figure 1). All fingers make a separate zone as 
well as palm, back of hand, wrist and lower arm. The tenth zone is a guard zone. 
The measurements are carried out according to standard EN 511. The standard setup is 
shown in Figure 2. A gloved hand is placed into a wind tunnel upside down so that the 
wind blows into palm. Air temperature is measured inside a tunnel and wind speed is set 
to 4.0 ± 0.2  m/s.  A detailed description of hand and experimental conditions is given in 
standard EN 511. However, for research purposes it is important to study various 
conditions and situations. The effect of wind and combining double gloves are studied 
and the result shown in Figure 3. Test with wind is the standard test. 

9 
8 7 

Figure 1. Zones of thermal hand model: 0 - thumb; 1 - index finger; 2 - long finger; 3 - ring finger; 4 - 
little finger; 6 (5) - back of hand (palm); 7 - wrist; 8 - lower  ann;  9 - guard. (with permission from author, 
Nilsson et. al., 1992) 

Figure 2. Setup for thermal hand standard measurement. 
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Figure 3. Effect of wind (standard test) on two types of woollen gloves (V and  G)  and leather glove (L) 
and their combinations (V+L and G+L). 

Headgear evaluation 
The thermal head model can be seen in Figure 4. The model is divided into 6 zones: top 
of head, forehead with eyes, face, left and right ear, and neck. It has 5 sweat glands and 
is covered with "cotton" skin for better water distribution. The model has no hair and 
water is supplied only in liquid form. The water distribution to all zones is homogenous, 
that is it does not take into account physiological difference of sweat rate at various 
areas of a head. The model is not a physiological model of a human head, but it is a 
useful tool for evaluation and comparison of thermal properties of various headgears. 

Figure 4. Thermal head model. 
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Figure 5. Setup for evaporative heat loss measurements: 1 - head model; 2- peristaltic pump; 3 - water 
supply; 4- weighting scale; 5 - a box for collecting of dripping water; 6 - wind tunnel (with permission 
from author, Liu and Holm6r) 

The model has been used for evaluating safety helmets for hot environments. Important 
factors to consider during such tests are wind speed, relative humidity and surface 
wetness (Liu and Holm6r, 1997). Setup for evaporative heat loss measurements is shown 
in Figure 5. To eliminate the effect of dry heat loss, the air temperature of a climatic 
chamber is kept at the same level as head surface temperature (34  °C).  Surface wetness 
can be controlled with a perforated plastic film and a peristaltic pump is used to supply 
water to the head at determined rates. The dripping water is collected into a box under 
the head model. As all equipment is placed on a weighting scale, making it possible to 
measure the amount of evaporated water  (g).  Figure 6 shows the reduction of 
evaporative heat loss by various types of helmets compared to heat loss from nude head 
(100 go heat loss). At the same time it is possible to evaluate the effect on various zones. 
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Figure 6. Evaporative heat loss (with permission from author, Liu and  Holme,  1996) 

Footwear evaluation 
The thermal foot model (Figure 7) is divided into 8 zones: toes, sole, heel, mid-foot, 
wrist, lower calf, mid-calf and guard. It has three sweat glands: on top of toes, under 
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sole and at lateral wrist The model has a flexible wrist joint that makes it easy to put on 
and take off boots. The size of the model is 40 and boots of size 41 have been used for 
measurements. The effect of weight and walking has been studied with thermal foot 
models (Bergquist, 1995). Now it is also possible to study effect of wetting and 
combined effects. 

Figure 7. Thermal foot model: 1 - toes; 2 - sole; 3 - heel; 4 - mid-foot; 5 - wrist; 6- lower calf; 7 - mid-
calf; 8 - guard 

A thin cotton sock is used during the experiments. One reason is that the boots are 
usually worn with socks. Another is that it allows better water distribution from sweat 
glands. For static measurements the clad thermal foot is placed on top of a copper-zinc 
alloy plate in upright position. On the top of the leg an additional weight of 35 kg is 
placed to simulate the pressure on soles from a 70 kg standing person. Wetting works by 
similar principle as in the case of the head model. The maximum water supply is limited 
to 10 g/h that corresponds to a very high sweating rate (Lotens et. al., 1988). With the 
peristaltic pump the water flow is regulated to around 3.3 g/h per sweat gland. A test 
starts with dry sock and boot and at the end of the 90 minute test the total water flow to 
foot is 15  g.  Because of the location of sweat glands the distribution of water is not 
equal over all foot zones. 
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Figure 9. Effect of wetting (10 g/h) and weight (35 kg) on insulation of various boots, total insulation of 
all zones from toes to wrist  (DN  - dry without weight; WN - wet without weight; DW - dry with weight; 
WW - wet with weight). 

