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Definition of terms 

Accident: based on the review of some 40 accident definitions in literature, the following 
definition is suggested: "an unexpected, unplanned event in a sequence of events that occurs 
through a combination o f causes; it results in physical harm (injury or disease) to an individual, 
damage to property, a near-miss, a loss, or any combination of these effects" (Bamber 1994). 
This definition requires recognition o f a wider range of accidents than those resulting in injury. 

Balance is a generic term to describe the dynamics of body posture to prevent falling. 
Balance is related to the inertial forces acting on the body and the inertial characteristics of body 
segments (Winter 1995). 

Coefficient of Friction ( C O F ) is defined as a numerical ratio of the orthogonal forces 

between the interacting surfaces, i.e. frictional force divided by normal force ( F m / F n ) (Grönqvist 
et al. 2001b). 

Electromyography ( E M G ) is based on the phenomenon of electromechanical coupling in 
muscle. Electrical signals generated in a muscle eventually lead to the phenomenon of muscle 
contraction through intermediate processes. A single or a train of action potentials which can be 
likened to waves sweep a muscle membrane. Information about the electrical activity in a muscle 
can be represented as the height of the wave at a given point with respect to the other and also the 
density of the waves. Such information represented graphically or pictorially, is called an 
electromyography (EMG) and can be recorded using wire or surface electrodes (Kumar 1996). 

Fall is to descend freely by the force o f gravity. A fall occurs when human balance is 
perturbed beyond a certain recoverable point (Grönqvist et al. 2001a). Whenever one cannot 
counterbalance a slip, then loss of balance and a slip initiated fall w i l l occur (Grönqvist et al. 
1995a). 

Hardness of mbber refers to its elasticity and is based on a measurement of the indentation 
of a rigid ball into the material. For highly elastic rubbers, the scales for International Rubber 
Hardness Degrees (IRHD) and Shore A durometer are comparable (ISO 48:1979) (Grönqvist 
1995a). 

Hazard presented by a substance is its potential to cause harm. Hazard is associated with 
degrees of danger, and is quantifiable (Bamber 1994). 

Hysteresis is an irreversible and delayed response during an elastic contract stress cycle due 
to damping in materials that leads to energy dissipation (Chang et al. 2001b). 

Proactive gait control involves the activation o f postural adjustments prior to the 
occurrence of destabilizing forces (e.g. slipping force) directly associated with voluntary walking 
(Winteretal. 1990). 

Probability is the likelihood that an event w i l l occur. It can be expressed as the number of 
chances per year that an event of a specific intensity, or one greater, w i l l occur. 

Reactive gait control, on the other hand, involves activation of postural adjustment after an 
external disturbance (e.g. slipping) is encountered (Winter et al. 1990). 

Risk from a substance is the likelihood that it w i l l cause harm in the actual circumstances o f 
use (Bamber 1994). 

Slip resistance can be quantitatively determined by the coefficient o f friction (Strandberg 
1985, Tisserand 1985). Subjective and combined human-centered approaches have been utilized 
to assess footwear friction on ice (Gönqvist et al. 2001a). 

Slipperiness is defined as conditions underfoot which may interfere with human beings, 
causing a foot slide that may result in injury or harmful loading of body tissues due to a sudden 
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release o f energy (Grönqvist et al. 2001b). Slipperiness can be measured and quantified by 
human-centered approaches including objective, combined and subjective approaches, e.g. a 
psychophysical scale (Grönqvist et al. 2001a). 

Slipping is a sudden loss o f grip, resulting in sliding o f the foot on a surface due to a lower 
coefficient of friction than that required for the momentary activity, often in the presence of 
liquid or solid contaminants (Grönqvist 1995a). Slipping arises when the coefficient of friction 
between the shoe sole material and walkway surface provides insufficient resistance to counteract 
the forward, resultant forces at the point o f contact (Leamon and Son 1989, 1992a,b). 

Step, Stride and Gait Cycle: Each time a leg goes forward, it makes a step. For example, 
when the right leg goes forward, it makes a right step, when the left swings forward it makes a 
left step. When one o f each of these (right and left) has occurred, we say that the person has taken 
a stride, or one gait cycle, and the time it takes for this to occur is called the cycle time. Gait 
Cycle is the largest "unit" of gait, from heel strike o f one limb to heel strike of same limb. We 
often use fractions of this time period to indicate where we are in the cycle. It's usual to start the 
cycle with the first contact (initial contact, or heel contact in normal gait) o f one foot, so that the 
end of a cycle occurs with the next contact o f the same (ipsilateral) foot. 

Surface roughness is defined by surface profile amplitude parameters (e.g. R a, R l m , R z ) , 
wavelength (e.g. Sm), surface slope (e.g. Aq), and profile skewness (e.g. Rsk). R a is the 
arithmetical average of surface heights, also known as the center line average of surface heights. 
Rim is the average peak to valley height in each cut-off length. R l m is also known as R z in DIN 
standards. The rest of the surface roughness parameters are defined in the literature (Chang et al. 
2001b, Grönqvist et al. 2003). 

Thermal discomfort arises whenever excessive heat is lost from part o f the body or the 
body as a whole (Holmér 1994a). 

Usability: the extent to which a product can be used by specified users to achieve specified 
goals with effectiveness, efficiency and satisfaction in a specified context o f use (ISO 13407). 

Wearability is used in this thesis to mean the usability of footwear. 
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Abstract 

Slip and fall accidents and associated injuries on ice and snow are prevalent among outdoor 
workers and the general public in winter in many regions of the world. To understand and tackle 
this multi-factorial problem, a multidisciplinary approach was used to identify and evaluate slip 
and fall risks, and to propose recommendations for prevention of slips and falls on icy and snowy 

surfaces. 

Objectives were to present a systems perspective o f slip and fal l accidents and related risk factors; 
to evaluate the integration of slip resistance, thermal insulation, and usability of footwear by 
subjective trials. Further, to study the interaction mechanisms between footwear soling material 
and ice; to investigate and describe the relationship of ice and snow living experience and 
participation in winter sports with slips and falls; and to explain the role and mechanisms of 
lower extremity muscles in maintaining gait dynamic balance on inclined icy surface. 

The following methods were applied: 1) a systematic analysis of multiple risk factors through 
literature review; 2) direct observation; 3) videotaping; 4) subjective evaluations of slipperiness, 
thermal comfort and usability using rating scales; 5) a tribological study o f the Coefficient of 
Friction (COF); 6) a questionnaire survey to identify and evaluate risk factors related to slips and 
falls; 7) a biomechanical study of human locomotion on ice. 

A systematic analysis of slips and falls on icy and snowy surfaces made it possible to use a multi-
faceted approach to evaluation and prevention. The slip resistance, thermal insulation and 
usability o f footwear tested were not suitably integrated, indicating the need of improving anti-
slip properties and usability o f footwear for use in cold environments. The artificially abrasive 
wear of soling materials improved slip resistance on hard ice, but not on melting ice. When 
comparing hard ice, melting ice and lubricated steel surfaces, the highest slip resistance was 
observed on hard ice, then on lubricated steel plate. Melting ice was most slippery. Curling 
footwear with crepe mbber soling showed significantly higher COF than other types. The 
footwear tested included winter footwear, professional footwear, safety footwear, and footwear 
considered to be slip resistant by manufacturers did not provide adequate protection against slips 
and falls on melting ice. Thus, additional measures should be taken to reduce slip and fall risk on 
melting ice. Slip and fall events declined with increased living experience in cold environments 
and winter sports participation. Biomechanical studies showed both increased and decreased 
magnitudes o f gait muscle activities (EMG) at different gait phases and a generating o f cautious 
gait strategies with an anticipated icy surface. These findings provided insights into how the 
proactive kinetic and kinematic adjustments o f gait are achieved and the control mechanisms of 
stabilizing gait and posture through certain muscle activities when ascending on an icy slope. The 
mechanisms identified may be applied to develop intervention, rehabilitation and training 
techniques, which prevent slip and fa l l risks and associated injuries on icy surfaces and to 
improve performance in human locomotion, e.g., for winter sports. Measurement methods of 
slipperiness on ice and snow, related standards, task-related factors, slip resistant footwear, and 
intervention programs should be further studied and developed. 
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1. Introduction 

Slip and fal l accidents and associated injuries on icy and snowy surfaces are prevalent not only 
among outdoor workers (forest workers, construction workers, service workers, etc.), but also 
among the public in Nordic countries and other regions of the world in winter (Strandberg and 
Lanshammar 1981, Honkanen 1982, Andersson and Lagerlöf 1983, Nilsson 1986, Leamon and 
Murphy 1995, Björnstig et al. 1997, Takamiya et al. 1997, Eilert-Petersson and Schelp 1998, 
Haslam and Bentley 1999). Almost everyone with any ice and snow living experience has 
experienced slips on ice and snow. This does mean that a very large population is exposed to 
slip and fal l risks when walking on roads and pavements covered with loose snow, compressed 
snow, melting snow, ice, melting ice, and mixed conditions. To walk on icy and snowy ramps is 
even more risky. Bruises, sprains, and fractures are common injuries caused by slipping and 
falling on ice and snow. The direct and indirect costs to rescue agencies, emergency care 
services and society are tremendous (Björnstig et al. 1997). However, identification o f risk 
factors, the evaluation o f risk and slip and fall prevention strategies on ice and snow have not 
received the attention warranted (Courtney et al. 2001a). This dissertation has attempted to shed 
some light on the problem by applying a multidisciplinary approach. 

1.1 S ta t is t i cs of s l ip and fall acc iden ts and injuries on ice and s n o w 

Slip, trip, and fall-related morbidity and mortality are significant problems in many countries 
(Courtney et al. 2001b). For example, data recorded by the Swedish Occupational Injury 
Information System (ISA) of the Swedish National Board of Occupational Safety and Health 
(NBOSH), for slip, trip and fall (STF) accidents during the performance of tasks or moving 
between tasks highlight the severity o f the problem. Among eight occupational groups, ISA 
reported that 13% (male, <45y), 18% (male, >45y), 25% (female, <45y), 30% (female, >45y) 
experienced injuries attributable to slips on snow and ice (Kemmlert and Lundholm, 2001). Also, 
in the analysis o f a large sample of occupational STFs in Sweden, Andersson and Lagerlöf (1983) 
identified that the most frequently specified external contributory factor is snow and ice. Other 
factors included oil , tools, etc. at workplaces. Strandberg and Lanshammar (1981) showed that of 
all accidental deaths, 42.8% (1,681 cases) were due to accidental falls, 31.5% (1,236 cases) were 
caused by motor vehicle accidents and 25.7% were due to other causes such as stairs climbing. 
They emphasized that one of the most urgent areas for slipping research and prevention is the 
contribution f rom snow and ice to slipping accidents. Road accident research showed that the 
largest numbers of traffic injuries occurs during walking (34.8%). Other statistics were: 30.7% 
during cycling, 13.3% during vehicle transportation involving automobile drivers, 9.2% 
involving automobile occupants, 5.4% involving motorcyclists, 4.2% mopedists, 2.0% bus 
occupants, and 0.4% tram occupants. Among the 34.8% walking related causalities, 71.2% 
occurred during the winter season (November - March). The high number o f causalities during 
winter does appear to be related to the slippery, icy and snowy surfaces (Nilsson 1986). 

An epidemiological study showed a similar trend. Pedestrian injuries accounted for 4 1 % of all 
injuries in traffic areas (Eilert-Petersson and Schelp 1998). Swedish winter conditions were 
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clearly associated with increased injury rates as 5 1 % of all injuries occurred between November 
and January. Snow and ice were identified to be the most common contributing factors for 
pedestrian injuries (Eilert-Petersson and Schelp 1998). They argued thai a major benefit to the 
economy of the community can be achieved by winter road management giving priority to 
pedestrian travel, provision of information on slippery conditions, and to institute preventive 
measures in the form o f suitable footwear and ant-slip devices. 

According to Swedish hospital injury data collected over a one year period, slips on ice and snow 
during one winter season caused 3.5 injuries per 1,000 inhabitants per year in the Umeå health 
district o f Sweden (118,544 inhabitants). Half of all injuries were fracmres. For women, 50 years 
old and over, two-thirds of the injuries were fractures (Björnstig et al 1997). 

According to Kelkka (1995), approximately 23,000 slipping accidents lead to injuries every year 
in Finland require some form of medical treatment. O f this figure, 21,000 require treatment in 
emergency stations and 2,000 need longer treatment in hospitals. The results also showed that 
slipping accidents and associated injuries are more likely to occur during winter. Lund (1984) 
found slipping accidents at work, in homes and during leisure activities most often happens 
outdoors. Snow and ice was the main type of surface on which slipping accidents occurred in 
nearly three quarters of all Finnish and Norwegian cases reported. 

