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Abstract 

Roads and pavements covered with ice and snow during winter in the Nordic and other cold 
regions are slippery, which result in the prevalence of slip and fall accidents among not only the 
public, but also outdoor workers. Literature and injury statistics revealed that the most frequently 
specified contributory factor for occupational slip, trip and fall accidents in Sweden is snow and 
ice. Road accident research showed that the largest numbers of traffic casualties occurred during 
walking, followed by cycling and vehicle transporting. The cost to the community of providing 
medical treatment to victims of pedestrian injuries resulting from slipping is far greater than that 
of keeping walking surfaces free from ice and snow. However, in comparison with the size of the 
problem, little research has been carried out to identify and evaluate slip and fall risk on icy 
surfaces. 

Objectives are to present a systems perspective of slip and fall accident, to measure, evaluate and 
compare the coefficient of friction (COF) of footwear on ice and lubricated floor, to identify 
advantages of walking experience on icy surface and participating in winter sport in preventing 
slip and fall accidents, to develop subjective evaluation method for slipperiness measurement and 
usability assessment of footwear product, to systematically assess the integration of slip 
resistance, thermal insulation, and usability of footwear, and the anti-slip effect of materials 
spread on ice by user trials, to explore the incorporated approach towards the design of footwear 
for use on icy surfaces. 

The following methods of collecting data were used in studies of in this thesis: 1) direct 
observation, 2) videotaping, 3) human perception rating scale, 4) objective COF measurements, 5) 
retrospective cross-sectional epidemiological study by questionnaire. 

A systematic analysis of the slips and falls on icy and snowy surfaces showed that the etiology of 
slips and falls is multi-faceted. The COF on ice by objective measurements at 0  °C  is much lower 
than that at -12  °C  and that on stainless steel. Polyurethane soling material did not provide 
sufficient friction on wet ice at least when new (without abrasion), although superior on 
lubricated floors. The footwear tested including winter footwear, professional footwear, safety 
footwear, and footwear deemed to be slip resistant by users and manufacturers did not provide 
sufficient protection against slips and falls on wet ice at around 0  °C.  Accordingly, slip and fall 
risk is higher on wet ice than on dry ice and lubricated floor. Slip and fall events reduced with 
increased living experience in cold environments and winter sport participation. Newcomers with 
no or less experience were prone to falling, and therefore they should be well informed of 
potential slip and fall hazards upon arrival in cold region. Slip resistance, thermal insulation and 
usability of footwear tested were not properly integrated. In addition to thermal insulation, 
prevention of slip and fall hazard by improving anti-slip property and usability must also be 
priorities for development of footwear for use in cold environments. 

Based on the findings, anti-slip footwear, measurement methods for slipperiness on ice and snow, 
related standards, the role of gait biomechanics and task-related factors should be further 
developed and studied. 

Keywords: Ice and snow; Slip and fall; Accident; Systems model; Footwear; Coefficient of 
friction; Usability; Experience; Perception of slipperiness 
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1. Introduction 

Long and dark winter characterizes Nordic countries, which lasts for about six months in a year. 
Due to the warm current, the weather is changeable. It is common that roads in winter are 
covered with either snow, ice, melting snow, melting ice or the mixed. These natural climatic 
factors result in the prevalence of slip and fall injuries like bruise, sprain, fracture, etc. among 
not only outdoor workers, but also the general public. 

1.1 	Statistics of slips and falls on ice and snow 

Based on data recorded in the Swedish Occupational Injury Information System  (ISA)  of the 
Swedish National Board of Occupational Safety and Health (NBOSH), slip, trip and fall  (STF)  
accidents during the performance of task or transfer between tasks among eight occupational 
groups, 13% (male, <45y), 18% (male, ?_45y), 25% (female, <45y), 30% (female, ..?_45y) were 
injuries attributed to slips on snow and ice (Kemmlert and Lundholm, 2001). From the analysis 
of a large sample of occupational  STF  in Sweden,  Andersson  and  Lagerlöf  (1983) identified that 
the most frequently specified contributory factor is snow and ice. Strandberg and  Lanshammar  
(1981) showed that of all accidents, 42.8% (1,681 cases) were accidental falls and 31.5% (1,236 
cases) were motor vehicle accidents. Road accident research showed that the largest numbers of 
traffic casualties occurred during walking, followed by cycling and vehicle transporting (Nilsson 
1986). The distribution is as follows.  

e Pedestrian 	(34.8%) 
Of which 71.2% in November - March  

e Cyclist 	 (30.7%)  
e Car driver 	(13.3%)  
e Car occupant 	(9.2%)  
e Motorcyclist 	(5.4%)  
e Mopedist 	(4.2%)  
e Bus occupant 	(2.0%)  
e Tram occupant 	(0.4%) 

An epidemiological study showed the similar trend, but pedestrian injuries were found to account 
for 41% of all injuries in the traffic area (Eilert-Petersson and Schelp 1998). 

Consequently, the major benefits to the economy of the community can be achieved by giving 
priority to pedestrian travel in winter road management. At the same time, it is necessary to 
provide information on slippery conditions and preventive action in the form of suitable footwear, 
ant-slip devices, etc. 

Winter conditions were clearly associated with increased injury rates, with 51% of injuries 
incurred during November to January in Sweden (Eilert-Petersson and Schelp 1998). Snow and 
ice were identified to be the most common contributing factors related to pedestrian injuries. 
According to hospital injury data collected over one year period, slipping on ice and snow during 
one winter caused 3.5 injuries per 1,000 inhabitants per year in  Umeå  health district of Sweden 
(118,544 inhabitants). Half of all injuries were fractures. For women, 50 years old and over, two-
thirds were fractures  (Björnstig  et al 1997). 
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According to Kelkka (1995), about 23,000 slipping accidents lead to injuries every year in 
Finland, 21,000 of them need treatment in emergency stations while 2,000 need longer treatment 
in hospitals. Lund (1984) found slipping accidents at work, in home and during leisure most 
often happened outdoors. Snow and ice was the main type of surface on which slipping accidents 
occurred in nearly three quarters of Finnish and Norwegian cases. 

'Ohs (1981) reported the epidemic of fractures during period of snow and ice in Cardiff, UK, 
indicating that the number of patients who attended the accident and emergency department at a 
hospital in Welsh with fractured bones increased 2.85 times compared with control days and 
arguing that the snow and ice injuries may be predicted and prevented. Bentley and Haslam 
(1996, 1998, 1999, 2001) undertook studies of 1,734 outdoor fall accidents to postal delivery 
employees occurring over a two-year period in U.K. The analysis examined the activity of the 
employee at the time of the accident, and the fall initiating event (FEE). The most common FIE 
was found to be foot slip, of slips on the level, 46% of slips being icy walking surface and 17% 
on snow. It was shown that slip, tumble, and fall accident (STFA) were most common during 
winter months (November-February), and slipping accidents tended to cluster on single days 
where heavy snowfall or ice made conditions particularly hazardous. Slippery underfoot 
conditions were identified as one of the key risk factors for slip, trip and fall events during the 
delivery of mail. The use of unsuitable footwear for winter delivery was a factor increasing the 
risk of delivery STFA in 41% cases. Other researchers reported the similar seasonal trend for slip 
and fall accidents (Honkanen 1982, Leamon and Murphy 1995). 

In USA, Leamon and Murphy (1995) observed an inverse correlation for same level falls with 
temperature and precipitation. December, January, February and March had significantly higher 
number of falls on level. Bell et al (2000) analyzed coal mining injury occurring within six years 
in seven states in USA, found that outside movement becomes a greater hazard at freezing 
temperatures for workers in all locations including mostly enclosed (inside vehicles, machinery, 
or buildings) and enclosed/outdoor jobs, not just outdoor workers. Therefore, any intervention 
methods geared toward reducing injury incidents facilitated by cold weather must also be 
directed toward workers who do not have full-time outside work. Due to the instantaneous nature 
of slip and fall incidents, those whose work may expose them to environmental cold even for 
brief periods of the day may be at increased risk during these periods. Hassi et al (2000) 
documented an association between ambient temperatures and occupational slip and fall injuries 
in the mining industry in USA, as temperature decreased, slip and fall injury rates increased 
(between -16.1 — +31.7  °C),  the strongest association appeared with temperatures at -1.7  °C  and 
below. 

Following the ice storm in January 1998 in Ontario, Canada, injuries reported from emergency 
departments peaked the day following the onset of the ice storm and again 4-6 days following 
the storm. The most common sources of injury were slips and falls on the ice (56%) (Harding et 
al 1999). 

Investigation showed that pedestrians frequently fell on frozen roads and were taken to hospitals 
by ambulance between December and March in Japan, Hokaido, with an average of 5.9 citizens 
per day. Fall events occurred most frequently when maximum daytime temperature ranged from 
2  °C  to 5  °C  (Takamiya et al 1997). 
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1.2 	Costs by slips and falls on ice and snow 

The cost to the community of providing medical treatment to victims of pedestrian injuries 
resulting from slipping is far greater than that of keeping walking surfaces free from ice and 
snow. Injuries to persons in Sweden gave rise to costs amounting to 4% (63 billion  SEK)  of gross 
national product in 1990  (Samhällets utgifter för personskador,  1994). According to Bjömstig et 
al (1997), in  Umeå  health district of Sweden (118,544 inhabitants), the total amount of 
emergency care and sickness benefit for slipping injuries on ice and snow during one winter 
season was 6.2 million  SEK,  an average of 15,000  SEK  per injured. The "cost" of medical care of 
these slipping injuries was almost the same as the "cost" of all traffic injuries in the area during 
the same time period  (Björnstig  et al 1997). 

According to Kelkka (1995), the economic cost due to slipping accidents is 280 million Finnish 
Mark every year (cost level in 1993) 

Leamon and Murphy (1995) analyzed Liberty Mutual's workers' compensation claims database 
filed for 2 years period (1989/90) in USA, found out that cost of claims by fall on the same level 
was 401 millions  USD.  The average cost per claim was 4,363  USD.  The frequency of injuries 
from falling, compared with all occupational injuries and illness, indicates that fall prevention 
should be a major priority of any attempt to reduce the pain and suffering of the individual 
workers and losses for industry. 

	

1.3 	Risk factors for slips and falls 

Key risk factors for slip, trip and fall accidents (STFA) during the delivery of mail are organized 
into a model by Bentley and Haslam (2001), arguing that the STFA occurs as a result of a 
combination of individual, task, environmental and organizational system components.  

e Individual factors 
o Biographical 

• Sex 
• Age 

o Behavioral - unsafe acts 
o Training/safety awareness 
o Information processing - hazard perception 
o Attitude to safety motivation  

e Task and equipment factors 
o Walking/work pace 
o Carrying loads 
o Task related distractions - reading letter addresses 
o Footwear  

e Environmental factors 
o Slippery underfoot surfaces 
o Uneven/damaged paving 
o Abrupt vertical transitions 
o Steep hills/sloped drives 
o Steps 
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o Lighting  
e  Organizational influences 

o Public and council maintenance of walking areas 
o Business requirements 
o Legislation standards of service, etc. 

Hsiao and Simeonov (2001) reviewed factors involved in the control of balance during work on 
roofs. 

• Environmental factors 
o Visual interactions 
o Physical interactions  

e Task-related factors  
e Personal factors 

o Individual differences 
o Personal protective equipment 
o Work-job experience and training 

Training and experience can affect the mechanisms of balance control and reduce the risk of 
falling for roof workers. Both physical and visual training can improve postural stability by 
enhancing the mechanism of balance control (Robertson et al 1994, Hoffman and Payne 1995). 

Grönqvist (1995) pointed out the risk factors for slips and falls may be extrinsic (environmental 
factors) or intrinsic (human factors) or mixed (system factors). The primary risk factor for 
slipping accidents is, by definition, poor grip and low friction between the footwear (foot) and the 
underfoot surface (floor, pavement, etc.). Secondary risk factors for slipping accidents are related 
to a large variety of environmental factors and human factors. 

Abeysekera and Gao (2001) showed that the aetiology of slips and falls is multi-faceted. 
Attempts to solve the problem must adopt a systems approach. Perception of risk, aging, training, 
experience and postural balance are factors to be considered in preventing slips and falls. The 
study provided some guidelines to prevent slipping, viz.  

e Preventing primary factors by increasing coefficient of friction (COF)  
e Preventing secondary risk factors  

D.  Human factors,  
D Environmental factors  

e Strategies of slip prevention  
D Improve COF of shoe soling,  
D Improve COF of walking surfaces,  
D.  Experience,  
D Training,  
D Change gait pattern. 
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2. The framework of this study 

Slips and falls are multifaceted problems. A systems model of slips and falls on ice and snow is 
proposed as shown in Figure 1, which requires multi-factorial systems approaches. Potential 
factors included in the model are listed below. 

• Individual factors (age, sex, perception, balance, experience, training, behavior, etc.), 
• Footwear, 
• Icy and snowy surfaces, 
• Footwear sole/ice interaction (tribophysics), 
• Gait biomechanics, 
• Task-related factors, 
• Organization, 
• Environment 

Most of the factors do not affect the slips and falls independently, rather interrelated and 
interactively, especially the organization and environment impact other factors and the system as 
a whole. The contribution of each risk factor and their combined effects make the issue complex. 
Several attempts were made in this thesis to deal with the problem. 

Firstly, a systems model involving potential factors was proposed based on a comprehensive 
literature review (study I). Comparison of objective evaluation of footwear slipperiness on ice 
and oily floor was used to examine the frictional performance on different underfoot surfaces 
(study II). Epidemiological survey of slip and fall accidents was carried out focusing on 
individual experience, winter participation, severity of injuries, footwear, and underfoot surface 
conditions (study III). Subjective rating scale was developed to assess the perception of slip and 
fall risk and the usability of footwear used on various icy surfaces including anti-slip materials 
spread on ice (study IV). The integration of multiple protection function and usability into winter 
footwear was also assessed (study IV). Due to the time and facility constraints, gait 
biomechanics, task-related factors, organizational influence remain to be further studied. 
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Figure 1. A systems model of slips and falls on ice and snow, and the studies completed 
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3. State of the art 

3.1 	Environmental factors 

Cold climate presents not only in cold regions, but also in many parts of the world in winter 
season. A cold environment is defined as an environment under which greater than normal heat 
losses are anticipated and compensatory thermoregulatory actions required. Normal heat losses 
refer to what people normally experience during indoor living conditions (air temperature 20-25  
°C)  (Holm& 1994a). Although the cold environment according to the above definition does not 
necessarily initiate slips and falls, e.g., without ice and snow. The presence of ice and snow 
dominating slips and falls potential (Honkanen 1982, Leamon and Murphy 1995, Eilert-Petersson 
and Schelp 1998,  Andersson  and  Lagerlöf  1983, Hassi et al 2000, Bell et al 2000,  Björnstig  et al 
1997) is certainly in the scope of cold environment definition. But, so far, slips and falls on ice 
and snow in cold environments have not largely and explicitly been dealt with in guidelines for 
problems associated with work in the cold, intended to enhance worker safety and productivity. 
The current major focus associated with cold exposure is the potential for excessive body heat 
losses. The slips and falls are not currently covered in cold stress guidelines proposed by Holm& 
(1994a,  b).  The author of this thesis proposes that future guidelines at work in cold include slip 
and fall hazard. 

Although the guideline for reduction of slip and fall injuries was proposed by Leamon (1992a,  b),  
it is mainly for the floor and lubricated floor workplaces. Therefore, there has been lack of safety 
standard, regulations and guidelines governing the prevention of slips and falls on ice and snow 
(Chang and Grönqvist 1999), though there are some for floor and lubricated floor, such as:  

e  prEN 13287 (July 1998) Safety, protective and occupational footwear for professional use 
- Test method and specifications for the determining of slip resistance.  

e CEN  WI 00134033 (October 1998) Resilient, laminate and textile floor coverings - 
Parameters for the measurement of dynamic coefficient of friction on floor surfaces. 

Environmental factors, such as temperature, humidity, snowfall, warm stream, lighting, etc. are 
factors affecting the whole walking system. Ice and snow are primary factors initiating slippery 
underfoot surfaces. In Scandinavia regions, the changeable climate due to warm stream in winter 
season makes the road surface in complex conditions, including snow, melting snow, ice, melting 
ice and the mixture of these. Many studies have shown that slip and fall accidents are more 
common in winter season (Bentley and Haslam 1998, Honkanen 1982, Leamon and Murphy 
1995, Eilert-Petersson and Schelp 1998,  Andersson  and  Lagerlöf  1983, Hassi et al 2000, Bell et 
al 2000,  Björnstig  et al 1997). Koning et al (1992) showed that different ice surface temperature 
affected the coefficient of friction while skating. 

Secondly, the frozen weather will influence footwear heesole slip resistant properties, which is 
currently a neglected area of research. 

Thirdly, the thermal environment also impacts human neuromuscular system, balance ability, 
reaction to recovery from slip, which, in turn, affects human gait on icy and snowy surface. 
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Furthermore, in Arctic regions, the winter is long and dark. Short and insufficient daylight results 
in lack of visual cues for postural adjustment during slips, which might be a contributing factor to 
slips and falls on icy and snowy surface in the region. As a result, much more preventive counter-
slip measures should be taken in the relatively dark environment than in other parts of the world. 

3.2 	Underfoot icy and snowy surfaces 

There have been a number of methods, equipment, and standards (including ISO,  CEN,  ASTM, 
BSI) concerning slip-resistance on lubricant (water, oil) contaminated floors (Manning et al 1985, 
Jung and Schenk 1990, Jung and Fischer 1993, Leamon 1992, Grönqvist 1995). However, there 
is sparse research on the slipperiness between icy and snowy surfaces and the footwear, even 
though it involves not only workers, but also the general public, accordingly population 
associated with slip on ice and snow is much more than that on contaminated floors. Therefore, 
there are desperate needs to study the characteristics of icy and snowy surface and proper 
footwear to be used on it. 

Traditionally, there have been measures used to prevent slip and fall and traffic accidents on 
frozen road such as de-icing chemicals (salting, anti-freeze mixtures) and road heating 
(Kobayashi et al 1997). Asphalt mixtures containing reclaimed tire rubber particles (AMRP) has 
been practiced in Japan (Taniguchi et al 1997). Spreading boiler slag, coke cinders, sand and 
crashed stone (gravel), etc. on ice or snow is also commonly seen. But there is little research on 
appropriate anti-slip footwear and its interaction with the underfoot surfaces covered by anti-slip 
materials. 

In general, the properties of ice, e.g. temperature, structure and hardness, as well as the thickness 
of the water layer, seem to determine the friction during a slip to a greater extent. The loss of 
adhesion and friction on ice near its melting point is determined more by the properties of the ice 
than by the properties of the rubber (Gnörich and Grosch 1975, Roberts 1981). 

The American Society for Testing and Materials (ASTM 1975) recommended the static 
coefficient of friction (COF) value for a standard non-hazardous walkway be 0.5, while the 
British Standard Institution (BSI 1977) recommended the dynamic COF value for the minimum 
standard walkway be 0.4. Whereas according to the slipperiness classification by Grönqvist 
(1989), 0.2 was the minimum requirement for slip resistance on contaminated floor. Therefore, 
there has been even no consensus on the criterion of COF requirements on floors/lubricated 
floors. There has been much more remained to be done in respect to COF standard for icy and 
snowy surfaces. 

In Sweden, house-owners are commonly responsible for anti-skid management on sidewalks. In 
some cases, the local authority is responsible. A lot more pedestrians choose to stay inside during 
slippery weather (Gard and Lundborg 1994). Local bodies spend large amounts of money on 
anti-slip materials and spreading the materials during winter. But the effect of different materials 
on COF has not been paid much attention still. 

Kobayashi et al (1996) showed that static COF on ice sprinkled with sand increased more than 
0.5, which was quite effective in increasing walking safety for pedestrians. Spreading sand on 
level and inclined frozen road in winter has become a routine practice in  Luleå,  Sweden and 
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Hokkaido, Japan, and in other northern parts of the world. But the sand can get easily buried 
under snow on days of continuous snowfall and hence will not have any effect. 

3.3 Footwear/ice interaction (tribology) 

Fall accident analysis by Strandberg (1985) indicated that most slipping accidents occurred on 
surfaces covered with snow, ice, grease or liquid, and argued that slip-resistance of lubricated 
conditions underfoot was dependent on at least three different processes. 

1) The squeeze-film process when the normal force between shoe and flooring displaces a 
lubricating fluid, 

2) The development of a so-called hyperesis component of friction force when sufficient fluid 
has been displaced to allow draping of the sliding shoe  elastomer  on the floor asperities, 

3) The development of a so-called adhesion  component of friction force due to molecular 
bonding between those parts of the shoe and flooring surfaces that is in true contact, i.e. 
where the interfacial fluid has been completely removed. 

Grönqvist (1999) elaborated a friction model for slipping, which took into account of the 
drainage capacity of the shoe floor contact surface (squeeze film processes), the draping of the 
shoe bottom above the asperities of the floor surface (deformation and damping), and finally the 
true molecular contact (adhesion and wear) between the interacting surfaces (traction). 

On icy surfaces, slip occurs at the footwear/ice (snow) interface. The tribological phenomena that 
occur at the interface are very complex (Leclercq 1999). It is generally accepted that friction is 
caused by adhesion, plastic and elastic deformation of surfaces (hysteresis). If a low viscosity 
fluid as lubricant is present, the two rubbing surfaces are more or less separated. This separation 
leads to a large reduction in friction. 

Theories about the presence of water between the surfaces are focused on the "liquid-like" 
properties of the ice surface, the formation of water by pressure melting and by melting due to 
frictional heating and surface energy (Koning et al 1992; Wettlaufer and Dash 2000). Koning 
(1992) argued that it was impossible to say which mechanism caused the low friction on ice. 

On icy surfaces, near the melting point of ice the friction seems to be governed particularly by ice 
flow and melting (Roberts and Richardson 1981). Ionic impurities in ice lower its melting point, 
thereby forming liquid brine at the surface, which has an essential lowering effect on adhesional 
friction. Warm ice is also sensitive to high pressure effects, like at heel strike in normal gait. At 
high pressure points ice will either flow to relieve the pressure or melt. Both phenomena tend to 
lower the coefficient of friction when the temperature of ice is warmer than —10  °C  (Grönqvist 
1999). 

The friction mechanisms in the footwear-ice interface are mostly adhesional, but the properties of 
the interface layer in ice and snow friction are still poorly known (Makkonen 1994). 
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3.4 Footwear 

Little research has been done so far concerning anti-slip properties of footwear for use on icy and 
snowy surfaces. Hara et al (1997) investigated 1,383 women in Sapporo, Japan. Results showed 
that respondents were not satisfied with the anti-slip performance of winter shoes on market, and 
concluded that further follow up research and development of new shoes was needed. Haslam 
and Bentley (1999) revealed that use of footwear was inappropriate for delivery work in adverse 
weather conditions. Provision of footwear with increased grip was recommended. A majority of 
mail delivery employees did not use snow chains because of discomfort on cleared ground and 
unwilling to spend time putting chains on and off. 

3.4.1 Soling materials 

Bruce et al (1986) measured slip resistance of shoes, crampons and chains on icy surfaces (dry 
ice, -9  °C).  It was found that all friction values of footwear on ice were low by comparison with 
other substrates and were generally lower than that obtained on an oily steel plate. The highest 
friction values were generated by the softest materials, 0.19 by microcellular polyurethane  (PU).  
The other values in descending order were 0.17 by soft rubber, 0.14 by nitrile rubber, 0.09 by 
leather sole, 0.08 by old PVC respectively. The COF for crampon was 0.24-0.31, whereas the 
COF for chain was only 0.11. Therefore, the best traction was provided by crampons, consisting 
of steel studs in a rubber strip. Chains attached to the shoes gave very poor traction on smooth ice. 
The best shoe soling on ice (-9  °C)  was double density soft  PU  among those tested. The soft 
rubber snow boot and a rigid foam slipper were also slip resistant on icy conditions, but the latter 
is very flimsy. An old pair of hard PVC slippers was extremely dangerous for use on ice. Bruce et 
al (1986) suggest that as a first step the double density microcellular  PU  soling be used as a 
standard to prevent injuries on icy surfaces. 

However, Manning and Jones (2001) recently compared microcellular polyurethane (AP66033) 
and dual density polyurethane (DDP), and found that the mean COF of DDP soling was lower 
than the mean for AP66033 on wet and oily surfaces, and concluded that AP66033 is confirmed 
to be superior for oily and wet conditions, calling for returning to safety footwear soled with the 
microcellular polyurethane AP66033. The best soling tested on ice (-3  °C)  spread with water was 
very soft natural rubber although it recoded the lowest COF on water-wet floors. The most slip 
resistant soling found for use on ice (-3  °C)  spread with water was an arctic moonboot 
manufactured from styrene/butadiene rubber that has 40% mineral oil inclusion with a Shore A 
harness of 35 and an intricate tread pattern. 