During wet tests both dry and evaporative heat loss is taken into consideration as well as 
insulation reduction due to wetting of insulation layers. In Figure 8 can be seen the total 
insulation of various boots as well as local insulation of specific zones in dry condition. 
Zones from toes to wrist were used for calculation of total values. A range from well 
insulated winter boots (W) to rubber boots  (B)  is presented in the figures. Figure 9 
shows the effect of wetting and weight on total insulation of footwear. The effect in 
specific zones, for example toes and sole, is different depending on zone location and on 
boot materials around that zone. 

Conclusions 
1. Thermal models are useful tools in evaluation of various types of garment pieces, 
comparison of them and analysing weak points in their construction. 
2. Thermal models are suitable for standardisation and procedures should be worked out 
for head and foot measurements. 
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1. Introduction 

In 1993, over 43,000 reported toe/foot injuries in Sweden were work related 
(Arbetarskyddstyrelsen, 1995). Steel enforcements in footwear are aimed at avoiding most 
of these injuries. Many jobs require additional protection of the toes or shins (safety boots) 
(Oaldey, 1984). However, safety boots are often heavy, bulky and "cold", making people 
less inclined to use them. 

Endrusick (1992) studied different types of boots for the U.S. Navy. He found that 
if the boots lacked an integrated steel safety toe, the personnel were at a higher risk of 
severe foot injuries. However, the steel toe cap can restrict fitness and adjustability 
(Bergquist and Abeysekera, 1994). It is also a common opinion that the steel toe caps can 
make the feet colder, although several studies  (Päsche  et. al., 1990; Bergquist and Hohn6r, 
1995) have shown that shoes with steel caps have thermal insulation values similar to 
those of footwear without steel caps. 

Foot temperature is related to a number of different factors, e.g. activity, insulation 
and cleanliness  (Päsche  et. al., 1990). The feet are comfortable when the skin temperature 
is about 33  °C  and the relative humidity next to the skin is about 60 % (Oaldey, 1984). 
They start feeling cold at toe temperatures below 25  °C,  while discomfort from cold is 
noted at temperatures under 20-21  °C  (Enander et. al., 1979). Further decrease of the foot 
temperature to 20  °C  is associated with a strong perception of cold (Luczak, 1991). 
Williamson et. al. (1984) found that the hands and feet were particularly vulnerable to 
cold. In their studies, the average toe skin temperature before and after work in a cold store 
was 28.2  °C  and 24.1  °C  respectively. For the hands, the difference in skin temperature 
drop was 7.0  °C  (from 30.9  °C),  but the increase in discomfort sensation was 14 % for 
feet, while it was only 10 % for the hands. 

Oakley (1984) studied the performance of military boots under field conditions. 
The results showed that toe skin temperatures fell rapidly, especially when the person was 
inactive in the cold. They might  wann  up during exercise, but fell rapidly when the 
exercise ceased. This temperate fall could be quicker, if sweating had made the footwear 
wet. Moisture, either absorbed from the outside or inside reduces the insulation. Similar 
results are also reported by Bunten (1982). 

Work in the cold with long periods of standing requires high insulation of clothing 
as well as of boots. Walking increases heat production and provides better blood 
circulation to the feet. Consequently, foot temperature will remain higher  (Päsche  et. al., 
1990). 

According to a questionnaire survey (Bergquist and Abeysekera, 1994) three 
properties of cold climate safety shoes were given high priority: fitness, thermal comfort 
and protection from work hazards. The highest reported problem was on footwear thermal 
comfort (57 %). Of this, 43 % related to discomfort and cold sensation associated with the 
steel toe cap and it's alleged cooling effect. However, studies have not shown any 
conclusive effects of the steel toe cap on the thermal properties of the shoe. According to  
Päsche  et. al., (1990), work shoes with steel caps and steel-soles were not thermally 
different from the same models without steel enforcements. 



Thermal effects of steel toe caps in footgear 

This study aims at comparing insulation values of two types of cold weather 
footgear, both with and without steel toe caps, by means of measurements with an 
artificial heated foot as well as wear trials with subjects. In contrast to previous studies a 
more sophisticated measurement protocol was used. The boots for comparison were 
specially prepared and manufactured by a shoe manufacturer. 

2. Methodology 
2.1 Instrumentation 

An artificial heated foot (AHF) was used for measuring heat loss through footwear 
(Bergquist and Holmer, 1995). It is divided into 9 independent zones. The surface 
temperature and power input for each zone are recorded every tenth second. The surface 
temperature of each zone is computer-controlled at a constant temperature of 34.0±0.1  °C.  
Heat loss equals to power input (W). Since the surface area of each separate zone is 
known, the heat loss is converted into heat loss per area (W/m2). Heat loss differs 
depending on ambient temperature and the clothing applied on ARF. When the 
temperature of the surrounding environment is kept constant, the heat loss from AHF at 
equilibrium is also constant. The total insulation value is calculated by the following 
formula: 

(ta-ta)/Q, 
where ts  is the surface temperature (here equal to 34  °C),  ta  the ambient air temperature  
(°C)  and  Q  the heat loss per area (W/m2). Insulation is measured for the whole boot as well 
as for the independent zones. The method and AHF are described in more detail by 
Bergquist and Holm& (1995). 