The Health and Safety Executive (HSE), a governmental agency in the United Kingdom (UK), 
reported that slips and trips are the most common cause o f major injuries at work. They occur in 
almost all workplaces and 95% o f major slips result in broken bones. The statistics clearly 
showed that 33% of all reported major injuries in the U K workplaces are caused by a slip, trip or 
fall on the same level (HSE 2004). Rålis (1981) reported an epidemic of fractures during a 
period of snow and ice in Cardiff, England, indicating that the number o f patients who attended 
the accident and emergency department at a hospital in Welsh with fractured bones increased 
almost 3 times when compared to control days. Bentley and Haslam (1996, 1998, and 2001) and 
Haslam and Bentley (1999) undertook a series of studies o f 1,734 outdoor fall accidents to postal 
delivery employees that occurred over a two-year period in the U K . The analysis examined 
employee activity at the time of an accident and the fal l initiating event (FIE). The most common 
FIE was found to be foot slipping. Of slips on level ground, 46% were on an icy walking surface 
and 17% were on snow. Slip, tumble, and fall accidents (STFAs) were most common during 
winter months (November - February). Slippery underfoot conditions were identified as one of 
the key risk factors for slip, trip and fal l events during mail delivery. The use o f unsuitable 
footwear in winter was a factor increasing the risk o f delivery STFAs in 4 1 % of all cases. The 
winter timing o f their studies reflects the U-shaped distribution o f STFAs throughout the year 
where 70% of accidents occur within the October - March period as shown in Figure 1. 
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Figure 1. U-shaped distribution o f delivery fal l accidents by month throughout year (Bentley and 
Haslam 1998) 

Other researchers reported a similar seasonal trend for slip and fall accidents (Honkanen 1982, 
Leamon and Murphy 1995). Bell et al. (2000) analyzed coal mining industry injury during a six 
years period in seven states in USA. They found that outside movement becomes a greater hazard 
at freezing temperatures for workers in all locations. They argued that any intervention methods 
geared toward reducing injury incidents facilitated by cold weather must include workers who do 
not have full-time outside work. They commented that their data showed the instantaneous nature 
of slip and fall incidents, which means that even those exposed to environmental cold for brief 
periods o f the day are at increased risk. Hassi et al. (2000) also documented an association 
between ambient temperatures and occupational slip and fal l injuries in the mining industry in 
USA. The strongest association was present when temperatures were at -1.7 °C and below. 

Statistics in Canada showed that after a major ice storm in January o f 1998 in Ontario, injuries 
reported by emergency departments were highest the day following the onset of the ice storm 
and again at 4-6 days after the storm. The most common sources of injury were slips and falls on 

ice (56%) (Hartling et al. 1999). 

Investigation in Japan found that pedestrians in Sapporo frequently fel l on frozen roads and 
required ambulance transport to hospitals between December and March. A n average of 5.9 
citizens per day required ambulance. Winter fal l events occurred most frequently when maximum 
daytime temperatures ranged between 2 and 5 °C with surfaces covered by melting ice and snowy 
(Takamiya et al. 1997). 

1.2 C o s t s a s s o c i a t e d with s l i p s and falls on ice and s n o w 

The burden of slip, trip, and fall-related occupational injuries have been reported to range from 
20-40% of all disabling occupational injuries in developed countries (Courtney et al. 2001b). 
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Medical treatment costs for pedestrian injuries due to slipping is far greater than costs associated 
with keeping walking surfaces free from ice and snow (Eilert-Petersson and Schelp 1998). 
According to Björnstig et al. (1997), in the Umeå health district o f Sweden (118,544 inhabitants), 
the total amount of emergency care and sickness benefit costs during one winter season was 6.2 
mil l ion SEK (0.8 million USD approx). The average cost per injury was 15,000 SEK (2,000 USD 
approx). The "cost" of medical care for these slipping injuries was almost the same as the "cost" 
of all traffic injuries in the area during the same period (Björnstig et al. 1997). 

According to (Kelkka 1995), the estimated economic cost of pedestrian slipping accidents in 
traffic areas (streets, sidewalks, zebra crossings, etc.) in Finland was 280 mil l ion Finnish Marks 
(53 mil l ion USD approx.) per year. 

Slip, trip or fal l accidents and injuries in U K workplaces have been estimated to cost the U K 
economy up to £ l . l b n each year (HSL 2004). 

Leamon and Murphy (1995) analyzed the Liberty Mutual insurance (USA) company's workers' 
compensation claim database for a 2 year period (1989/90) and found that the cost o f claims due 
to falls on the same level was 401 million USD. The average cost per claim was 4,363 USD. The 
frequency of injuries from falling, when compared to all occupational injuries and illness, 
indicated that fall prevention should be a major priority of any attempt to reduce the pain and 
suffering o f the individual workers and industry losses. Liberty Mutual is one o f many 
companies, for the entire American economy, the annual direct cost o f fall-related occupational 
injuries was estimated to be approximately 6 billion USD. Slipperiness or slipping was found to 
contribute to between 40 and 50% of all fall-related injuries (Courtney et al. 2001b). 

1.3 R i s k factors for s l i p s and fal ls 

Many factors contribute to slip and fall risk. Grönqvist (1995a) pointed out that the risk factors 
for slips and falls may include extrinsic (environmental), intrinsic (human) or mixed (system) 
factors. The primary risk factor for slipping accidents is poor grip or low friction between 
footwear and an underfoot surface (floor, pavement, etc.). Secondary risk factors for slipping 
accidents include a large variety of environmental factors and human factors. Other researchers 
used an artificial neural network multi-layered model to predict slip resistance (dynamic 
coefficient of friction, DCOF) on floors as a function of seven independent variables (heel 
material, heel tread, floor material, contaminant, vertical force, heel contact angle, and heel 
velocity) over a range of conditions (Twomey et al. 1995). 

Key risk factors for slip, trip and fall accidents (STFAs) during the delivery o f mail were 
organized into a model by Bentley and Haslam (2001) who argued that STFAs occur as a result 
o f a combination of individual, task, environmental and organizational system components as 
follows: 

1) Individual factors 
a) Biographical 

i) Sex 
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i i ) Age 
b) Behavioral - unsafe acts 
c) Training/safety awareness 
d) Information processing - hazard perception 
e) Attitude to safety motivation 

2) Task and equipment factors 
a) Walking/work pace 
b) Carrying loads 
c) Task related distractions, e.g. reading letter addresses 
d) Footwear 

3) Environmental factors 
a) Slippery underfoot surfaces 
b) Uneven/damaged paving 
c) Abrupt vertical transitions 
d) Steep hills/sloped drives 
e) Steps 
f) Lighting 

4) Organizational influences 
a) Public and council maintenance of walking areas 
b) Business requirements 
c) Legislated standards o f service, etc. 

The following factors involved in falls during work on roofs were summarized by Hsiao and 
Simeonov (2001): 

1) Environmental factors 
a) Visual interactions 
b) Physical interactions 

2) Task-related factors 
3) Personal factors 

a) Individual differences 
b) Personal protective equipment 
c) Work-job experience and training 

Attempts to minimize slip and fall risk on ice and snow should adopt a systems approach 
(Abeysekera and Gao 2001). Perception of risk, aging, training, experience and postural balance 
are factors to be considered in preventing slips and falls. Some guidelines are proposed to prevent 
slipping, viz. 

1) Preventing the primary factor by increasing the coefficient o f friction (COF) 
2) Preventing secondary risk factors 

a) Human factors such as lax attitudes toward slip risk on ice 
b) Environmental factors e.g. insufficient lighting conditions 

3) Specific Strategies for slip prevention 
a) Improve the COF of shoe soling, 
b) Improve the COF of walking surfaces, 
c) Training, 
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d) Change gait pattern, etc. 

A conceptual framework for slipping was developed by Grönqvist et al. (2001b) as shown in 
Figure 2. The scenario exemplifies the mechanics of a foot slide during habitual gait on dry and 
contaminated floor, starting with heel contact and leading to a subsequent fall . Although the 
scenario emphasizes the need for and the measurement o f slipperiness processes in the chain o f 
events, it also encompasses some of the factors in different slipping phases, i.e. slips, slip 
recovery, falls and associated injuries. 

Normal 
activity 

Walking 

Dry, clean 
surface 

Onset Foot slide Control of Fall 
starts balance lost 

(fell recovery) (overexertion) 

Outstretched Fracture to ankle. 
hand, hip or head pelvis, shoulder or 
strikes ground head 

(sprained wrist 
low-back pain) 

B a i 

Wet greasy 
spot causes 
slip initiation 
(",) 

Drainage Deformation Foot stfde 
and draping and damping accelerates, 
incomplete insufficient traction lost 
(ut) (uk) (fall unavoidable) 

Measurement of slipperiness i iS&ä^^raä lBi 

Balance 
maintained 
Body COM 
over BOS 
(COP) 

Balance Balance lost 
challenged Body COM outside boundaries 
Body COM of BOS 
approaches 
boundaries 
of BOS 

Figure 2. A conceptual scenario o f the events leading to slipping and falling after heel contact 
and the measurement of slipperiness processes prior to and during slipping. Static 

friction coefficient (p s ) , transitional kinetic friction coefficient (p t ), and steady-state 

kinetic friction coefficient (uk) relate to the shoe/floor interaction. Center o f body mass 
(COM), base o f support (BOS), and center o f foot pressure (COP) relate to postural 
balance and stability (Reproduced with permission, Grönqvist et al. 2001b). 

Extrinsic factors involved in fall mechanisms were also summarized by Gauchard et al. (2001); 
included in the summary are organizational and environmental factors. The role of human factors 
in slipping was discussed by Grönqvist et al. (2001a). These factors included postural and 
balance control, unexpected changes in slipperiness, postural adjustments and adaptation to 
slipping risks, and protective movements during falling. 
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2. The state of the art 

2.1 Env i ronmenta l factors 

Cold climate presents in many parts of the world during the winter season. A cold environment is 
defined as an environment under which greater than normal heat losses are anticipated and 
compensatory thermoregulatory actions are required (Holmér 1994a). Normal heat losses refer to 
what people normally experience during indoor living conditions (air temperature 20-25 °C). 
Although a cold environment, according to the above definition, does not necessarily result in ice 
and snow initiated slips and falls, the presence of ice and snow increasing slip and fall 
probabilities (Honkanen 1982, Andersson and Lagerlöf 1983, Leamon and Murphy 1995, 
Björnstig et al. 1997, Bentley and Haslam 1998, Eilert-Petersson and Schelp 1998, Hassi et al. 
2000, Bell et al. 2000) is in the scope of cold environment. However, slips and falls on ice and 
snow in cold work environments have not been adequately addressed. The current major focus of 
cold environment research is the potential for excessive body heat losses and associated cooling 
injuries (Holmér 1994a, b). whiled guidelines for the reduction of slip and fall injuries was 
proposed by Leamon (1992a, b), focus was on floor and lubricated floor surfaces. Safety 
standards, regulations and guidelines governing the prevention of slips and falls on ice and snow 
are largely non-existent. Therefore, the author o f this thesis proposes further development of 1) 
guidelines for work in cold environments and 2) guidelines for reduction o f slip and fall injuries 
include the evaluation and prevention of slip and fall risks on ice and snow. Findings and 
conclusions described in this thesis may be incorporated into such guidelines. 

Environmental factors were summarized by Gauchard et al. (2001) as extrinsic factors for slips 
and falls. Temperature, humidity, snowfall, the Gulf Stream, lighting, etc. are factors affecting 
the whole walking system. In Scandinavia, the changeable climate due to the Gulf Stream in 
winter season caused varied road and pavement surface conditions which include loose snow, 
compressed snow, melting snow, ice, melting ice and the mixture o f these. Many studies have 
shown that slip and fal l accidents are more common during the winter season (e.g. Figure 1). De 
Koning et al. (1992) showed that different ice surface temperatures affect the coefficient o f 
friction during skating. 

Freezing weather may also influence footwear sole slip resistant properties, e.g. a hardening 
effect on the COF. Cold exposure also affects human neuromuscular performance. Cooling 
deteriorates muscular and neural functioning such as coordination, nerve and muscle contraction 
velocity (Oksa et al. 1997, Oksa et al. 2000, Oksa 2002, Oksa et al. 2002), thus affecting balance 
and the reaction o f recovery from slips on icy and snowy surfaces. 

Long and dark winters in Arctic regions act as an additional complication in the northern 
latitudes. Short and insufficient daylight results in the absence of clear visual cues for postural 
proactive adjustment during walking and reactive response after a slip. This may be a 
contributing factor to slips and falls on icy and snowy surfaces in the region. This does suggest 
that special preventive counter-slip measures are necessary in relatively dark environments. 
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2.2 Icy and s n o w y s u r f a c e s 

There have been a number of methods, equipment, and standards (including ISO, CEN, ASTM, 
and BSI) concerning slip resistance on lubricant (water, oil) contaminated floors (Manning et al. 
1985, Jung and Schenk 1990, Jung 1992, Leamon 1992b, Jung and Fischer 1993, Grönqvist 
1995b, Chang et al. 2001a). In contrast, there is little research and no standard governing the 
measurement o f slipperiness between icy and snowy surfaces and footwear (Courtney et al. 
2001 a), even though the population associated with slips and falls on ice and snow is greater than 
that on contaminated floors. Therefore, there is a strong need to explore the friction mechanisms 
of footwear on icy and snowy surfaces. 

Traditionally, there have been measures used to prevent slip and fall and traffic accidents on 
frozen roads such as de-icing chemicals (salting and anti-freeze mixtures) and road heating 
(Kobayashi et al. 1997). Japan uses asphalt mixtures that contain reclaimed tire rubber particles 
(AMRP) (Taniguchi et al. 1997). Spreading boiler slag, coke cinders, sand and crushed stone 
(gravel) on ice or snow is also common. However, there is little research on appropriate anti-slip 
footwear and its interaction with underfoot surfaces covered with anti-slip materials. 

In general, the properties of ice, e.g. temperature, structure and hardness, as well as water layer 
thickness, are believed to determine the friction during a slip (Gnörich and Grosch 1975, Roberts 
and Richardson 1981). The loss of adhesion and friction on ice near its melting point is 
determined more by the properties o f ice than by the properties o f rubber (Gnörich and Grosch 
1975, Roberts and Richardson 1981). De Koning et al. (1992) showed that the minimum value of 
the coefficient of friction was observed at an ice surface temperature of between -6 °C and -9 °C 
(mean -7.4 °C) during skating. The corresponding mean values o f the coefficients of friction for 
straight and curve skating were 0.0046 and 0.0059. An ice surface temperature o f -7.4 °C seems 
to be the best for skating but risky for walking as far as the slip and fall accidents are concerned. 
As these results concern the interface between steel blades and ice it is important to be cautious 
when adopting the results to walking when wearing common winter footwear. 