Cumulative research over a period of fifteen years consistently revealed that the  PU  soling is the 
most slip resistant soling for use on oily and wet floors (Manning et al 1985, Manning and Jones, 
1994). Grönqvist (1995) also revealed that used  PU  heels and soles gave a considerably higher 
coefficient of kinetic friction on contaminated floors than used heels and soles made of compact 
nitrile rubber (NR) and of compact styrene rubber (SR) on contaminated floors. However, 
Grönqvist and Hirvonen (1995) recommended soft heel and sole materials of thermoplastic 
rubber (rather than  PU)  for winter footwear for use on dry ice (-10  °C),  claiming that  PU  was not 
safe enough on wet ice (0  °C).  

Grönqvist and Hirvonen (1995) pointed out that new soling materials and tread combinations 
must be developed, e.g. very hard material with sharp cleats (scratch formation) in combination 
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with a softer base material, and the use of footwear with studded heels and soles during high risk 
days when the ambient temperature in close to 0  °C.  But it is not suitable for use on indoor floors. 
Proper anti-slip material arrangement and fastened on out sole might be one solution (Noguchi 
and Saito, 1996). Other slip resistant materials and integration designs must be explored to 
accommodate both outdoor and indoor surfaces. 

3.4.2 Sole tread (geometry) pattern 

Besides sole materials, sole (geometry) pattern will also affect slip resistance. Different surfaces 
may require different tread designs in order to achieve higher frictions. There is paucity of studies 
of the effect of tread patterns on slipperiness on ice. Although the same principles on lubricated 
floors may apply, there may be different requirements in order to improve COF. 

Grönqvist and Hirvonen (1995) argued about the cleat design for use on dry and wet ice as shown 
below, 

1) Flat cleats with an apparent contact area as large as possible gave the highest friction readings 
on dry ice (-10  °C),  

2) Sharp cleats combined with very hard heel material gave the highest friction readings on wet 
ice (0  °C)  due to scratch formation. 

Abeysekera and Gao (2001) showed that there was no significant correlation between subjective 
slipperiness ratings, COF and contact areas of footwear on icy surfaces when at 0 — +2  °C.  

However, most of researches and measurements done previously did not separate the anti-slip 
effects of sole material, hardness, roughness, and tread design completely. In fact, the work about 
the frictional effect was the combined one, whether one or two variables (material, hardness, 
roughness, or tread design) or their interactions contributed to it were not clear. Further research 
is needed for this unsolved problem. 

3.4.3 Sole hardness 

As discussed by Leclercq et al (1994), hardness is one of the more widely used mechanical 
properties. The measurements on lubricant/floor conditions show that a reduction in the hardness 
of the sole corresponds to an increase in the COF, but the increase appears to be much too small 
to be useful in terms of safety. In frozen environment, the effect seems to be the same. 

Bruce et al (1986) showed that there was a negative correlation between sole hardness and COF 
on ice (dry ice, -9°C). Kellett (1970) and Perkins (1976) also reported the poor friction properties 
on ice of hard materials. 

Grönqvist and Hirvonen (1994) found a significantly negative correlation between kinetic COF 
and hardness of the heel material and the hardness of the entire soling on dry ice (-10  °C).  It is 
consistent with the result by Bruce et al (1986). However, there was no clear correlation while on 
wet ice (0°C). It will be necessary to further examine hardness and friction at a range of 
temperatures in order to make it clear if hardness of footwear recommended for icy and snowy 
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surfaces is suitable for all temperatures likely to be encountered by potential users. Ahagon et al 
(1988) argues that although the friction resistance of rubber on ice is primarily determined by the 
viscosity and the thickness of the lubricating fluid layer, further improvement of the friction 
could be obtained by making rubber more resilient. However, whether expected increase of 
friction is safe enough at melting point needs further research. But very hard heels (Shore A>85) 
combined with sharp, e.g. conic cleats tended to give the highest friction readings. Such a 
combination of hardness and cleat-shape was able to scratch the surface of the wet and therefore 
soft ice, the temperature of which was 0°C. On the contrary, the hardest soling materials were the 
most slippery ones on harder ice at —10°C. Simply put, in order to increase slip resistance of 
footwear on icy surfaces, we need soft soling for use on hard ice (dry ice), whereas hard soling on 
soft ice (wet ice). 

3.4.4 Wear, abrasion, asperity and roughness 

The slip resistance of a shoe is not a stable property. It varies during the course of its use. 
Leclercq (1999) argues that the slip resistance of footwear is a transient as well as a versatile 
quality. The slip resistance may decrease or increase depending on the soling materials and the 
time of wear (Manning et al 1985, Leclercq et al 1994, Grönqvist and Hirvonen 1995, Kim 1996, 
Hirvonen and Grönqvist 1998). 

However, there is no research reported about the effect of sole wear and abrasion on icy and 
snowy surfaces on the frictional performance. But one point is sure that the change of the 
frictional property may be slow if the icy surface is not covered by anti-slip materials because of 
little abrasion. 

Roughness and wear are interrelated.  PU  is the most slip resistant soling on oily and wet floors 
because it becomes very rough when the surface skin is abraded and this roughness appears to be 
an important contributor to the slip resistance (Manning and Jones 1994, Jung 1992). Hirvonen 
and Grönqvist (1998) also argued that the improved friction performance of  PU  soling was most 
likely caused by changes in the roughness of the soling, as well as by increased porosity of the 
cellular structure which was broken through the action of wear. 

Chang (1999) used 21 surface parameters testing correlation between tile roughness and slip 
resistance. The results showed that a rougher surface generally led to a higher friction index. For 
wet surfaces, moreover, sharper and higher peaks with an optimal high peak density on tile 
surfaces could increase friction index further. 

Although Manning et al (1991) showed that the mean of all COF results on the seven surfaces 
(including oil-lubricated rough plastic and stainless steel, water-lubricated white tiles, dry and 
water wet ice) was significantly related to (positive correlation) roughness of soling materials of 
thirteen pairs of footwear, the walking traction trials did not specifically reveal the effect of 
footwear roughness on friction coefficient on dry and wet ice. Neither was the ice temperature 
monitored in the trials. A recent study by Manning and Jones (2001) has demonstrated that there 
is no effect of five footwear  solings  with graded roughness (4.4 -19.12 Rtm) on COF on ice (-3  
°C)  spread with water. 

There is no more literature available about the effect of footwear sole roughness caused by wear 
or intentional abrasion on COF on ice at various temperatures. Further study is needed. 
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3.4.5 Other properties of footwear 

A questionnaire survey by Bergqvist and Abeysekera (1994a) revealed that when designing 
safety shoes for use in cold climate, the following ergonomics aspects should be considered: fit, 
thermal comfort, protection from work hazard, low weight and anti-slip. 

Additional footwear attachment (anti-slip device) is bulky, resulting in poor usability. According 
to Haslam and Bentley (1999), postal delivery workers did not use snow chain because it 
involved discomfort when walking on cleared ground, skidding on ice, and time costs arising 
from putting on and taking off as ground conditions changed. 

Halogenation of the sole can either increase or decrease the slip resistance, but it seems there is 
no significant influence (Leclercq et al 1994). There was no correlation between the slip 
resistance and the flexibility of out sole could be found (Jung 1992). 

3.5 	Individual factors 

3.5.1 Age and gender 

Ageing is associated with gradual degradation of the sensory systems, which may lead to 
instability and may precipitate falls. Decline in visual performance with increasing age is also a 
well-recognized phenomenon. Visual acuity, adaptation to dark, peripheral vision, contrast 
sensitivity, and accommodation ability, all of which are related to stability, may be affected by 
age-related changes. Other age-related changes that may affect the control of balance include 
reduced vestibular function, proprioception, and cutaneous sensation, reduced general muscle 
strength, slowing of nerve conduction and information processing (Tinetti and Speechley 1989, 
Black et al 1993 cited by Hsiao and Simeonov 2001). 

Human locomotion balance abilities based on visual, vestibular, preprioceptive afferent inputs, 
central nervous system and motor function deteriorate with age, resulting in difficulties to 
maintain gait balance or to recover from loss of balance after a slip (Tideiksaar 1990, Pyykkö et 
al 1990). Therefore, ageing is a considerable risk factor for slips and falls. 

According to Strandberg and  Lanshammar  (1981), the average skid started about 50 ms after heel 
strike and the friction use (forward force divided by downward force) peak (0.17) occurred about 
90 ms after heel strike. The ratio of shear to normal foot force components (required coefficient 
of friction, RCOF) peak value for level walking is about 90 - 150 ms (Redfern et al 2001). The 
time available to achieve adequate frictional forces to avoid a dangerous slip at heel strike is very 
short. Due to the fact that elderly persons rely more on visual control of posture than on 
verstibular and proprioceptive control, the latency for their postural reflex to make the necessary 
gait adjustments may be as long as 200 ms (Pyykkö et al 1990). This is too long a time to avoid a 
hazardous foot slippage. 

There is an excessive amount of evidence in the literature that multiple personal factors such as 
age, gender, visual performance, muscle strength, general health condition, use of alcohol, drugs 
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and medications, may all affect the control of balance and increase the risk of falls (Hsiao and 
Simeonov 2001). 

3.5.2 Experience and training 

Job experience is reported to be correlated to the occurrence of fall incidents in the roofing 
industry. In preventing falls from roofs, Hsiao and Simeonov (2001) reviewed that the roof 
environment with its unique characteristics and specific fall hazards is the substantial challenge 
to inexperienced workers as well as to the roof workers who are unfamiliar with the new roof 
environment, and might adversely affect their ability to control their balance and to avoid hazards 
during task performance. 

Both physical and visual training can improve postural stability by enhancing the mechanisms of 
balance control (Robertson et al 1994, Hoffman and Payne 1995, Perrin et al 1998). Hoffman and 
Payne (1995) demonstrated that proprioceptive ankle training significantly decreased postural 
sway in healthy subjects. Training also can result in a shift from visual to proprioceptive 
dominance in the regulation of postural control (Mesure et al 1997). Robertson et al (1994) 
suggested that part of becoming skilled involves developing the ability to rapidly detect and 
efficiently correct movement errors. They noticed that as practice progresses, feedback 
adjustments become more continuous. Skill development involves learning how to use the 
available sensory information (including visual feedback) rapidly and efficiently (Hsiao and 
Simeonov 2001). Hsiao and Simeonov (2001) proposed, based on literature review, that further 
studies on job-, environmental- and task-specific training procedures and methods for roof 
workers should be considered for improving their balance control and fall prevention ability. 

Abyesekera and Gao (2001) proposed that training and experience might help to prevent slips and 
falls on ice. Abeysekera and Khan (1997) argued that new arrivals from other countries to 
Sweden should be given proper training to walk on ice. However, there are no studies found on 
the influence of training, prior experience in cold environment and participation in winter sport 
on slip and fall accidents on icy surfaces. 

3.6 	Gait biomechanics, task-related factors and organizational 
influence 

Previous studies found that people changed their stride as they approached and encountered 
slippery surfaces (Andres et al 1992). A stepping response to a foot slide can be volitional, 
involving conscious efforts and/or they can be automatic reflexive reactions. To deal with the risk 
of falling and injury, the body integrates voluntary movements with so called "associated postural 
adjustments". These adjustments are involuntary and smoothly organized into the movement 
repertorire to ensure accurate and harmonious motion. Based on the timing relative to the event 
of perturbation, the adjustments can be arbitrarily classified into two postural control systems - 
adaptation and anticipation (Grönqvist et al 2001). 

The biomechanics of slips and falls is an important component in the prevention of injury. The 
kinetics and kinematics of human gait can isolate specific events and times that are critical in 
determining the differences between slips leading to recovery and those leading to falls. There 
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have been gait biomechanical studies on dry and inclination surfaces (Grönqvist et al 2001 and 
Redfern et al 2001), but so far no study has been conducted on icy surfaces. 

Task-related factors on slips and falls on dry or oily contaminated floors have been studied by 
several researchers (Love and Bloswick 1988, Redfern and Rhoades 1996, Myung and Smith 
1997, Chiou et al 2000). But there has been no studies found on the impact of task-related factors 
on slips and falls on ice and snow. Task-related factors and organizational influence on slips and 
falls for mail delivery workers has been identified by Bentley and Haslam (2001). 

To date, gait biomechanics, task-related factors and organizational influence have not been 
addressed on ice and snow, which have not been involved in this study either. Further studies are 
needed. 
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4. Measurement methods for slipperiness on ice 

Although there are a number of methods and equipment for measuring COF on dry floor and 
contaminated/lubricated floors (Strandberg 1985, Lin et al 1995, Leclercq 1999), there are few 
trial methods available for measuring COF on icy surfaces.  Tisserand  (1985) pointed out that for 
testing purpose, ice was a difficult and unpredictable surface. Manning et al (1991) observed the 
difficulty of measuring friction indices on ice because the friction was very low and the surface 
was highly irregular. 

4.1 	Laboratory mechanical measurement 

Grönqvist and Hirvonen (1994, 1995) developed friction measurement equipment with a 
temperature controlled cooling system for ice formation on force plate, which could be used for 
measuring COF of footwear/ice interaction in laboratory. However, the measuring ambient 
(including the testing footwear) are not conditioned and cooled, thus making the measurement 
different compared with real pedestrian's situations, in which footwear is also exposed in the 
frozen environment. Validity of the measurement needs to be examined. To put the measurement 
equipment in a cold chamber would overcome the shortcoming, raising measurement reality. 

4.2 Human walking traction test 

Bruce et al (1986), Manning et al (1991), Manning and Jones (2001) applied human walking 
traction test (involving a load cell to measure the horizontal force) to various slippery surfaces 
including oil-lubricated, water-lubricated, dry and wet ice. In this method, a subject is walking 
(backward steps) on a surface while pulling against a spring. The load cell is positioned between 
the harness belt of the subject and a rigid base (e.g. a wall). Since the resisting force is not 
measured in the shoe/ice interface, the load cell measures indirectly the maximum frictional force 
before feet will slip. The walking action is abnormal and friction readings are affected by inertial 
forces that increased the load cell reading (frictional force) compared with the measured friction 
force in the shoe/ice interface, which is criticized for the validity and precision (Grönqvist et al 
2001). 

4.3 	Walking test for balance and safety of anti-skid devices 

Gard and Lundborg (1994, 2001) conducted outdoor trials with elderly subjects walking on icy 
surfaces in winter to test the effect of anti-skid devices attached on normal footwear, walking 
balance and safety based on the subjective perceptions. 

4.4 	Direct friction measurement while skating 

In order to measure the skate-to-ice friction, Koning et al (1992) used a measuring system, which 
could simultaneously measure coefficients of friction while skating. The system measured the 
real time friction, considering not only mechanical factor, but also biomechanical and 
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psychophysiological factors incorporated in real skating. The measuring system consisted of a 
pair of instrumented skates and a portable data acquisition microcomputer, in which, transducers 
for both normal force (vertical) and frictional force (horizontal) were built between the shoe and 
the blade of the skate. The principle may be applied to measuring friction between common 
footwear and icy surfaces in real human walking. To date, there has been no such measuring 
system applied to human walking. Since there has been no consensus of the validity and 
reliability of existing slipperiness measurement methods and equipment, the approach by Koning 
et al (1992) is well worth trying. 

4.5 	Measurement of sudden human movements 

Slipping may involve rapid movements resulting from a person's effort to regain balance. A 
method has been developed to detect such movements by measuring trunk acceleration during 
walking (Hirvonen et al 1994). Nugochi et al (1996) applied the similar method investigating 
acceleration changes mounting acceleration transducers on foot and body center walking on 
frozen surface. 

Apart from a few trials discussed above, there are no further method and equipment reported to 
measure slipperiness on icy surfaces. 
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5. Objectives 

a. To review the state of the art of slips and falls on ice and snow, to present a systems 
perspective of slip and fall accident, with special focus on its occurrence on icy and 
snowy surfaces, to highlight the multi-factorial features, to provide a multi-faceted 
approach towards prevention, to identify unresolved issues and to explore further 
research needs related to slips and falls on icy and snowy surfaces.  

b. To objectively measure, evaluate and compare the coefficient of friction of footwear 
on ice and lubricated steel plate.  

c. To identify advantages of walking experience on icy surface and participating in 
winter sport in preventing slip and fall accidents through epidemiological survey.  

d. To develop subjective evaluation method for slipperiness measurement and usability 
assessment of footwear product for use on ice and snow.  

e. To systematically assess the integration of slip resistance, thermal insulation, and 
usability of footwear used on icy surfaces, and the anti-slip effect of materials spread 
on ice by user trials, to explore the incorporated approach towards the design of 
footwear for use on icy surfaces. 
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6. Methodology and statistical analyses 

The following general methods of collecting data were used in studies of in this thesis: 

1) Direct observation, 
2) Videotaping, 
3) Human perception rating scale, 
4) Objective kinetic coefficient of friction (COF) measurements, 
5) Retrospective cross-sectional epidemiological study by questionnaire. 

Data collected consisted of nominal, binary, ordinal, interval and ratio data. Two statistics 
software packages - SPSS for Windows 10.0 and STATGRAPHICS Plus 4.0 were used applying 
following statistical (parametric and non-parametric) techniques: 

1) One-way and two-way ANOVA, 
2) Multiple linear regression, 
3) Friedman test, 
4) Pearson and Spearman correlation, 
5) Kruskal-Wallis test, 
6) Man-Whitney test, 
7) Chi-square test, 
8) Chi-square test for association, 
9) Logistic regression, 
10) Ordinal regression, 
11) Multiway frequency analysis (hierarchical log linear analysis), 
12) Model estimation methods. 
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5) Human factors 
(intrinsic factors)  

'E---  4) Human gait biomechanics 

3) Footwear (sole)/ice interaction 
(tribophysics) 

<--- 1) Footwear 

2) Icy and snowy surfaces 

7. Case studies 

7.1 	Literature review and proposal of a systems model 
(paper!) 

This review is to present systems perspectives of slip and fall accidents, with special focus on its 
occurrence on icy and snowy surfaces based on current literature and knowledge. The literature 
search used six online databases including ERGONOMICS ABSTRACT, MEDUNE, 
COMPENDEX, CISILO, HSELINE, and OSHLINE with NIOSHTIC. 

In order to examine the etiology of slip and fall accidents further, and to provide a framework for 
prevention, a systems model is put forward towards the slips and falls on icy and snowy surfaces. 
Various contributing factors are systematically discussed to highlight the multi-factorial nature of 
the problem, providing the possibility of a multi-faceted approach to systematic prevention. 
Unresolved issues are also identified, which necessitate further research. 

The model (Figure 2) explains following factors, which contribute to slip and fall accident: 

rF  

6) Cold Climate 
(extrinsic environmental factors) 

..  

Figure 2. Systems model of slip and fall accident on icy surfaces 

1) Footwear properties including sole/heel material, hardness, roughness, worn/unworn, tread 
(geometry) design, center of gravity, anti-slip devices, wearability (weight, height, flexibility, 
ease of walking, comfort), etc., 

2) Road surface characteristics, covered with ice, snow, contaminants, anti-slip materials, 
uneven, ascending/descending slope, etc., 

30 



3) Footwear/road surface interface — tribological aspect, i.e. coefficient of friction (static, 
transitional and dynamic), 

4) Human gait biomechanics: kinematics (stride length, step length, heel velocity, acceleration, 
deceleration), kinetics (vertical and horizontal forces), and muscle activities (muscle strength, 
posture and balance control, postural reflex and sway), etc., 

5) Human physiological and psychological aspects, i.e. the so-called intrinsic factors, including 
decline in vision, vestibular function, proprioception, ageing, perception of slipperiness, 
information processing, experience, training, diabetes, drug and alcohol usage, unsafe 
behavior (rushing, reading while walking) etc., 

6) Environment (extrinsic factors): temperature, humidity, snowfall, warm stream, lighting 
condition, warning and road signs, etc. 

Since it is a multi-facet issue, Twomey et al (1995) used artificial neural network predictive 
model for slip resistance as a function of six independent variables. 

A systematic analysis and model of the slips and falls on icy and snowy surfaces provide us the 
possibility of a multi-faceted approach to systematic prevention by following ways. 

1) Winter footwear: the use of specifically designed proper anti-slip footwear and anti-skid 
device at certain circumstances, taking into consideration sole material, tread design, sole 
hardness, roughness, wear, wearability, flexibility, durability, etc. 

2) Icy and snowy surfaces: effective snow clearing, anti-slip materials spreading (sand, gravel, 
etc.), which is only feasible for main roads. Kelkka (1995) and Kobayashi et al (1997) 
indicated that in some northern countries, good preventive results were reached by warming 
the busiest walkway electrically, 

3) Footwear/ice interaction: standardization and classification of slip resistant footwear for use 
on icy and snowy surfaces, development of reliable and valid method and equipment to 
measure slipperiness at footwear/ice interface. 

4) Human factors and biomechanics: provision of walk aids, gait and balance rehabilitation and 
training, slip risk warnings (improving the awareness) for special population (e.g. the elderly); 
"padding" of older women, who are the most common victims of slips and falls on icy roads  
(Björnstig  et al 1997), 

5) Environment: improvement of visual and lighting conditions, weather broadcasting, etc., 
6) Management: measures such as prioritizing winter road maintenance, e.g. paying more 

attention to busiest and slope road, small sidewalks, use of road slipperiness signs and 
warning system, registration system for pedestrian slipping and falling accidents should be 
improved in order to get more detailed information for statistics and etiology analysis. 

7) Training and behavior approach: safe behavior and practices, to avoid shortcuts, rush and lax 
attitude while walking and working on icy and snowy surfaces. 

The following unresolved issues are identified in the literature review, which necessitate further 
research. 

1) Most researches and measurements done before concerning the COF of footwear did not 
differentiate the anti-slip effect of various footwear properties, such as sole material, hardness, 
roughness and tread design, and wear completely. In fact, the frictional effect was the 
combined one, whether one, two or more variables contributed to it were unsolved. Further 
research is necessary to quantify the effects. 
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2) Since most slips and falls happen during heel strike and toe off phases, the tread pattern near 
the heel and toe (front) part plays an important role in forward and rearward slip. It is 
postulated that to enhance COF of those two parts should be more effective in slip prevention. 

3) The relationship between contact area and pressure and COF is a debating issue. 
4) Most of the research on sole material and tread design was based upon floors/lubricated floors. 

Little research has been done on material and tread design for use on icy and snowy surfaces. 
Although the same principles may apply, there may be different requirements in order to 
improve COF. 

5) There is no research reported about the effect of sole wear on icy and snowy surfaces on the 
frictional property. 

6) There is little research, and no standard available governing the slipperiness on icy and snowy 
surfaces as relating to the interaction between surface and footwear. Therefore, there are 
desperate needs to develop measurement and evaluation methods, equipment, and to set up 
relevant standards and footwear criteria. 

7) The anti-slip effect of spreading different anti-slip materials on icy surfaces has not been 
adequately researched still. 

8) It is common that slips and falls occur more frequently while walking in haste, in turning, up 
and down slope. Human balance ability and gait biomechanics on ice and mental model 
needs attention. 

9) Environmental factors will influence both footwear and icy surface property. Cold 
environments affect human neuromuscular and balance system, which, in turn, impact 
human gait on icy and snowy surface, which warrants further studies. 
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7.2 	Objective measurement and evaluation of slipperiness 
on ice and lubricated floor (paper II) 

7.2.1 Objectives 

The objectives of this comparative study was to measure slip resistance, objectively evaluate and 
compare the coefficient of friction of footwear on ice and lubricated steel plate. 

7.2.2 Methods 

7.2.2.1 Footwear 

Four types of new footwear were selected from Swedish manufacturers as well as from the 
market, considering different footwear properties, i.e. material, sole and heel design, sole 
roughness and hardness, etc. The four types of footwear were measured in the lab after used in 
outdoor walking trials (total 12 km approx.) on mixed icy surfaces including pure ice, ice covered 
with snow, sand, gravel and salt. Footwear is shown in Figure 3-6. 

Figure 3. Footwear type 1 

Figure 5. Footwear type 3 

Figure 4. Footwear type 2 

Figure 6. Footwear type 4 
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7.2.2.2 Mechanical measurement offriction coefficient 

The kinetic coefficient of friction (COF) was measured with an apparatus, the stationary step 
simulator, developed at the Finnish Institute of Occupational Health (FIOH) (Grönqvist et al 
1989). The apparatus simulates the movements of a human foot and the forces applied to the 
underfoot surface during an actual slip. The contact angle of the foot in relation to the underfoot 
surface is fixed at 0 ° in this study ('sole flat'). The COF between the shoe and the underfoot 
surface was measured on a force plate covered with ice at 0  °C  and —12  °C.  The computer 
automatically starts and controls the operation cycles during which one friction measurement is 
taken. After each operation cycle, the computer reads the measurement data from a waveform 
analyzer for numerical and/or graphical output (displayed and printed). For each footwear and ice 
surface a total of 5 measurements were taken and the average was recorded. 