The cold chamber used in this study is adjustable from +5  °C  to -40  °C.  The 
changes from the set temperature are in the range of ±0.5  °C.  Air velocity is kept at 
0.15±0.05  m/s.  

NTC-resistance, temperature matched thennistors of type ACC-001 were used for 
skin and chamber temperature measurements. Skin and chamber temperatures were 
recorded every minute. 

2.2 Measurements with the artificial heated foot 

The insulation values of four boots (Arbesko AB, Sweden) were measured. These 
were Models 515 (V), size 43, and Model 520 (W), size 42. Both of the models have steel 
caps (VS and WS respectively). Arbesko AB also made the same models without steel 
caps  (VN  and WN) for research purposes. Boots with steel toe cap were on the average 
104  g  heavier than those without toe caps. Aside from the weight differences there were no 
other differences between the boots of the same model with and without steel toe caps 
(Figure 1). A vertical pressure of 100  N  was applied to the AHF to simulate the pressure 
exerted on the soles by a sitting subject. 

Insulation values were determined at a chamber temperature of -20  °C  with the 
AHF placed on a copper/zinc alloy plate. Each measurement lasted for about 90 minutes to 
achieve steady-state. Boot changes caused surface temperature and heat loss fluctuations. 
During the first 60-70 minutes, the heat loss stabilised. Data during the last 10 minutes 
were used to calculate the insulation value. Double determinations were carried out for 
each case. The allowed difference between double determinations was 0.010 m2°C/W. The 
same procedure was repeated with sock and at environmental temperature of -10  °C.  

Another test was done with the AHF to compare the rate of change of heat loss 
through the footwear. The AHF was fitted with the boot and exposed to room temperature 
(19.0±0.5  °C)  for 30 minutes. The boot with  ABF  was then placed under -10  °C  for 90 
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minutes and again kept at room temperature for 1 hour (i.e. altogether 180 minutes). The 
difference in the drop (120 to 145 min) in heat loss from the toe zone was used to compare 
the thermal properties of boots with and without steel caps. Measurements with each boot 
were repeated 3 times. 

ANOVA for repeated-measures was used for analysis of insulation values and 
simple t-test for heat loss change rate. 

2.3 Measurements on subjects 

Six male subjects with an average age of 33±6 years (26 to 43), height of 174±7 
cm (167 to 186) and weight of 79.2±5.5 kg (71.0 to 85.7) were used in the experiment. 
Each subject had to perform the test twice. Subjects were used only once per day, i.e. each 
subject had to come on two different days. The climate chamber temperature was kept at - 
10  °C  for all the trials. Room temperature outside the climatic chamber was at 19.0±0.5  
°C,  with a relative humidity of 28±5 %. Three thermal sensors were attached on each foot. 
They were placed on the dorsum of the foot, on the lateral heel and on the second toe. Skin 
and chamber temperatures were recorded once every minute. 

Boots WS and WN of appropriate sizes were used by the subjects. The pairs of 
boots were mixed so that one pair consisted of one WS and one WN. If the subject had 
WS on the right foot, then he would wear WN on the left foot, and vice versa. Three 
subjects wore WS and three wore WN on their right foot during their first trial. The second 
trial was just the opposite. 

The subjects were informed neither about the differences in boots nor the type they 
wore on each foot. The subjects could use their own underwear. Warm underwear and 
outdoor clothing were provided by the laboratory. The average insulation value of the 
garment ensemble for a subject was about 2.12±0.11 do (1.96 to 2.27). Socks of the same 
model were also provided for all the subjects. The subjects were told not to move their legs 
during the exposure. However, some movement of legs occurred during the tests. 

Each trial lasted for 120 minutes, during which the subjects constantly wore the 
boots. They sat at room temperature when the measurements of skin temperature started. 
After 25 minutes, they put on winter clothes, and after 30 minutes they moved to the 
climatic chamber (-10  °C).  During cold exposure, they carried out some manual tasks, e.g. 
screwing nuts and bolts. After given time intervals (10-20 minutes) they reported their 
thermal sensation for both feet. The following scale was used: 

4 	very hot 
3 	hot 
2 	warm 
1 	slightly warm 
0 	neither warm nor cool 

-1 	slightly cool 
-2 	cool 
-3 	cold 
-4 	very cold 

The subjects were free to tell any value in between the given scale values. After 90 
minutes of the experiment (60 minutes of cold exposure) the subjects left the climatic 
chamber. For the next 30 minutes skin temperature recovery was recorded. The subjects 
again reported their thermal sensation after given time intervals (5-15 minutes) and gave 
their opinions about the boots. 