Ice is not always slippery (Petrenko 1994), the ice coefficient o f friction can assume both a very 

small value (\x < 0.01), at high temperatures (-1 °C) and high velocities (3 ms"1) or a very large 

value (|x = 0.6) at low temperatures (-40 °C) and low velocities (0.01 cms"1). Roberts and 
Richardson (1981) measured a rubber hemisphere's friction on polished ice over the temperature 
range from -32 to - 1 C C. Their 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. 

In Sweden, house-owners are commonly responsible for anti-skid management on sidewalks. In 
public areas, the local authority is responsible. Many persons choose to stay inside during 
slippery weather (Gard and Lundborg 1994). Local governmental bodies spend large amounts o f 
money on anti-slip materials and spread the materials during winter. Kobayashi et al. (1996) 
showed that static COF on ice sprinkled with sand increased more than 0.5. Spreading sand on 
level and inclined frozen roads in winter has become a routine practice in some cold regions such 
as Luleå, Sweden and Hokkaido, Japan. 
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2.3 Footwear so l ing material - ice interaction (tribology) 

Literature shows that the primary risk factor for slipping is poor grip or low friction between the 
footwear soliing and the underfoot surface (Chang et al. 2001b, Grönqvist et al. 2001b). The 
tribological phenomena that occur at the interface are very complex (Leclercq 1999). Generally 
accepted is that friction is usually caused by adhesion, plastic and elastic deformation o f surfaces 
(hysteresis). I f a low viscosity f lu id as a lubricant is present, the two rubbing surfaces separate 
and there is a commensurate reduction in friction. 

Theories about the presence o f water between the surfaces have focused on the "liquid-like" 
properties of the ice surface, the formation o f water by pressure melting and by melting due to 
frictional heating and surface melting (De Koning et al. 1992, Wettlaufer and Dash 2000). De 
Koning et al. (1992) argued that it was impossible to say which mechanism caused the low 
friction on ice. The latest review on friction mechanisms showed that the properties o f the 
interface layer in ice and snow friction are still poorly understood (Chang et al. 2001b). 

Fall accident analysis by Strandberg (1985) indicated that most slipping accidents occurred on 
surfaces covered with snow, ice, grease or liquids. The researcher concluded that slip resistance 
of lubricated conditions underfoot was dependent on at least three different processes. There 
were: 

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

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

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

Grönqvist (1995a) described a friction model for slipping in detail, although not specially 
emphasizing icy surfaces, which also took into account drainage related to squeeze film processes, 
draping related to deformation and damping (macro- and micro-hysteresis), and true molecular 
contact related to traction (adhesion and wear) between interacting surfaces as shown in Figure 3. 

21 



Tt» Grainau capability of the 
shoe-floor contact surface 

Draping of the shoe bottrm about True corvtsct between Ihe surfaces 
the asper&ei. oi ihe floor 

Viscous 
shear 

/ VlSCOaS 
/ d«W J 

/ forces / 
/ 

BastOrrydro-
dyrtanites 

Wedge, 
? treicri and 
squeeze 
eSectc 

effects 
Boundary 
lubrication 

phennrrtvia 

1 / 
Intrinsic / friction 

Hydro-
dynainc 

load I 
support / 

Resting 
contact / 

symmetry/ 

/Part- l iquid 

f and 
part-solid 
contact ' 

Opposina 
hyttorotic 

and 
adhesional 

Low and 
urts tabte 

Deformation 
and damptrxf 

Deformation 
and damptrxf 

HyBtÖTBSlS 

Macro-
hysteresis 

Micro-
hiysteresis 

f Asyrrsmetm. 
pressure 

öislfltwtlon i 
Adrteslonöl 

Frictön due 
to abrasion, 
tsarina end 

fattøuo 

Hysteresis 
friction 

Figure 3. A f low chart friction model for slipping (Reproduced with permission, Grönqvist 1995a) 

On ice near the melting point (warm ice), friction is believed to be governed particularly by ice 
f low and melting (Roberts and Richardson 1981). Ionic impurities in ice lower its melting point, 
forming liquid brine at the surface, which has an essential lowering effect on adhesional friction. 
The thickness o f the water layer is inversely proportional to friction (Chang et al. 2001b). Warm 
ice is also sensitive to high pressure effects, like at heel strike in normal gait. At high pressure 
points ice w i l l either f low to relieve the pressure or melt, both of which tend to lower the COF 
when the temperature o f ice is warmer than -10 °C (Grönqvist 1999). On cold ice, at very cold 
temperatures, the ice surface is dry as there is no liquid fdm. The ice behaves like ordinary dry 
surface, where adhesional friction plays a major role. Other friction mechanisms on ice might be 
caused by asperity, a ploughing effect, capillary suction, electrical forces, imbalance o f surface 
energy, etc. (Chang et al. 2001b). 

2.4 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 winter in Sapporo, Japan. Results 
showed that respondents were not satisfied with the anti-slip performance o f winter shoes 
available on market, and concluded that further follow up research and development o f new 
shoes are needed. Haslam and Bentley (1999) concluded that uses of current footwear and snow 
chain attachment are inappropriate for delivery work in adverse weather conditions. A majority 
of mail delivery employees did not use snow chains because of discomfort on cleared ground and 
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unwilling to spend time taking chains on and off. They recommended that employees wear 
footwear with increased gripping ability. 

2.4.1 Soling materials 

The measurement of slip resistance o f shoes, crampons and chains on icy surfaces (dry ice, -9 °C) 
revealed that all friction values o f footwear on ice were low in comparison with other substrates 
and were generally lower than that obtained on an oily steel plate (Bruce et al. 1986). The highest 
friction values were generated by the softest material; 0.19 by microcellular polyurethane (PU). 
The other values in descending order were 0.17 for soft rubber, 0.14 for nitrile rubber, 0.09 for 
leather soles, and 0.08 for old PVC. The COF for crampon was 0.24 - 0.31, whereas the COF for 
chains was only 0.11. Therefore, the best traction was provided by crampons, consisting o f steel 
studs in a rubber strip. Bruce et al. (1986) suggested as a first step using double density 
microcellular PU soling as a standard material to reduce injuries on icy surfaces. 

Although PU soling has shown to be the most slip resistant soling material on wet 
floors/lubricated floors (Manning et al. 1985, Manning and Jones 1994, Grönqvist 1995a, b), 
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). They maintain that PU is 
not safe enough on wet ice (0 °C). In another laboratory measurement, PU did not demonstrate 
higher COF values than synthetic mbber, nitrile rubber and natural rubber soling on pure hard ice 
(-12 °C). Therefore, PU soling may not provide sufficient slip resistance on ice (Gao et al. 2004). 

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 o f 
footwear with studded heels and soles during high-risk days when the ambient temperature is 
near 0 °C (Grönqvist and Hirvonen 1995). However, such soles are not suitable for use on indoor 
floors. A proper anti-slip material arrangement, fastened on an outsole might be one solution 
(Noguchi and Saito 1996b). Other slip resistant materials and integration designs must be 
explored to accommodate both outdoor and indoor surfaces. 

2.4.2 Sole tread (geometry) pattern 

The traditional friction model assumes that friction is solely a material property of the interface 
materials, independent o f contact area, pressure, temperature, etc. More recent research concludes 
that this is an oversimplification with respect to pedestrian friction (Redfem et al. 2001). Even for 
a dry and clean interface between shoe soling material and floor surface, tread shape w i l l affect 
boundary conditions and may affect the bulk deformation of the elastomer and then affect friction 
indirectly (Chang et al. 2001b). Different surfaces may require different tread designs in order to 
achieve higher frictions. This is particularly true for icy and snowy surfaces. However, there is 
paucity o f studies of the effect of tread patterns on slipperiness on ice. 

Previous research did not show a consistent association between contact area, pressure, and 
friction (Strandberg 1985, Tisserand 1985, Lloyd and Stevenson 1989, Leclercq et al. 1994, 
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Grönqvist 1995b, Stevenson 1997). Grönqvist and Hirvonen (1995) suggested the following cleat 
design for use on dry and wet ice as described below: 

1) Flat cleats with an apparent contact area as large as possible gave the highest friction readings 
on dry i ce ( -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. 

Jung (1992) observed that there was no correlation between contact surface area values and slip 
resistance. Abeysekera and Gao (2001) found that there was no significant correlation between 
subjective slipperiness ratings, COF and contact areas o f footwear on icy surfaces when 
temperatures were at 0 ~ +2 °C. 

However, almost all the previous research and measurements did not completely separate anti-
slip effects o f sole material, hardness, roughness, and tread design. Most o f the work done before 
on the frictional performance combined effects of several factors. Further research is needed. 

2.4.3 Sole hardness 

Hardness is one of the widely used mechanical properties (Leclercq et al. 1994). Measurements 
of lubricant/floor conditions show that a reduction in sole hardness corresponds to an increase in 
COF; however, it is also argued that the COF increase is not so valuable in terms o f overall safety. 

A negative correlation between sole hardness and COF on ice (dry ice, -9 °C, r = -0.876) was 
observed by Bruce et al. (1986). The poor friction properties on ice of hard materials have been 
reported (Kellert 1970 and Perkins 1976, cited by Bruce et al. 1986). Similarly, Grönqvist and 
Hirvonen (1995) also found a significantly negative correlation between kinetic COF and 
hardness o f the heel material and the hardness of the entire soling on dry ice (-10 °C). However, 
there was no clear correlation while on wet ice (0 °C). It w i l l be necessary to further examine 
hardness and friction at a range o f temperatures to determine i f hardness o f footwear 
recommended for icy and snowy surfaces is suitable for all temperatures potential users might 
encounter. Ahagon et al. (1988) argue that although friction resistance o f rubber on ice is 
primarily determined by viscosity and the thickness of the lubricating f lu id layer, further 
improvement of friction could be obtained by making rubber more resilient. However, whether 
the expected increase o f 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 o f hardness and cleat-shape was able to scratch the surface 
of the wet and soft ice at 0°C. In contrast, the hardest soling materials were the most slippery 
ones on hard ice at -10 °C. 

2.4.4 Wear, abrasion, and roughness 

The slip resistance o f a shoe is not a constant property. It varies during the course o f its use. 
Leclercq (1999) argues that the slip resistance of footwear is a transient as well as a versatile 
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quality. Slip resistance may decrease or increase depending on soling materials being used, the 
amount of wear on a floor and contaminated floor (Manning et al. 1985, Leclercq et al. 1994, 
Grönqvist and Hirvonent 1995, 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. 

Manning et al. (1991) showed that the mean of all COF results on seven different surfaces, 
including dry and wet ice, was significantly related to (positive correlation) roughness (Rim) of 
the soling materials o f thirteen pairs o f discarded working footwear. However, the walking 
traction test method (Rig 3) did not specifically reveal the effect of footwear roughness on COF 
on dry and wet ice. A recent study by Manning and Jones (2001) demonstrated that there is no 
effect of five footwear solings with graded roughness (4.4 -19.12 R t m ) on COF on ice (-3 °C, on 
an ice skating rink) spread with water using the walking traction method (Rig 3) even though an 
effect was demonstrated on wet and oily floor surfaces. Later research found that soling 
roughness (R a) is positively correlated with footwear friction on hard ice (-12 °C) (Gao et al. 
2004). 

The roles o f both footwear and floor surface roughness in the measurement of slipperiness, as 
well as various techniques, parameters and instruments for roughness measurements were 
reviewed by Chang et al. (2001c). Concluded was that surface roughness on shoe and floor 
surface significantly affects slipperiness. Any slip resistance measurement should be based on an 
understanding of the nature of frictional and wear phenomena, surface analysis techniques used 
for characterizing both shoe and floor surfaces, and their interactions. It is argued that surface 
roughness measurement may provide an objective alternative to overcoming the limitations o f 
friction measurements (Chang et al. 2001c). However, the effect of footwear sole roughness 
caused by wear or intentional abrasion on COF on ice at various temperatures is not documented 
in the literature. 

2.4.5 Usability and other properties of footwear 

Additional footwear attachments (e.g. anti-slip devices) are an other ice and snow slip prevention 
strategy, especially for the elderly (Gard and Lundborg 2000). But, such devices have poor 
usability because they are heavy, bulky, or inconvenient. According to am investigation by 
Haslam and Bentley (1999), postal delivery workers did not use snow chains because it involved 
discomfort when walking on cleared ground, skidding on ice, and time costs arising from putting 
on and taking o f f when ground conditions changed. Sports footwear research showed that 
footwear overall comfort, especially insole comfort can be reliably distinguished using the visual 
analogue scale (VAS) with subjects during mnning (Miindermann et al. 2002). However, the 
assessment did not specifically related to comfort components such as thermal comfort, lightness, 
ease of walking, etc. 

It is argued that to shoe balancing properties can help to prevent falling after a slip. I f the centre 
of gravity (COG) of a shoe is in-line wi th or very close to the COG of the wearer's foot, it might 
improve the wearer's balancing ability (Abeysekera and Khan 1998). To test this assumption, 
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Abeysekera and Gao (2001) carried out a pilot study of footwear COG on the slipperiness on ice. 
No correlation between COG and slipperiness was found. However, further research is needed. 