On a stainless steel covered force plate lubricated with Glycerine (85% wt), the COF was 
measured according to draft standard  CEN  prEN 13287 (without abrasion). The outsole was 
washed with a solution of (50%) ethanol in water and dried at the ambient temperature, which 
was +22  °C  during the measurement. The relative humidity was 15%. 

7.2.2.3 Measurement of sole hardness and roughness 

The outsole hardness and average surface roughness were measured using a Hardness Tester 
(made in Japan) and a Roughness Tester (Surtronic 10  Ra,  made in U.K.) respectively. 

7.2.3 Results 

7.2.3.1 Comparison of COF on ice and on lubricated steel 

The COF on ice (-12  °C)  and on lubricated steel was shown in Figure 7. Two-way ANOVA 
showed that the interaction between footwear and surfaces (lubricated steel versus ice) is not 
statistically significant. However, the COF of footwear type 2 is the lowest on ice (-12  °C),  but 
the highest on lubricated steel among the 4 types tested. 
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Figure 7. Interaction on COF between footwear and two surfaces 
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7.2.3.2 Comparison of COF on melting ice (0°C), dry ice (-12°C) and on lubricated steel 

Results of kinetic COF of four types of footwear on melting ice (0 °C), dry ice (-12  °C)  and on 
lubricated stainless steel are shown in Table 1 and Figure 8. 

Table 1. Kinetic COF offour types offootwear on pure ice (0 °C, -12°C) and steel plate 

Footwear Type 1 Type 2 Type 3 Type 4 
Ice (0  °C)  (S.D.) 0.080 (0.001) 0.065 (0.003) 0.077 (0.002) 0.078 (0.005) 
Ice (-12  °C)  (S.D.) 0.284 (0.030) 0.223 (0.025) 0.297 (0.040) 0.267 (0.023) 
Lubricated steel (S.D.) 0.183 (0.000) 0.235 (0.006) 0.227 (0.001) 0.188 (0.003) 

Figure 8. Kinetic COF of footwear on ice (0, -12  °C)  and lubricated steel plate 

7.2.3.3 Correlation between COF on ice and roughness and hardness 

A multiple linear regression revealed that statistically significant correlation is identified only 
between COF on ice (-12  °C)  and roughness (P<0.01). 

The equation of the fitted model is COF = 0.220 + 0.003*Roughness. 

The model as fitted explains 35.9% of the variability in COF. The correlation coefficient equals 
0.599. 
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7.3 	Epidemiological survey of slip and fall accidents 
(paper Ill) 

7.3.1 Objectives 

Literature survey does not reveal any study on the influence of prior experience in cold 
environments and participation in winter sport on slip and fall accidents on icy surfaces.  Luleå  is 
situated in far north of Sweden towards the arctic. Winter lasts six months in a year. It is 
interesting to study the impact of the Nordic winter climate on slips and falls among foreigners 
with different living experience in cold environments. The objective is to identify advantages of 
walking experience on icy surface and participating in winter sport in preventing slip and fall 
accidents. 

7.3.2 Methods 

A questionnaire (Appendix 1) was administered for foreigners (from 26 countries) at  Luleå  
University of Technology of Sweden during one winter season (October 2000 - April 2001). 
Items in the questionnaire included age, gender, months of living experience in cold climate 
(including previous experience in cold environments before coming to  Luleå),  and winter sport 
(skiing, skating, ice hockey, snow boarding, etc.) participation. The questionnaire also included 
slip ratings on 5-point scale (5-very often, 4-often, 3-sometimes, 2-rarely, 1-never) and fall 
events, number of falls, injury severity, body part injured, underfoot surface and footwear 
conditions when fell. Seventy respondents replied (response rate, 31%), of which 64.3% 
respondents were in 20-29 age group, 18.6% in 30-39 group (totally 82.9% of all respondents), 
including 21 females and 49 males. 

7. 3.3 Results 

7.3.3.1 Experience of living in cold environments 

The results of ordinal regression showed that the slip frequency according to the 5-point rating 
scale decreased as the living experience in cold environments increased  (B=  -0.0113, p=0.019). A 
quadratic model was found to fit better: Slip Rating = 2.855 - 0.014 (Experience) + 6.0E-05 
(Experience)2  

A logistic regression was applied to model the probability of fall events occurring based on the 
experience of living in cold environments. The result of logistic regression showed that the fall 
events reduced as living experience increased  (B=  -0.030,  p=  0.001). The Logistic regression 
model is  Logit  =0.633 - 0.03 (Experience) as shown in Figure 9. The slope  (B)  represents the fall 
events change (decrease) in log odds for a one-unit increase of experience (one month). The odds 
ratio (Exp(B)) is 0.97, which is the ratio of odds for one unit experience increase against the 
occurrence of fall events. 
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Figure 9. Predicted probability of fall events versus experience of living in cold environments 
(months) 

A logarithmic model was found to better fit the number of fall events collected and the 
experience of living in cold environments (Figure 10): (Number of fall events) = 1.574 - 0.299 
ln(Experience), where the number of fall events decreased as the experience increased  (b  — 
-0.299,  p  = 0.005). 
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Figure 10. Predicted number of fall events versus experience of living in cold environments 
(months) 

Chi-square test showed that there was significant association between the first arrival group 
(N=19) and the group experienced more than one winter in  Luleå  versus fall events 0C2  =3.896, 

37 



70 

60 
60.9 

50 

40 

30 
21.3 

20 	 

lo  

0 

Winter sport participation Non-winter sport participation 

• 

p=0.048). Of the first arrival group, 52.6% had fallen, while in the group who arrived in  Luleå  
earlier, 27.4% had fallen. With respect to the usefulness of past experience of walking on icy 
surfaces in avoiding slipping, 75.0% responded yes, while only 7.4% said no, 17.6% not 
applicable. Chi-square test showed statistical significance (x2  = 54.206, p<0.001). 

7.3.3.2 Winter sport participation and falls 

Chi-square test showed that there was highly significant association between winter sport 
participation and fall events (x2  =10.745, p=0.001). Of winter sport participation group, only 
21.3% had fallen, while in the non-winter sport participation group, 60.9% had fallen as shown in 
Figure 11. The final model of multiway frequency analysis (hierarchical log linear analysis) 
showed that both winter sport participation and living experience in cold environments had 
significantly negative effects on fall events, but there was no interaction found between the two 
factors (winter sport participation and living experience). Goodness-of-fit test showed that the 
final model was fitted well (x2  =5.927, p=0.431). 

Figure 11. Winter sport participation and falls 

7.3.3.3 Underfoot surfaces and footwear 

Of all fall events, 37.7% happened on hard ice covered with snow, 29.0% on hard/frozen ice, 
14.5% on melting ice, 13.0% on melting snow, 4.3% on ice and snow covered with anti-slip 
materials, and 1.4% on snow (Figure 12). 56.9% wore common winter shoes, 16.9% sport shoes, 
12.3% special insulated winter shoes (protection from cold), 4.6% summer shoes, 3.1% indoor 
shoes, 3.1% cannot remember, and 3.1% other types. No one wore detachable anti-slip devices or 
spiked/studded shoes. 
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Figure 12. Percent of fall events on different icy and snowy surfaces 
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7.4 	Development of subjective evaluation method for slip 
and fall risk and usability of footwear on ice (paper IV) 

7.4.1 Objectives 

As reviewed in Section 4 of this thesis, there has been no consensus over the reliability and 
validity of the measurement methods for slipperiness, even on floor/lubricated floor. The 
measurement of slipperiness on ice is more difficult  (Tisserand  1985, Manning et al 1991). 
Therefore, to develop a valid subjective measurement as an alternative method is necessary. The 
objective was to design subjective rating scales and to evaluate the validity by comparing with 
corresponding objective measurements. 

7.4.2 Methods 

7.4.2.1 Rating scales for assessing se and fall risk and usability offootwear 

A five-point subjective rating scale was designed to measure tendency to slip, which was defined 
as the feeling of the subject of the possibility to slip. Five-point rating scales were also developed 
to measure thermal discomfort, fit discomfort, heaviness and ease of walking as shown below. 
The higher scores in tendency to slip, thermal discomfort, fit discomfort, and heaviness scale 
indicate better properties. Fit comfort, lightness and ease of walking were used to represent 
usability of footwear. 

1) Tendency to slip 

Very high 	High 	Moderate 	Low 	Very low 
(1) 	(2) 	 (3) 	(4) 	(5) 

2) Thermal discomfort 

Very 
uncomfortable 

(1) 

Uncomfortable Moderate 
(2) 	(3) 

Not 	Not at all 
uncomfortable uncomfortable 

(4) 	 (5) 

3) Fit discomfort 

Very 
uncomfortable 

(1) 

Uncomfortable Moderate 
(2) 	(3) 

Not 	Not at all 
uncomfortable uncomfortable 

(4) 	 (5) 
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4) Heaviness 

Very 
heavy 

(1) 

heavy 	Moderate 	Not heavy 	Not at all 
(2) 	 (3) 	(4) 	heavy 

(5) 

5) Ease of walking 

Very 
easy 
(1) 

	Easy 	Moderate 	Not easy 	Not at all 

	

(2) 	 (3) 	(4) 	easy 
(5) 

7.4.2.2 Walking trials and procedure 

After putting on the first pair of footwear, the subject was asked to walk on realistic icy roads for 
30 minutes, to get adapted to the environment and new footwear. The walking procedures were 
the same as used by Gard and Lundborg (2000). The subject was instructed to walk as much as 
possible at normal walking speed. Each walking trial included the following walking style 
components: 1) walking normally (forward), 2) turning, 3) stopping, 4) walking backward. No 
safety harness was applied to the subjects. For each type of icy surface, the subject walked from 
the start side to the other side of the surface, then turned and walked 5 steps towards the start side, 
after that, stopped and walked backwards 5 steps, then again walked forwards to the start side of 
the surface to finish one walking trial (Figure 13). 

—÷ Walking forward 	Turning 	*-÷ Walking forward and backward 

Figure 13. Walking styles on icy surfaces 

Each trial took about forty seconds depending on cadence and surface. After each trial, each 
subject was asked to rate the tendency to slip, which took a few seconds. There was no extra rest 
period between trials. After walking on all five icy surfaces with one type of footwear, the 
subject was asked to rate thermal and fit discomfort, heaviness and ease of walking of the 
footwear, then changed another footwear at random. The walking trials (4x5 =20 trials) for one 
subject lasted about one hour including the time for changing footwear. 

All walking trials were filmed on videotape. By direct observation the number of slips of each 
subject was counted for each pair of shoes in respect of each icy surface. The direct observations 
made on the number of slips was checked and clarified by watching the video film. For the 
purpose of this study and walking trials, a "slip" was interpreted as a temporary loss of foot 
balance or movement of the foot away from its intended path, which the observer could easily 
perceive as a slip. 
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7.4.2.3 Data preparation and transformation 

Ease of walking was a reversed item, attempted to reduce the possibility of trend to respond to 
one direction of the designed scales. While preparing the data for statistical analysis, in order for 
all data to be expressed in the same direction where higher scores mean better properties of 
footwear, the score of the ease of walking scale was reversed [New Value = (High Value + 1) - 
Original Value] (Trochim 2000, Yu 2000). Higher scores in Fit Discomfort, Heaviness and Ease 
of walking scales indicate better usability. 

7.4.3 Results 

7.4.3.1 Subjective ratings of tendency to slip, objective measurements of COF, and direct 
observations of slip events 

Results of subjective ratings are as shown in Table 2. Objective measurements of COF and direct 
observations by Abeysekera and Gao (2001) are comparatively listed. 

Table 2. Subjective ratings of tendency to slip, COF and number of slips on icy surfaces 

Pure 
ice 

Ice covered 
with snow 

Ice covered 
with sand 

Ice covered 
with gravel 

Ice covered 
with salt 

(0  °C)  (3-5mm) (180 g/m2) (150 g/m2) (9 g/m2) 
1. Subjective rating 1.16 3.18 4.24 3.22 3.41 
2. Objective COF 0.065 0.054 0.280 0.266 0.130 

(S.D.) (0.003) (0.007) (0.011) (0.023) (0.006) 
3. Direct observation 330 112 6 62 88 

(Number of slips) 
*Using one footwear type (2) as a reference shoe 

The correlation (Table 3) between subjective ratings of tendency to slip, objective COF 
measurement, and direct observation shows that there is significant correlation between ratings 
and COF (r = 0.900,  p  = 0.037 < 0.05), rating and observation (r = -1.000,  p  = 0.000 < 0.01), 
COF and observation (r = -0.900,  p  = 0.037 <0.05) 

Table 3. Correlation between subjective rating, objective COF measurement and direction 
observation with respect to slip risk on icy surfaces 

RATING COF NUMBER OF SUP 
Spearman's rho RATING 	Correlation Coefficient 1.000 .900* -1.000** 

Sig. (2-tailed) .037 .000  
N  5 5 5 

COF 	 Correlation Coefficient .900* 1.000 -.900* 
Sig. (2-tailed) .037 .037  
N  5 5 5 

NUMBER OF SUP Correlation Coefficient -1.000** -.900* 1.000 
Sig. (2-tailed) .000 .037  
N  5 5 5 

* Correlation is significant at the .05 level (2-tailed). 
** Correlation is significant at the .01 level (2-tailed). 
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7.4.3.2 Subjective ratings of thermal discomfort, heaviness and corresponding objective 
measurements 

The results of subjective ratings of thermal discomfort, heaviness and corresponding objective 
measurements are shown in Table 4. 

Table 4. Ratings of thermal discomfort, heaviness and corresponding objective measurements 

Type 1 	 Type 2 	 Type 3 	 Type 4 

Thermal Heaviness Thermal Heaviness Thermal Heaviness Thermal Heaviness 

Ratings 2.74 4.35 2.65 3.96 3.04 2.38 1.57 2.92 

Objective 

measurements 

1.685 

(do)  

409 

(g)  

1.670 

(do)  

468 

(g)  

2.005 

(do)  

862 

(g)  

1.345 

(do)  

861 

(g)  

The rank of the footwear according to their thermal discomfort (from the uncomfortable to 
comfortable) was footwear type 4, 2, 1, and 3. The rank (from heavy to light) of the heaviness 
rated by the subjects was type 3, 4, 2, and 1. There was significant correlation between subjective 
perception of heaviness and objective weight measurements (r=0.968, p=0.032<0.05). 

7.4.3.3 Direct observations of slip 

The number of slips observed for each type of shoes on each icy surface during the walking trials 
are given in Table 5. Chi-square test of the directly observed number of slip showed that there 
were highly significantly different among different types of footwear (X242.462, df=3, 
P=0.000<0.01), and among different types of icy surfaces (X2=514.609, df=4, P=0.000<0.01), 
with the least observed number of slip on ice covered with sand, while with the most on pure ice. 
The slip resistance ranks are as follows: ice covered with sand> with gravel > with salt > with 
snow > pure ice; footwear type 3 > 4 > 1> 2. The results of direct observation were consistent 
with that of subjective ratings and objective COF measurements (Table 3). 

Table 5. The number of slips by direct observation 
gravel sand snow ice salt Total Rank of footwear 

(least to most) 
Shoe 1 17 2 31 94 18 162 3 
Shoe 2 21 2 36 108 33 200 4 
Shoe 3 15 1 21 53 19 109 1 
Shoe 4 9 1 24 75 18 127 2 
Total 62 6 112 330 88 

Rank of surfaces 
(least to most) 

2 1 4 5 3 
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7.5 	The integration of multiple protection and usability 
(paper IV) 

7.5.1 Objectives 

The main objectives were to systematically assess the integration of slip resistance, thermal 
insulation, and usability of footwear used on icy surfaces, and the anti-slip effect of materials 
spread on ice by user trials, to explore the incorporated approach towards the design of 
footwear for use on icy surfaces. 

7.5.2 Methods 

7.5.2.1 Footwear 

Four types of new footwear were selected, which were deemed to be slip resistant by 
manufacturers as well as from the market, considering different footwear properties, which are 
shown in Paper IV (Table 1). 

7.5.2.2 Icy surfaces 

Five different outdoor icy walking surfaces, i.e. pure ice, ice covered with gravel (0 4-8, 150 
g/m2), sand (180 g/m2), snow (3-5mm) and salt (9 g/m2) were used to simulate realistic outdoor 
walking icy surfaces. Each track was 10m long and 0.95m wide, prepared in a shadowed area to 
avoid direct sunlight. During the experiment, the environmental dry air temperature was between 
0  °C  and +2  °C.  Ice temperature is usually lower than the air temperature (it was not measured in 
this study). There existed a thin water film at the interface between ice and air. Each surface was 
maintained as much the same as the initial condition before each subject began trials. 

7.5.2.3 Subjects 

Twenty-five subjects, 15 males and 10 females, average age of 31, took part in the outdoor 
walking trials. All subjects had more than 5 months experience of walking on icy roads and 7 
months living experience in Nordic region. 

7.5.2.4 Subjective rating scale 

Walking trials, procedures, subjective rating scales of tendency to slip, thermal discomfort, and 
usability, data preparation and transformation are presented in Section 7.5.2 of this thesis. 

7.5.2.5 Experimental design 

Independent variables were footwear (4 levels) and icy surfaces (5 levels). Dependent variables 
were expressed in the rating scales. A 4x5 two-way factorial and within subject design was 
employed in the experiment. In order to control bias of the assessment, the type of footwear worn 
and the walking surface for each trial were selected at random. 
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7.5.3 Results 

Mean rating scores of slip resistance, thermal comfort, and usability (fit comfort, lightness, ease 
of walking) are shown in Figure 14. Higher scores indicate better qualities of the footwear 
perceived. Friedman test showed that there was significantly different effect of different footwear 
on tendency to slip (X,2=10.746, N=23, df=3, P=0.013<0.05). The rank of tendency to slip was 
footwear type 2, 3, 1, and 4. Type 2 was most slippery, while the type 4 was least. Friedman test 
showed that there was also highly significant effect of different icy surfaces on tendency to slip 
(X,2=52.324, N=25, df=4, P=0.000<0.01). The rank of tendency to slip is pure ice, ice covered 
with snow, with salt, with gravel, and with sand. The pure ice was the most slippery surface 
(Mean rating score-1.16), while the pure ice covered with sand was least slippery (Mean rating 
score=4.24) of the five different icy surfaces. 

Slip resistance, thermal insulation, and usability of footwear on icy surfaces 
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Type 1 Type 2 Type 3 Type 4 

12 Slip resistance 2.7 1.8 2.68 2.82 

0 Thermal comfort 2.74 2.65 3.04 1.57 
OFit comfort 3.39 3.22 2.61 2.35 
IE Lightness 4.35 	 3.96 2.38 2.92 
0 Ease of walking 4.12 	 4.08 3.32 2.78 

Footwear 

Figure 14. Mean rating scores of slip resistance, thermal comfort and usability of footwear on 
icy surfaces 

Friedman test showed the effect of different footwear on thermal discomfort, fit comfort, 
lightness, ease of walking were also highly significant (P=0.005<0.01). Averaged sum scores 
across individual scales are shown in Figure 15. Higher sum score indicates better footwear 
property integration. 
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Figure 15. Averaged sum scores indicating the integration of slip resistance, 
thermal comfort and usability of footwear on icy surfaces 

Correlation analysis (Table 6) showed that ease of walking (reversed rating score) was 
significantly correlated with height, weight, fit respectively. Fit was significantly correlated with 
height, and weight. 

Table 6. Correlation between ease of walking, height, weight, fit and lightness 

Easewalk Height Weight Fit 	Lightness 
Easewalk  

Height -.971* 
(.029) 

Weight -.965* .967* 
(.035) (.033) 

Fit .993** -.990* -.983* 
(.007) (.010) (.017) 

Lightness .934 -.882 -.968* .932 
(.066) (.118) (.032) (.068) 

*. Correlation is significant at the 0.05 level (2-tailed). 
**. Correlation is significant at the 0.01 level (2-tailed). 
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8. General discussion 

As put forward in the systems perspective of slip and fall on ice and snow (Paper I), there are 
many factors contributing to slips and falls, featuring a multi-faceted issue. Several attempts have 
been made to tackle the problem in this thesis. 

8.1 	Footwear slipperiness on ice (0 °C, -12  °C)  versus oily floor 

Ice is not always slippery (Petrenko 1994), the ice friction coefficient can assume both very small 
value (.1, < 0.01), at high temperatures (-1  °C)  and high velocities (3 ms'), or very large value (II 
= 0.6) at low temperatures (-40  °C)  and low velocities (0.01 cms-1). Roberts and Richardson 
(1981) measured a hemisphere of rubber friction on polished ice over the temperature range from 
—32 to —1  °C,  the results showed that the friction coefficient on cold ice was high, however, there 
was a sharp fall at temperatures above —10  °C.  The fall was dramatic, 20 times or more, at —1  °C  
it was only about 0.02. 

Bruce et al (1986) found that all friction values of footwear on ice (ice rink, temperature 
unavailable) were low by comparison with other substrates and were generally lower than that 
obtained on an oily steel plate. 

Manning and Jones (2001) observed that the COF was reduced by water spread on ice (- 3  °C)  
with limited walking traction trials on an ice skating rink. Their walking traction trials also 
demonstrated that the very soft natural rubber (Shore A = 35) soling had the highest COF on wet 
ice, but it recorded the lowest COF on water-wet floors. On the contrary, one of the rock 
climbing boots (Shore A = 83) that was found to have one of the highest mean COF on wet 
surfaces, had extremely low COF on wet ice, which might be due to a "glass conversion" effect 
which could cause accidents on cold, wet surfaces at temperatures near freezing or when there is 
ice on the ground. Manning and Jones (2001) concluded that neither the flat slab safety boot 
soling nor the manufactured footwear provided satisfactory grip on ice, and advise the general 
public that safety boots and ordinary footwear provide good grip at summer temperatures should 
be aware that slip resistance falls in cold weather. 

These laboratory measurements also revealed that the kinetic coefficient of friction on ice at 0  °C  
is much lower than that at -12  °C  and on stainless steel (Table 1 and Figure 8). However, from 
Figure 8 we can see that COF on Glycerine (85%) lubricated steel is lower than that on pure ice 
at -12  °C.  The contradictory performance of the  PU  soling (footwear type 2) on ice (-12  °C)  and 
on lubricated steel plate might be attributed to that there was a hydrodynamic lubrication 
condition on the smooth stainless steel plate with 85% glycerine. Friction is mostly caused by 
deformation and hysteresis and is thus very low. Whilst on dry ice (-12  °C),  the friction 
mechanisms are mostly adhesional, due to molecular bonding between those parts of the shoe and 
underfoot surfaces that are in true contact, where the interfacial fluid has been completely 
removed (Makkonen 1994, Strandberg 1985). 

If a low viscosity fluid as lubricant is present, the two rubbing surfaces are more or less separated. 
This separation leads to a large reduction in friction (Leclercq 1999). On icy surfaces, near the 
melting point of ice the friction seems to be governed particularly by ice flow and melting 
(Roberts and Richardson 1981). Ionic impurities in ice lower its melting point, thereby forming 
liquid brine at the surface, which has an essential lowering effect on adhesional friction. Warm 
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ice is also sensitive to high pressure effects, like at heel strike in normal gait. At high pressure 
points ice will either flow to relieve the pressure or melt. Both phenomena tend to lower the 
coefficient of friction when the temperature of ice is warmer than —10  °C  (Grönqvist 1999). 
Therefore, the friction is very low on wet ice at 0  °C.  Due to different friction mechanisms, 
although superior on lubricated floors (Maiming and Jones 1994, 2001),  PU  footwear soling does 
not provide sufficient friction on ice at least when new. 

Although there have been several theories (pressure melting, frictional melting, surface energy 
imbalance, etc.) about the friction mechanisms on ice, several researchers have also pointed out 
that the properties of the interface layer in ice and snow friction are complex and still poorly 
known (Koning et al 1992, Makkonen 1994, 1997). 

Wettlaufer and Dash (2000) argues that more than 150 years after the first observations of thin 
liquid layers on the surface of ice, we are only starting to tease out the underlying physical 
mechanisms responsible for its slipperiness, adhesive properties and outright destructive power. 
Many questions remain. 

8.2 	Subjective rating scale to evaluate the slipperiness on ice 

Grönqvist and Hirvonen (1995) developed a dynamic method for assessing pedestrian slip 
resistance, which could also measure friction at footwear/ice coupling in laboratory. The 
measurement apparatus was equipped with a temperature controlled cooling system for ice 
formation on force plate. The validity was studied for use on viscous glycerol lubricated stainless 
steel floor (Grönqvist et al 1993). However, the measurement of footwear/ice coupling has not 
been validated (Grönqvist 1995). Bruce et al (1986), Manning et al (1991), Manning and Jones 
(2001) used human traction test to measure frictions both on floors and ice, which is criticized for 
the validity and precision (Grönqvist et al 2001). Therefore, to develop a subjective evaluation 
method to measure the slipperiness on ice is necessary. 