Statistical analysis consisted of t-tests on 5-minute mean skin temperature values. 
Differences in subjective responses were studied with t-tests, too. 
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3. Results 
3.1 Artificial foot 

Figure 2 shows the mean insulation values of the boots and toe zones (m2°C/W) for 
environmental temperature -20  °C  measured without sock. The insulation measured at -10  
°C  didn't differ from these values. Insulation values from the condition with a sock were 
significantly higher. WN and WS showed significant differences in insulation of the whole 
boot and toe zone, the difference, however, being small. WN had higher insulation value. 
There were no significant differences between VS and  VN.  

Figure 3 shows the average change in heat loss of toe zone for each boot. The 
change in heat loss decrease between minutes 120 to 145 (Figure 3) differed significantly, 
showing a faster decrease in heat loss for boots without steel toe cap. This difference was 
bigger for boots V. From the figures can be seen that the increase in heat loss in the 
beginning of cold exposure is faster (steeper slope) for boots without steel toe cap. 

3.2 Subjects 

The minimum and maximum toe skin temperatures of the subjects under the same 
time interval differed by 12  °C  at the beginning of the experiment, and by about 8  °C  at 
the end, giving large standard deviations. The differences in temperatures of the dorsal 
foot and heel were somewhat lower. The changes in mean toe skin temperatures can be 
seen in Figure 4. The mean skin temperature of the foot was calculated as the average of 
the toe, heel and dorsal foot skin temperatures. There seemed to be no particular 
differences between average foot skin temperatures while using WS and WN. 

Five minute mean skin temperature readings were used for statistical analysis. The 
t-tests did not show differences in skin temperatures due to the steel toe cap. All subjects 
were satisfied with the boots and found them comfortable. The subjective responses did 
not show any significant differences either (Figure 5). 

4. Discussion and conclusions 

The difference between double determinations of insulation with AHF was usually 
less than 0.005 m2°C/W (about 2 %). This indicates high accuracy and reliability of the 
method. The observed differences between the boots with and without steel toe caps as 
well as the changes in heat loss can thus be considered valid. This result is very similar to 
those reported by Bergquist and Holm& (1995) for various conditions, e.g. motion, 
applied weight and boot size. 

The experimental results showed no major differences between boots with and 
without steel toe caps. This confirms the results of some previous studies  (Päsche  et. al., 
1990; Bergquist and Holm&-, 1995). Still, some important tendencies can be noted. 

From the AHF measurements, there was no significant difference in insulation 
values between VS and  VN.  At the same time, small differences appeared for another 
model showing that WN had higher insulation than WS (Figure 2). Commonly, an 
additional layer should increase the insulation. However, the results showed that the 
addition of a steel toe cap failed to do this. The production technique can possibly explain 
this contradiction. The inner size of a boot is determined by the last (a block or form 
shaped like a human foot and used in making or repairing shoes). When making the same 
boot model with and without steel toe caps the same last was used. Materials of the same 
characteristics (thickness etc.) were used for the boots' uppers (the part of a shoe or boot 
above the sole) and insulation. A half-finished boot (W) was then set into a mould of a 
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standard size for pouring soles. Once the soles were poured, the toe part was also covered 
with the same material. For a boot with no steel toe cap, the space intended for steel toe 
cap was instead filled with a sole material. About 2 mm of this sole material instead of 
steel could make the difference in insulation values (sole material does not cover the toes 
of boots V). 

The results showed that foot skin temperatures under cold condition tended to stay 
somewhat higher in boot WS (Figure 4). However, when the subjects came out to a warm 
room, the foot skin temperatures in WS dropped more compared to WN. This effect can be 
especially seen on the toe skin temperatures. They were always higher in WS compared to 
WN except at the end. A similar tendency was present for toe skin temperatures of all 
subjects. This seems to confirm a previous observation (Arbetshygienska  Institutet,  1982) 
that the rewarming of the feet after cold exposure takes longer time in boots with steel toe 
caps. 

Significant differences were found in the rate of change in heat loss between boots 
with (S) and without steel toe caps  (N).  The faster the increase or decrease in heat loss, the 
faster the footwear and the feet were able to cool down or warm up. This change was faster 
for  N  than for S (Figure 3). The possible reason could be the higher mass and heat content 
of S. In the cooling process S cools slower, but warms up slower as well. 

The small differences in the subjects' foot temperatures, although not significant, 
may reflect this difference in heat content. Although, WN had higher insulation, the foot 
temperatures in these boots stayed lower in cold conditions than those in WS. At the start 
of the trials, the subjects were seated at room temperature for 30 minutes with the boots 
on. During this time the feet temperatures rose and the boots could thus gain heat. In the 
cold, the feet stayed warm longer in WS due to the higher heat content of these boots. 
Especially noticeable was the effect on the toes where the extra mass was located. After 
coming out from the cold, the situation changed - the extra mass kept the feet cold longer. 
However, more studies are needed to confirm this effect more clearly. 