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

2.5 Individual factors 

2.5.1 Aging 

Aging is associated with a gradual degradation of the sensory systems, which may lead to 
instability and may precipitate falls (Tinetti and Speechley 1989, Black et al. 1993 cited by Hsiao 
and Simeonov 2001). Human locomotion balance abilities based on visual, vestibular and 
proprioceptive afferent inputs, the central nervous system, and motor function deteriorate with 
age which then makes it diff icul t to maintain gait balance or to recover from loss o f balance after 
a slip (Tideiksaar 1990, Pyykkö et al. 1990). Increases in postural sway in the elderly are well 
documented. Research showed that older subjects used their leg muscles for longer time periods 
and at higher activation levels than young subjects in standing balance (Andres and Hemeon-
Heyer 1988). A recent study on the mechanisms contributing to the age-related increases in 
postural sway has demonstrated that higher levels of lower-extremity muscle activity are a 
characteristic o f age-related declines in static short-term postural sway (Laughton et al. 2003). 
Therefore, aging is a considerable risk factor for slips and falls. However, a study on the effects 
o f adjusted gait on lower extremity muscles activity in anticipation o f a slippery level 
contaminated floor and an unexpected slippery floor did not show significant aging effects on the 
calf, hamstring and quadriceps muscle groups in both lower extremities (Spaulding and Lockhart 
2002, K i m and Lockhart 2002). 

According to Strandberg and Lanshammar (1981), the average skid starts about 50 ms after heel 
strike and the "friction use" (forward force divided by downward force) peak (0.17) occurs about 
90 ms after heel strike. Another biomechanics study of slipping showed that the ratio o f shear to 
normal foot force components (required coefficient of friction, RCOF) peak value for level 
walking is about 90 - 150 ms (Redfem et al. 2001). The time available to achieve adequate 
frictional forces to avoid a dangerous slip at heel strike is very short. As elderly persons rely 
more on visual control o f posture than on vestibular 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 time for the elderly to avoid a slip. Further details on the time needed 
for gait adjustment is discussed in Section 2.6.6. 

2.5.2 Experience and physical training 

Job experience was found to correlate with the occurrence of fall incidents in the roofing industry 
(Hsiao and Simeonov 2001). According to Gauchard et al. (2001), a subjects' experience is an 
important intrinsic factor, by allowing them to adapt themselves to the environment, arguing that 
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an experienced subject on a slippery surface can adapt gait and move with success roof surfaces. 
The study o f strategies for dynamic stability during locomotion on a slippery surface showed that 
prior experience with slip perturbations allows subsequent modification and knowledge of the 
surface condition results in proactive adjustments to safely transverse the slippery surface 
(Marigold and Patla 2002). However, how living experience in cold environments affects slips 
and falls on icy and snowy surfaces is not reported in the literature. 

Physical 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 can also result in a shift f rom visual to proprioceptive dominance in the 
regulation of postural control (Mesure et al. 1997). Recent research on physical activities has 
demonstrated that training improves gaze, postural control performance and stabilization, and 
thus reducing falls in the elderly, with specifically increased the proprioceptive and vestibular 
sensitivities, improved visual detection quality, decreased reaction times, and the capacity to 
make earlier body adjustments (Gauchard et al. 2003). 

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

2.5.3 Perception of slipperiness 

Vision seems to be the only sensory mode that proactively allows a person to identify a slippery 
surface before stepping on it. The other postural control systems may require that one already has 
walked on it. In addition to friction, the risk o f slipping and falling also depends on a person's 
perception of slipperiness of the actual conditions (Grönqvist 1999). Research showed that a low 
friction condition does not always associate with a greater number of falls (Strandberg 1985). 
Grönqvist et al. (2001a) argued that in the low friction condition, subjects adopt a less risk-taking 
and protective gait strategy and are able to reduce the number of falls. Whether the slipping risk 
is more related to a constantly low friction condition or an unexpected and sudden change of 
friction is still a question (Grönqvist et al. 2001a). 

2.5.4 Other individual factors 

The role o f human factors in slipping was reviewed by Grönqvist et al. (2001a). Included were 
postural and balance control (standing), unexpected changes in slipperiness ("protective gait 
strategy"), postural adjustments and adaptation to slipping risks, and protective movements 
during falling. Some of related factors such as dynamic walking balance control are further 
discussed in the following human locomotion and gait adaptation section. 
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2.6 Human locomotion and gait adaptation 

2.6.1 Human bipedal walking and inherent unsteadiness 

Upright bipedal walking is an important hallmark of human conditions and is the fundamental 
evolutionary adaptation that sets humans apart from other quadrupeds. One of the theories o f 
bipedal walking argues that when a young child takes its first few halting steps, his or her 
biomechanical strategy is to minimize the risk of falling (Vaughan 2003). 

Bipedal human walking has an element of inherent unsteadiness and thus requires substantial 
proactive balance control. This inherent unsteadiness results primarily from biomechanical 
disadvantages, including: ( l ) a heavily weighted upper body (high center of mass, COM), (2) a 
small base of support (BOS), and (3) long single-support periods (~ 75-80% of the gait cycle) 
(Winter et al. 1990). With these disadvantages, certain gait strategies are needed to overcome the 
inherent unsteadiness. Two balance strategies are required to achieve dynamic equilibrium in 
human walking, i.e., proactive and reactive balance. Proactive control, in contrast to reactive 
control, involves the activation of postural adjustments prior to the occurrence o f destabilizing 
forces directly associated with voluntary walking. Proactive control is thought to be achieved by 
incorporating compensatory muscle forces and joint torques into the normal gait pattern so as to 
minimize the destabilizing forces occurring at certain gait events (Winter et al. 1990). Other 
researchers classified postural adjustments into two types: anticipation and adaptation, based on 
the timing relative to an event o f perturbation (Grönqvsit et al. 200la, Redfem et al. 2001). They 
argued that the anticipation is proactive, while the adaptation is reactive. 

2.6.2 Gait cycle and analysis 

Normal gait on a level floor follows a rhythmic and repetitive cycle. The gait cycle is defined as 
the period from the heel contact o f one foot to the next heel contact of the same foot. This cycle 
is divided into the stance and swing phases. On average, the gait cycle is about one second in 
duration with about 60% on the stance and 40% on the swing. There are different ways o f 
subdividing the gait cycle into different phases (McClay 1995, Whittle 1996, Kumar 1996, Eils et 
al. 2003, Anderson and Pandy 2003). From a biomechanical perspective, the gait cycle is divided 
into the following four phases (McClay 1995, Kumar 1996): 

1) Foot contact - foot flat (loading phase), 
2) Foot flat - heel o f f (mid stance phase), 
3) Heel o f f - toe o f f (propulsive phase), 
4) Swing (non-contact phase). 

The description and analysis o f human locomotion use the following three methods (Winter 1991, 
McClay 1995, Kumar 1996, Whittle 1996): 

1) Kinematics: analysis o f the movement of bodies and parts of bodies in time and space. 
Variables like joint angle, velocity, acceleration, deceleration, etc. are used. 
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2) Kinetics: analysis of forces or torques acting on rigid body segments. Variables like 
ground reaction forces, moments, angular torques, etc. are used. 

3) Muscle activity: Measurement of muscle activity involved in movement. 
Electromyography (EMG) with surface or intramuscular electrodes is commonly used 
to record muscle activities. Variables like amplitude, activation duration, activation 
rate, etc. are used. 

2.6.3 EMG patterns during gait cycle 

In normal level walking, during heel contact - foot flat phase, the pretibial muscle group and 
hamstring muscle group have their peak activities (Figure 4). The quadriceps group of muscles 
follows soon reaching a peak. At about heel off, the calf group of muscles begins to increase in 
activity and then the activities become relatively low during swing phase. During heel o f f - toe 
off phase, the pretibial group of muscles and the quadriceps group of muscles reach another 
smaller peak, and the pretibial group of muscles continues to maintain some degree o f activity 
throughout the swing phase (Kumar 1996, Ferber et al. 2002, Warren et al. 2003). 
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Figure 4. The phasic interrelationship o f gait muscle activity compared with knee and ankle 
moments during one gait cycle on level surface (Kumar 1996) 

2.6.4 Critical gait phases in relation to slips and falls 

According to Kirtley (1999), concerning centre o f 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 o f the trailing toe in early swing, and is behind the 
leading heel in late swing. These two periods in each gait cycle are times during which the COM 
is outside the BOS and is in free fall . Each period lasts for at least 100 ms and is particularly 
dangerous time during which falls might occur. It must be o f significance to slip and fall 
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accidents on icy and snowy surfaces. Similarly, as reviewed by Grönqvist et al. (2001a), "the gait 
equilibrium is lost and regained with every step; lost with the take-off o f the propelling foot when 
the body's center o f gravity momentarily lies beyond the anterior border of the supporting surface, 
and regained as soon as the swinging leg is extended forward and its heel touches the ground". 
These two periods are the toe o f f and heel strike periods. This is consistent wi th widely accepted 
findings, i.e. the slips occur most frequently during heel strike and toe o f f periods during the 
human gait cycle (Strandberg and Lanshammar 1981, Davis 1983, Leamon and Son 1989, 
Manning 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 methods cannot simulate the 
COM and BOS reciprocal changes and sub-phases during gait cycle. The validity o f the 
measurement, when applied to the prevention of human slips and falls should, therefore, be 
further improved. The role of gait muscles in contributing to the gait balance during these critical 
gait phases should also be further studied. 

2.6.5 Gait proactive strategies: kinetics, kinematics, and muscle activity 

Recent literature argues that the force interaction between the shoe and floor are probably the 
most critical biomechanical parameters in slips and falls (Redfern et al. 2001). I f shear forces 
generated during a particular step exceed the frictional capability o f the shoe-floor interface, then 
a slip is inevitable. The shear forces are highest near the heel contact (first peak in the forward 
direction) and push o f f (second peak in the rearward direction) phases on level and descending 
ramp. These are the points where slips most often occur (Redfem and D i Pasquale 1997). When 
ascending ramps, the second peak of the shear force is higher than the first peak (McVay and 
Redfem 1994). 

Nevertheless, a slippery surface does not always initiate a slip and fal l . It is the common 
experience that people can, and do manage to walk on ice and other slippery surfaces (Grönqvist 
et al. 2001a). In addition to friction, the risk o f slipping and falling seems to depend to a great 
extent on a person's perception of the potential slipperiness o f the actual conditions (Grönqvist 
1999). When a slippery condition is perceived, either by visual and/or tactile cues, a person'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 o f gravity is 
better maintained over the balance zone (Swensen et al. 1992). The heel strike and toe o f f phases 
are also significantly reduced to diminish the likelihood o f slipping. James (1983) illustrated that 
it was necessary to shorten the stride on a slippery floor where the coefficient o f friction is very 
low. Leamon (1992b) claimed that proprioceptive recognition and visual anticipatory evaluation 
of the slipperiness o f surface are the prerequisites of postural adjustment. 

The kinaesthetic system consists o f 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 (Athabasca University 
2003). 

Previous research has shown that people are able to proactively modify their gait kinetics, 
kinematics, and muscle activity patterns with prior experience, knowledge or anticipation o f 
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slippery floor surface conditions to avoid slipping (Andres et al. 1992; Cham and Redfem 2002, 
Marigold and Patla 2002). 

2.6.5.1 Kinematics: 
As shown in several studies, with known slippery floor surfaces, the foot contact angle, which 
defined as the angle between a line joining the heel and metatarsal marker and the walkway 
(Marigold and Patla, 2002), is decreased (more flat footed) during heel contact (Brady et al. 2000, 
Marigold and Patla 2002, Cham and Redfem 2002, Eils, et al. 2003). Flat-foot landing represents 
an adaptive gait strategy and may provide an increased contact area and support during the heel 
contact phase on level slippery floors. 

A recent study of barefoot walking before and after reduction of plantar sensation suing an ice 
immersion technique where the foot was submerged in iced water (0 °C) for 10 min, showed that 
plantar somatosensory reduction leads to gait changes at the ankle, knee and hip joints, and a 
more cautious ground contact and push o f f (Eils et al. 2003). The kinematics showed that at the 
instant o f ground contact, dorsiflexion of the ankle was significantly reduced leading to a more 
flat touch down, while at the end of ground contact (toe of f ) , a significantly decreased plantar 
flexion (increased dorsiflexion o f the ankle), knee and hip flexion indicated a less pronounced 
push o f f from the ground. 

2.6.5.2 Kinetics: 
The forces when the foot contacts with the ground are critical factors in slip biomechanics 
(Redfem et al. 2001). Slips on inclined surfaces are a particular risk due to large shear forces at 
heel contact and push o f f (McVay and Redfern 1994). Gait kinetics change when anticipating 
slippery inclined floors (with dry, water, soap, and oil contaminations); and the corrective 
reactions due to slip events on inclined floor surfaces were studied by Cham and Redfem (2002). 
The important finding was that anticipation trials reduced the peak required coefficient o f friction 
(RCOFpC ak), thus reducing slip potential on anticipated slippery surfaces. This finding assumed 
that the results are attributable to overall muscle reactions. The rate of loading on the supporting 
foot was reduced on known slippery floors (Marigold and Patla 2002, Cham and Redfem 2002). 
Increases in the ramp angle were associated with increases in ground reaction forces and 
increases in RCOFs, in which the peak RCOF occurs towards the heel contact phase during 
downward walking on inclined floor surfaces (McVay and Redfem 1994, Redfem and D i 
Pasquale 1997, Hanson et al. 1999, Cham and Redfem 2002). During walking upward, ramp 
angle (0 - 20 degree) has also a significant effect on RCOF; the peak RCOF occurs towards the 
push o f f phase o f the gait. The peak RCOF was higher in the upward direction than the 
downward direction. Both RCOF and peak RCOF increased with the increase o f the angle. RCOF 
in the mid stance phase increased with increasing angle (McVay and Redfem 1994). The study 
on the Ground Reaction Forces (GRF) of the reduced plantar sensation showed that the second 
peak of the vertical GRF decreased near the toe o f f phase, while the vertical GRF increased 
during mid stance (Eils et al. 2003). 