Comparisons of results from this subjective 5-point rating scale and objective mechanical 
measurement (Grönqvist 1995), and the slipperiness classification (Grönqvist et al 1989) are 
shown in Table 7. 

From Table 7 we can see that subjective evaluation and objective measurement of friction on ice 
at melting temperature are consistent, demonstrating the validity of the subjective evaluation 
method. 

The four types of footwear including safety footwear, occupational footwear, general winter 
footwear and thermal insulation footwear did not provide sufficient friction on melting ice. But 
the kinetic coefficients of friction on dry ice (-12  °C)  are even higher than that on lubricated steel 
floor, implying that slipping and falling risk on ice very much depends on environmental 
temperature. 
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Table 7. Comparisons of subjective and objective measurements 
on ice at 0  °C  and -12  °C,  and the slipperiness classification by Grönqvist et al (1989) 

Footwear Rating Kinetic COF Kinetic COF 
(walking trials on icy surfaces, 

at 0 	— +2  °C)  
on pure ice 

at 0  °C  
on pure ice 
at -12  °C  

1 2.70 (high/moderate tendency)* 0.080 (slippery)** 0.284 (slip resistant)** 
2 1.80 (very high/high tendency)* 0.065 (slippery)** 0.223 (slip resistant)** 
3 2.68 (high/moderate tendency)* 0.077 (slippery)** 0.297 (slip resistant)** 
4 2.82 (high/moderate tendency)* 0.078 (slippery)** 0.267 (slip resistant)** 

*Tendency to slip (5-point rating scale): 1-very high, 2-high, 3-moderate, 4-low, 5-very low. 
** Slipperiness classification on shoe-lubricant-flooring combinations (Grönqvist et al 1989): 

	

0.30 	very slip resistant, 
0.20-0.29 slip resistant, 
0.15-0.19 unsure, 
0.05-0.14 slippery, 

	

<0.05 	very slippery 

8.3 	Advantages of living experience in cold environments and 
winter sport participation in reducing slip and fall risk 

Several studies of age effect on slips and falls showed that women over 50 are more likely to get 
injured from slipping than any other age groups (Nilsson 1986,  Björnstig  et al 1997, Takamiya et 
al 1997, Eilert-Peterson and Schelp 1998). However, all these results were based on injury data 
collected from locals, with the same exposure experience in cold environment when at the same 
age. All of these studies were impossible to differentiate the contribution of experience to the slip 
and fall risk as the age and experience increase simultaneously. The advantage of this study could 
overcome the limitation. The investigation was targeting the respondents, who were young 
exchange undergraduate and postgraduate students from 26 countries rather than Swedes, who 
had different experience of living in cold environments with mostly the same ages (20-39 years 
old), being a relatively constant variable. 

The slip frequency, fall events and the number of falls decrease as the months of living 
experience in cold environments increase within the age groups of the investigation. Although 
months of living experience still increases with the increase of age, human locomotion balance 
abilities based on visual, vestibular, preprioceptive afferent inputs, central nervous system and 
motor function deteriorate with age, resulting in difficulties to maintain gait balance or to recover 
from loss of balance after a slip (Tideiksaar 1990, Pyykkö et al 1990). Thus, the model to predict 
slip frequency based on experience fits a quadratic model better. In the full life span, when the 
experience cannot compensate for the deterioration of human locomotion function, slips and falls 
will turn to increase after a certain age. This can explain why the elderly are typical victims. 

The majority (67.1%) took part in winter sport, e.g. skiing, skating, ice hockey, snow boarding, 
etc. Figure 11 shows that winter sport participation can reduce the likelihood of fall events. It is 
argued that restricted physical activity negatively affects the bone structure (Cummings et al 
1990). Winter sport might improve gait balance ability, contributing to less fall events, indicating 
that training in gait balance may help to reduce slip events, and to recover balance after a slip to 
avoid falling. Other physical exercises may also improve gait stability, which is not included in 
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this epidemiological study. The survey has not quantified the winter sport activity, e.g. frequency, 
intensity and duration, etc., thus it is necessary to carry out further research in this regard. 

Slips and falls on icy surfaces are multi-faceted problems. Strategies of multiple approaches to 
prevent slips and falls should be adopted. Participation in winter sport and train in gait balance 
are two means to be integrated into the prevention endeavor. 

	

8.4 	Footwear Usability on Ice 

To satisfy the protection demands and to maintain usability need is a challenge to designers and 
manufacturers as protection and comfort are contradictory demands (Abeysekera 2000). However, 
if the perception of clumsiness outweighs that of risks, users will discard the use of such personal 
protective equipment, resulting in the loss of all intended protections. As in the development of 
athletic footwear, in many situations, competitive or elite athletes might be willing to accept the 
increased injury risk if the shoe can enhance performance, which is one of the two principles 
(injury prevention and enhancing performance). Fit, comfort and playability must be insured 
(Smith and Bunch 1986). Protective/safety/professional footwear development must also meet 
usability demands. The protection functionality alone does not necessarily satisfy user, resulting 
in discarding the use unless safety acts and/or regulations compel users to wear. 

This study uses fit comfort, lightness and ease of walking representing usability of footwear, i.e., 
the more fitting, the easier to walk on icy surfaces, and the more usable. Height and weight were 
negatively correlated to ease of walking, the heavier the footwear and higher the footwear upper, 
the less ease of walking. The correlation analysis revealed that reducing height and weight would 
improve fit, ease of walking and usability on icy surfaces. The perceived lightness negatively 
correlated with objectively measured weight. McFadden et al (1994) conducted a biomechanical 
analysis of the support and flexibility of military boots by using a six-degree-of-freedom 
instrumented linkage method. The results showed that the high-top shoe/ankle joint system 
allows the wearer to experience higher physiological loads and demonstrated that as the rigidity 
of the footwear increases the limitation and interference with the range of motion increases. 
Smolander (1989) also reported that increased shoe weight could increase the workload of the 
wearer. Holewijin et al (1992) revealed that the mass of footwear resulted in an increase in the 
energy expenditure, which was a factor 1.9-4.7 times greater than that of a kilogram of body 
mass, depending on sex and walking speed. 

	

8.5 	The integration of multiple protection and usability 

Many surveys in the use of personal protective devices revealed that they had not been 
adequately worn by workers due to mainly the discomfort caused by the lack of wearability needs 
in their designs (Abeysekera and Shahnavaz 1988). Current research on footwear for cold 
environments has mainly focused on thermal insulation (Kuklane 1999). When exposed a short 
period in frozen environment such as intermittent outdoor and indoor workers and pedestrians, 
the provision of thermal insulation is not crucial. However, slip and fall may still cause severe 
fracture even walking one step on ice, especially for the elderly. Therefore, slip resistance must 
be another functionality requirement of footwear for use in cold climate. Although it is argued 
that while trying to achieve more protections, the wearability needs of such personal protective 
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Cold 

equipment become very difficult to incorporate (Bergquist and Abeysekera 1994b). However, 
when users are more likely to take risks rather than to use cumbersome footwear, the purpose of 
protection is lost. For outdoor workers in cold climate, it is necessary to provide footwear with 
three basic protections, viz, protection from impact injuries, protection from exposure to cold and 
protection from slip and fall hazard. Thus, the slip resistance, thermal insulation, and usability 
must be harmoniously integrated in designing footwear for use in cold environment as shown in 
Figure 16. Other properties must not sacrifice slip resistant property, which is currently lack of 
standard to govern it. 

Hazards in cold environments 

'Thermal insulation 	Usability 	) 

Functionality and usability needs 

Figure 16. The need to integrate slip resistance, thermal insulation, and usability in 
footwear design for use in cold environments 

From Figure 14 we can see that the slip resistance, thermal insulation, and fit, lightness, and ease 
of walking vary among the four types of footwear tested, indicating that they are not properly 
integrated in the footwear tested. There is no one type of footwear satisfying all protection and 
usability needs. There is much sacrifice among those properties and protections. Footwear type 3 
(winter safety boot), for instance, is the most thermally comfortable one (indicating effective 
protection from cold), but the thermal insulation and the steel toe cap design makes it heavy and 
less wearable. In this regard, providing protections from impact and cold and providing usability 
are contradictory. The winter safety boot shows tendency to slip. Obviously, it does not prevent 
slip hazard on melting ice, which is crucial in winter footwear design. Footwear type 4 is the 
most slip resistant one, while it is the worst in the perception of thermal comfort, fit and ease of 
walking. As shown in Figure 15, the average sum score across all properties is the lowest. Users 
are not likely to wear it even though it is, to some extent, slip resistant. In consequence, the 
meaning of preventing slips and falls is lost when the usability is poor. The results of this 
assessment showed that slip resistance, thermal insulation, and usability are not holistically 
considered and incorporated in the footwear tested. It is so common to see that one protection is 
achieved at the expense of losing usability and/or other protective demands, which should be 
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avoided in the development of footwear for use in cold environments, especially with melting 
ice, in which slip is a common accompanying hazard. 

The limitation of the experiment for each subject only lasted about one hour. The thermal 
insulation was not as crucial as in long-term exposure. Thus conclusion cannot be drawn that 
footwear type 1 and 2 are best for outdoor workers although the average sum scores are higher 
(Figure 15). For intermittent outdoor/indoor workers and pedestrians, thermal protection 
becomes less important while slip protection is still essential. In this regard, footwear 1 and 2 are 
not suitable to use either. Higher average sum score (Figure 15), e.g., .20, indicate a reasonable 
integration if the same factor weight can be justified and given to each protection demand, as 
well as usability, and a linear summation of the scores are assumed. 

Further approach should be to set each protection and usability factor weight according to 
purpose, time and place to use the footwear, and then to quantify overall protection and usability 
property integration. 
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9. Conclusions and recommendations 

A systematic analysis of the slips and falls on icy and snowy surfaces identified unresolved issues, 
and showed that that the etiology of slips and falls is multi-faceted. Attempts to solve the 
problem must adopt a systems approach, towards which future research must be directed. 

The kinetic coefficient of friction on ice by objective measurements at 0  °C  is much lower than 
that at -12  °C  and that on stainless steel. Both subjective ratings and objective measurements 
showed that four types of footwear were slippery (high — moderate tendency to slip) on wet ice at 
around 0  °C,  but low tendency to slip on dry ice (at -12  °C).  Footwear with polyurethane soling 
was more slippery than synthetic material, nitrile rubber and natural rubber soling on pure ice (-
12  °C)  when new. Polyurethane soling did not provide sufficient friction on wet ice at least when 
new (without abrasion), although superior on lubricated floors, implying that the most slip 
resistant soling material on floors may not produce the same anti-slip effect on ice as expected. 
Soling roughness was positively correlated with footwear friction on dry ice (at -12  °C).  The 
footwear tested including winter footwear, professional footwear, safety footwear, and footwear 
deemed to be slip resistant by users and manufacturers did not provide sufficient protection 
against slips and falls on wet ice at around 0  °C.  Accordingly, slip and fall risk is higher on wet 
ice than on dry ice and lubricated steel floor. 

Slip and fall events reduced with increased living experience in cold environments. Newcomers 
with no or less experience were prone to falling, and they should be well informed of potential 
slip and fall hazards upon arrival in cold region. It is presumed that warnings and instructions 
reduce slip and fall risk among new arrivals. 

Participation in winter sport contributed to prevent slip and fall accidents, implying that training 
in gait balance may help minimize slip and fall risks on ice for inexperienced outdoor workers 
and pedestrians. 

Epidemiological survey revealed that more fall events happened on hard ice covered with snow 
for not being able to visually perceive the hidden risk of slipperiness. Current ordinary winter 
footwear did not provide protection against slip and fall hazards on ice even though with 
insulation against cold as also proved by objective measurement and subjects' perception. 

The usability assessment of footwear showed that winter and safety footwear, and footwear 
believed to be slip resistant did not hold good usability (fit comfort, lightness and ease of 
walking). Slip resistance, thermal insulation and usability of footwear tested were not properly 
integrated. There was no one type of footwear providing both sufficient protection and 
satisfactory usability. In addition to thermal insulation, prevention of slip and fall hazard by 
improving anti-slip property and usability must also be priorities for development of footwear for 
use in cold environments. From the ergonomics point of view, footwear for use on icy surfaces 
must achieve the integration of three distinct protection demands and good usability by user-
centered design. 
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10. 	Further research 

Several attempts have been made in this thesis, but some remains unsolved as shown in the 
systems model (Figure 1). The following aspects necessitate further studies: 

1. In the footwear-ice tribology, current studies focus more on footwear-floor coupling. Further 
researches on footwear-ice coupling are needed, such as the frictional effect of footwear 
soling abrasion/wear on ice, differentiating and quantifying contributions of factors like 
footwear hardness, roughness, tread pattern, contact area, pressure, center of mass, the  anti-
slip  effect of spreading different anti-slip materials on icy surfaces, etc. 

2. More slip resistant material and sole design should be developed further, e.g. fastening  anti-
slip  materials in certain parts of sole. 

3. There is little research, and no standard available governing the slipperiness on icy and snowy 
surfaces as relating to the interaction between the surface and the footwear, even though ice 
surface near melting point is more slippery than contaminated floors, and the population 
associated with slip on ice is much more than that with contaminated floors. Therefore, there 
are desperate needs to further examine the interaction mechanisms at icy and snowy surface 
and footwear interface, to develop more reliable and valid methods and equipment, and to set 
up relevant standard. 

4. It is common that slips and falls occur more frequently while walking in haste, in turning, up 
and down slope. Human balance ability and gait biomechanics on ice and mental model needs 
attention. 

5. Environmental factors will influence both footwear and icy surface properties. The cold 
environments also affect human neuromuscular and balance system, which, in turn, impact 
human gait on icy and snowy surface, which warrants further study. 

6. Participation in winter sport, train in gait balance, and introducing warnings and instructions 
among new arrivals are effective measures to be integrated into slip and fall intervention 
endeavors. 

7. Further approach should be to set each protection and usability factor weight according to 
purpose, time and place to use the footwear, and then to quantify overall protection and 
usability property integration. 

8. Design, prototype construction, user testing of anti-slip footwear should be conducted to 
intervene slip and fall accidents on ice and snow. 

9. Perception of slipperiness - the roles of visual, vestibular, and proprioceptive perceptions in 
human slips and falls. 

10. Role of gait biomechanics, gait balance ability contributing to slips and falls on ice and snow. 
11. Task-related factors and organizational influence on slips and falls on ice and snow. 
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Appendix 1 
Questionnaire for investigation of slip and fall accident 
and experience of walking on icy and snowy surfaces 

1) The purpose of this questionnaire is to investigate slip and fall accident and experience of 
walking on icy and snowy surfaces in winter. 

2) Your participation in this survey is very important. The data will be used for the prevention of 
slips and falls on ice and snow, which will, in turn, improve your working and walking 
conditions. 

3) Slip is a sudden loss of grip, resulting in sliding of the foot on a surface due to low friction. 
Whenever you cannot counterbalance a slip, then loss of balance and fall will occur. 

4) We would be grateful to all who would like to make contributions to reduce slips and falls by 
filling out this questionnaire. Please mark  "x",  write or indicate in numbers in appropriate places. 
Please answer the questions as accurately and completely as you can. 

5) Kindly return your answers to: 
Chuansi Gao, F 739 (F Building), Division of Industrial Ergonomics, 
Department of Human Work Sciences,  Luleå  University of Technology, 971 87  Luleå  

1. Your age? 

ID <20 	El 20-29 	E3039 
E 40-49 	05Ø59 	D6069 	ri >69 

2. Are you? 
Female 	0 Male 

3. Your nationality: 

4. Your experience of walking on icy and snowy walkways in winter before you came to Sweden: 
	(years) 	(months) 

	

How long was the winter season in the area where you resided before? 	month(s) 

5. When did you come to Sweden? Year 	/ Month 	 

6. Have you been participating in any winter sports?  
D  Yes 	El No 

If yes, which sports?  
D  Skiing  
D  Skating  
D  Ice hockey  
D  Curling 

Others (please specify): 	  
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7. How long have you been participating in winter sports (both in Sweden and in other countries): 
	(years)/ 	(months) 

8. Is your past experience in walking on ice and snow useful in avoiding slipping now?  

D  Yes 
	

D  No 	EN/A  

9. From the time you first walked on ice and snow until today, do you agree that you have 
learned to avoid slipping?  

D  Yes  D  No 	 0 Somewhat 

10. Please state your opinions on the following statements on the scale below. 

I slipped while walking on icy and snowy roads in latest winter. 

I 	 I 	 I 	 I 	 I 	 I 

	

very 	often sometimes rarely never 
often 

	

(5) 	(4) 	(3) 	(2) 	(1) 

11. Did any slip cause you to fall while walking on icy and snowy roads in latest winter? 

	

Yes 
	

D  No (if no, please go straight to the questions 15 and 16) 

If yes, please indicate with  "x"  in the following table each of your fall case, when it 
happened and how severe you were injured? 

Fall 
case 
(in 
order) 

When 
(yy-mrn- 
dd) 

Severity of your injuries 
No 
injury 

Minor injuries 
(bruise, swelling, 
slight pain, etc) 

Pain 
lasting 
more than 
3 days 

Pain 
lasting 
more than 
one week 

Sprain Fracture Others 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 

12. Which body part(s) were injured when slipped and fell (if injuries occurred more than once or 
more than one body part, please check more than one choice below)? 
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DHead 3 Hand DWrist DArm DTrunk 13 Low Back 
El Hip 	3 Leg 	D  Knee DAnkle  E  Foot 	ID Other 	 

13. On which type of icy and snowy surface did you fall (you can mark more than one choice if 
you fell more than once)? 

El Hard/frozen ice 
DI Melting ice 
El Snow  
D Melting snow  
D Hard ice covered with snow 
El Ice and snow covered with anti-slip materials (such as sand, etc) 
▪ Other type of surface: 	  

14. Which type of shoes did you wear when you fell on icy/snowy surfaces (you can choose more 
than one if you fell more than once)? 

DI Common winter shoes  
D Detachable anti-slip devices + common shoes 
D Indoor shoes  
D Safety shoes with steel toe caps  
C  Special insulated winter shoes (protection from cold)  
D Spiked/studded shoes  
EJ  Sport shoes  
D Summer shoes 
12 Other type: 	 
D Cannot remember 

15. What would you recommend to improve anti-slip property of shoes for use on icy surfaces in 
winter? 

16. Your other comments to reduce slip and fall accident on icy and snowy surfaces: 

Thank you for your co-operation! 
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A systems perspective of slip and fall accidents 
on icy and snowy surfaces 

Chuansi Gao and John Abeysekera 
Division of Industrial Ergonomics 

Department of Human Work Sciences  
Luleå  University of Technology 

S-971 87  Luleå,  Sweden 
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Abstract 

Current research on slips and falls has mainly focused on floors and/or contaminated floors. 
Although icy and snowy surfaces near melting temperature are more slippery, more important 
still, slip and falls on icy and snowy surfaces involve not only outdoor workers, but also 
pedestrians and the general public; and occur in cold regions, and in winter season in many parts 
of the world. However, in comparison with the size of the problem, research work done so far in 
this area has been few. 

The objectives of this paper are to present a systems perspective of slip and fall accidents, with 
special focus on its occurrence on icy and snowy surfaces. In order to explore the aetiology of 
slip and fall accidents further, and to provide the basis for prevention, the authors put forward a 
systems model towards the slips and falls on icy and snowy surfaces based on the review of 
literature and current knowledge. Various contributing factors are systematically discussed to 
highlight the multi-factorial nature of the problem, providing the possibility of a multi-faceted 
approach to systematic prevention. Unresolved issues are also identified, which necessitate 
further research. 

1. Introduction 

Long and dark winter characterises Arctic region. In Nordic countries, winter lasts for about six 
months in a year. Due to the warm stream, the weather is changeable. It is common to see that 
roads in winter are either covered with snow, ice, melting snow, melting ice or the mixed. These 
natural climatic factors result in the prevalence of slip and fall accidents not only among outdoor 
workers (forest workers, construction workers, service workers, etc.), but also among the general 
public and pedestrians in Nordic and cold regions. 

Slipping arises when the coefficient of friction (COF) between footwear and walkway surface 
provides insufficient resistance to counteract resultant force. Slips occur at either push off (toe off, 
the rearward slip) or touch down (heel strike, forward slip). The forward slip (heel strike) is more 
dangerous and frequent (Strandberg et al 1981, Leamon and Son 1989, Manning et al 1991). 
Whenever humans cannot counterbalance these slips, then loss of balance and fall will occur, 
which, in  tum,  may result in various injuries. 



Li Se and fall accidents on icy surfaces 

Literature reveals that many pedestrians have been injured by slips and falls on frozen road in 
cold regions. In Nordic countries, 16% of all accidents at work, at home and during leisure 
activities had been caused by slipping, out of which 2/3 of the slips had occurred on ice or snow 
(Grönqvist and Hirvonen 1992, 1995). According to Kelkka (1995), about 23,000 pedestrian 
slipping on ice and snow leads to injuries every year in Finland, 21,000 of them need treatment in 
emergency stations while 2,000 need longer treatment in hospitals. The economic cost due to 
slipping accidents in traffic areas is 280 million Finnish Marks every year (cost level in 1993). 

In Sweden, thousands of pedestrians were injured every year, because of slippery pavements and 
roadways (Gard and Lundborg 1994). Based on Swedish National Board of Occupational Safety 
and Health statistics data, slip, trip and fall  (STF)  accidents were most frequently reported on 
snow and ice  (Andersson  and  Lagerlöf  1983), both from male and female workers, 25% (women, 
<45y), 30% (women, >=45y), 13% (men, <45y), 18%(men, >=45y) (Kemmlert and Lundholm 
1998). Ice and cold related injuries (all categories) accounted for 37% of the total cost of all 
injuries among the elderly in the traffic environment during one year period in Sweden. Half of 
all injuries were fractures. The "cost" of medical care of these slipping injuries was almost the 
same as the "cost" of all traffic injuries in the area during the same time (Lund 1984,  Sjögren  and 
Björstig 1991,  Björnstig  et al 1997). It is common to see crowded orthopaedic clinics during 
winter particularly in the northern part of Sweden. Expenditure for these injuries are high 
compared to other injuries. Healing process and rehabilitation usually also take longer time, 
resulting in higher insurance payments to the injured and compensation claims by the workers. 

Bentley and Haslam (1996, 1998, and 1999) undertook an analysis of accident data for 1,734 
outdoor fall accidents to postal delivery employees occurring over a two-year period in U.K. The 
analysis examined the activity of the employee at the time of the accident, and the fall initiating 
event (FIE). The most common FIE was found to be foot slip, with 46% of slips on the level 
being ice slips. It was shown that slip, tumble, and fall accident (STFA) were most common 
during winter months (November/February), and slipping accidents tended to cluster on single 
days where heavy snowfall or ice made conditions particularly hazardous. The analysis showed 
that common underfoot conditions related to FIE were snow, ice and uneven or damaged paving, 
secondly, the use of unsuitable and worn footwear. More than 90% of employees investigated 
mentioned snow, ice as one of the factors, which most increases their risk of having a fall 
accident. 

In the United States, Leamon and Murphy (1995) revealed that there was significantly higher 
numbers of falls in winter months (December/March) through analysis of workers' compensation 
data of a major insurance company, coinciding with expected periods of snowfall and ice. An 
inverse correlation was observed for same level falls with temperature and precipitation though 
further conclusive results are called for. 

1.2 The state of the art 

There has been research work done, dealing with the assessment and measurement of slip 
resistance of shoes on indoor dry and contaminated floors (Leamon 1992, Grönqvist 1999, 
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Leclercq et al 1994, Jung and  Rutten  1992, Jung and Fischer 1993, Jung and Schenk 1990). Icy 
and snowy surfaces near melting temperature are more slippery than floors, involving pedestrians 
and the general public. However, in comparison with the size of the problem, research work put 
into the prevention of slips and falls on icy and snowy surfaces has not been paid adequate 
attention. Grönqvist and Hirvonen (1995) pointed out that there was considerable lack of 
knowledge about the slipperiness of footwear soles on icy surfaces. Even since that time, there 
still have been only a few reports available concerning the slip and fall on icy and snowy surfaces  
(Björnstig  et al 1997). 

According to Jung's framework of shoe wearing test using 76 pairs of shoes of 13 different types 
on indoor various floors, surface roughness, sole material and state of sole (unworn or worn) 
could be considered as major influencing factors, which explained 50% of the variance found for 
the acceptance angle (ramp test). However, the remaining 50% could not be accountable (Jung 
1991, 1992).  Tisserand  (1985) argued that there were many factors contributing to slips, 
including: 

1) Biomechanical and psychological factors involved in human walking, 
2) Factors related to the floor surface, 
3) Characteristics of shoes and soles. 