The 30 minutes-break may not be enough to warm up the feet while wearing the 
boots. The feet in the steel capped boots warmed up a little slower due to their higher 
thermal inertia. When going back to cold conditions, the starting point for foot 
temperature decrease in S will already be lower than for  N.  The effect of vasoconstriction 
may keep the legs cold even longer. When changing frequently between cold and warm 
conditions and in the presence of vasoconstriction, the effects may be more noticeable. 
This can be one reason for the frequent complaints of "cold" in boots with steel toe caps. 
Here, a reconirnendation can be pointed out: if it is possible to have warm breaks, it is 
advisable to take off the boots during these breaks in order to warm up both the feet and 
the boots. 

This study didn't take into consideration the evaporative heat loss and wet 
conditions. Sweating was minimal due to low activity. These factors could greatly affect 
the feet's thermal comfort. With moist or wet socks and boots the total heat loss will 
increase and, eventually, a small difference in dry insulation properties may be amplified. 
It should also be remembered that this study was carried out in static conditions. Several 
studies show significant differences between static and dynamic conditions (Enander et. 
al., 1979, Williamson et. al., 1984, Bergquist and Holmdr, 1995). Thus, it is important to 
carry out future research using both conditions. 

In conclusion. 

• Apparently the AHF method may serve as a basis for developing a standard method for 
measuring insulation of footwear. 

• Small differences between some types of boots with and without steel toe caps can be 
detected. 
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• Boots with steel toe caps may show an "after-effect" which affects cooling of the feet. 
This effect can be caused by the higher mass and thermal inertia of steel toe caps. 
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Figure 1. Boots: 1 - WN; 2 - WS; 3 - VN; 4 - VS 
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Figure 2. Total thermal insulation of whole boots and toe segments respectively (measured 
at -20  °C  without sock). 
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Thermal effects of steel toe caps in footgear 

Figure 3. The change in heat loss from toe zone for boots V and W. * - interval for 
statistical analysis of heat loss(average of 3 measurements per boot).  VN  and WN are 

boots without steel toe cap, and VS and WS are boots with steel toe cap. 
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Figure 4. Mean toe skin temperature and the data of the subjects with the lowest and the 
highest toe skin temperature (S - steel toe,  N  - without steel toe; 1 and 6 mark subjects). 

On 30th  minute the subjects entered the climatic chamber and on 90th  they came out. 
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Figure 5. Average values for thermal sensation response for feet with and without steel 
cap. 
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Effect of sweating on insulation of footwear 

Kalev Kuklane*  
Ingvar  Holm& 

National Institute for Working Life, Dept. of Ergonomics, S - 171 84 Solna, Sweden 

1. INTRODUCTION 

Cold feet and toes are common problems at various jobs and activities. By the results of the 
study by Bergquist and Abeysekera (1994) the demand for thermal comfort of cold weather 
safety shoes was ranked second after fitness and before protection from work hazards. 
Therefore, it is important to chose shoes with proper insulation properties for various jobs. 
Thermal comfort of feet does not depend only on insulation of footwear, but also on humidity 
level in the boots, boot material, activity etc.. However, present standard for testing footwear 
(EN 344) doesn't give a good answer on various aspects of thermal protection provided by 
footwear. This test method doesn't provide feedback to the manufacturers on the weak points 
in the construction either. Berquist et al (1994) has described various methods for measuring 
the thermal protection of footwear. The method used by Endrusick et al (1992) is one of 
them. In this method an Automated Foot Model was used in dry conditions and after 18  h  
immersion in 8 cm water. Bergquist and Holm& (1995) suggest a dynamic method for 
determining dry heat loss from footwear. In their study the effects of weight and size were 
studied, too. 

This study aimed to look at the effects on thermal insulation of wetting of footwear 
from the inside. Various boots were used in this study to give relevant basis for further 
studies with subjects. In addition the effect of steel toe cap was studied. 

2. METHODS 

The measuring principles are described more precisely by Bergquist and Holm& (1995). The 
foot model (Figure 1) is divided into 8 zones. Surface temperature and power to each zone is 
controlled separately with a regulation computer. Heat losses from each zone are recorded. 
Knowing heat losses, zone areas, and surface and ambient air temperatures it is possible to 
calculate insulation values for each zone. The model has 3 sweat glands: one on top of the 
toe zone, a second under the sole at the border of heel and sole zones, and a third on the 
lateral side of the wrist zone. 

The tests were carried out under standardised conditions: chamber temperature 
+3±0.5  °C,  wind 0.15±0.05  m/s.  The foot model was placed in an upright position on a 
copper/zinc alloy plate (Figure 2). The duration of each test was 90 minutes and each 
condition was tested twice. The limit difference of the two runs had to be less than 0.01 
m2°OW. If the difference was greater, an additional test was carried out until two values 
were satisfying the demand. However, in most cases two runs were sufficient. The averages 
of the two values were used in analysis. Between the tests the boots were left at room 
temperature (21±0.5  °C,  relative humidity 33±5 %). 