2.6.5.3 Muscle activity (EMG) 
There are few studies on how gait kinetic and kinematic adaptations on slippery surfaces were 
achieved, what the mechanisms are, and how individual gait muscle activity contributes to the 
kinetic and kinematic changes. Recent research showed that muscles made the largest 
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contribution to support, accounting for 50-95% of the vertical ground reaction force generated in 
stance during normal walking as shown in Figure 5 (Anderson and Pandy 2003). Their study 
showed that, in early stance, from the heel contact to the foot flat period, the support was 
provided mainly by ankle dorsiflexors. The ankle plantarflexors (soleus and gastrocnemius) are 
mainly responsible for the second peak in the vertical ground reaction force during stance phase. 
The hamstrings and rectus femoris has proved to contribute very little to support (Anderson and 
Pandy 2003). 

Figure 5. Contribution of inertial forces, centrifugal forces, resistance to gravity provided by the 
bones and joints of the skeleton, and muscle and ligament forces that support during 
normal gait (Reproduced with permission, Anderson and Pandy 2003) 

How individual muscle activity is changed to affect the kinetic and kinematic changes, how 
slipping risk (e.g. shear force) can be counteracted by lower extremity muscle activities on 
slippery icy ramp is not seen in the literature. A few researchers have investigated the effects of 
adjusted gait on lower extremity muscle activity when anticipating a slippery level floor 
(Spaulding and Lockhart 2002, K i m and Lockhart 2002). Studies on adjusted gait on a known 
contaminated slippery indoor floor showed that the right gastrocnemius muscle's mean activation 
was lower for adjusted gait (on contaminated slippery level floor) verses normal gait (on non-
slippery level floor). The hamstring muscle group's mean activation was greater for adjusted gait 
than for normal gait. It is argued that these calf and hamstring muscle activity changes could be 
one of the mechanisms of the gait kinematic adjustment on slippery floor surfaces (Spaulding and 
Lockhart 2002). 
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The study on the reduction of plantar sensation from an ice immersion showed that, in addition to 
gait kinematic and kinetic changes as discussed above (Sections 2.6.5.1 and 2.6.5.2), the change 
leads to modified gait EMG patterns (Eils, et al. 2003). These kinematic gait changes were shown 
to be caused by decreased amplitudes in the tibialis anterior, gastrocnemius medialis and 
peroneus longus. The results of the reduced plantar sensation by local iced water immersion 
likely means that whole body cooling could cause the similar gait pattern changes. This 
possibility wi l l need to be investigared. How the lower extremity muscles contribute to proactive 
kinetic and kinematic gait changes and help to maintain gait balance during walking and slipping 
on inclined slippery icy surfaces in cold environments is not reported in current literature. 

2.6.6 Gait reactive responses: kinetics, kinematics, and muscle activity 

Other studies have been carried out on reactive/corrective gait kinetic and kinematic control after 
simulated perturbation and slipping events by translating the supporting floor forward (Brunt et al, 
1990; Tang et al, 1998; Ferber et al, 2002), after slipping on a set o f steel rollers (Marigold and 
Patla 2002), and after slip events on inclined contaminated floor surfaces when walking 
downwards (Cham and Redfem 2001). The study on the control o f reactive balance adjustments 
in distally perturbed (simulated by translational floor movement) at heel strike showed that the 
leg and thigh muscles rather than proximal muscles (hip/trunk) were the key to reactive balance 
control and were sufficient for regaining balance within a gait cycle (Tang et al, 1998). Tibialis 
Anterior (TA) and Rectus Femoris (RF) muscles were found to be very important in dynamic 
reactive balance control with short onset latency, long burst duration and much higher magnitude 
of activity during perturbed heel strike (Tang et al, 1998). It is argued that reactive postural 
adjustments during stance phase after forward perturbation can appear in three periods, 
depending on the timing o f the reactive adjustments, i.e. 

1) Mechanical response, from the time immediately following the onset of force plate 
forward displacement, <70 ms, being solely attributed to viscoelastic stretching of 
preloaded joint muscles, tendons, and joint capsules, 

2) Combination o f mechanical and spinally-mediated (stretch reflex) neuromuscular 
responses, between 70 and 250 ms, 

3) Combination of mechanical, spinally-mediated, and cortically-mediated neuromuscular 
responses, >250 ms (Ferber et al. 2002). 

Reactive gait kinetic, kinematic and muscle responses on inclined slippery icy surfaces have yet 
to be studied. 

2.7 Task- re la ted factors and organizat ional inf luence 

Task-related factors on slips and falls on dry or oily contaminated floors have been studied by 
several researchers (Love and Bloswick 1988, Redfem and Rhoades 1996, Myung and Smith 
1997, Chiou et al. 2000). Task-related factors and organizational influence on slips and falls for 
mail delivery workers has been described by Bentley and Haslam (2001). To date, task-related 
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factors and organizational influence on ice and snow have not been studied on ice and snow. 
These factors are not addressed in this thesis. Further studies are needed. 

2.8 Measurement methods of s l ipper iness on ice 

There are a number o f methods and equipment for measuring COF on dry floors and 
contaminated/lubricated floors (Strandberg 1985, Lin et al. 1995, Leclercq 1999). Recently, 23 
friction (static, transitional, and dynamic) measurement devices including field and laboratory 
based methods were reviewed by Chang et al. (2001a). However, there are very few methods 
available for measuring COF on icy surfaces. For testing purposes, ice is a diff icult surface to 
work with because the friction is low and the surface is highly irregular (Tisserand 1985, 
Manning et al. 1991). Human-centered approaches to slipperiness measurement were discussed 
by Grönqvist et al. (2001a). These approaches include subjective, objective and combined ones. 
The following measurement methods of slipperiness on ice reported in literature fall into the 
category of human-centered approaches except for the mechanical friction-based measurement. 

2.8.1 Laboratory mechanical measurement 

Grönqvist and Hirvonen (1995) developed a friction measurement apparatus with a temperature 
controlled cooling system for ice formation on a force plate, which could be used for measuring 
COF of footwear sole/ice interaction in a laboratory setting. However, the measurement set-up 
where the icy surface is formed is in a room temperature environment. Footwear was not 
conditioned in a cold environment before measurement. It would be more realistic i f the 
equipment and footwear were located in a cold chamber. 

2.8.2 Human walking traction test 

Bruce et al (1986), Manning et al (1991), Manning and Jones (2001) applied a human walking 
traction test (Rig 3, 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 o f 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 w i l l slip. However, the validity and precision are criticized as 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 
(Grönqvist et al 2001a). 

2.8.3 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 o f anti-skid devices attached on normal footwear. Walking 
balance and walking safety were recorded based on subjective perceptions. 
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2.8.4 Subjective and objective measurements of frosty lumber wraps 

Frost was formed on lumber wraps in a cold storage room at a temperature o f -20 °C. Subjects 
simulated slipping by taking a long stride and simultaneously pushing their foot powerfully 
forward, touching the frost-covered lumber wrap while the other foot was resting on the non-
slippery surface. The subjects estimated the slipperiness o f the lumber wraps by subjective rating 
as well as by paired comparison, the friction between the frosty lumber wrap samples (-8 °C) and 
footwear were also objectively measured using the method described in the section 3.1 (Aschan 
et al. 2004). 

2.8.5 Direct friction measurement during skating 

In order to measure the skate-to-ice friction, De 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 factors, but also biomechanical and 
psychophysiological factors present during real skating. The measuring system consisted o f 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 o f the skate. The principle may be applied to measuring friction between common footwear 
and icy surfaces in real human slipping during walking. To date, there has been no such 
measuring system applied to human walking. As there has been no consensus of the validity and 
reliability of existing slipperiness measurement methods and equipment, the approach by De 
Koning et al. (1992) merits being used during walking on ice and snow. 

2.8.6 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 a similar method when 
investigating acceleration changes by mounting acceleration transducers on foot and body center 
when walking on a frozen surface. 

Apart f rom a few trials discussed above, there are no other methods, equipment, and standards 
reported in the literature that attempts to measure slipperiness on icy surfaces. 
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3. Disciplines and framework of the thesis 

As discussed previously, slips and falls on floors as well as on ice and snow are o f a multi 
factorial nature. Having identified the risk factors, a multidisciplinary approach seems necessary 
to understand and tackle the problem (Courtney et al. 2001a, Grönqvist et al. 2001b). A 
framework of this thesis is presented in Figure 6, which shows a multi-factorial approach. The 
risk factors included in the model are listed below. 

• Individual factors (age, gender, perception, experience, training, etc.), 

• Footwear (soling material, wear, etc.), 

• Icy and snowy surfaces (melting ice, hard ice, ice temperature, etc.), 

• Footwear sole/ice interaction (tribophysics), 

• Gait biomechanics (neuromuscular performance), 

• Task-related factors, 

• Organizational influence. 

• Environment 

This dissertation made an attempt to apply various theories and methodologies from related 
disciplines: 

• Systems analysis (study I ) , 

• Ergonomics (study I I ) , 

• Tribology (study I I I ) , 

• Questionnaire survey (study IV) , 

• Biomechanics/kinesiology (study V) . 

Firstly, various contributing factors to slips and falls on ice and snow were systematically 
analyzed and discussed, providing the possibility of a multi-faceted approach to reach systematic 
prevention. Unresolved issues related to slips and falls on ice and snow were also identified. A 
systems model involving potential risk factors was proposed based on the current knowledge and 
understanding (Study I). 

Subjective rating scales were used to assess the perception o f slip and fall risk, thermal comfort 
and the usability of footwear used on various icy surfaces including anti-slip materials spread on 
ice. The integration o f multiple protection function and usability of the current winter footwear 
was also assessed (Study II ) . 

As the primary factor for slips and falls is the poor friction at the footwear sole and surface 
interface, a further tribological study was carried out to explore the effects o f soling materials, 
abrasion, and ice temperature on the mechanisms of friction at the soling material-ice interface, 
and to compare footwear slipperiness on hard ice, melting ice, and an oily floor (Study II I ) . 
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A questionnaire survey o f slip and fall accidents and associated injuries was carried out to further 
identify contributing factors. Focus was on living experience in icy and snowy environments, 
winter sports participation, footwear, and underfoot surface conditions (Study IV) . 

A gait biomechanics, more specifically muscular performance study was conducted to understand 
the contribution o f lower extremity muscles to the proactive gait kinetic and kinematic 
adaptations, the maintaining of gait balance during walking on an inclined icy surface, and the 
mechanisms used to counteract slip risk and falls after slipping (Study V) . 

Due to time constraints, task-related factors and organizational influence were not studied. 
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Ant-slip effect of 
materials spread 
on ice (study II) 

Neuromuscular 
mechanisms of 
maintaining 
dynamic gait 
balance (study V) 

Figure 6. A conceptual framework the studies completed 
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4. Research questions 

The general research questions were: 

1) What are the risk factors for slips and falls on ice and snow? 
2) How can the slip and fal l risk on ice and snow be measured and evaluated? 
3) What are the mechanisms of gait muscles for maintaining dynamic balance on icy surface? 
4) What are the possible measures to minimize slip and fall risk on ice and snow? 

Current research on slips and falls has mainly focused on floors and contaminated floors. Specific 
research questions were therefore: 

• What is the current knowledge base concerning slips and falls on ice and snow? 

• What is the current systems view regarding slips and falls on ice and snow? 

• What are the specific factors relative to ice and snow slips and falls? 

• Which ice and snow slip and fall issues are not resolved? 

The protection for current winter footwear emphasizes thermal insulation properties (Kuklane 
2000). As discussed earlier in this thesis, slip resistance is considered for the design o f footwear 
for use on indoor and contaminated floors. Other interesting research questions were as follows: 

• How are slip resistance, thermal insulation and usability integrated into current winter 
footwear and safety footwear? 

• How usable are the current winter and safety footwear? 

• Are anti-slip materials spread on ice and snow effective in reducing slipperiness? 

The interaction at the interface between footwear sole and underfoot surface is one o f the primary 
factors causing slips and falls (Grönqvist 1999). This interaction is, in tum, dependent on the 
properties o f ice and soling material. Sole wear and ice temperature are two important 
determinants o f the coefficient of friction (COF) at the interface (Gnörich and Grosch 1975, 
Grönqvist 1995a, Grönqvist and Hirvonen 1995, Hirvonen and Grönqvist 1998, Manning and 
Jones 2001). Therefore, it is interesting to f ind out: 

• What are the effects o f the following factors on sole-ice friction? 
> Footwear soling material, 
> Sole abrasion, and 
> Ice temperature 

In addition to the primary risk factor at the interface between footwear and ice, it is also 
interesting to investigate and explain the experience effect: 

• Does living experience in winter climates where ice and snow are present and 
participation in winter sports help to prevent slips and falls? 
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Dynamic gait balance plays a very important role in the avoidance o f slipping and falling. The 
final research question o f this thesis was to find out: 

• How the gait muscles contribute to proactive kinetic and kinematic gait changes and gait 
balance during walking on an inclined icy surface? 
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5. Objectives 

a. To review the state of the art's understanding of slips and falls on ice and snow, identify 
the unresolved issues and present a systems perspective o f slip and fal l accidents, with 
special focus on icy and snowy surfaces. Highlight the multi-factorial features and 
provide a multi-faceted approach to prevention and explore further research needs 
related to slips and falls on icy and snowy surfaces. 

b. To evaluate subjectively 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. Also to explore the incorporated approach to the design of footwear for use on icy 
surfaces. 

c. To study the friction at the footwear sole-ice interface and the effect o f footwear soling 
material and abrasive wear on slip resistance on ice with respect to ice temperature. 
Compare the slip resistance o f abraded soles on melting and hard ice with that on 
lubricated steel plate. 

d. To describe slip and fall accidents and associated injuries on ice and snow. To identify 
related factors including living experience with ice and snow and participation in winter 
sports, and provide recommendations for prevention. 

e. To explain the contribution o f lower extremity muscle activity to proactive gait kinetic 
and kinematic adaptations, and maintaining gait dynamic balance when walking on 
inclined icy surface, and the biomechanical mechanisms used to counteract slip risk. 
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6. Hypotheses 

The hypotheses were as follows: 

1. The provision o f slip resistance and the integration o f slip resistance, thermal comfort and 
usability are not presently being considered with respect to current winter and safety 
footwear for use on icy and snowy surfaces. 