1.3 Objectives 

The objectives of this paper are to present a systematic perspective of slip and fall accident, with 
special focus on its occurrence on icy and snowy surfaces, to highlight the multi-factorial features, 
to provide a multi-faceted approach towards prevention, to identify unresolved issues and to 
explore further research needs related to slips and falls on icy and snowy surfaces. 

2. Systems model of slip and fall accident on icy surfaces 

In order to further explore the aetiology of slip and fall accidents, and to provide the basis for 
prevention, the authors put forward a system model toward the slips and falls on icy and snowy 
surfaces based on a comprehensive literature review as shown in figure 1. 

The model explains following factors, which contribute to slip and fall accident: 

1) Footwear (sole) properties including sole material, hardness, roughness, worn/unworn, tread 
(geometry) design, centre of gravity, anti-slip devices, wearability (weight, height, flexibility, 
ease of walking, comfort) etc., 

2) Road surface characteristics, covered with ice, snow, contaminants, anti-slip materials, 
uneven, ascending/descending slope, etc., 

3) Footwear (sole)/road surface interface — tribological aspect, i.e. coefficient of friction (static, 
transitional and dynamic), 

4) Human gait biomechanics: muscle strength, postural control, musculoskeletal function, 
postural reflex and sway, balance capability, acceleration, deceleration, stride length, step 
length, heel velocity, vertical and horizontal forces, etc., 

5) Human physiological and psychological aspects, i.e. the so-called intrinsic factors, including 
declines in visual, vestibular, proprioceptive, ageing, perception of slipperiness, information 
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4) Human gait biomechanics 

1) Footwear 

2) Icy and snowy surfaces 

6) Cold Climate 
(extrinsic environmental factors) 

3)  Footwear  (sole)/ice  interaction 
(tribophysics)  

5) Human factors 
(intrinsic factors) 

processing, experience, training, diabetes, drug and alcohol usage, unsafe behaviour (rush, 
reading while walking) etc., 

6) Environment (extrinsic factors): temperature, humidity, snowfall, warm stream, lighting 
condition, warning and road signs, etc. 

IT 

Figure 1. Systems model of slip and fall accident on icy surfaces 

Since it is a multi-facet issue, Twomey et al (1995) used artificial neural network predictive 
model for slip resistance as a function of six independent variables. The following session of this 
paper will discuss the various contributing factors systematically with special emphasis on slip 
and fall accident occurrence on icy and snowy surfaces, including but not limited to slip 
resistance. 

3. Footwear properties 

Literature regarding slip resistance of footwear on contaminated floors is available (Manning et 
al 1985, Jung 1991, Leclercq et al 1994, Grönqvist 1995). However, little research has been done 
so far concerning anti-slip properties of footwear (sole) for use on icy and snowy surfaces. 
Haslam and Bentley (1999) revealed that use of footwear was inappropriate for delivery work in 
adverse weather conditions. Provision of footwear with increased grip is recommended. A 
majority of mail delivery employees did not use snow chains because of uncomfortable on 
cleared ground and unwilling to spend time putting chains on and off. 

3.1 Soling materials 
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Bruce et al (1986) measured slip-resistance of shoes, crampons and chains on icy surfaces (dry 
ice, -9  °C).  It was found that all friction values of footwear on ice were low by comparison with 
other substrates and were generally lower than that obtained on an oily steel plate. The highest 
friction values were generated by the softest materials, 0.19 by microcellular polyurethane  (PU).  
The other values in descending order were 0.17 by soft rubber, 0.14 by nitrile rubber, 0.09 by 
leather sole, 0.08 by old PVC respectively. The COF for crampon was 0.24-0.31, whereas the 
COF for chain was only 0.11. Therefore, the best traction was provided by crampons, consisting 
of steel studs in a rubber strip. Chains attached to the shoes gave very poor traction on smooth ice. 
The best shoe soling on ice (-9  °C)  was double density soft  PU  among those tested. The soft 
rubber snow boot and a rigid foam slipper were also slip-resistant on icy conditions, but the latter 
is very flimsy. An old pair of hard PVC slippers was extremely dangerous for use on ice. Bruce et 
al (1986) suggest that as a first step the double density microcellular  PU  soling be used as a 
standard to injuries on icy surfaces. 

Cumulative research over a period of fifteen years consistently revealed that a  PU  soling is the 
most slip resistant soling for use on oily and wet floors (Manning et al 1985; Manning and Jones, 
1994, Gao et al, 2000). Grönqvist (1995) also revealed that used  PU  heels and soles gave a 
considerably higher coefficient of kinetic friction on contaminated floors than used heels and 
soles made of compact nitrile rubber (NR) and of compact styrene rubber (SR) on contaminated 
floors. However, Grönqvist and Hirvonen (1994, 1995) recommended soft heel and sole 
materials of thermoplastic rubber (rather than  PU)  for winter footwear for use on dry ice (-10  °C),  
believing that  PU  was not safe enough on wet ice (0  °C).  

Gao (1999) also demonstrated that footwear with  PU  outsole is slipppery on wet ice, and even 
more slippery than footwear with nitril and natural rubber outsoles. Therefore, there seems to be 
no universal soling material, which is slip-resistant on different icy surfaces, e.g. dry and wet ice. 
From the viewpoint of practice, those research results mean that it is challenging for designing 
proper anti-slip footwear for use on all types of icy and snowy surfaces in winter, because it is 
not optimistic to expect only one soling material/tread design to accommodate various climatic 
conditions and subsequent changeable icy and snowy surfaces. Grönqvist and Hirvonen (1994, 
1995) pointed out that new soling materials and tread combinations must be developed, e.g. very 
hard material with sharp cleats (scratch formation) in combination with a softer base material, 
and the use of footwear with studded heels and soles during high-risk days when the ambient 
temperature in close to 0  °C.  But it is not suitable for use on indoor floors. Proper anti-slip 
material arrangement and fastened on out sole might be one solution (Noguchi and Saito, 1996). 
Other slip resistant materials and integration designs must be explored to accommodate outdoor 
and indoor surfaces. 

3.2 Sole tread (geometry) pattern 

Besides sole materials, sole (geometry) pattern will also affect slip-resistance. Different surfaces 
may require different tread designs in order to achieve higher frictions. The treads that form the 
overall relief of the sole and that are in contact with the ground should be of a volume and have 
mechanical characteristics that allow an optimal amount of mobility. However, there is paucity of 
studies of the effect of tread patterns on slipperiness due to the difficulty of quantifying tread 
patterns. 
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Grönqvist et al (1993) compared objective and subjective assessments for slipperiness of the 
shoe/floor (glycerine) interface, the results showed that sole with tread removed was more 
slippery than sole with tread. Leclercq et al (1994) argued that it was necessary to maximise the 
contact area of the sole, especially by avoiding the use of "micro-tread" (small bumps) on its 
surface and by reducing the overall curvature of the sole.  Tisserand  (1985) showed that soles with 
asperities had a negative influence on the value of COF because of small contact area. However, 
Leclercq et al (1994) argued, at the same time, that the "tread" and the "material" did not act 
independently on the coefficient of dynamic friction. The ridges of these treads should be as 
sharp as possible in order to wipe away any liquid pollutants. 

Strandberg (1985) and  Tisserand  (1985) stated that it was necessary to provide means for the 
rapid evacuation of any pollutant through channels in the tread. The pollutant must never be 
captured between the surface and the shoe, for example by a border that encloses the channels or 
by treads in the form of small suction cups. This is a rule well known to the manufacturers of 
automobile tyres. 

Lloyd and Stevenson (1989) and Stevenson (1997) showed a rounded (bevelled) heel edge gave a 
higher slip resistance than a sharp (squared) one, because of the increased area of contact 
immediately after heel strike, and suggested the use of a "bevelled" heel in order to increase the 
contact area at the heel strike movement. However, Strandberg (1985) strongly recommended the 
use of a small effective contact area when walking on a viscous fluid surface at the heel strike 
moment in order to generate a high pressure. The substantial influence from a smaller area 
pattern was demonstrated by the multiple increase in COF. Nevertheless, Grönqvist (1995) 
revealed that the greater the contact angle, i.e., the tangent between the shoe and the 
contaminated floor, the higher the risk of slipping seemed to be, and an increase in the pressure 
did not lead to an increase in the coefficient of friction on smooth lubricated surfaces. On the 
contrary, high normal pressures seemed to increase the risk of slipping. On rough floors, 
however, the lubricated broke down if more likely to occur, enabling more effective draping, 
thus, increasing particularly the hysteretic friction. Obviously, results on contact area and 
pressure are contradictory. 

Grönqvist (1995) showed that the sole slabs (PUr-slabs) with rectangular tread pattern and with 
asperities had a slower increase of friction after the first contact with the steel surface than the 
sole slabs (NRw-slabs) with a waveform or triangular tread pattern and without asperities. The 
maximum kinetic friction for the NRw-slab was reached within 0.1S after the first contact. 
However, the maximum kinetic friction for the PUr-slab was not reached until 0.5S after the first 
contact, which normally is too long a time to prevent a slip from developing into a fall. 

Besides the heel sole tread pattern, the toe sole plays the other role in toe off (rearward) slip, 
which is currently a neglected area of research. 

All the above discussions about tread and COF are based upon floors/lubricated floors. Little 
literature has been found regarding tread design for use on icy and snowy surfaces. Although the 
same principles may apply to icy and snowy surfaces, there may be different requirements in 
order to improve COF. 
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Grönqvist and Hirvonen (1994) argued, about the cleat design for use on dry and wet ice as 
shown below, 

1) Flat cleats with an apparent contact area as large as possible gave the highest friction readings 
on dry ice (-10  °C),  

2) Sharp cleats combined with very hard heel material gave the highest friction readings on wet 
ice (0  °C)  due to scratch formation. 

Gao (1999) showed that there was no significant correlation between subjective slipperiness 
ratings, COF and contact areas. Jung (1992) also observed that there was no correlation between 
the contact surface values and the slip resistance either. 

However, almost all the research and measurement done before did not separate the anti-slip 
effects of sole material, hardness, roughness, and the tread design completely. In fact, the work 
done before about the frictional effect was the combined one, whether one or two variables 
(material, hardness, roughness, or tread design) contributed to it were not known. Further 
research is needed in this unsolved problem. 

3.3 Sole hardness 

As discussed by Leclercq et al (1994), hardness is one of the more widely used mechanical 
properties. The measurements on lubricant/floor conditions show that a reduction in the hardness 
of the sole corresponds to an increase in the COF, but the increase appears to be much too small 
to be useful in terms of safety. In frozen environment, the effect seems to be the same. 

Bruce et al (1986) showed that there was a negative correlation between sole hardness and COF 
on ice (dry ice, -9°C), r= -0.876). Kellett (1970) and Perkins (1976) also reported the poor friction 
properties on ice of hard materials. 

Grönqvist and Hirvonen (1994) found a significantly negative correlation between kinetic COF 
and hardness of the heel material and the hardness of the entire soling on dry ice (-10  °C).  It is 
consistent with the result by Bruce et al (1986). However, there was no clear correlation while on 
wet ice (0°C). It will be necessary to further examine hardness and friction at a range of 
temperatures in order to made it clear if hardness of footwear recommended for icy and snowy 
surfaces is suitable for all temperatures likely to be encountered by potential users. Ahagon et al 
(1988) argues that although the friction resistance of rubber on ice is primarily determined by the 
viscosity and the thickness of the lubricating fluid layer, further improvement of the friction 
could be obtained by making rubber more resilient. However, whether expected increase of 
friction is safe enough at melting point need further research. But very hard heels (Shore A>85) 
combined with sharp, e.g. conic cleats tended to give the highest friction readings. Such a 
combination of hardness and cleat-shape was able to scratch the surface of the wet and therefore 
soft ice, the temperature of which was 0°C. On the contrary, the hardest soling materials were the 
most slippery ones on the harder ice at —10°C. Simply put, in order to increase slip-resistance of 
footwear on icy surfaces, we need soft  solings  for use on hard ice (dry ice), whereas hard  solings  
on soft ice (wet ice). 
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It is interesting to notice that a study done by Manning et al (1985) based on the speculation that 
some animal species may have developed slip-resistant feet. Polar bear is thought to be adapted 
to the slippery environment. The footpads were found to have a rough papillary surface overlying 
a soft dermis containing a dense net work of collagen and elastic fibres. These findings support a 
hypothesis that shoe soling for use on an icy substrate should be soft with a hardness value in the 
region of 24 on the Shore A scale (0-100). The surface should be covered in conical projections 
having a mean diameter of 1 mm. Further work on the feet of animal species could lead to a 
better understanding of slip-resistance and reduce injuries to humans and livestock. However, the 
crucial difference between animal footpad and human footwear sole lies in that the former can be 
self-regenerated, whereas the latter easily wears out, which has been demonstrated as an 
important effect on slip-resistance (Jung 1991, Leclercq et al 1994, Grönqvist 1995). Another 
important difference is: polar bear is quadruped, whereas human is bipedal. Therefore, the gaits 
are incomparable. 

3.4 Wear and tear 

The slip resistance of a shoe is not a stable property. It varies during the course of its use. 
Leclercq (1999) argues that the slip resistance of footwear is a transient as well as a versatile 
quality. The slip resistance may decrease or increase depending on the soling materials and the 
time of wear (Manning et al 1985, Leclercq et al 1994, Grönqvist et al 1995, Mikko et al 1998). 

Leclercq et al (1994) argued that the friction coefficient of a shoe increases as soon as it was 
worn, and the relative increase of the friction coefficient of expanded polyurethane soles was 
greater than that noted for soles made of compacted  elastomers.  Leclercq (1999) claimed that 
slightly worn  PU  is generally preferred, when new, this material did not provide a very high level 
of slip resistance. 

Grönqvist (1995) recommended footwear must be discarded before the tread pattern was worn 
out. According to the assessment of new and used (from 2-3 months to over 8 months) footwear 
with 3 types of materials (compact nitrile rubber-NR, compact styrene rubber-SR, and 
microcellular polyurethane-PU),  the shoe heels made of  PU  and SR were less slip-resistant when 
new than used, especially for  PU  soles. The slightly used heels (2-3 months usage) had the best 
slip resistance properties, probably due to the optimum combination of sufficient tread pattern 
profile depth and sufficient surface roughness. However, there was a gradual decrease in the slip 
resistance of shoes after 4 months of use. But the new and used sole heels made of NR seemed to 
remain the same level of coefficient of kinetic friction on contaminated floors. Grönqvist argued 
that one reason could be the microporosity of the material, which was revealed only after some 
wear. Microporosity reduces the hydrodynamic pressure at asperity peaks, thus enabling the 
elastic pressure of the heel material to exceed this break the fluid film to increase the slip 
resistance. The relatively soft heel and sole of  PU  material may also have better deformation and 
damping properties than harder materials (SR, NR). A higher damping effect may particularly 
increase the coefficient of friction on the rough plastic floor, whereas the micro porosity effect 
probably dominates on the smooth steel floor. 

Manning et al (1985) tested boots worn on oily surfaces for a period of more than one year. The 
results showed that, in general, the friction fluctuated over the course of wearing. For  PU  material, 
improvement in friction was recorded after a short period of wear. This result is consistent with 
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those obtained by Grönqvist (1995) and Leclercq et al (1994). Manning suggests that to 
deliberately scuff new shoes on a very rough surface will increase the friction based upon the fact 
that scarification by metal swarf on the floor increases friction readings for both NR and  PU  soles. 

Mikko and Grönqvist (1998) also observed that  PU  soling materials increase the friction by 32% 
in average after abraded by testing them on a rough concrete surface and steel/sand combination. 
Whereas the friction decreased in average by 42% with styrene rubber, and both decrement and 
increment were with nitril rubber soling after abrasion observed. 

However, there is no research reported about the effect of sole wear and tear on icy and snowy 
surfaces on the frictional properties. But one point is sure that the change of the frictional 
property may be slow if the icy surface is not covered by anti-slip materials because of little 
abrasion. 

3.5 Asperity (roughness) 

Roughness and wear and tear are interrelated.  PU  is the most slip resistant soling on oily and wet 
floors because it becomes very rough when the surface skin is abraded and this roughness 
appears to be an important contributor to the slip resistance (Manning et al 1994). Mikko and 
Grönqvist (1998) also argued that the improved friction performance of  PU  soling was most 
likely caused by changes in the roughness of the soling, as well as by increased porosity of the 
cellular structure which was broken through the action of wear. Gao et al (2000) reveals that  PU  
soling, even it is new, is more slip resistant than other materials on oily steel plate. 

Manning et al (1991) showed that mean COF was significantly related to (positive correlation) 
roughness of soling material on seven types surfaces (including on dry and wet ice). Jung (1992) 
also found that important positive correlation was found to exist between the size-specific 
roughness characteristic Rz (average surface roughness) and the acceptance angle a (in ramp test 
on oily steel floors). However,  Tisserand  (1985) showed that soles with asperities had a negative 
influence on the value of COP, which always increases when the asperities are removed (smooth 
sole) by modifying the moulds (not by abrasion of the soles). 

Chang (1999) used 21 surface parameters testing correlation between tile roughness and slip 
resistance. The results showed that a rougher surface generally led to a higher friction index. For 
wet surfaces, moreover, sharper and higher peaks with an optimal high peak density on tile 
surfaces could increase friction index further. 

3.6 Other properties offootwear 

Abeysekera and Khan (1997) argued that to prevent falling after a slip, the balancing properties 
of the shoe should be improved. They argued if the centre of gravity (COG) of shoe was situated 
in-line with or very close to the centre of gravity of the wear's foot, it might improve the wear's 
balancing ability. In order to test this assumption, Abeysekera and Gao (1999) carried out a pilot 
study of footwear COG on the slipperiness on ice. There was no correlation observed in the pilot 
study. However, further research is needed. 
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A questionnaire survey by Bergqvist and Abeysekera (1994) revealed that when designing safety 
shoes for use in cold climate, the following ergonomics aspects should be considered: fit, thermal 
comfort, protection from work hazard, low weight and anti-slip. Gao and Abeysekera (paper 
accepted by  IEA  2000 Conference) argue that, in addition to thermal insulation, slip resistance 
must be another functionality requirement of footwear for use on icy and snowy surfaces. The 
slip resistance, thermal insulation, and wearability must be harmoniously integrated in winter 
footwear design. Other properties should not sacrifice slip resistant property. 

Additional footwear attachment (anti-slip device) is bulksome, resulting in poor usability. 
According to Haslam and Bentley (1999), postal delivery workers did not use snow chain 
because it involved discomfort when walking on cleared ground, skidding on ice, and time costs 
arising from putting on and taking off as ground conditions changed. 

Halogenation of the sole can either increase or decrease the slip resistance, but it seems there is 
no significant influence (Leclercq et al 1994). There was no correlation between the slip 
resistance and the flexibility of out sole could be found (Jung 1992). 

4. Icy and snowy surfaces 

As indicated obviously, there have been a number of methods, equipment, and standards 
(including ISO,  CEN,  ASTM, BSI) concerning slip-resistance on lubricant (water, oil) 
contaminated floors (Manning et al 1985, Jung 1990, 1993, Leamon 1992, Grönqvist 1995). 
However, there is little research, and no standard available governing the slipperiness between 
icy and snowy surfaces and the footwear, even though icy surface (near melting point) is more 
slippery than lubricated floors, the population associated with slip on ice and snow is much more 
than that on contaminated floors. Therefore, there are desperate needs to explore the 
characteristics of icy and snowy surface and proper footwear. 

Traditionally, there have been measures used to prevent slip and fall and traffic accidents on 
frozen road such as de-icing chemicals (salting, anti-freeze mixtures) and road heating 
(Kobayashi et al 1997). Asphalt mixtures containing reclaimed tire rubber particles (AMRP) has 
been practised in Japan (Taniguchi et al 1997). Spreading boiler slag, coke cinders, sand and 
crushed stone (gravel), etc. on ice or snow is also commonly seen. But there is little research on 
appropriate anti-slip footwear and its interaction with the underfoot surfaces. 

Koning et al (1992) showed that the minimum value of coefficient of friction was found at an ice 
surface temperature between —6  °C  and —9  °C  (mean —7.4  °C)  during skating. The corresponding 
averaged values of the coefficients of friction for the straight and curve skating were 0.0046 and 
0.0059 respectively. Obviously, the ice surface temperature when at -7.4  °C  is the best for skating, 
but the worst for walking as far as the slip and fall accident is concerned. However, precautions 
should be taken while adopting these results measured at an interface between steel blade and ice. 

Ice is not always slippery (Petrenko 1994), the ice friction coefficient can assume both very small 
value (µ. < 0.01), at high temperatures (-1  °C)  and high velocities (3 ms-1), or very large value (j.1. 
= 0.6) at low temperatures (-40  °C)  and low velocities (0.01 cms-1). Roberts and Richardson 
(1981) measured a hemisphere of rubber friction on polished ice over the temperature range from 
—32 to —1  °C,  the results showed that the friction coefficient on cold ice was high, however, there 
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was a sharp fall at temperatures above —10  °C.  The fall was dramatic, 20 times or more, at —1  °C  
it was only about 0.02. The effect of different temperature of icy surface on the COF of shoe 
(sole)/ice should be further studied, especially around 0  °C  (melting ice). In general, the 
properties of ice, e.g. temperature, structure and hardness, as well as the thickness of the water 
layer, seem to determine the friction during a slip to a greater extent. The loss of adhesion and 
friction on ice near its melting point is determined more by the properties of the ice than by the 
properties of the rubber (Gnörich and Grosch 1975, Roberts 1981). 

The American Society for Testing and Materials (ASTM 1975) recommended the static COF 
value for a standard non-hazardous walkway be 0.5, while the British Standard Institution (BSI 
1977) recommended the dynamic COF value for the minimum standard walkway be 0.4. 
Whereas according to the slipperiness classification by Grönqvist (1989), 0.2 was the minimum 
requirement for slip resistance on contaminated floor. Therefore, there is a big difference 
regarding COF requirements on floors/lubricated floors. At present, there is no COF standard for 
icy and snowy surfaces. 

In Sweden, house-owners are commonly responsible for anti-skid management on sidewalks. In 
some cases, the local authority is responsible. A lot more pedestrians choose to stay inside during 
slippery weather (Gard and Lundborg 1994). Local bodies spend large amounts of money on 
anti-slip materials and spreading the materials during winter. But the effect of different materials 
on anti-slip properties has not been adequately researched still. 

Spreading sand (180 gm-2) and gravel (04-8,150gm12) could greatly increase the friction on wet 
ice. Sand was tested as the best anti-slip material spread on icy and snowy surfaces (Gao 1999, 
Abeysekera and Khan, 1997). Kobayashi et al (1996) also showed that static COF on ice 
sprinkled with sand increased more than 0.5, which was quite effective in increasing walking 
safety for pedestrians. Spreading sand on level and inclined frozen road in winter has become a 
routine practice in  Luleå,  Sweden and Hokkaido, Japan respectively, and in other northern parts 
of the world. 

5. Footwear (sole)/ice interaction — mechanism of friction 

Slip occurs at the interface, i.e., footwear (sole)/underfoot surface. The tribological phenomena 
that occur at the interface are very complex (Leclercq 1999). It is generally accepted that friction 
is caused by adhesion, plastic and elastic deformation of surfaces (hysteresis). If a low viscosity 
fluid as lubricant is present, the two rubbing surfaces are more or less separated. This separation 
leads to a large reduction in friction. 

On the contrary to prevent slips and falls, in skating and skiing, many suggestions are made for 
achieving lower frictions with a thin film of liquid water between the icy and snowy surfaces and 
the skate or ski. It is, therefore, expected that if we reduce the water formation, the friction can be 
increased. 

Theories about the presence of water between the surfaces are focused on the "liquid-like" 
properties of the ice surface, the formation of water by pressure melting and by melting due to 
frictional heating and surface melting (Koning et al 1992; Wettlaufer and Dash 2000). Koning 
(1992) argued that it was impossible to say which mechanism caused the low friction on ice. 
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The friction mechanisms in the footwear-ice interface are mostly adhesional, but the properties of 
the interface layer in ice and snow friction are still poorly known (Maldconen 1994). Fall accident 
analysis by Strandberg (1985) indicated that most slipping accidents occurred on surfaces 
covered with snow, ice, grease or liquid, and argued that slip-resistance of lubricated conditions 
underfoot was dependent on at least three different processes. 

1) The squeeze-film process when the normal force between shoe and flooring displaces a 
lubricating fluid, 

2) The development of a so-called hyperesis component of friction force when sufficient fluid 
has been displaced to allow draping of the sliding shoe  elastomer  on the floor asperities, 

3) The development of a so-called adhesion component of friction force due to molecular 
bonding between those parts of the shoe and flooring surfaces that are in true contact, i.e. 
where the interfacial fluid has been completely removed. 

Grönqvist (1999) elaborated a friction model for slipping, which took into account of the 
drainage capacity of the shoe floor contact surface (squeeze film processes), the draping of the 
shoe bottom above the asperities of the floor surface (deformation and damping), and finally the 
true molecular contact (adhesion and wear) between the interacting surfaces (traction). 