Total insulation was defined as the insulation from toes to wrist (zones 1-5, Figure 1) 
according to formula: 
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J(  Ts-Ta)/(EPi/EAi), 

where  P,  - power to each zone, A, - area of each zone; is  - mean surface temperature;  Ta  - 
ambient air temperature. 

3. MATERIAL AND PROCEDURE 

All the tests were carried out when the foot was standing. Four types of boots were used: 
models 520, 533 and 536 from Arbesko  Gruppen  AB, and rubber boot from Sweden Boots 
AB (Figure 3). All the models have steel toe cap. The manufacturers produced the same 
models without steel toe cap especially for research purposes. The coding of the boots and 
boot data are shown in Table 1. Boots of size 41 were used for test. The boots were chosen so 
that a wide range of insulation values could be represented, from rubber boots to heavy 
winter boots. 

Six conditions were used for testing the boots (Table 2). In wet condition water was 
supplied with a peristaltic pump (Pretech Instruments, Gilson). The flow was regulated to be 
10 g/h, i.e. from each gland came around 3.3 g/h. For 90 minute test the total water supply 
was 15  g.  A thin sock was used for better water distribution (data on socks is shown in Table 
3). The weight of the boot and sock was measured at the beginning and end of each trial. The 
water tubes to the foot were insulated and the water temperature was kept at 34  °C.  The tests 
were repeated when the boots had dried again to the weight level of dry tests. 

The insulation values of air layer (bare foot) and both socks were measured in a Dry 
condition with No weight at room temperature. The results of these measurements are shown 
in Table 3. 

4. RESULTS 

The mean difference and standard deviation for the double determinations for the insulation 
of whole shoe was 0.004±0.003 m2°C/W and for the toe zone 0.004±0.004 m2°C/W in dry 
conditions, respectively 0.006±0.006 m2°C/W and 0.004±0.003 m2°C/W in wet conditions. 
Difference between replicates in dry conditions was less than 2 % of the mean value for all 
measurements, respectively 3 % for wet conditions. Differences between means of double 
determinations for different shoes exceeding 4 %, respective 6 % would then be significant 
(p<0.05). The values for dry conditions agree with previous results from the study by 
Bergquist and Holm& (1995) on another foot model. 

The results can be seen in Figures 4-9. Table 4 shows the weight gain in boots due to 
sweating. Only a small amount of water was evaporating through the boots. The boots with 
insulation layer had less water in socks than the boots without it. Table 5 gives the amount of 
water left in boots 1 day after the wet test. The insulation of boots VS and  VN  are not easily 
comparable because at closer examination of boots it came out that  VN  did not have an 
insulation layer of nylon fibres in toe zone. Figure 9 shows the differences in insulation 
values from dry and wet tests without weight. 

A dry test was carried out 1 day after the wet test to check the reduction of insulation. 
There was still a slight influence from the water that was left in the boots (Figure 9). Figures 
6-8 show the effects of weight and sweating (DN2, DW2, WN2 and WW2) on sole and toe 
zone, and total insulation levels. 

Figures 4 and 5 show the influence of sock on boot and heel zone insulation 
respectively (DW1, DW2, DN2 and DNN). DN2 was added for better comparison as test 
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with thick sock (DWI) was carried out with weight and test with bare foot (DNN) without 
weight only. 

All boots were not measured at all determined conditions. The reason for the selection 
was that the results of some conditions did not indicate any considerable differences in 
insulation levels between the boots with and without steel toe cap. The test with thick sock 
(1) was carried out specially with some boots that were later used in a study with subjects as 
the subjects wore the same type of sock. 

The differences in total insulation between the boots with and without steel toe cap 
were not significant. The toe zones of boots AS and BS had significantly higher insulation 
than boots AN and BN in dry and wet conditions. VS had significantly higher insulation than  
VN  in dry conditions, but not in wet conditions. WS and WN did not have any significant 
differences. However, if in dry conditions toe zones of WS and VS had somewhat higher 
insulation than WN and  VN,  then in wet condition the situation was the opposite. Even in 
AN the reduction of insulation compared to AS was somewhat smaller in the wet condition 
than in the dry (Figure 7). 

5. DISCUSSION 

Sweating strongly reduced the insulation values of the boots (Figures 6-8). There are two 
reasons for this: 
- the evaporative heat loss in addition to dry heat loss; 
- the drop in effective insulation due to wetted layers. 
The second reason explains why the drop in insulation was higher in boots W and V. The toe 
insulation in these boots dropped clearly to the same level with boots A and  B,  while  B  still 
had the lowest insulation (Figure 6). 