2. Some soling materials and sole abrasion would have higher or improved coefficient of 
friction (COF) at the sole-ice interface in relation to ice temperature. The COF on melting 
ice would be lower than that on lubricated steel surface. 

3. In addition to the primary risk factor at the interface between footwear soling material and 
ice, living experience in winter climate with ice and snow and participation in winter sports, 
as individual factors, would help to prevent slip and fa l l risk on ice and snow. 

4. Dynamic gait balance plays a very important role to avoid slipping and falling. The change 
of gait muscles activities would be one o f the main mechanisms and contributors to 
proactive kinetic and kinematic gait strategies to maintain gait dynamic balance during 
walking on inclined icy surface in cold environments. 
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7. Methodology: data collection and statistical analysis 

As discussed in the above section, attempts were made to apply methodologies from several 
related disciplines: ergonomics, tribology, questionnaire survey, and biomechanics/kinesiology. 
The following specific methods of collecting data were used in the studies (Please see case 
studies and individual papers for details): 

/. Ergonomie methods (subjective) 
a. Direct observation (Paper II) , 
b. Rating scales (Paper I I ) , 
c. Videotaping (Paper I I and V) , 

2. Tribological method (objective) 
d. Laboratory based kinetic coefficient of friction (COF) measurements (Paper I I I ) , 

3. Questionnaire method (subjective) 
e. Questionnaire survey (Paper IV) , 

4. Biomechanical/kinesiological methods (objective) 
f. 2 D gait motion recording and analysis (Paper V ) , 
g. Gait muscle activity (EMG) measurements (Paper V) 

Data collected consisted o f nominal, binary, ordinal, interval and ratio data. The statistics 
software packages - SPSS for Windows 11.0 was used when applying the following statistical 
(parametric and non-parametric) techniques (Please see case studies and individual papers for 
details): 

1) Two-way A N O V A (Paper I I I and Paper V) , 
2) Friedman test (Paper I I ) , 
3) Spearman correlation (Paper I I ) , 
4) Kruskal-Wallis test (Paper IV) , 
5) Mann-Whitney test (Paper IV) , 
6) Chi-square test (Paper I V ) , 
7) Chi-square test for association (Paper IV) , 
8) Logistic regression (Paper IV) , 
9) Ordinal regression (Paper IV) , 
10) Multiway frequency analysis (hierarchical log linear analysis) (Paper I V ) , 
11) Model estimation methods and logarithmic modeling (Paper IV) . 

The two-way A N O V A method was used to test differences of the COF and EMG data in the two-
way factorial experimental designs. The Friedman test was applied to examine differences of the 
rating scores among different types o f footwear. The Spearman correlation was employed to test 
the correlations between the rating scores o f footwear slip resistance, thermal comfort and 
usability. The Kruskal-Wallis test was used to examine the slip rating scores (ordinal data) 
among different age groups, while the Mann-Whitney method was used for testing the slip rating 
scores between two gender groups. The Chi-square test for association was used to explore the 
relationship between the fal l events (nominal data) and age and gender factors. Ordinal regression 
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was applied to model the slip frequency (ordinal data) and experience (ratio data), while logistic 
regression was used to model the fall event (dichotomous variable) and experience. A logarithmic 
model was employed to fit the number o f fall events and the experience. Multiway frequency 
analysis (hierarchical log linear analysis) was used to model the relationship between the 
dependent variable fal l event (dichotomous data) and the two independent variables, experience 
(ratio data) and winter sports participation (nominal data). 
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8. Systematic analysis and proposal of a systems model 
(Paper I) 

This review is to present a systems perspectives o f slip and fall accidents, with a special focus on 
its occurrence on icy and snowy surfaces based on current literature and knowledge. The 
literature search used seven online databases: Ergonomics Abstracts, Medline, Compendex (EI), 
Science Citation Index (SCI), Arctic & Antarctic Regions, and Arbline, and the weekly email 
"Search Alert" from ScienceDirect. 

In order to explore the risk factors o f slip and fal l accidents further, and to provide a framework 
for prevention, a systems model concerning the slips and falls on icy and snowy surfaces is 
presented. Various contributing factors are systematically discussed to highlight the multi
factorial nature of the problem, providing the possibility for a multi-faceted approach to 
systematic prevention. Unresolved issues are also identified, which necessitate further research. 

The model (Figure 7) explains following factors, which contribute to slip and fall accidents: 

", 6) Environmental factors >] 
" (extrinsic factors: cold climate, lighting, etc.) |[ 

ü 
I I ^ 5) Human factors i] 

(intrinsic factors) I1 

I I i, 
! !• 

4) Human gait biomechanics 

1) Footwear 

7~~? V Ik'/ 7 7 y / / A/ AV ; 7 — r ; TIT. 

[J 3) Footwear (sole)/ice interaction 2) Icy and snowy surfaces 
11 (tribophysics) |i 
I I i 

Figure 7. Systems model o f slip and fall accidents on icy surfaces 
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1) Footwear (sole) properties including sole material, hardness, roughness, worn/unworn, tread 
(geometry) design, centre of gravity, anti-slip devices, wearability (weight, height, fitness, 
ease o f walking, comfort), etc., 

2) Underfoot surface, changing characteristics, i.e. covered with snow, compressed snow, 
melting snow, ice, melting ice, contaminants, anti-slip materials, uneven, ascending and 
descending slopes, etc., 

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

4) Human gait biomechanics: kinetics, kinematics and muscle activity, muscle strength, 
activation, onset, duration, postural control, postural reflex and sway, balance capability, 
acceleration, deceleration, stride length, step length, heel contact velocity, transition of the 
whole body centre o f mass, vertical and horizontal forces, required COF, etc., 

5) Human physiological and psychological aspects, i.e., intrinsic factors, including decline in 
visual, vestibular and proprioceptive functions, aging, perception o f slipperiness, information 
processing, experience, training, diabetes, drug and alcohol usage, unsafe behavior (rushing, 
reading while walking) etc., 

6) Environment (extrinsic factors): temperature, snowfall, Gulf Stream, lighting conditions, 
body cooling, etc. 

A systematic analysis and model of the slips and falls on icy and snowy surfaces provide us the 
possibility to use a multi-faceted approach to systematic prevention. Based on this, the following 
ways and measures which target the contributing factors are recommended. A detailed discussion 
of the above factors and references are shown in Paper I . 

1) Winter footwear: use o f specifically designed proper anti-slip footwear and anti-skid device 
in certain circumstances, taking into consideration sole material, tread design, sole hardness, 
roughness, wear and tear, COG, wearability, f lexibil i ty, durability, etc. 

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

3) Footwear-ice interaction: validation, standardization and development of methods and 
equipment (for use in lab and field) to measure the COF at the footwear sole - ice interface. 

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

5) Environment: improvement of visual and lighting conditions, increased availability o f 
weather condition services (Penttinen et al. 1998), etc., 

6) Management: measures such as prioritizing winter road maintenance, e.g. paying greater 
attention to busiest and slope roads, use o f road slipperiness warning signs, registration 
systems for pedestrian slipping and falling incidents and accidents should be improved in 
order to collect more detailed information for statistical analysis and aetiology determination. 

7) Training and behavior approach: education about safe behavior and practices, education about 
avoiding shortcuts, discouraging the behaviors of rushing and lax attitudes while walking and 
working on icy and snowy surfaces. 
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A recent international symposium on "The measurement of slipperiness" suggested a number o f 
crucial research needs in the areas of surface aspects, human sensory and biomechanical aspects, 
systems modeling, preventive validity, and standardization (Chang et al. 2003). However, those 
needs do not specifically cover slipperiness on ice and snow. The following unresolved issues are 
identified by this thesis and relate to slips and falls on ice and snow. A l l necessitate further 
research. Detailed information and references are shown in Paper I . 

1) Most previous research and measurements concerning the COF of footwear did not 
completely separate the anti-slip effect o f various footwear properties, such as sole material, 
hardness (e.g. hardening in cold environments), roughness and tread design, and wear and 
tear. The frictional effect was the combined one. Further research is necessary to differentiate 
and quantify the effect of each factor. 

2) Since most slips and falls happen during heel strike and toe o f f phases, sole tread pattern near 
the heel and toe plays an important role in forward and rearward slips. It is postulated that 
enhancement of COF of these two parts should be an effective measure for slip prevention, 
especially on ice and snow. 

3) The relationship between footwear/surface contact area, pressure and COF is a debatable area. 
Further research work is needed. 

4) Most o f 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 materials and sole 
designs should be developed, e.g. fasten anti-slip materials at certain parts of soles. 

5) There is little research, and no standard available governing slipperiness measurement on icy 
and snowy surfaces, even though ice surfaces near the melting point are more slippery than 
lubricated floors, and the population size associated with slips on ice is greater than for 
contaminated indoor floors. Therefore, there is an urgent need to explore the interaction 
mechanisms between icy and snowy surfaces and footwear, to set up relevant standards and 
to develop appropriate footwear. 

6) The anti-slip effect of spreading different anti-slip materials on icy and snowy surfaces has 
not been adequately researched. 

7) It is common that slips and falls occur more frequently while walking in haste, in turning and 
in going up and down slopes. Human balance ability and gait biomechanics on icy slope 
need attention. 

8) Environmental factors influence both footwear and icy surface slip resistance properties. The 
cold environment also affects the human neuromuscular and balance system (i.e. cooling 
effect), which, in tum, affects human gait balance and ability to recover after a slip on icy 
and snowy surfaces, this topic area also warrants further study. 
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9. Case studies 

9.1 Evaluat ion of multiple protection and usabil i ty of footwear (Paper 

") 

9.1.1 Objectives 

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

9.12 Methods 

Independent variables were footwear (4) and icy surfaces (5). Dependent variables were 
expressed in the rating scales (see Paper I I for details). A 4x5 two-way factorial and within 
subject design was employed in the experiment. 

Four types of new footwear were selected. These were deemed to be slip resistant by 
manufacturers, considering different footwear properties. These are specified in Paper I I . 

Five different outdoor icy walking surfaces, i.e. pure ice, ice covered with gravel (fy 4-8, 150 
g/m2), sand (180 g/m 2), snow (3-5mm) and salt (9 g/m 2) were used to simulate realistic outdoor 
walking icy surfaces. 

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

The protocol of walking trials, subjective rating scales o f tendency to slip, thermal discomfort, 
and usability, data preparation and transformation are presented in Paper I I . 

9.13 Results 

Mean rating scores of slip resistance, thermal comfort, and usability (f i t comfort, lightness, ease 
of walking) are shown in Figure 8. Higher scores indicate better qualities o f the footwear 
perceived. The Friedman test showed that there was significantly different effect of different 
footwear on tendency to slip (X r

2=10.746, N=23, df=3, P=0.013<0.05). The rank o f tendency to 
slip was footwear type 2, 3, 1, and 4. Type 2 was most slippery, while the type 4 was least. The 
Friedman test showed that there was also highly significant effect of different icy surfaces on 
tendency to slip (X r

2=52.324, N=25, df=4, P=0.000<0.01). The rank o f tendency to slip is pure 
ice, ice covered with snow, with salt, with gravel, and with sand. The pure ice with water film 
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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 wearability of footwear on icy surfaces 

Worse property 

Type 1 Type 2 Type 3 Type 4 

• Slip resistance 2.7 1.8 268 2.82 

B Thermal comfort 2 74 265 3.04 1.57 

• Fit comfort 3.39 3.22 2.61 2.36 

a Lightness 4 35 396 2.38 292 

• Ease cf waking 4.12 408 3 32 2.78 

Footwear 

Figure 8. Mean rating scores of slip resistance, thermal comfort and usability of footwear on 
icy surfaces 

The Friedman test showed that the effect o f different footwear on thermal comfort, 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 9. A higher sum score indicates better footwear 
property integration. 

Integration of slip resistance, thermal insulation, and 
usability of footwear 

• Ease of walking 

• Lightness 

• Fit comfort 

• Thermal comfort 

Type l Type 2 Type 3 Type 4 D Slip resistance 

Footwear type 

Figure 9. Averaged sum scores indicating the integration of slip resistance, 
thermal comfort and usability of footwear on icy surfaces 
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Correlation analysis (Table 1) showed that ease o f walking (reversed rating score) was 
significantly correlated with footwear height (measured from the bottom of the outsole to the top 
of uppers, negative correlation), weight (negative correlation), and fi t (positive correlation) 
respectively. Fit significantly correlated with height, and weight (negative correlations). 