On icy surfaces, near the melting point of ice the friction seems to be governed particularly by ice 
flow and melting (Roberts and Richardson 1981). Ionic impurities in ice lower its melting point, 
thereby forming liquid brine at the surface, which has an essential lowering effect on adhesional 
friction. Warm ice is also sensitive to high pressure effects, like at heel strike in normal gait. At 
high pressure points ice will either flow to relieve the pressure or melt. Both phenomena tend to 
lower the coefficient of friction when the temperature of ice is warmer than —10  °C  (Grönqvist 
1999). 

5.1 Mechanical COF measurement 

There are a number of methods and related mechanical equipment for measuring the coefficient 
of friction on floors or contaminated floors. Strandberg (1985) reported that about 70 types of 
slip-resistance testers could be found in literature, and they differed substantially in their design. 
Lin et al (1995) also argued that at least 70 different meters had already been cited in the 
literature. However, no method or apparatus has achieved universal acceptance for slip-resistance 
measurements (Lin et al 1995, English 1996). Most of the testing devices are not mechanically 
capable of simulating the human gait parameters deemed crucial during actual slippage (Lin et al 
1995). Great emphasis has been placed on the use of one reading from one instrument to predict 
the suitability of a floor for all situations. Research carried out by the Health and Safety 
Laboratory (HSL) and other contractors for the Health and Safety Executive (HSE) has shown 
this to be potentially very misleading (HSE 1998). According to some researchers, additional 
efforts are still required in pursuing more realistic COF measurements that represent the actual 
kinematics during critical gait phases (Grönqvist et al 1993). 

Two main problems of measuring COF are the test validity and reliability. According to Jung et 
al (1993), the inter-laboratory results do not confirm the validity of the ISO test method. 
According to Leclercq et al (1995, 1999), biomechanical studies on slipping that were performed 
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in the laboratory revealed a high level of intra- and inter-subject variability in the data recorded at 
the shoe/surface interface. This variability constitutes one of the biggest obstacles to progress in 
this area. Since the methods in use are not identical, the results are occasionally contradictory 
from one laboratory to the next. Despite a large number of comparative studies and 
standardisation work, there is still no consensus on a particular measurement technique at the 
current time. 

5.2 Other biomechanical and subjective slipperiness measurements 

5.2.1 Ramp test 

Ramp test was used (Wilson and Perkins 1985, Jung 1992, Lange and Grönqvist 1997,  Redfen  et 
al 1998) measuring the angle as the indicator of the slipperiness. Lange and Grönqvist (1997) 
conducted comparative measurements between mechanical and biomechanical slip tests, the 
latter consisted of three subjective evaluation methods, i.e., the inclined plane (ramp) and two 
horizontal slipping experiments. 

5.2.2 Paired comparison (Thurstone binary choice method)  

Tisserand  (1985) utilised subjective evaluation experiment (paired comparison), allowed subjects 
simultaneously wear a different shoe on each foot, and it was believed to be easily able to 
compare the two types of shoe. A classification could be obtained by taking several different 
types of shoe and comparing each type with all the others, two at a time (Thurstone binary choice 
method). The results were correlated with dynamic COF, but not related to static COF. 

Myung et al (1993) also used subjective method assessing floor slipperiness. The different feature 
compared to other subjective assessment was that they used a forced choice method, i.e. each 
subject walked down the floor with left foot on one surface and the right foot on another surface 
of a different floor material. After the subjects had completed each walk, they indicated which of 
the two surfaces (left or right) felt the more slippery. However, the gait and sensation differences 
between left and right foot may be a factor influencing subjective feelings unless the 
experimental design is completely randomised. 

5.2.3 Traction test 

Manning et al (1990, 1991, 1994 and Kobayashi et al 1996) used a walking traction test rig (fixed 
and mobile) to measure COF, with subject walking backwards on the heels and forwards on a 
slippery surface, pulling against a set of springs anchored to a wall, until the feet slipped. The 
subject supported by a fall-arrest harness, the load cell was positioned between the belt and the 
springs. It measures the maximum force on the spring prior to the slip. The COF is calculated by 
dividing the force on the springs by the standardised body weights. 

5.2.4 Rating scales — perception of slipperiness 

Swensen et al (1992) used graphic rating scale for measuring slipperiness of climbing and coating 
surfaces. Grönqvist et al (1993) and Gao (1999) used 5-point rating scale to assess the shoe/floor 
and shoe/ice interface slipperiness respecitvely. Cohen and Cohen (1994a,  b)  utilised a 13-point 
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rating scale to measure walking surface slipperiness. All results showed there was significant 
correlation between subjective ratings and COF measurements. 

5.2.5 Biomechanical method 

Noguchi (2000) uses vector locus and danger coefficient of slip (DCS) to express and diagnose 
slipperiness in human gait. Hirvonen et al (1994) and Noguchi (1996) identifies slips by 
measuring body acceleration while walking. 

5.2 COF measurement method and equipment on ice 

Although there are a number of methods and equipment for measuring COF on dry floor and 
contaminated/lubricated floors (Strandberg 1985, Lin et al 1995, Leclercq 1999), there are very 
few methods available for measuring COF on icy surfaces.  Tisserand  (1995) pointed out that for 
testing purpose, ice was a difficult and unpredictable surface Manning et al (1991) observed the 
difficulty of measuring friction indices on ice because the friction was very low and the surface 
was highly irregular. Grönqvist et al (1994) developed a friction measurement apparatus 
equipment with a temperature controlled cooling system for ice formation on force plate which 
could be used for measuring COF of footwear sole (heel)/ice interaction in laboratory. However, 
the measuring ambient (including the testing footwear and other parts of the system are not 
cooled, thus making the measurement different compared to real pedestrian's situations, where 
footwear is also exposed in the frozen environment. To put the measurement equipment in a cold 
chamber would overcome the shortcoming. 

In order to measure the skate-to-ice friction, Koning et al (1992) used a measuring system, which 
could simultaneously measure friction while skating. The system measured the real time friction 
with considering not only mechanical factor, but also biomechanical and psychophysiological 
factors incorporated in real skating. The measuring system consisted of a pair of instrumented 
skates and a portable data acquisition microcomputer, in which, transducers for both normal force 
(vertical) and frictional force (horizontal) were built between the shoe and the blade of the skate. 
The principle may be applied to measuring friction between common footwear and icy surfaces 
in real human walking. Further study is needed. 

Manning et al (1991) applied walking traction test to various slippery surfaces including oil-
lubricated, water-lubricated, dry and wet ice. Gard and Lundborg (1994) conducted outdoor trials 
with elderly subjects walking on icy surfaces in winter to test the effect of anti-skid devices 
attached on footwear, and walking balance based on the subjective perceptions. Gao (1999) 
conducted out door walking trials on icy surfaces by using 5-point rating scales, direct 
observation and videotaping to measure the slipperiness of the footwear and the icy surfaces. 
Further research is needed to develop more reliable and valid method and equipment to measure 
the COF on icy surfaces. 

6. Human gait biomechanics 

During human gait cycle, there are swing and stance phases for each foot. The swing phase can 
be divided into a period of acceleration, mid swing, and a period of deceleration. Whilst, the 
stance phase is divided into heel strike, mid stance, and toe off. There are two basic foot 
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movements at the anIcle joints during these two phases, i.e., dorsiflexion and plantar flexion. 
Some researchers categorise the gait into four distinct phases: 1) heel strike (touch down, 
landing); 2) stance phase (stationary); 3) toe off (push off, take off); 4) swing phase (Lin et al 
1995). 

According to Kirtley (1999) concerning centre of mass  (COM)  and base of support  (BOS)  for 
stability, the  COM  must remain within the  BOS.  However, in gait it passes outside the  BOS  
twice every gait cycle — it passes in front of the trailing toe in early swing, and is behind the 
leading heel in late swing. These two periods in each gait cycle during which there is no support, 
i.e., the  COM  is outside the  BOS  and is in free fall, they, each lasts for at least 100 ms, are 
particularly dangerous times, when falls might occur, so they must be of significance to slip and 
fall accident on icy and snowy surfaces. These two periods are the toe off and heel strike periods. 
It coincides with the widely accepted findings, i.e. the slip occurs most frequently during heel 
strike and toe off periods during human gait cycle (Strandberg et al 1981, Davis 1983, Leamon 
and Son 1989,  Maning  et al 1991, Grönqvist 1999). It implies that precautions and anti-slip 
measures such as enforcing COF in heel sole and fore sole have to be taken to prevent slips 
during heel strike and toe off. So far, almost all the mechanical friction test equipment and 
method cannot simulate the  COM  and  BOS  reciprocal changes during gait cycle, the result of the 
measurement can, therefore, be questioned when applies to the prevention of human slips and 
falls. 

Based on ground reaction forces and pressure distribution at out sole during gait, Noguchi and 
Saito (1996) suggested a proper arrangement for fastened anti-slip glass fibre compound on 
rubber sole at heel and fore sole parts for use on icy and snowy surfaces by the disabled. The 
effect of the reinforcement on frictional property on icy and snowy surfaces by normal 
pedestrians needs further exploring. 

Leamon (1992) pointed out that there were a number of characteristics of human gait, which 
might be very significant to slipping and falling. Load carrying may also interfere with the 
normal technique of balancing, which involves rotation around the hips and arm swings which 
are used to maintain the position of the centre of the gravity over the appropriate foot. Davis 
(1983) observed that the relative posture stability is reduced by load holding roughly linearly 
with the magnitude and height of the weight by using the antero-posterior and lateral sway angles. 
Such factors need to be further systematically investigated. More recently, Myung and Smith 
(1997) carried out the research about the effect of load carrying and floor contaminants on slip 
and fall parameters. The results showed that an abnormal gait pattern, short stride length, was 
seen on oily floors or with heavy load carriage because subjects adjusted their stride length for a 
better stance. 

Experiments have indicated that people manipulate gait when walking on slippery surfaces. It is 
the common experience that people can, and do, walk on ice and other slippery surfaces, but in 
doing so, typically they reduce the stride length and use a more flat-footed posture in transferring 
the weight to the leading foot. James (1983) also illustrated that it was necessary to shorten the 
stride on a slippery floor where the coefficient of friction is very low. But there has been no 
biomechanical research reported on human gait change on icy surfaces. Leamon (1992) claimed 
that proprioceptive recognition, visual anticipatory evaluation of the slipperiness of the surface 
were the prerequisites of postural adjustment. 
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Strandberg and  Lanshammar  (1981) argued that a valid test of COF should consider the 
following variables from crucial gait phases: 

1) the angle of the foot to the floor, 
2) the point of application of the contact force between the shoe and the floor, 
3) the vertical force, 
4) the sliding velocity, 
5) the time scale 

In a real human gait cycle, stride length, step length, and acceleration may also play roles in 
determining the slip resistance, which are not considered in current COF measurement methods. 

For measuring slip resistance, Grönqvist (1999) put forward a biomechanical parameter model, 
arguing that any friction test instrument should meet the biomechanical criteria. The 
measurement parameters and their ranges should reflect gait biomechanics and tribophysics of 
actual slipping incidents. The normal force build-up rate must be at least 10 kNs-1, the normal 
pressure between the interacting surfaces from 0.1 to 0.6 MPa, the sliding velocity between zero 
and 1.0 ms-1, and the time of contact prior to and during the coefficient of friction computation 
between 50 and 800 ms. Myung and Smith (1997) argued in measuring slipperiness with a slip 
tester, the set-up value for heel velocity has to be classified into dry and oily floors. On icy 
surfaces, it may have different human gait parameters. 

Noguchi and Saito (1996) used accelerations of foot and body centre movements as parameters to 
evaluate winter shoe anti-slip device worn on indoor floor and outdoor frozen road. The results of 
acceleration recordings showed that there were negative accelerations indicating rearward slip at 
toe off phase on frozen road. 

In addition, walking speed, e.g. in hurry, turning, and straight walking will influence slips and 
falls on icy and snowy surfaces. It is common that slips and falls occur more frequently while 
walking in haste, in turning, up and down slopes. The characteristics of gait in ground reaction 
force to step on slopes were shown by Noguchi et al (1996). More research is necessary on the 
effects of these factors on human gait on ice and snow. 

7. Human factors (intrinsic factors) 

Davis (1983) and  Tisserand  (1985) use human mental model for slipperiness to explain the 
psychophysiological factors involved in walking. The walker has a constant image in a part of his 
memory, a model of the friction limits of the surface on which he is walking.  Tisserand  agues it is 
important to establish that any fall caused by slipping and any non-falling skid (except for 
microslip) is in fact the result of a discrepancy between the model and reality, i.e., a failure of the 
evaluation system.  Tisserand  points out that the risk of slipping lies more in the gradient of the 
friction coefficient of the surface than in its absolute constant value, and suggests further research 
on the mental model, which monitors slipperiness. 

English (1994) observed, from video recordings of walking trials that how the test subjects were 
able to apply muscular force to counter incipient slips so as to arrest them. There were many 
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micro slips observed, but no actual falls occurred due to postural reflexes and muscular force 
applied. English made an important point that possibly the major determinant of slips and falls in 
a person's knowledge of the surface. People are perfectly capable of walking on ice if they know 
about it and of carrying out complex movements on the deliberately slippery surfaces found in 
bowling centres and on dance floors. As discussed previously in this review, the COF of skating 
is about 0.0046, in such a very slippery situation, skaters still can manage to balance without falls. 
The difference compared to pedestrians is that they are well trained and experienced athletes and 
dancers, and they perform in relatively short period of time on the highly slippery surfaces. 
However, it strongly suggests that psychophysiological factor, balance capacity and gait 
biomechannics play very important roles in preventing slips and falls on icy surfaces. 

When a slippery condition (e.g., icy walkway) is perceived, either by visual and/or tactile cues, 
one's walking gait is adjusted accordingly. The length of the stride is shortened, which 
consequently produces low foot velocities and smaller foot shear forces, as the body's centre of 
gravity is better maintained over the balance zone (Swensen et al 1992). The heel strike and toe 
off phases are also significantly reduced to diminish the likelihood of slipping. The risk of 
slipping and falling seems to depend to a great extent on a person's perception of the potential 
slipperiness of the actual conditions (Grönqvist 1999). 

7.1 Ageing 

Human physiological functions change with age. English (1994) notes that the slowing of 
reflexes and increased skeletal fragility which occurs with age makes corrective postural 
strategies less effective during slip and intensifies the injuries associated with nonfatal falls in 
older people, and argues that elderly pedestrians are less able to recover their equilibrium in an 
incipient slip than their younger counterparts. The paramount aspect of gait dynamics in 
tribometry is perhaps that the most vulnerable population is less able to take required corrective 
action in the beginning phases of heel slip.  

Björnstig  et al (1997) reported that injury rate caused by slipping on ice or snow was highest 
among elderly, particularly elderly women. According to Tideiksaar (1990), the biomedical and 
environmental characteristics of slips, stumbles, and falls in the elderly, age-related changes 
(declines) in visual, vestibular, proprioceptive, and musculoskeletal function were identified as 
the intrinsic causes. Intrinsic abnormalities of the gait cycle (Parkinsonism and peripheral 
neuropathy) and decreased vision due to cataracts, in combinations (that is, low frictional 
resistant or irregular ground surfaces) were found to be the leading cause of slips and trips. 

Andres et al (1988) showed, from a standing balance test, the older subjects used their leg 
muscles for longer time periods and at higher activation levels than the young subjects. The 
implication is that fatigue may occur sooner in an older worker required for stand and/or walk. 
Tanaka et al (1999) postulated that the base of support area of the older adults is smaller than that 
of young adults, indicating poor balance ability. 

The ability to walk safely and preserve balance in the event of a slip is dependent on co-
ordination of visual, proprioceptive, and musculoskeletal system. All those functions deteriorate 
with age. It may be necessary to suggest a higher friction requirement of floor and footwear for 
aged population. 
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7.2 Visual functions 

The visual field is an important physiological parameter involved in gait regulation.  LM  et al 
(1995) argued that if a slippery condition was not detected within one's effective visual field, 
usually 10-15 feet ahead, the likelihood of a fall accident significantly increases. Warning signs 
or markings with high contrast were effective methods to direct one's gaze downward so that the 
effective visual field could be readjusted and an accident could be avoided. 

Cohen and Cohen (1994a,  b)  demonstrated that tactile cues were most sensitive to physical 
measurement of static COF. The potential for an accident could be created due to a misjudgement 
of the slipperiness based on initial visual sensing and the limited time available to make 
immediate adjustment in gait to accommodate for the hazardous conditions. This is why an 
unexpected slippery spot (such as water, oil drop, etc.) easily causes slips. 

Other visual functions, such as visual acuity, contrast sensitivity, dark and bright adaptation, 
depth perception, etc. will all deteriorate with age, which will no doubt increase the likelihood of 
slips and falls. 

7.3 Musculoskeletal system 

The reduction in muscle strength due to ageing inhibits certain body movement and restricts co-
ordinated response, and balance ability, which cause the increased slips and falls. 

7.4 Proprioceptive system 

The kinaesthetic system consists of sensors in the muscles, tendons, and joints, which sense the 
relative positions and movements of the limbs and of body parts, together with vestibular system 
in the ear, and visual feedback to maintain stable posture and balance. 

7.5 Balance ability 

Human balance ability during standing (static balance) and walking (dynamic balance) is 
dependent on feedback from the vestibular, visual and proprioceptive systems. Normal postural 
sway of man is an important response to the displacement change of body's centre of gravity. It 
helps to erect body and maintain upright stability through exciting postural reflex. However, with 
the deterioration of visual, musculoskeletal, proprioceptive functions, the posture sway will be 
beyond limits being to preserve balance, resulting in postural unbalance and falls. Age-related 
disturbance or sway has been attributed to visual, vestibular and proprioceptive dysfunction. 
Pyykkö et al (1990) argues that vestibular inflex governs 65% of the body sway during sudden 
perturbation, whilst 35% is account for by visual and proprioceptive inflex. 

Lord (1996) argued that increased variability of stride to stride time was a risk factor associated 
with falling in older people. Because of the frequent changes of stride rhythm, postural sway 
increases correspondingly and the body needs to frequently adjust posture through immediate 
postural reflex. However, due to age-induced changes in the central nervous system, the reaction 
time of reflex is lengthened, resulting in the risk of falls. Latencies for corrective reflex responses 
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for healthy young men in the recovery from tripping have been reported to be 60-140 ms. Due to 
the defective coactivation of the functional stretch reflexes. The very elderly rely mostly on 
slower (latency 120-200 ms) visual control of balance, which contribute to an increased risk of 
falling (Pyykkö et al 1990). However, vision may be the only sensory mode allowing a person to 
predict the potential slipperiness of a surface before stepping onto it (Grönqvist 1999).  Tisserand  
(1985) suggests the scientific research work on psycho-physiological equilibrium on slippery 
surfaces is needed. 

8. Cold climate (extrinsic environmental factors) 

Environmental factors, such as temperature, humidity, snowfall, warm stream, light, etc. will 
affect the whole walking system. For example, in Scandinavia regions, the changeable climate 
due to warm stream in winter season makes the road surface in complex conditions, including 
snow, melting, snow, ice, melting ice and the mixture of these types. According to Bentley and 
Haslam (1998), slip, tumble, and fall accident (STFA) were most common during winter months, 
and slipping accidents tended to cluster on single days where heavy snowfall or ice made 
conditions particularly hazardous. Koning et al (1992) showed that different ice surface 
temperature affected the COF. Secondly, the frozen weather will influence footwear heel (sole) 
slip resistant properties, which is currently a neglected area of research. Thirdly, the thermal 
environment also impacts human neuromuscular system, which, in turn, affects human gait on icy 
and snowy surface. 

Furthermore, in Arctic regions, the winter is long and dark. Short and insufficient daylight results 
in lack of visual cues for postural adjustment during slips, which might be an important 
contributing factor to slips and falls on icy and snowy surface in the Region. As a result, much 
more preventive counter-slip measures should be taken in the relatively dark environment than in 
other parts of the world. 

9. Systematic prevention of slip and fall accidents on icy and snowy surfaces 

Abeysekera and Gao (1999) provided guidelines for preventing primary and secondary risk 
factors. A systematic analysis (figure 1) of the slips and falls on icy and snowy surfaces provides 
us the possibility of a multi-faceted approach to systematic prevention. 

1) Winter footwear: the use of specifically designed proper anti-slip footwear and anti-skid 
device in certain circumstances, taking into consideration sole material, tread design, sole 
hardness, roughness, wear, COG, wearability, flexibility, durability, etc. 

2) Icy and snowy surfaces: effective snow clearing, anti-slip materials spreading (sand, gravel, 
etc.), which is only feasible for main roads. Kelkka (1995) and Kobayashi et al (1997) 
indicated that in some northern countries, good preventive results were reached by warming 
the busiest walkway electrically, 

3) Footwear/ice interaction: validation of slipperiness measurements, standardisation and 
classification of slip resistant footwear for use on icy and snowy surfaces, 

4) Human factors and biomechanics: provision of walk aids, gait and balance rehabilitation and 
training, slip risk warnings (improving the awareness) for special population (e.g. the elderly); 
"padding" of older women, who are the most common victims of slips and falls on icy roads  
(Björnstig  et al 1997), 
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5) Environment: improvement of visual and lighting conditions, weather broadcasting, etc., 
6) Management: measures such as prioritising winter road maintenance, e.g. paying more 

attention to busiest and slope road, use of road slipperiness signs and warning system, 
registration system for pedestrian slipping and falling accidents should be improved in order 
to get more detailed information for statistics and aetiology analysis. 

7) Training and behaviour approach: safe behaviour and practices, to avoid shortcuts, rush and 
lax attitude while walking and working on icy and snowy surfaces. 

10. Unresolved issues and further research needs 

The following unresolved issues are identified, which necessitate further research. 

1) Most researches and measurements done before concerning the COF of footwear did not 
separate the anti-slip effect of various footwear properties, such as sole material, hardness, 
roughness and tread design, and wear completely. In fact, the frictional effect was the 
combined one, whether one, two or more variables contributed to it were not known. Further 
research is necessary to differentiate and quantify the effects. 

2) Since most slips and falls happen during heel strike and toe off phases, therefore, the sole 
tread pattern near the heel and toe (front) part plays an important role in forward and rearward 
slip. It is postulated that to enhance COF of those two parts should be more effective in slip 
prevention. 

3) The relationship between contact area and pressure and COF is a debating area. Further 
research work is needed 

4) Most of the research on sole material and tread design was based upon floors/lubricated floors. 
Little research has been done on material and tread design for use on icy and snowy surfaces. 
Although the same principles may apply, there may be different requirements in order to 
improve COF. According to the above discussion, current soling materials seem not safe 
enough on ice, especially on melting ice, therefore, more slip resistant material and sole 
design should be developed further, e.g. fasten anti-slip materials at certain parts of sole. 

5) There is no research reported about the effect of sole wear and abrasion on icy and snowy 
surfaces on the frictional property. 

6) There is little research, and no standard available governing the slipperiness on icy and snowy 
surfaces as relating to the interaction between the surface and the footwear, even though ice 
surface near melting point is more slippery than contaminated floors, and the population 
associated with slip on ice is much more than that with contaminated floors. Therefore, there 
are desperate needs to examine the interactions of icy and snowy surface and footwear, and to 
set up relevant standard and COF demands. 

7) The anti-slip effect of spreading different anti-slip materials on icy surfaces has not been 
adequately researched still. 

8) It is common that slips and falls occur more frequently while walking in haste, in turning, up 
and down slope. Human balance ability and gait biomechanics on ice and mental model 
needs attention. 

9) Environmental factors will influence both footwear and icy surface slip resistant properties. 
The cold thermal environment also affects human neuromuscular and balance system, which, 
in turn, affects human gait on icy and snowy surface, which also warrants further study. 
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Current research on slipperiness of footwear has mainly focused on floors and/or lubricated 
floors. Although slips and falls on icy and snowy surfaces involve not only outdoor workers, but 
also pedestrians and the general public; and occur in cold regions and in winter season in many 
parts of the world. However, in comparison with the size of the problem, research work done so 
far on icy and snowy surfaces has been scarce. The objectives of this paper are to explore the slip 
resistant properties of footwear (soling materials, roughness and hardness) and to compare the 
slip resistance on ice and lubricated steel plate. The coefficients of friction of four different soling 
materials (synthetic, nitrile rubber, natural rubber and polyurethane) were measured on ice (-12  
°C)  and lubricated steel plate. Results showed that although a polyurethane soling was the most 
slip resistant on lubricated steel, it was most slippery on ice among four soling materials tested. 
Soling roughness was positively correlated with the coefficient of kinetic friction. Further 
research is needed to explore anti-slip materials or attachment for use on icy surfaces. 