Sweating had minimal effect on the sole insulation of boot W. Boot W has thick felt 
soles. This type of sole was greatly affected by added weight (Figure 5). Still, the combined 
effect of weight and sweating for the sole of this boot was less than the same effect in the 
other boots. Weight in the other boots had a small effect on sole and heel insulation, and no 
effect for the other zones. This agrees with the results by Bergquist and Holm& (1995) that 
weight has an influence on the sole insulation and total insulation is minimally affected. This 
study shows that weight influence depends also on sole material. 

The study by Endrusick et al (1992) showed considerable reduction of thermal 
resistance of the footwear that were immersed for 18 hours into 8 cm of water. These 
reductions were in the same range as the reductions observed in this study. However, due to 
inside water supply (sweating) similar reduction occurred already after 1.5 hours. The 
insulation decrease in an insulated rubber boot was minimal during immersion test 
(Endrusick et al, 1992). By the results of this study it could be predicted that in conditions of 
high activity and sweating the reduction in insulation of those boots could be as great. The 
possible effect of sweating as well as the consequences of punctuation were discussed also by 
Endrusick et al (1992). 

The slight differences in evaporation and water gain in socks can be explained. Boots 
with insulation (W and V) had lower amount of water in socks because the insulation could 
absorb water better and the evaporation was more difficult. Similar effect occurred with 
added weight where better contact between first water distributor (sock) and boot material 
allowed water to move further to boot material. During walking the effect of evaporation 
could be bigger than measured in static conditions. Anyway, more water will be collecting in 
boots with insulation and it also means that these boots take more time for drying. 
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It was important to know that after how many days it will be possible to continue 
with testing. When the insulation was measured again in dry conditions 1 day after wet 
measurements, the insulation values were somewhat lower but not significantly different of 
the dry tests (Table 4 and Figure 9). All water had not evaporated from the boots by this 
time. The amount of water that stayed in boots with higher insulation after 1 day was slightly 
greater for boots with steel toe cap (Table 5). Probably similar tendency is present also in real 
wear conditions where boots are used at about 15 hour intervals. 

The effect of water in boots was great and its influence can be significant. In contrast, 
evaporation from boots during tests seemed to be somewhat higher in boots with steel toe cap 
(Table 4). In dry conditions the insulation of boots with steel toe cap was generally higher 
than in boots without, but the general tendency in wet conditions was the opposite (Figures 7 
and 8). Effects of humidity in boots with steel toe cap seem to be worth further study. 

The warmest boots were W, followed by V and A. The rubber boots  (B)  had the 
lowest insulation. For all boots the sole had highest insulation in all conditions. The 
condition with a thick sock was the warmest for all boots (Figure 4). For the boots without 
special insulation layer (A and  B)  the coldest zone seemed to be the heel (Figure 5). 
Generally, the insulation of these boots in all zones was at the same level. For the boots with 
special insulation layer (W and V) the coldest zone was toes and it was considerably lower 
than the total value for all foot zones and wrist. The toe insulation of boots W and V, in 
comparison with other zones, was closest to these of boots with no special insulation, 
especially in wet conditions. 

6. CONCLUSIONS 

1. Felt seems to be a material that maintains insulation well also with sweating. 
2. The boots with lower insulation (A and  B)  had more homogenous insulation 

distribution than the boots with higher insulation. 
3. The toe insulation of cold weather footwear (W and V) was comparatively low and 

could be improved. 
4. Wetting reduced insulation by 19 to 25 %. In toes the insulation reduction was up 

to 30 % for boots with lower insulation and up to 37 % in boots with higher insulation. 
5. Wetting generally reduced insulation 1-3 % more in boots with steel toe cap, than 

in boots without. In the toe zone the difference in reduction was greater for boots with higher 
insulation (3-7 %). 

6. The effect of steel toe cap varied with insulation - boots with lower insulation 
gained insulation (additional layer) even in wet conditions, while in boots with higher 
insulation this effect was negligible. hi wet conditions the effect of steel toe was negative for 
boots with higher insulation. 

7. Only minimal amount of sweat, around 6 %, evaporated from boots while standing. 
8. Weight reduced insulation 3-4 % in dry condition. hi wet condition the reduction 

of insulation due to weight for boots with high insulation was 6-7% and for boots with low 
insulation up to 3 %. 

9. The sole insulation was affected more by weight. hi dry conditions the reduction 
was 4-5 % for boots with lower insulation and 7-8 % for boots with higher insulation. In wet 
conditions the sole material and construction have bigger influence and the variability was 
higher. The insulation reduction was in some boots up to 13-14 %. 

10. Thick socks compared to thin socks added around 5 to 11 % depending on boot 
insulation. 
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11. The thermal foot method appears to be a practical tool for thermal evaluation of 
footwear. 
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Figure 1. Thermal foot model. Zones: 1 - Toes; 2 - Mid-Sole; 3 - Heel; 4- Mid-Foot; 5 - 
Wrist; 6 - Lower Calf; 7 - Mid-Calf; 8 - Guard. 