Table 1. Correlation between ease of walking, height, weight, f i t 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* 
(.066) (.118) (.032) 

*. Correlation is significant at the 0.05 level (2-tailed). 
**. Correlation is significant at the 0.01 level (2-tailed). 
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9.2 Tr ibological study of the friction at s o l e - ice interface (Paper III) 

9.2.1 Objectives 

To further explore the mechanisms of friction at footwear sole-ice interface, more specifically to 
study the effect o f footwear sole abrasive wear on slip resistance on ice with respect to ice 
temperature, and to compare the slip resistance o f abraded soles on melting and hard ice with that 
on lubricated steel plate. 

9.2.2 Methods 

Two-way factorial experimental design (9x3x2) was applied. The COF was the dependent 
variable. Independent variables (factors) were footwear (9 types), surfaces (melting ice at 0°C, 
hard ice at -10°C, and lubricated steel plate at room temperature +21.5°C), and artificial abrasion 
(with and without). 

Samples o f nine types o f footwear (totally nine pairs) were selected, which are considered to have 
better slip resistance on ice by manufacturers and users. The specifications o f the footwear are 
shown in Paper I I I . The sole abrasion was made by hand using 400 grit silicon carbide paper 
mounted on a rigid block (dimensions 100 mmx70 mm, weight 1.2 kg). Minimum pressure was 
exerted by the hand according to European draft standard (CEN/TC161/WG3 Doc. N36, 2001). 

The COF was measured in the lab before and after abrasion on hard ice (-10°C) and melting ice 
(0°C). On glycerine (85% wt) lubricated stainless steel, the COF was measured after abrasion. 

The kinetic COF was measured for all combinations of the above three factors with an apparatus, 
the stationary step simulator, developed at the Finnish Institute o f Occupational Health (FIOH) 
(Grönvist et al., 1989). The measurements were taken under the same test equipment conditions 
(CEN/TC161AVG3 Doc. N36, 2001). 

9.2.3 Results 

9.2.3.1 The effects of abrasion and ice temperature 
On melting ice, the abrasion had no significant effect on COF for 9 types of footwear (/>=0.805) 
as seen in Figure 10. Mean COF with abrasion is 0.056 (std=0.0158), whilst without abrasion is 
0.055 (std=0.0205). On the other hand, the abrasion significantly increased COF on hard ice over 
all 9 types o f footwear (p=0.000) as seen in Figure 11. Mean COF with abrasion is 0.244 
(std=0.0389), whilst without abrasion is 0.180, (std=0.0361). 
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wihout abras ion 

SHOE 

Figure 10. The effect o f sole abrasion on COF on ice at 0 °C 
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Figure 11. The effect o f sole abrasion on COF on ice at -10 °C 

9.2.3.2 The effect of surfaces 
Post Hoc Multiple Comparison Tests showed that the COF over 9 types o f footwear is highest on 
hard ice, followed by on lubricated steel plate (mean=0.137). The COF is lowest on melting ice 
(mean=0.056). There is statistical significance between the three types of surfaces (p=0.000) as 
shown in Figure 12. 
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SHOE 

Figure 12. The effect of surface on footwear COF 

9.2.3.3 The effects of soling materials 

A l l 9 types of footwear showed very low COF on melting ice regardless of abrasion, although 

footwear G (glass fiber soling) and H (curling shoe with crepe rubber soling) produced higher 

COF than other types (p=0.000, Figure 10). Curling footwear showed exceptionally higher COF 

(mean=0.343 after abrasion, 0.261 before abrasion) on hard ice than other types (p=0.000, Figure 

11) 
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9.3 Quest ionna i re s u r v e y of s l ip and fall acc idents on ice and s n o w 
(Paper IV) 

9.3.1 Objectives 

The objectives o f this paper were to describe slip and fall accidents and associated injuries on ice 
and snow, to identify related factors including living experience in winter climate with ice and 
snow and participation in winter sports, and to provide a base for prevention. 

9.3.2 Methods 

A questionnaire (Appendix l ) survey was administered for one winter (October 2000-April 2001) 
among foreigners (from 26 countries) at Luleå University of Technology of Sweden. The weather 
information was obtained from the Swedish National Road Administration. Items on the 
questionnaire included age, gender, months o f living experience in cold climates with ice and 
snow (including previous experience in cold environments before coming to Luleå), winter sports 
(skiing, skating, ice hockey, snow boarding, etc.) participation, slip ratings on 5-point scale (5-
very often, 4-often, 3-sometimes, 2-rarely, l-never) and fall events (yes/no), number of falls, 
injury severity, body part injured, underfoot surface (hard ice, melting ice, snow, melting snow, 
hard ice covered with snow, etc.) and type o f footwear/use of anti-skid devices when having a fal l . 
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. The questionnaires were delivered by internal post to the whole survey population (all 
foreigners at the university), on which the response rate was based. These respondents were 
mainly exchange undergraduate and postgraduate students. The advantage o f the similar age 
spectrum provided the possibility to study the effect of experience of living in icy and snowy 
environments (which ranged from 3 to 217 months). SPSS was used for data analyses. The 
Kruskal-Wallis test was used to examine the slip rating scores (ordinal data) among different age 
groups, while the Mann-Whitney method was used for testing the slip rating scores between two 
gender groups. The Chi-square test for association was used to explore the relationship between 
the fall events (nominal data) and age and gender factors. Ordinal regression was applied to 
model the slip frequency (ordinal data) and experience (ratio data), while logistic regression was 
used to model the fall event (dichotomous variable) and experience. A logarithmic model was 
employed to f i t the number o f fall events and the experience. Multiway frequency analysis 
(hierarchical log linear analysis) was used to model the relationship between the dependent 
variable fall event (dichotomous data) and the two independent variables, experience (ratio data) 
and winter sports participation (nominal data). 

9.3.3 Results 

9.3.3.1 Experience of living in cold environments 
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) based on ordinal regression analysis. 
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A logistic regression was applied to model the probability of fal l events occurring based on the 
experience o f living in cold climate. The fall events reduced as living experience increased (B= -
0.030, p= 0.001). The Logistic regression model (Figure 13) is 

Logit =0.633 - 0.03 (Experience) 

The slope (B) represents the probability of fall events (decrease) in log odds (logit) for a one-unit 
increase o f experience (one month). The odds ratio (Exp(B)) is 0.97, which is the ratio o f ö d d s 
for one unit experience increase against the occurrence of fall events. 

50 100 150 200 

experience 

Figure 13. Predicted probability o f fall events versus experience of l iving in cold environments 
(months) 

A logarithmic model was found to better fit the number of fal l events collected and the 
experience o f living in cold environments (Figure 14): 

(Number of fal l events) = 1.574 - 0.299 ln(Experience) 

where the number of fa l l events decreased as the experience increased (b = - 0.299, p = 0.005). 

56 



Experience of living in cold environments (months) 

Figure 14. Predicted number o f fall events versus experience of living in cold environments 
(months) 

The Chi-square test showed that there was significant association between first visit group 
(respondents who visited Luleå and were exposed to the winter climate in Luleå for the first time 

during the survey, N=T9) and non-first visit group in relation to fall events (% =3.896, p=0.048). 
Of the first visit group, 52.6% (10/19) had fallen, while in the group who had visited Luleå earlier, 
27.4% (14/51) had fallen. With respect to the usefulness of past experience o f walking on icy 
surfaces in avoiding slipping, 75.0% (51/68) responded yes, while only 7.4% (5/68) no, 17.6% 
(12/68) not applicable. The Chi-square test showed statistical significance (x 2 = 54.206, p<0.001). 

9.3.3.2 Winter sports participation and falls 
The majority (67.1%) took part in winter sports, e.g. skiing, skating, ice hockey, snow boarding, 
etc. There was highly significant association between winter sport participation and fall events 

(X =10.745, p=0.001) according to the Chi-square test as shown in Figure 15. The final model of 
multiway frequency analysis (hierarchical log linear analysis) showed that both winter sports 
participation and living experience in cold environments had significantly negative effects on fall 
events, but there was no interaction found between winter sports participation and living 
experience. Goodness-of-fit test showed that the final model was fitted well (x =5.927, p=0.431). 
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Winter sporl participation Non-winter sport participation 

Figure 15. Winter sports participation and falls 
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9.4 Proact ive gait m u s c l e activity during walking on incl ined icy 
sur face (Paper V) 

9.4.1 Objectives 
The objective o f this study was to explain the contribution of lower extremity muscles to the 
proactive gait kinetic and kinematic adaptations, to maintaining gait dynamic balance when 
walking on inclined icy surface, and the mechanisms to counteract slip risk. 

9.4.2 Method 
Two independent variables were the walkway surface (ice and treadmill) and the walkway 
inclination (6°, 8°, 10°, 12°). A special icy walkway (2.7 m long, 1.0 m wide and 10 cm thick) 
was made in a climatic wind tunnel (ice with surface temperature at -10 ± 2 °C, chamber air 
temperature at -10 ± 0.5 °C, air velocity at 1.5 m/s). A treadmill (not running, at room 
temperature environment) was used as the reference walkway. The inclinations o f the ice and 
reference walkways were the same. 

The dependent variable was the amplitude o f the surface EMG, which was normalized against 
Maximum Voluntary Isometric Contraction (MVIC) of four right lower extremity muscles 
(tibialis anterior TA, gastrocnemius lateralis GL, rectus femoris RF, and biceps femoris BF). A 
ME3000p8 EMG tester and Mega Win software were used to measure and analyze EMG data (see 
Paper V for details). 

Two-way factorial experimental design was applied. Twelve healthy subjects (7 males and 5 
females) participated in the walking trials. Each subject was tested on all 10 conditions (2 
surfaces x 5 angles). 

The walking protocol is described in Paper V. 

Subject's walking trials were videotaped from the sagittal plane. Both video and EMG recordings 
were marked using a flashlight which was connected to the EMG tester via marker cable. The 
video was used to divide gait cycle. During data analysis, the video was first digitized using 
Adobe Premiere and then synchronized with the matching EMG signal in the Mega Win program. 
In bipedal walking the gait cycle is divisible into a stance and swing phase, and then further 
subdivided (McClay 1995, Kumar 1996, Eils et al. 2003, Anderson and Pandy 2003). The digital 
video was used to divide one gait cycle (right heel to right heel contact) into the following phases 
as shown in Figure 16. 

• Stance phase (ST): heel contact (HC) to toe o f f (TO), 
The stance phase was then subdivided into 

1) Early stance (ST1): heel contact (HC) to foot flat (FF), 
2) Mid-stance (ST2): foot flat (FF) to heel o f f (HO), 
3) Late stance (ST3): heel o f f (HO) to toe o f f (TO). 
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• Swing phase (SW): toe o f f (TO) to heel contact (HC). 

O o o o 

Early 
ST 

Mid-ST Late ST 

Stance phase (ST) Swing phase (SW) 

Figure 16. The division o f gait phases (bold lines indicating the right side) which was used 

Two-way A N O V A within-subject (repeated measures) was used for the statistical EMG data 
analysis. 

9.4.3 Results 
Two-way A N O V A analysis showed that, on the icy surface in the heel contact phase, i.e., early 
stance phase (ST1), a significantly decreased EMG amplitude was found in the ankle dorsiflexor 
muscle, extensor muscles of the shank and the thigh (tibialis anterior and rectus femoris) as 
compared to the treadmill surface (P= 0.042 and 0.027 respectively, Table 2). 

In mid stance phase (ST2), on the contrary, the mean EMG amplitude o f tibialis anterior and 
rectus femoris muscles increased significantly on ice (P=0.011 and 0.002 respectively) as 
compared to treadmill surface. However, the gastrocnemius lateralis muscle activity significantly 
decreased (P=0.000) on ice as compared to treadmill surface. A l l four muscle activities increased 
significantly when the walkway was inclined (P=0.001, 0.000, 0.002, and 0.000, respectively). 

In the toe o f f phase, i.e., late stance phase (ST3), on the contrary to the early stance phase (ST1), 
the EMG activity significantly increased in the ankle dorsiflexor muscle, extensor muscles o f the 
shank and the thigh, and flexor muscle o f the thigh (tibialis anterior, rectus femoris and biceps 
femoris) on the ice surface compared to the treadmill surface (P= 0.040, 0.046 and 0.012 
respectively, Table 2). 

In swing phase (SW), except for T A muscle, the activity of GL, RF and BF muscles increased 
significantly (P=0.038, 0.015, and 0.049 respectively) on ice compared to treadmill surface 
(Table 2). 

for phasic E M G analysis 

60 



Table 2. Four lower extremity muscle activities in different gait phases when walking on ice and 
non-slippery surfaces at different inclination 

EMG Ice Treadmill P-level 

(% 0° 6° 8° 0° 6° 8° Surface Angle effect Interaction 
MVC) effect effect 

STl 31.9±14.5 35.7±17.7 49.0±21.6 40.3±15.3 53.3±22.3 50.4±15.1 0.042 n.s. n.s. 
ST2 19 .3Ü4.7 30.5±13.4 4 2 . 7 Ü 9 . 5 8.6±3.3 17.3±9.6 18 .9Ü0.7 0.011 0.001 n.s. 

T A ST3 20.1±10.1 25 .8Ü0 .7 27.4±10.0 17.0±7.1 17.4±6.5 16.7±7.5 0.040 n.s. n.s. 
SW 15.3±5.7 19.6±7.6 20.1±6.8 18.9±7.0 19.2±5.2 22.7±3.2 n.s. n.s. n.s. 