Keywords: footwear, coefficient of friction, ice, lubricated steel plate 

1. Introduction 

In Nordic countries, winter lasts for about six months in a year. Ice covered roads and surfaces 
during winter result in the prevalence of slip and fall accident not only among outdoor workers 
(forest workers, construction workers, service workers, etc.), but also among the general public 
and pedestrians. Literature reveals that, in Sweden, thousands of pedestrians were injured every 
year, because of slippery pavements and roadways (Gard and Lundborg 1994). Based on Swedish 
National Board of Occupational Safety and Health statistics data, slip, trip and fall  (STF)  
accidents due to slip on snow and ice were frequently reported both from male and female 
workers (Kemmlert and Lundholm 1998). Ice and cold related injuries (all categories) accounted 
for 37% of the total cost of all injuries among the elderly in the traffic environment during one 
year period in Sweden. Half of all injuries were fractures. The "cost" of medical care of these 
slipping injuries was almost the same as the "cost" of all traffic injuries in the area during the 
same time (Lund 1984,  Sjögren  and Björstig 1991,  Björnstig  et al 1997). It is common to see 
crowded orthopaedic clinics during winter particularly in the northern part of Sweden. 
Expenditure for these injuries are high compared to other injuries. Healing process and 
rehabilitation usually also take longer time, resulting in higher insurance payments to the injured 
and compensation claims by the workers. However, interest for research work has been low in the 
prevention of slips and falls on icy and snowy surfaces. Grönqvist and Hirvonen (1995) pointed 
out that there was considerable lack of knowledge about the slipperiness of footwear soles on icy 
surfaces. Even since that time, there still have been only a few reports available concerning slips 
and falls on icy and snowy surfaces  (Björnstig  et al, 1997). The objectives of this paper are to 
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explore the slip resistant properties of footwear (friction, roughness and hardness of soling 
material) and to compare the coefficient of kinetic friction on ice and lubricated steel plate. 

2. Methods and materials 

2.1 Footwear 

Four types of new footwear were selected from Swedish manufacturers as well as from the 
market, considering different footwear properties, i.e. material, sole and heel design, sole 
roughness and hardness, etc., which are shown in table 1. The four types of footwear were 
measured in the lab after used in outdoor walking trials (total 12 km approx.) on mixed icy 
surfaces including pure ice, ice covered with snow, sand, gravel and salt (Gao, 1999). 

2.2 Mechanical measurement offriction coefficient 

The coefficient of kinetic friction (COF) was measured with an apparatus, the stationary step 
simulator, developed at the Finnish Institute of Occupational Health (FIOH) (Grönqvist et al 
1989). The apparatus simulates the movements of a human foot and the forces applied to the 
underfoot surface during an actual slip. The contact angle of the foot in relation to the underfoot 
surface is fixed at 0 ° in this study ('sole flat'). The COF between the shoe and the underfoot 
surface was measured on force plate covered with ice (-12 °  C)  based on a FIOH method 
(Grönqvist and Hirvonen, 1995). The computer automatically starts and controls the operation 
cycles during which one friction measurement is taken. After each operation cycle, the computer 
reads the measurement data from a waveform analyser for numerical and/or graphical output 
(displayed and printed). For each footwear and ice surface a total of 5 measurements were taken 
and the average was recorded. 

On a stainless steel covered force plate lubricated with Glycerine (85% wt), the COF was 
measured according to draft standard  CEN  prEN 13287 (without abrasion). The outsole was 
washed with a solution of (50%) ethanol in water and dried at the ambient temperature, which 
was +22 °  C  during the measurement. The relative humidity was 15%. 

2.3 Measurement of sole hardness and roughness 

The outsole hardness and average surface roughness (Rz) were measured using a Hardness Tester 
(made in Japan) and a Roughness Tester (Surtronic 10  Ra,  made in U.K.) respectively. 

2.4 Statistical analyses 

The COF values of 4 types of footwear on ice and steel plate, and the correlation between COF 
and sole roughness were analysed by STATGRAPHICS Plus 4.0. 
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3. Results 

3.1 The COF offootwear on ice 

The results are shown in figure 1. Since the  P-value of the  F-test  (F=5.02) is less than 0.05, there 
is a statistically significant difference between the mean COF from one footwear to another at the 
95.0% confidence level. Further Multiple Range Test showed that footwear type 2 is significantly 
more slippery than type 1, 3 and 4 respectively on pure ice at -12  °C.  

3.2 Relationship between COF on ice and roughness and hardness 

The results of sole hardness and roughness measurements are shown in table 1. A multiple linear 
regression revealed that statistically significant relationship was identified only between COF and 
roughness (P<0.01). The result is shown in figure 2. 

Table 1. The properties of the four types of footwear 
Type Out Sole/heel Out sole and heel Sole Sole 

tread design material hardness roughness  
(Shore A) (Ry,  larn) 

1 Rough Synthetic material 60 17.7 
2 Smooth flat cleat, 

no ridges 
Poly-urethane 58 4.3 

3 Rough Nitrile Rubber, 
Heat & Oil resistant 

57 24.1 

4 Lots of small 
ridges 

Natural rubber 60 16.5 

Means and 95.0 Percent LSD Intervals 

0.32 

0.3 

0.28 

0.26 

0.24 

0.22 

02 
2 	3 
	

4 

Footwear type 

Figure 1. COF of four types of footwear 
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Figure 2. Regression between COF on ice (-12  °C)  and sole roughness 

The equation of the fitted model is COF = 0.220 + 0.003*Roughness. 

The model as fitted explains 35.9% of the variability in COF. The correlation coefficient equals 
0.6. 

3.3 Comparison of COF on ice and on lubricated steel 

The COF on ice (-12  °C)  and on lubricated steel is shown in table 2 and figure 3. Two-way 
ANOVA showed that the interaction between footwear and surfaces (lubricated steel versus ice) 
is not statistically significant. However, the COF of footwear type 2 is the lowest on ice (-12  °C),  
but the highest on lubricated steel among the 4 types tested. 

Table 2. The measurement of results of the four types of footwear 

Type COF on ice (- 12 °C) COF on lubricated steel 
1 0.284 (0.030) 0.183 (0.000) 
2 0.223 (0.025) 0.235 (0.006) 
3 0.297 (0.040) 0.227 (0.001) 
4 0.267 (0.023) 0.188 (0.003) 
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4. Discussion 

4.1 Footwear soling material 

Figure 1 and 3, and table 2 show that among the four types of footwear, the COF was lower for 
type 2 (polyurethane soling) than for the nitrile, natural rubber, and synthetic soling on ice (-12  
°C).  This result is consistent with the subjective assessment of footwear slipperiness on ice 
(Abeysekera and Gao 1999, Gao 1999). However, type 2 was the most slip resistant one on 
lubricated steel plate, indicating that anti-slip property of soling material on lubricated floor may 
not be the same while on ice. Bruce et al (1986) measured slip-resistance of shoes, crampons and 
chains on icy surfaces (dry ice, -9  °C).  The highest friction values were generated by the softest 
materials, 0.19 by microcellular polyurethane  (PU)  among those tested (soft rubber, nitrile rubber, 
leather and PVC). Grönqvist and Hirvonen (1994, 1995) recommended soft heel and sole 
materials of thermoplastic rubber (rather than  PU)  for winter footwear for use on dry ice (-10  °C).  
Cumulative research over a period of fifteen years consistently revealed that a microcellular  PU  
soling (T66/103) is the most slip resistant soling for use on oily and wet floors (Manning and 
Jones 1994, Manning et al 1985, Grönqvist 1995a,  b),  which is also demonstrated by the present 
study. However, this paper and Abeysekera and Gao (1999) showed that footwear with  PU  
outsole is slippery on ice, and even more slippery than nitrile and natural rubber outsoles at 0  °C  
and -12  °C.  Therefore, there seems to be no universal soling material, which is slip-resistant on 
different surfaces, e.g. dry and wet ice, lubricated steel surface. Thus, it is very important to use 
correct types of footwear according to climatic conditions and different surfaces. From the 
viewpoint of practice, those research results mean that it is challenging for designing proper  anti-
slip  footwear for use on all types of surfaces, because it is not optimistic to expect only one 
soling material/tread design to accommodate various climatic and floor conditions. 
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4.2 Sole hardness and roughness 

Negative correlation has been found between kinetic COF and hardness on dry ice (-9, -10  °C)  
(Bruce et al 1986, Grönqvist and Hirvonen 1994). The measurements on lubricant/floor 
conditions show that a reduction in the hardness of the sole corresponds to an increase in the 
COF, but the increase appears to be much too small to be useful in terms of safety. In frozen 
environment, the effect seems to be the same (Leclercq et al 1994). In this study, the multiple 
regression did not show any significant relationship between COF on ice (-12  °C)  and sole 
hardness, which might be due to the minor difference of the four footwear in hardness (range 57-
60 Shore A). 

Roughness and wear are interrelated. In this study, a moderately strong relationship between 
COF on ice (-12  °C)  and the sole roughness was found (r=0.599), which is consistent with results 
by other researchers (Manning et al 1991, Jung 1992).  PU  is the most slip resistant soling on oily 
and wet floors. The friction performance of  PU  soling is most likely caused by changes in the 
roughness of the soling, as well as by increased porosity of the cellular structure which is broken 
through the action of wear, which appears to be an important contributor to the slip resistance 
(Grönqvist et al 1988, Manning and Jones 1994, Grönqvist,  R.  1995a,  b,  Hirvonen and Grönqvist 
1998). Leclercq (1999) also claimed that slightly worn  PU  was generally preferred, when new,  
PU  material did not provide a very high level of slip resistance. This may also account for the 
lowest COF of footwear type 2 (Rz--=4.3) on ice (-12  °C)  since it was fairly new (only used for 12 
km). Nevertheless, even without much abrasion and wear, type 2 showed the highest COF on 
lubricated steel (figure 3). There is no research reported on the effect of sole wear and abrasion 
on the frictional properties on icy and snowy surfaces. Further research is needed to fmd out why 
the  PU  soling is slippery on ice and whether the COF is improved on ice after more abrasion or 
wear. 

4.3 The COF on ice and steel plate 

Bruce et al (1986) found that all friction values of footwear on ice were low by comparison with 
other substrates and were generally lower than that obtained on an oily steel plate. However, 
from Figure 3 we can see that COF on Glycerine (85%) lubricated steel is lower than that on pure 
ice at -12  °C  which might be attributed to different mechanical measurement methods used and 
the properties of ice (Petrenko, 1994). The contradictory performance of the  PU  soling on ice (-
12  °C)  and on lubricated steel plate indicates that there may be some unexplored mechanisms 
behind. It is argued that there is a hydrodynamic lubrication condition on the smooth stainless 
steel plate with 85% glycerine. Friction is mostly caused by deformation and hysteresis and is 
thus very low. Whilst on dry ice (-12  °C),  the friction mechanisms are mostly adhesional, due to 
molecular bonding between those parts of the shoe and underfoot surfaces that are in true contact, 
where the interfacial fluid has been completely removed. 

Besides sole materials, roughness and hardness, sole (geometry) pattern will also affect slip 
resistance. Although Grönqvist (1995b) made an attempt to quantify the effect of material and 
tread pattern on friction over lubricated steel plate as function of apparent normal pressure during 
the test, there is paucity of studies of the effect of tread patterns on slipperiness due to the 
difficulty of quantifying tread patterns. Further appropriate parameters should be explored. Most 
researches and measurements done before about the frictional effects were the combined ones, 
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whether one or two variables (material, hardness, roughness, or tread design) contributed it were 
not known. Further research needs to quantify each factor's contribution to the footwear 
slipperiness on icy and snowy surfaces. 

5. Conclusions 

The  PU  soling is more slippery than the synthetic materials, i.e., the nitrile rubber and natural 
rubber soling on pure ice (-12  °C).  However, it is the most slip-resistant one on lubricated steel 
surface. Therefore, the most slip resistant soling material on floors may not produce the same 
anti-slip effect on ice as might be expected. Soling roughness is positively correlated with 
footwear friction. Further researches are needed to quantify sole tread pattern (geometry), to 
ascertain the anti-slip effect of wear and abrasion on COF on icy surfaces, and to adopt a multi-
factorial approach to the slip resistant effect and mechanisms at the soling and ice interface. 
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Advantages of Walking Experience on Icy Surface and 
Participating in Winter Sport in Preventing Slip and Fall Accidents 
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Division of Industrial Ergonomics, Department of Human Work Sciences  

Luleå  University of Technology, S-971 87  Luleå,  SWEDEN 

Slips and falls are accompanying hazards in cold environments. Literature does not reveal any 
studies on the impact of living experience in cold climate and participation in winter sport on slip 
and fall accidents on icy surfaces. The objective of this paper was to explore whether living and 
winter sport experience helps to prevent slip and fall accidents. A questionnaire survey was 
conducted among foreigners at  Luleå  University of Technology of Sweden, where winter season 
lasts for six months in a year. Seventy respondents with different living experience in cold 
environments replied (response rate, 31%). Ordinal and logistic regressions, Chi-square test and 
multiway frequency methods were used for data analyses. The results of ordinal regression 
showed that the slip frequency according to a 5-point rating scale decreased as the living 
experience in cold environments increased  (B=  -0.0113, p=0.019). A logistic regression was 
applied to model the probability of fall events occurring based on the experience of living in cold 
climate. The results showed that the fall events reduced as living experience increased  (B=  -0.030,  
p=  0.001). Chi-square test showed that fall events in those who took part in winter sport were 
significantly less than in those who did not participate in winter sport (12  = 10.745, p=0.001). The 
results did not show significant age and gender effect on slips and falls, which might be due to 
the limited age spectrum of the respondents (mainly from 20 to 39 years old). The findings imply 
that experience of living in cold environments and training in gait balance on ice and snow can 
have positive effects in preventing slips and falls for inexperienced workers and pedestrians. This 
study also revealed that the majority of fall events happened on hard ice covered with snow while 
wearing ordinary winter footwear, indicating the need to improve slip resistance. 

Keywords: Slip and fall; Ice and snow; Experience; Winter sport; Winter footwear 

1. Introduction 

Long and dark winter characterizes Nordic 
counties, and lasts for about six months in a 
year. Due to the warm stream, the weather 
is changeable. It is common that roads in 
winter are covered with either snow, ice, 
melting snow, melting ice or the mixed. 
These natural climatic factors result in the 
prevalence of slip and fall injuries like 
bruise, sprain, fracture among not only 
outdoor workers, but also the general 
public. 

Slips and falls are accompanying hazards in 
cold environments11-31. Based on data  

recorded in the Swedish Occupational 
Injury Information System  (ISA)  of the 
Swedish National Board of Occupational 
Safety and Health (NBOSH), slip, trip and 
fall  (STF)  accidents during the performance 
of task or transfer between tasks among 
eight occupational groups, 13% (male, 
<45y), 18% (male, ?:45y), 25% (female, 
<45y), 30% (female, ?_45y) were injuries 
attributed to slips on snow and ice[41. 
Research showed that the largest numbers 
of traffic casualties occurred during 
walking, followed by cycling and vehicle 
transportine-61. According to hospital 
injury data collected over one year period, 
slipping on ice and snow during one winter 
caused 3.5 injuries per 1,000 inhabitants per 
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year in  Umeå  health district of Sweden 
(118,544 inhabitants). Half of all injuries 
were fractures. For women 50 years and 
over two-thirds were fractures. The total 
amount of emergency care and sickness 
benefit during one winter season was 6.2 
million  SEK,  an average of 15,000  SEK  per 
injured. The "cost" of medical care of these 
slipping injuries was almost the same as the 
"cost" of all traffic injuries in the area 
during the same time periodt71. 

Abeysekera and Khan (1997) argued that 
new arrivals from other countries to Sweden 
should be given proper training to walk on 
ice18}. However, there are no studies found 
on the influence of prior experience in cold 
environments and participation in winter 
sport on slip and fall accidents on icy 
surfaces.  Luleå  is situated in far north of 
Sweden towards the arctic. Winter lasts six 
months in a year. It is therefore interesting 
to study the impact of the Nordic winter 
climate on slips and falls of foreigners with 
different experience of living in cold 
climate. The objective of this paper was to 
explore advantages of walking experience 
on icy surface and participating in winter 
sport in preventing slip and fall accidents. 

2. Methods 

A questionnaire survey was administered for 
one winter (October 2000 - April 2001) 
among foreigners 
(from 26 countries) at  Luleå  University of 
Technology of Sweden. Items in the 
questionnaire included age, gender, months 
of living experience in cold climate 
(including previous experience in cold 
environments before coming to  Luleå),  
winter sport (skiing, skating, ice hockey, 
snow boarding, etc.) participation, slip 
ratings on 5-point scale (5-very often, 4-
often, 3-sometimes, 2-rarely, 1-never) and 
fall events, number of falls, injury severity,  

body part injured, underfoot surface and 
footwear conditions when fell. Seventy 
respondents replied (response rate, 31%), of 
which 64.3% respondents were in 20-29 age 
group, 18.6% in 30-39 group (totally 82.9% 
of all respondents), including 21 females and 
49 males. Experience of living in cold 
environments ranged from 3 to 217 months. 
Kruskal-Wallis test, Man-Whitney test, Chi-
square test, Chi-square test for association, 
logistic and ordinal regression, multiway 
frequency analysis and model estimation 
methods in SPSS were used for data 
analyses. 

3. Results 

3.1 Age, gender, slips and falls 

Kruskal-Wallis Test and Pearson Chi-square 
test for association showed respectively that 
there were no significant differences of the 
slip rating (X2  =1.64, p=0.802) and fall 
events (X2  =1.33, p=0.515) among different 
age groups. Man-Whitney test and Pearson 
Chi-square test for association showed that 
there were no significant differences of the 
slip ratings (Z = -0.907, p=0.364) and fall 
events (x2  =1.46, p=0.227) between female 
and male groups. Therefore, following 
results were analyzed without differentiating 
age and gender. 

3.2 Experience of living in cold 
environments 

The results of ordinal regression showed that 
the slip frequency according to the 5-point 
rating scale decreased as the living 
experience in cold environments increased  
(B=  -0.0113, p=0.019). A quadratic model 
was found to fit better: Slip Rating = 2.855 - 
0.014 (Experience) + 6.0E-05 (Experience)2  

A logistic regression was applied to model 
the probability of fall events occurring based 
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on the experience of living in cold climate. 
The result of logistic regression showed that 
the fall events reduced as living experience 
increased  (B=  -0.030,  p=  0.001). The 
Logistic regression model is  Logit  =0.633 - 
0.03 (Experience) as shown in Figure 1. The 
slope  (B)  represents the fall events change 
(decrease) in log odds for a one-unit increase 
of experience (one month). The odds ratio 
(Exp(B)) is 0.97, which is the ratio of odds 
for one unit experience increase against the 
occurrence of fall events. 

72 0.20 

no. 	 .0 

experience 

Figure 1. Predicted probability of fall 
events versus experience of living 
in cold environment (months) 

A logarithmic model was found to better fit 
the number of fall events collected and the 
experience of living in cold environments: 
(Number of fall events) = 1.574 - 0.299 
1n(Experience), where the number of fall 
events decreased as the experience increased  
(b  = - 0.299,  p  = 0.005). 

Chi-square test showed that there was 
significant association between first arrival 
group (N=19) and non-first arrival group 
versus fall events (x2  =3.896, p=0.048). Of 
the first arrival group, 52.6% had fallen, 
while in the group who arrived in  Luleå  
earlier, 27.4% had fallen. With respect to the 
usefulness of past experience of walking on 
icy surfaces in avoiding slipping, 75.0% 
responded yes, while only 7.4% said no,  

17.6% not applicable. Chi-square test 
showed statistical significance (X2  = 54.206, 
p<0.001). 

3.3 Winter sport participation and falls 

Chi-square test showed that there was highly 
significant association between winter sport 
participation and fall events (12  =10.745, 
p=0.001). Of winter sport participation 
group, 21.3% had fallen, while in the non-
winter sport participation group, 60.9% had 
fallen as shown in Figure 2. The final model 
of multiway frequency analysis (hierarchical 
log linear analysis) showed that both winter 
sport participation and living experience in 
cold environments had significantly negative 
effects on fall events, but there was no 
interaction found between winter sport 
participation and living experience. 
Goodness-of-fit test showed that the final 
model was fitted well (x2  =5.927, p=0.431). 

70 
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40 
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Figure 2. Winter sport participation and falls 

3.4 Severity of body injures 

Of all falls, 52.4% had no injury, 47.6% had 
injury including minor injuries and pain 
lasted more than 3 days. Injury distribution 
on human body is as follows: hip/buttock 
(25.9%), wrist (13.8%), knee (13.8%), 
arm/elbow (10.3%), low back/back (10.3%), 
hand (8.6%), leg/thigh (6.9%), head (5.2%), 
ankle (3.4%), trunk (1.8%). 

3.5 Underfoot surfaces and footwear 
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Of all fall events, 37.7% happened on hard 
ice covered with snow, 29.0% on 
hard/frozen ice, 14.5% on melting ice, 
13.0% on melting snow, 4.3% on ice and 
snow covered with anti-slip materials, 1.4% 
on snow, while 56.9% wore common winter 
shoes, 16.9% sport shoes, 12.3% special 
insulated winter shoes (protection from cold), 
4.6% summer shoes, 3.1% indoor shoes, 
3.1% cannot remember, 3.1% other types. 
No one wore detachable anti-slip devices or 
spiked/studded shoes. 

4. Discussion 

Based on NBOSH, injury initiated by slip on 
ice and snow is highest in women over 45 
years old (30%), and lowest for men under 
45 years old (13%)[41. According to slip and 
fall injury rate collected from hospital in 
Sweden, the injury frequency is highest in 
the age groups 50-79 years women, the 
second highest is in teenage girls, and men 
in the age group 20-29 years171. The similar 
injury rate distribution by age and gender is 
revealed by Eilert-Peterson and Schelp 
(1998) f6j. Takamiya et al (1997), based on 
emergency report in the north of Japan, 
revealed that the number of citizens who fall 
peaks in over 50 age groupsi91. Nilsson 
(1986) analysed traffic accidents in  
Östergötland  of Sweden, showed that 
women over 50 are more likely to get 
injured from slipping than any other age 
groups[51. All these results are injury data 
collected from locals, with the same 
experience of exposure in cold environments 
while at the same age. However, the 
statistical results of this investigation 
showed that there are no significant 
association of slips and falls with reference 
to age and gender. It might be attributed to 
the limited age spectrum, in which the 
64.3% respondents are in 20-29 age group, 
18.6% in 30-39 age group (totally 82.9% of  

all respondents). Most of the respondents are 
young exchange undergraduate and 
postgraduate students from other countries 
rather than Swedes. 

The slip frequency, fall events and the 
number of falls decrease as the months of 
living experience in cold environment 
increase within the age groups of this 
investigation. Although months of living 
experience still increases with the increase 
of age, human locomotion balance abilities 
based on visual, vestibular, preprioceptive 
afferent inputs, central nervous system and 
motor function deteriorate with age, 
resulting in difficulties to maintain gait 
balance or to recover from loss of balance 
after a slipf 	Thus, the model to predict 
slip frequency based on experience fits a 
quadratic model better. In the full life span, 
when the experience cannot compensate for 
the deterioration of human locomotion 
function, slips and falls will turn to increase 
after a certain age. This can explain why the 
elderly are typical victims. 

The results that the respondents who arrived 
in  Luleå  for the first winter, had more fall 
events (52.6%) than those who had been 
there before (27.4%) further demonstrating 
that experience of living in and adaptation to 
the changeable winter climate in  Luleå  help 
to reduce slips and falls. It is consistent with 
that the majority (75.0%) believe the 
usefulness of past experience of walking on 
icy surfaces in avoiding slipping. 

The majority (67.1%) took part in winter 
sport, e.g. skiing, skating, ice hockey, snow 
boarding, etc. Figure 2 shows that winter 
sport participation can reduce the likelihood 
of fall events. It is argued that restricted 
physical activity negatively affects the bone 
structuref121. Winter sport might improve 
and/or maintain gait balance ability, 
contributing to less fall events, indicating 
that training in gait balance may help to 
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reduce slip events, and to recover balance 
after a slip to avoid falling. Other physical 
exercises may also improve gait stability, 
which is not included in this study. This 
survey has not quantified the winter sport 
activity, e.g. frequency, intensity and 
duration, etc., thus it is necessary to carry 
out further research in this regard. 

Several surveys have shown different injury 
distribution over body parts. This study 
showed that, of all falls, almost half (47.6%) 
had injuries. Hip/buttock (25.9%), wrist 
(13.8%), knee (13.8%), arm/elbow (10.3%), 
low back/back (10.3%) are mostly injured. 
Hara et al (1997) conducted a questionnaire 
survey of women living in Sappora, Japan, 
showing that knee (20.6%) and low back 
(19.3%) are mostly injured followed by wrist 
(11.4%) and arm (9.3%)h131. According to the 
Emergency Turnout Report by the Fire 
Bureau of Sapporo, Japan, head injuries are 
the largest percentage (43%) followed by leg 
(24%), hip (11%) and arm (7%)[9]. 