Figure 2. Setup for insulation measurements with thermal foot model. 
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Effect of sweating on insulation of footwear 

Figure 3. The 4 types of boots that were used in the study. 
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Figure 4. Effect of sock. Zones from toes up to and including wrist. All are dry tests. DW1 - 
sock 1 with weight; DW2 - sock 2 with weight; DN2 - sock 2 without weight; DNN no 

sock, no weight. 
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Figure 5. Effect of sock. Heel zone. All are dry tests. DW1 - sock 1 with weight; DW2 - sock 
2 with weight; DN2 - sock 2 without weight; DNN - no sock, no weight. 
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Figure 6. Effect of wetting and weight. Sole zone. All tests are with sock 2. DN2 - dry 
without weight; WN2 - wet without weight; DW2 - dry with weight; WW2 - wet with weight. 
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Figure 7. Effect of wetting and weight. Toe zone. All tests are with sock 2. DN2 - dry 
without weight; WN2 - wet without weight; DW2 - dry with weight; WW2 - wet with weight. 
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Figure 8. Effect of wetting and weight. Zones from toes up to and including wrist. All tests 
are with sock 2. DN2 - dry without weight; WN2 - wet without weight; DW2 - dry with 

weight; WW2 - wet with weight. 
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Figure 9. Effect of wetting and drying. Zones from toes up to and including wrist. All tests 
are with sock 2. DN2 - dry without weight; WN2 - wet without weight; DN2a - dry test 1 day 

after wet test (single test and not double determination like others). 
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Effect of sweating on insulation of footwear 

Table 1. Boot data. 
Model  nr.  Manufacturer Code Material Color Weight  (g)  Height (cm) 

533*  Stålex,  Sweden AN Leather Black 634 28 
533  Stålex,  Sweden AS Leather Black 753 28 

* Sweden Boots BN Rubber Black 888 36 
Sweden Boots BS Rubber Black 1011 36 

536*  Stålex,  Sweden  VN  Leather, 
Nylon fur 

Black 706 28 

536  Stålex,  Sweden VS Leather, 
Nylon fur 

Black 806 28 

520*  Stålex,  Sweden WN Leather, 
Thinsulate 

Black/Green 724 32 

520  Stålex,  Sweden WS Leather, 
Thinsulate 

Black/Green 791 32 

Boot without steel toe cap (made only for reseach purposes) 

Table 2. Combination of measurements conditions. 

Abbreviation Dry/Wet Weigh 35 kg Sock 
DNN Dry No No  (N)  
DW1 Dry Yes Thick (1) 
DN2 Dry No Thin (2) 
DW2 Dry Yes Thin (2) 
WN2 Wet No Thin (2) 
WW2 Wet Yes Thin (2) 

Table 3. Data on air layer and sock insulation (m2°C/W) in different zones. 

Sock 
Weight 

Code 	Material 	Color  (g) 	Toes Heel 
Sole & Foot 

Sole Heel 	zones 
F. z-s & 
Wrist 

Sockl 1 	Polyester 	Blue 34 0.162 0.143 0.172 0.156 0.155 0.155 
Sock2 2 	70 	% 	cotton, White 20 0.127 0.110 0.136 0.121 0.127 0.133 

30 %  polyamid  
No sock  N  0.111 0.089 0.120 0.101 0.104 0.101 

Table 4. Water gain in boots and socks during sweating tests: without weight (WN2) and 
with weight (WW2). Total water supply to the boots was 15  g  (10 g/h). 

Boot 
1YPe 

Boot&Sock 
(9) 

WN2 
Boot 
(9)  

Sock 
(g)  

Evaporation 
(9) 

Boot&Sock 
(g) 

WW2 
Boot 
(g) 

Sock 
(g) 

Evaporation 
(g)  

AN 14.0 9.2 4.5 1.0 13.2 8.8 4.4 1.8 
AS 13.7 8.1 5.0 1.3 12.9 8.3 4.6 2.1 
BN 13.9 7,7 5.9 1.1 
BS 14.0 8.2 5.9 1.0 14.1 9.4 4.7 0.9  
VN  14.1 8.9 4.8 0.9 
VS 14.2 9.6 4.4 0.8 14.3 9.6 4.7 0.7 
WN 14.6 10.4 3.8 0.4 15.0 10.8 4.3 0.0 
WS 14.5 10.0 4.2 0.6 14.6 10.9 3.8 0.4  

Table 5. Water left in boot 1 day after test WN2 
Boot 	An As Bn Bs Vn Vs Wn Ws 

Weight difference  (g) 	2.3 1.1 0.0 0.0 2.4 6.7 4.7 5.7 
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