Slips and falls occur at the interface between 
footwear and underfoot surface. Fall events 
happened least (1.4%) on snow, whereas 
occurred most on hard ice covered with 
snow, which is consistent with respondents' 
ratings from a questionnaire survey by 
Abeysekera and Khan (1997) 181. It might be 
due to that pedestrians have difficulty to 
visually perceive the hidden risk of 
slipperiness of hard ice when covered with 
snow. Otherwise people change the 
biomechanics of gait in anticipation of a 
potential slippery environment to avoid a fall. 
This study demonstrates that the road only 
covered with snow (not melting) is safe in 
terms of fall events. Thus it is not necessary 
to spend time and money to spread anti-slip 
materials, and to remove fresh snow before 
likely to melt and freeze. 
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Most fall events (56.9%) happened while 
respondents wore common winter shoes. No 
one wore detachable anti-slip devices or 
spiked/studded shoes. Current winter 
footwear development focuses on thermal 
insulatiod141. As revealed by Gao and 
Abeysekera (2001) [31, current winter and 
safety footwear, and footwear believed to be 
slip resistant by manufacturers do not 
provide enough slip resistance on wet ice. 
Manning and Jones (2001) recently also 
concluded that ordinary footwear has poor 
slip resistance on ice, no safety footwear 
soling provides adequate grip on dry ice and 
the grip with water on ice is even worse, 
according to the tests of 20 pairs of shoe 
soling including single density microcellular 
polyurethane (AP66033), dual density 
polyurethane (DDP), rubber, etc1151. 
Grönqvist and Hirvonen (1995) measured 49 
pairs of footwear; found that most (90%) 
were very slippery on wet ice (kinetic 
friction < 0.05) [16]. It is necessary to 
integrate anti-slip property, thermal 
insulation and wearability into footwear for 
use on ice131. Noguchi and Saito (1996) tried 
to arrange fastened anti-slip device on winter 
shoes for the disabled". Hara et al (1997) 
investigated 1,383 women in Sapporo, Japan. 
Results showed that respondents are not 
satisfied with the anti-slip performance of 
winter shoes on market, and concluded that 
further follow up research and development 
of new shoes is neededf131. 

Slips and falls on icy surfaces are multi-
faceted problems1181. Strategies of multiple 
approaches to prevent slips and falls should 
be adopted. Participation in winter sport and 
train in gait balance are two means to be 
integrated into the prevention endeavour. 

5. Conclusions 

Slips and falls events reduce with increased 
experience of living experience in cold 



environments. Newcomers with no or less 
experience are prone to falling, who should 
be well informed of potential slip and fall 
hazards upon arrival in cold region. It is 
presumed that warnings and instructions can 
reduce slips and falls among new arrivals. 
Participation in winter sport contributes to 
prevent slip and fall accidents, implying that 
training in gait balance may help minimize 
slip and fall risks on ice for inexperienced 
outdoor workers and pedestrians. More fall 
events happen on hard ice covered with 
snow for not being able to visually perceive 
the hidden risk of slipperiness. Current 
ordinary winter footwear does not provide 
protection against slip and fall hazards on ice 
even though with insulation against cold. 
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insulation and wearability of footwear on icy surfaces 
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Lulea University of Technology, 971 87  Luleå,  Sweden 

Abstract 

Prevention of slip hazard in frozen environment is not paid much attention. Current winter and 
safety footwear does not provide sufficient slip resistance and appropriate wearability for use 
on icy surfaces. The objectives of this study were to assess the integration of slip resistance, 
thermal insulation, and wearability of footwear used on icy surfaces, and the anti-slip effect of 
materials spread on ice using outdoor walking trials. Twenty-five subjects wore four types of 
footwear walking on five different icy surfaces. Five-point rating scale was used recording 
wearer's perceptions of slipperiness, thermal comfort and wearability. The results showed that 
pure ice was perceived as very slippery. Spreading sand (180 g/m2) greatly decreased the 
slipperiness. Slip resistance, thermal insulation and wearability of footwear tested were not 
properly integrated, and were ranked differently. The tested winter and safety footwear did not 
provide sufficient slip resistance and good wearability. In addition to thermal insulation, 
prevention of slip and fall hazard by improving anti-slip property and wearability must also be 
priorities for development of footwear for use in cold climate. 

Keywords: Slip resistance; Footwear; Icy surfaces; Wearability; Thermal Comfort 

1. Introduction 

Slips and falls on ice and snow are prevalent among outdoor workers and pedestrians, which 
occur in cold regions and in winter seasons in many parts of the world. Many pedestrians are 
injured by slips on frozen roads. In Nordic countries 16% of all accidents at work, at home and 
during leisure activities were caused by slipping, out of which 2/3 of the slips occurred on ice or 
snow (Grönqvist and Hirvonen 1992). Based on Swedish National Board of Occupational Safety 
and Health statistics, slip, trip and fall  (STF)  accidents on snow and ice were frequently reported 
among workers, 13% (male, <45y), 18% (male, k45y), 25% (female, <45y), 30% (female, 
k45y)(Kemmlert and Lundholm 1998). 

However, in comparison with the size of the problem, little research has been carried out to 
ascertain the slip resistance need of footwear used on icy surfaces taking into consideration 
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wearablity and anti-slip materials spread on ice. Many surveys in the use of personal protective 
devices revealed that they have not been adequately worn by workers due to mainly the discomfort 
caused by the lack of wearability needs in their designs (Abeysekera and Shahnavaz 1988). A 
questionnaire survey was conducted by Bergquist and Abeysekera (1994a) among 125 outdoor 
workers in the North of Sweden. The respondents were asked to rank the importance of eleven 
ergonomic demands when designing safety shoes to be used in cold climate. The results showed 
that the most demanded ergonomic need of the users was fitness of the shoe. Current research on 
footwear for cold environments has mainly focused on thermal insulation (Kuklane, 1999). When 
exposed a short period in frozen environment such as intermittent outdoor and indoor workers and 
pedestrians, the provision of thermal insulation is not crucial. However, slip and fall may still cause 
severe fracture even walking one step on ice, especially for the elderly. Therefore, slip-resistance 
must be another functionality requirement of footwear for use in cold climate. It is argued that while 
trying to achieve more protections, the wearability needs of such personal protective equipment 
become very difficult to incorporate (Bergquist and Abeysekera 1994b). However, when users are 
more likely to take risks rather than to use cumbersome footwear, the purpose of protection is lost. 
Thus, the slip resistance, thermal insulation, and wearability must be harmoniously integrated not 
only in winter footwear design, but also in safety footwear design if used in cold environment. 
Water exists on melting ice and snow, therefore, waterproof design should also be combined. 

The available studies on slips and falls have mainly concentrated on the measurement of the 
friction of shoes on oily and wet floor surfaces. Grönqvist and Hirvonen (1995) pointed out that 
there was considerable lack of knowledge about the slipperiness of footwear soles on icy surfaces. 
Even since that time, there still have been only a few reports available concerning slips and falls on 
icy and snowy surfaces  (Björnstig,  et al 1997). There is even much less research on anti-slip 
footwear product development.  Tisserand  (1985) indicates that for testing purpose, ice is a difficult 
and unpredictable surface. The changeable ice property at different temperatures, followed by the 
difficulty to measure the coefficient of friction on ice makes subjective assessment necessary. 
Swensen et al (1992) used graphic rating scale for measuring slipperiness of climbing and coating 
surfaces. Grönqvist et al (1993) used 5-point rating scale to assess the shoe/floor interface 
slipperiness. Cohen and Cohen (1994a,  b)  utilized a 13-point rating scale to measure walking 
surface slipperiness. All results showed there was significant correlation between subjective 
ratings and COF measurements. 

The main objectives of this study are to systematically assess the integration of slip resistance, 
thermal insulation, and wearability of footwear used on icy surfaces, and the anti-slip effect of 
materials spread on ice by user trials, to explore the incorporated approach towards the design of 
footwear for use on icy surfaces. 

2. Methods 

2.1. Experimental design and statistical methods 

Independent variables were footwear (4 levels) and icy surfaces (5 levels). Dependent variables 
were expressed in the rating scales. A 4x5 two-way factorial and within subject design was 
employed in the experiment. In order to control bias of the assessment, the type of footwear worn 
and the walking surface for each trial were selected at random. Statistical package (SPSS for 
Windows 10.0) including Friedman test and correlation were used for statistical analyses. 

2 



2.2 Footwear 

Four types of new footwear were selected, which were deemed to be slip resistant by 
manufacturers as well as from the market, considering different footwear properties, i.e. material, 
sole and heel design, weight, height, thermal insulation, etc., which are shown in Table 1. Footwear 
type 1 was the lightest common one with lowest upper, which was bought from market believed to 
be slip resistant on ice. Footwear type 2 was professional leather footwear especially designed for 
long term standing and walking. Footwear type 3 was a kind of safety winter boots with thermal 
insulation and steel toe caps. Footwear type 4 was thin rubber boots (farmer's boots) without steel 
toe caps. 

Table 1. The specifications of the four types of footwear 

Type Out sole roughness 
(Ra)  and hardness 

Out sole 
material 

Height, cm (size) Weight,  g  (size)  

1 (common 
winter 
footwear) 

Roughness 17.7 pm 
Hardness 60 (Shore A) 

Synthetic 
material 

12 (s-41, 43) 387 (s-41), 431 (s-43) 

2 
(Profes-sionz 
footwear) 

Roughness 4.3 pin 
Hardness 58 (Shore A)  

Polyurethane 
(PU)  

17 (s-40, 42) 452 (s-40), 484 (s-42) 

3 
(winter safet; 
boots) 

Roughness 24.4 gm 
Hardness 57 (Shore A) 

Nitril Rubber, 
Heat & Oil 
resistant 

30 (s-40), 32 (s-42) 812 (s-40), 913 (s-42) 

4 
(Formers 
boots) 

Roughness 16.5 gm 
Hardness 60 (Shore A) 

Natural rubber 37.5 (s-40), 39 (s-42) 824 (s-40), 898 (s-42) 

2.3 Icy surfaces 

Five different outdoor icy walking surfaces, i.e. pure ice, ice covered with gravel (4) 4-8, 150 
g/m2), sand (180 g/m2), snow (3-5mm) and salt (9 g/m2) were used to evaluate realistic outdoor 
walking environment. Each track was 10m long and 0.95m wide, prepared in a shadowed area to 
avoid direct sunlight. During the experiment, the environmental dry air temperature was between 0  
°C  and +2  °C.  Ice temperature is usually lower than the air temperature (it was not measured in this 
study). There existed a thin water film at the interface between ice and air. Each surface was 
maintained as much the same as the initial condition before each subject began trials. 

2.4. Subjects 

Twenty-five subjects, 15 males and 10 females, average age of 31, took part in the outdoor 
walking trials. All subjects had more than 5 months experience of walking on icy roads and 7 
months' experience of living in Nordic region. 

2.5. Walking trials and rating scales 
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After putting on the first pair of footwear, the subject was asked to walk on realistic icy roads 
for 30 minutes, to get adapted to the environment and new footwear. The walking procedures were 
the same as used by Gard and Lundborg (2000). The subject was instructed to walk as much as 
possible at normal walking speed. Each walking trial included the following walking style 
components: 1) walking normally (forward), 2) turning, 3) stopping, 4) walking backward. No 
safety harness was applied to the subjects. For each type of icy surface, the subject walked from the 
start side to the other side of the surface, then turned and walked 5 steps towards the start side, after 
that, stopped and walked backwards 5 steps, then again walked forwards to the start side of the 
surface to finish one walking trial (Figure 1). 

Turn 
End 

4St art 

    

—08Vallcing forward 	 *-÷Walking forward and backward 

Figure 1. Walking styles on icy surfaces 

Each trial took about forty seconds depending on cadence and surface. After each trial, each 
subject was asked to rate the tendency to slip, which took a few seconds. There was no extra rest 
period between trials. After walking on all five icy surfaces with one type of footwear, the subject 
was asked to rate thermal and fit discomfort, heaviness and ease of walking of the footwear, then 
changed another footwear at random. The walking trials (4x5 =20 trials) for one subject lasted 
about one hour including the time for changing footwear. 

Subjective ratings of tendency to slip, thermal discomfort, fit discomfort, heaviness and ease of 
walking by using 5-point scales similar to Grönqvist et al (1993) as shown below were used. The 
higher scores in tendency to slip, thermal discomfort, fit discomfort, and heaviness scale indicate 
the better properties. Fit comfort, heaviness and ease of walking were used to represent wearability 
of footwear. 

1) Tendency to slip 

Very high 	High 	Moderate 	Low 	Very low 
(1) 	(21 	 (3) 	(4) 	(5) 

2) Thermal discomfort 

Very 
uncomfortabl 

(1) 

Uncomfortable 	Moderate 
(2) 	 (3) 

Not 	Not at all 
uncomfortable uncomfortable 

(4) 	 (5) 
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3) Fit discomfort  

Moderate 
(3) 

Very 
uncomfortabl Uncomfortable 

(1) 	
(2) 

4) Heaviness  

Not 	Not at all 
uncomfortable uncomfortable 

(4) 	 (5) 

Very 
heavy 

(1) 

heavy 	Moderate 	Not heavy 	Not at all 
(2) 	 (3) 	(4) 	heavy 

(5) 

5) Ease of walking 

Very 
easy 
(1) 

Easy 	Moderate 	Not easy 	Not at all 
(2) 	 (3) 	(4) 	easy 

(5) 

2.6 Data preparation and transformation 

Ease of walking was a reversed item, attempted to reduce the possibility of trend to respond to 
one direction of the designed scales. While preparing the data for statistical analysis, in order for all 
data to be expressed in the same direction where higher scores mean better properties of footwear, 
the score of the ease of walking scale was reversed [New Value = (High Value + 1) - Original 
Value] (Trochim 2000; Yu 2000). Higher scores in Fit Discomfort, Heaviness and Ease of walking 
scales indicate better wearability. 

3. Results 

Mean rating scores of slip resistance, thermal comfort, and wearability (fit comfort, lightness, 
ease of walking) are shown in Figure 2. Higher scores indicate better qualities of the footwear 
perceived. Friedman test showed that there was significantly different effect of different footwear 
on tendency to slip (Xr2=10.746, N=23, df=3, P=0.013<0.05). The rank of tendency to slip was 
footwear type 2, 3, 1, and 4. Type 2 was most slippery, while the type 4 was least. Friedman test 
showed that there was also highly significant effect of different icy surfaces on tendency to slip 
(X,2=52.324, N=25, df=4, P=0.000<0.01). The rank of tendency to slip is pure ice, ice covered 
with snow, with salt, with gravel, and with sand. The pure ice was the most slippery surface (Mean 
rating score=1.16), while the pure ice covered with sand was least slippery (Mean rating 
seore=4.24) of the five different icy surfaces. 

Friedman test showed the effect of different footwear on thermal discomfort, fit discomfort, 
heaviness, ease of walking were also highly significant (P=0.005<0.01). Averaged sum scores 
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across individual scales are shown in Figure 3. Higher sum score indicates better footwear property 
integration. 

Slip resistance, thermal insulation, and wearability of footwear on icy surfaces 
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Type 1 Type 2 Type 3 Type 4 

6g Slip resistance 	2.7 1.8 2.68 2.82 

El Thermal comfort 	2.74 2.65 3.04 1.57 

El Fit comfort 	 3.39 3.22 2.61 2.35 

Lightness 	 4.35 3.96 2.38 2.92 

II Ease of waiking 	4.12 4.08 3.32 2.78 

Footwear 

Figure 2. Mean rating scores of slip resistance, thermal comfort and wearability of footwear on icy 
surfaces 

Correlation analysis (Table 2) showed that ease of walking (reversed rating score) was 
significantly correlated with height, weight, fit respectively. Fit was significantly correlated with 
height, and weight. 

Table 2. Correlations between ease of walking, height, weight, fit and lightness 

Easewalk Height Weight Fit 	Lightness 
Easewalk  

Height -.971* 
(.029) 

Weight -.965* .967* 
(.035) (.033) 

Fit .993** -.990* -.983* 
(.007) (.010) (.017) 

Lightness .934 -.882 -.968* .932 
(.066) (.118) (.032) (.068) 

*. Correlation is significant at the 0.05 level (2-tailed). 
**. Correlation is significant at the 0.01 level (2-tailed). 
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Integration of slip resistance, thermal insulation, 

and wearability of footwear 

20 

15 

Score sum 10 

5 

0 

 

 

II Ease of walking  

C  Lightness 

Fit comfort 

• Thermal comfort 

Slip resistance Type 1 Type 2 Type 3 Type 4 

Footwear type 

Figure 3. Averaged sum scores indicating the integration of slip resistance, 
thermal comfort and wearability of footwear on icy surfaces 

4. Discussion 

4.1 Anti-se demand of footwear and icy surfaces 

Several studies were carried out on floor contaminated surfaces, showing a strong relationship 
between objective friction measurements and subjective evaluations  (Lanshammar  and 
Strandberg 1985, Harris and Shaw 1988, Swensen et al 1992, and Grönqvist and Hirvonen 
1995). Literature reveals only few studies carried out on slipperiness on icy surfaces (Grönqvist 
and Hirvonen, 1995). Furthermore, most previous subjective evaluations have been carried out 
using paired comparison and ranking  (Tisserand  1985, Grönqvist et al 1993, Myung et al 1993, 
Lange and Grönqvist 1997). Cohen and Cohen (1994a-b)  used rating scales (13-point) for 
assessing the perceived slipperiness of floors. 

The present study used 5-point rating scales for assessing the slipperiness, thermal comfort 
and wearability of footwear on icy surfaces outdoors when at 0-2  °C.  From figure 2, it is obvious 
that the tested footwear (winter footwear, safety footwear, and footwear deemed to be slip 
resistant by the manufacturers) were not slip resistant when used on icy surfaces. The mean 
rating scores showed that type 2 had high tendency to slip, while other 3 types were between 
high and moderate on icy surfaces. Cumulative research over a period of fifteen years 
consistently revealed that a micro-cellular  PU  soling (T66/103) is the most slip resistant soling 
for use on oily and wet floors due to the micro-cellular structure and increased roughness after 
wear-out (Manning and Jones 1994, Grönqvist 1995). However, this study showed that footwear 
type 2 with  PU  soling was more slippery than other 3 types used on icy surfaces when at 0-2  °C,  
which was also revealed by Grönqvist and Hirvonen (1995) and Gao and Abeysekera (1999). It 
implicates that  PU  may not be the suitable soling material for use on ice when at the melting 
temperature. However, in this study, all footwear tested was new, i.e. no abrasion, which might 
account for the slipperiness of footwear type 2. In addition to soling material property, several 
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other properties, i.e., tread pattern (geometry), hardness, roughness, wear and tear, etc., also 
contribute to the perception of slipperiness. How much each factor contributes to slipperiness is 
still unknown. Further multi-factorial research is needed to determine their quantitative 
contributions and to test the abrasion effect on  PU  friction on ice. 

The pure ice was perceived as very slippery. The pure ice covered with sand was perceived 
as having low tendency to slip of the five different icy surfaces, indicating that to spread sand 
(180 g/m2) on wet ice can be considered an effective measure to prevent slip and fall accident. 
This result is consistent with Abeysekera et al (1997) and Kobayashi et al (1997). It might also 
be due to the amount of sand per square meter (180 g/m2) that was greater than those of gravel 
(150 g/m2), salt (9 g/m2) and snow (3-5 mm). In practice, sand can easily be buried under snow 
and melting ice, requiring repeated spreading operation, which is uneconomical. Even though 
anti-slip material is spread on ice, which usually covers the main walkways other than bypaths 
and sideways, anti-slip demand should be well met for winter and safety footwear, and common 
footwear. 

4.2 Protection from cold 

Protection from cold is important in cold climate during long term exposure. The issue has 
been taken up for many years. There have been available thermal insulation footwear and related 
standards governing the products (Kuklane 1999), but cold is not the only hazard. Protection 
from cold alone is not enough. It is also important that providing thermal insulation must not 
sacrifice the wearability, e.g. lightness, fit, ease of walking, etc. Effective protection from 
concurrent slip and fall hazard in frozen environment should also be integrated. Footwear type 4 
is the most uncomfortable one in terms of thermal insulation, while type 3 is most thermally 
comfortable. This result coincides with the footwear design because the type 3 footwear is a kind 
of winter safety boots with thermal insulation and steel toe cap, while footwear type 4 is only a 
thin boot designed for farmers. This demonstrates that this subjective assessment is valid when 
there is a high difference in the property assessed. The results also showed that the footwear type 
3 satisfied thermal comfort requirement, but the wearability was sacrificed. 

4.3 Wearability 

For outdoor workers in cold climate, it is necessary to provide footwear with three basic 
protections, viz, protection from impact injuries, protection from exposure to cold and protection 
from slip and fall hazard. To satisfy the three demands and to maintain wearability need is a 
challenge to designers and manufacturers as protection and comfort are contradictory demands 
(Abeysekera, 2000). However, if the perception of clumsiness outweighs that of risks, users will 
discard the use of such personal protective equipment, resulting in the loss of all intended 
protections. 

This study showed that the rankings of fit comfort and ease of walking were identical (from 
the best fitting and ease of walking to the worst), i.e. footwear types 1, 2, 3, and 4 (Figure 2). It 
demonstrates that the more fitting, the easier to walk on icy surfaces, and the more wearable. 
Height, weight, and fit were closely correlated to ease of walking (The sign "2  indicates 
negative correlation), the heavier the footwear and higher the footwear upper, the less ease of 
walking (Table 2). The correlation analysis revealed that reducing height and weight would 
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improve fit, ease of walking and wearability on icy surfaces. The perceived lightness negatively 
correlated with weight. McFadden et al (1994) conducted a biomechanical analysis of the 
support and flexibility of military boots by using a six-degree-of-freedom instrumented linkage 
method. The results showed that the high-top shoe/ankle joint system allows the wearer to 
experience higher physiological loads and demonstrated that as the rigidity of the footwear 
increases the limitation and interference with the range of motion increases. Smolander (1989) 
also reported that increased shoe weight can increase the work load of the wearer. 

4.4 Overall Property 

From Figure 2 we can see that the slip resistance, thermal insulation, and fit, lightness, and 
ease of walking vary among the four types of footwear, indicating that they are not properly 
integrated in the footwear tested. No one type of footwear meets all protection and wearability 
needs. There is much sacrifice among those properties and protections. Footwear type 3 (winter 
safety boot), for instance, is the most thermally comfortable one (indicating effective protection 
from cold), but the thermal insulation and the steel toe cap design makes it heavy and less 
wearable. In this regard, providing protections from impact and cold and providing wearability 
are contradictory. The winter safety boot shows tendency to slip. Obviously, it does not prevent 
slip hazard in frozen environment, which is crucial in winter footwear design. Footwear type 4 is 
the most slip resistant one, while it is the worst in the perception of thermal comfort, fit and ease 
of walking As shown in Figure 3, the average sum score across all properties is the lowest. 
Users are not likely to wear it even though it is, to some extent, slip resistant. In consequence, 
the meaning of preventing slips and falls is lost when the wearability is poor. The results of this 
assessment showed that slip resistance, thermal insulation, and wearability are not holistically 
considered and incorporated in the footwear tested. It is so common to see that one protection is 
obtained at the expense of losing wearability and/or other protective demands, which should be 
avoided in the development of footwear for use in frozen environment, in which slip is a 
common accompanying hazard. 

The limitation of the experiment is that for each subject the walking trials only lasted about 
one hour. The thermal insulation was not as crucial as in long term exposure. Thus conclusion 
cannot be drawn that footwear type 1 and 2 are best for outdoor workers although the average 
sum scores are higher (Figure 3). For intermittent outdoor/indoor workers and pedestrians, 
thermal protection becomes less important while slip protection is still as essential as for outdoor 
workers in winter. In this regard, footwear 1 and 2 are not suitable to use either. Higher average 
sum score in Figure 3 does not indicate a reasonable integration because of linear summation of 
the scores. Further approach should be to set each demand according to purposes of use, and then 
to quantify overall property integration requirement. 

5. Conclusions 

The wearability assessment of footwear shows that winter and safety footwear, and footwear 
believed to be slip resistant do not provide good wearability. Height, weight, and fit are closely 
correlated to ease of walking. Reducing weight and upper height will improve fitting, ease of 
walking, and wearability of footwear on icy surfaces. 
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Slip resistance, thermal insulation and wearability of footwear tested are not properly 
integrated, and are ranked differently in all four types of footwear. No one type of footwear 
provides both sufficient protections and good wearability. In addition to thermal insulation, 
prevention of slip and fall hazard by improving anti-slip property and wearability must also be 
priorities for development of footwear for use in cold climate. From ergonomics points of view, 
footwear for use on icy surfaces must achieve the integration of several distinct protection 
demands and good wearability by user-centered design through iterative process. 
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