ST l 7.5±4.2 7.8±5.2 10.0±7.4 6.0±2.3 7.1±3.1 6.0±2.1 n.s. n.s. n.s. 
ST2 15.3±7.8 22 .4Ü0 .2 22.9±8.8 19.9±11.7 39.6±12.5 41.1±12.4 0.000 0.000 0.000 

GL ST3 7.2±6.5 11.1=1=8.8 9.2±3.5 5.2±4.2 16.8±12.6 18 .6Ü1.3 n.s. 0.009 0.042 
SW 4.9±4.5 5.6±4.3 5.4±4.7 2.8±2.0 3.7±4.0 3.3±2.7 0.038 n.s. n.s. 

STl 6.0±4.1 6.8±3.9 7.4±2.8 7.1±4.1 9.1±2.5 9.2±2.6 0.027 n.s. n.s. 
ST2 6.6±4.2 12.8±6.6 17.5±8.7 3.5±1.8 6.0±3.1 8.2±4.9 0.002 0.002 n.s. 

RF ST3 8.0±2.7 12.0±6.0 12.8±6.0 4.4±3.2 8.0±3.9 7.5±4.5 0.046 0.007 n.s. 
SW 2.6±1.3 6.7±3.5 6.0±2.1 2.5±1.9 2.9±2.0 3.4±2.3 0.015 0.001 0.019 

STl 35.2±22.7 31.7±23.4 3 3 . 3 Ü 9 . 9 24.0±17.9 36.7±17.8 37.9±23.5 n.s. n.s. n.s. 
ST2 12.0±8.1 23 .1Ü7 .3 22.8±12.6 7.8±5.0 14.5±6.7 18.8±7.8 n.s. 0.000 n.s. 

BF ST3 5.5±2.3 7.1±2.4 7.2±6.0 1.9±0.7 2.0±1.3 2.7±0.7 0.012 n.s. n.s. 
SW 13.2±9.0 13.8±5.3 12.6±3.7 10.4±4.7 8.0±2.7 9.2±2.8 0.049 n.s. n.s. 

The four muscles: TA: Tibialis anterior; GA: Gastrocnemius lateralis; RF: Rectus femoris; BF: 
Biceps femoris 
The gait phases: S T l : early stance; ST2: mid-stance; ST3: late stance; ST: the whole stance phase; 
SW: swing phase 
n.s.: not statistically significant (P>0.05) 



10. General discussion 

As discussed in Section 2 and Paper I , there are many factors contributing to slips and falls on ice 
and snow; it is a multi-faceted issue. Several attempts have been made during the work described 
in this thesis to identify, evaluate, understand and provide recommendations to prevent the 
problem through a multidisciplinary approach. 

10.1 T h e integration of multiple protection and usability 

Many surveys on the use o f personal protective devices revealed that they had not been 
adequately worn by workers due mainly to discomfort caused by 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 for a 
short period to freezing environments such as with intermittent outdoor and indoor workers and 
pedestrians, the provision of thermal insulation may not be always crucial. However, a slip and 
fall may still cause a severe fracture even one takes one step on ice. This is especially true for the 
elderly; Bell et al. (2000) describe this as the "instantaneous nature of slip and fall incidents". 
Thus risk is present not only to outdoor workers but also to those who are in freezing 
environments for very short periods. Therefore, slip resistance must be another functionality 
requirement o f footwear for use in cold climate for both outdoor workers and those who are 
outdoors less frequently. At the same time, it is argued that when trying to achieve a greater level 
of protection, wearability needs of such personal protective equipment become diff icul t 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 climates, it is necessary to provide footwear with special protections, viz. 
protection from exposure to cold and protection from slip and fall risks. Thus, slip resistance, 
thermal insulation, and usability must be harmoniously integrated when designing footwear for 
use in cold environments as shown in Figure 17. Other properties must not compromise slip 
resistant properties, for which there is currently no standard. 
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Hazards in cold environments 

Functionality and usability needs 

Figure 17. The need to integrate slip resistance, thermal insulation, and usability into 
footwear design for use in cold environments 

Slip resistance, thermal comfort, f i t , lightness and ease of walking vary among the four types of 
footwear tested. This variation indicates that they are not suitably integrated (Figure 8). There is 
no one type of footwear satisfying all protection and usability needs. There is much compromise 
among properties and protections. Footwear type 3 (winter safety boot), for instance, is the most 
thermally comfortable one (effective protection from cold), but the thermal insulation and the 
steel toe cap design makes it heavy. This winter safety boot shows a moderate tendency to slip. 
It may not provide enough protection from slip and fall risks on ice, especially on melting ice as 
melting ice is more slippery (Paper I I I ) . Slip resistance should be integrated into winter footwear 
design. Footwear type 4 is the most slip resistant one among the four types tested, while it is the 
worst in the perception o f thermal comfort, fit and ease o f walking. As shown in Figure 9, the 
average sum score o f 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 tested footwear. It 
is so common to see that one protection is achieved at the expense o f losing usability and/or 
other protective demands. This should be avoided in the development o f footwear for use in cold 
environments, especially with melting ice, in which slipperiness is a common accompanying 
hazard. 

A limitation o f the experiment was that each subject participated for about one hour. The thermal 
insulation was not as cmcial as in long-term exposure. Thus conclusion that footwear types 1 and 
2 are best for outdoor workers cannot be drawn even though the average sum scores are higher 
(Figure 9). For intermittent outdoor/indoor workers and pedestrians, thermal protection may 
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become less important while slip protection is still essential due to the instantaneous nature of 
slip and fall incidents (Bell et al. 2000). In consideration o f this, footwear 1 and 2 are not suitable 

to use either. The higher average sum score (Figure 9), e.g., >20, indicates a reasonable 
integration i f the same factor weight can be justified and given to each protection demand, as 
well as to usability, and a linear summation of the scores are assumed. 

Further approach should attempt to set weight to each protection and usability factor, according 
to the purpose, time and place of footwear use, and then to quantify the overall integrated 
protection and usability. 

10.2 Footwear usabil i ty on ice 

To satisfy protection demands and to maintain usability needs is a challenge to designers and 
manufacturers as protection and comfort are sometimes contradictory demands (Abeysekera 
2000). However, i f perception of discomfort outweighs that of risks, users w i l l discard the use of 
such personal protective equipment, resulting in the loss of all intended protections. As in the 
development of athletic footwear, injury prevention, performance enhancement, fit, comfort and 
playability must be insured (Smith and Bunch 1986). Usability requirements need to be 
considered during protective, safety and professional footwear development.Protection alone 
does not necessarily satisfy users resulting in non-use unless safety laws/regulations compel users 
to wear the equipment. 

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

10.3 Fr ict ion: so l ing material, s o l e abras ion , ice temperature 

Friction has been widely used as a measure of slipperiness. The role of friction is crucial in 
triggering slips and falls. To understand the mechanisms of friction at the footwear sole-ice 
interface is important in the prevention of slips and falls (Grönqvist 1999; Chang et al. 2001b). 
However, the properties of the interface layer in ice and snow friction are still poorly understood 
(Makkonen, 1994, Kennedy et al. 2000 cited by Chang et al. 2001b). In Paper I I I , an attempt was 
made to specifically study the effect of footwear sole abrasive wear on slip resistance on ice with 
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respect to ice temperature, and to compare the slip resistance of abraded soles on melting and 
hard ice with that on lubricated steel plate. 

The results revealed that the COF o f footwear on hard ice (- 10 °C) is much higher than on 
melting ice (0 °C), even higher than on lubricated steel, which is partially in agreement with 
Grönqvist and Hirvonen (1995). At very cold temperatures, the ice surface is dry as there is no 
liquid film. Ice behaves like any ordinary dry surface and has generally a high COF caused by 
adhesion and hysteresis (Chang et al. 2001b). The mechanism on hard ice could be mainly 
adhesional due to molecular bonding. Nevertheless, near the melting point, the friction seems to 
be governed particularly by ice f low and melting. Both phenomena tend to lower the COF 
(Grönqvist and Hirvonen 1995). 

The artificial abrasion of footwear soles with 9 types o f footwear increased the COF on hard ice 
at -10°C ( Figure 11); this change might be attributable to the increase o f sole roughness. Soling 
roughness has been observed to be positively correlated with footwear friction on hard ice (-12 
°C) (Gao et al. 2004). The abrasion o f the soling materials did not increase the COF on melting 
ice at 0°C (Figure 10). These results on melting ice are in agreement with that of Manning and 
Jones 2001 on ice at -3°C with water spread. The implication is that on hard ice new footwear 
would be more slippery than artificially abraded foowear. 

Curling footwear with crepe mbber soling, regardless o f abrasion, showed exceptionally better 
slip resistance than other types on hard ice (Figure 11). The slip resistance performance is even 
better than footwear B (DDPU soling, see detail specifications in Paper I I I ) , E (TPLJ soling), G 
(glass fiber soling), and I (MPU soling) although showing ordinary performance on lubricated 
steel. Microcellular polyurethane, especially after abrasion, was proved to be the best on oily and 
wet floors (Manning and Jones 2001), and even on dry ice (Manning et al. 1991). Although PU 
soling has shown to be the most slip resistant soling material on wet floors/lubricated floors, a 
recent study by Gao et al. (2004) did not observe higher COF values for PU than for synthetic 
rubber, nitrile rubber and natural rubber soling on pure hard ice (-12 °C). Thermoplastic rubber 
(TR) was shown to be the best on dry ice by Grönqvist and Hirvonen (1995). Paper I I I revealed 
that the crepe rubber soling (with and without abrasion) produced consistently better slip 
resistance than MPU and TR, which is in consistent with the designed function o f the curling 
shoes, although it may not be appropriate for use on oily floors. Accordingly crepe rubber soling 
is strongly recommended to for use on hard ice. 

Among the surface conditions tested, the best slip resistance is observed on hard ice, followed by 
lubricated steel plate, which further demonstrates that ice is not always slippery (Petrenko 1994). 
Melting ice is much more slippery and sole abrasion does not improve slip resistance 
performance. A l l nine pairs o f footwear, regardless o f abrasion, did not provide sufficient slip 
resistance on melting ice. Therefore, additional measures are necessary to reduce slip and fa l l 
risks when walking on melting ice. 

Although there have been several theories (pressure melting, frictional melting, surface energy 
imbalance, etc.) about the friction mechanisms on ice, researchers have also pointed out that the 
properties o f the interface layer in ice and snow friction are complex and still poorly known (De 
Koning et al. 1992, Makkonen 1994, 1997, Chang et al. 2001b). This does underscore the reality 
that more than 150 years after the first observations o f thin liquid layers on the surface o f ice, the 
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understanding o f the physical mechanisms responsible for slipperiness, adhesive properties and 
outright destructive power is still in its infancy (Wettlaufer and Dash 2000). Many questions 
remain. 

10.4 Sl ip and fall r isk: e x p e r i e n c e in cold envi ronments and winter 
spor ts 

In addition to the primary risk factor at the interface between footwear soling material and ice, 
living experience in winter climates with ice and snow and participation in winter sports, as 
individual factors, would help to prevent slip and fall risk on ice and snow. 

Previous studies were based on slipping and falling accident data collected from local community 
health centers, hospitals, emergency reports, and work population with the same experience of 
exposure to icy and snowy environments while at the same age (Nilsson 1986, Björnstig et al. 
1997, Takamiya et al. 1997, Eilert-Peterson and Schelp 1998, Kemmlert and Lundholm 2001). 
Local inhabitants' experience in cold climate is interwoven with age, i.e. living experience in cold 
climate increases with age, which, therefore confound each other, making it difficult to separate 
the experience factor from the age factor. It is therefore interesting to study the impact o f the 
Nordic winter climate on slips and falls of foreigners with different experience o f living in cold 
climate. The investigation in Paper IV involved a population with a limited age spectrum, but 
with widespread of experience in cold environments, which make it possible to study the 
experience factor. 

The subjects' experience was an important intrinsic factor as experience facilitated adaptation to 
the ice and snow environments. A n experienced subject on a slippery surface can adapt his/her 
gait to move with success (Gauchard et al. 2001). The study of strategies for dynamic stability 
during locomotion on a slippery surface showed that prior experience with slip perturbations 
allows subsequent modification and that knowledge o f the surface condition results in proactive 
adjustments to safely transverse a slippery surface (Marigold and Patla 2002). Our investigation 
showed that the slip frequency, fal l events and the number of falls decreased as the months o f 
living experience in cold environments increased within the age groups of this investigation. 
Another way of exploring the impact o f living experience in cold climate on the occurrence o f 
fall events is to compare the results between the first visit group with non-first visit group. The 
results that the first visit group had more fal l events than non-first visit group further 
demonstrated that the experience o f living in and adaptation to the changeable winter climate in 
Luleå helped to reduce slips and falls. Consistent with the statistical finding is that the majority 
believed in the usefulness of past experience in walking on icy surfaces in avoiding slipping. 

Participation in winter sports is associated with decreases in 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. Literature shows the mechanisms on how physical 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 
can also result in a shift from visual to proprioceptive dominance in the regulation o f postural 
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control (Mesure et al. 1997). Recent research demonstrated that physical activities improve gaze, 
postural control performance and stabilization, and thus reducing falls in the elderly. The 
physical activities increased proprioceptive and vestibular sensitivities, visual detection quality, 
and decreased reaction time, and earlier body adjustments (Gauchard et al. 2003). 

Slips and falls on icy surfaces are multifaceted problems. Strategies of multiple approaches to 
preventing slips and falls should be adopted. Participation in winter sports and training in gait 
balance are two measures that need to be integrated into any prevention strategies. 

10.5 M e c h a n i s m s of gait m u s c l e in maintaining ba lance on incl ined 
icy s u r f a c e 

The objective was to explain how the lower extremity muscles contribute to proactive kinetic and 
kinematic gait adaptation strategies, to maintaining dynamic gait balance when walking on 
inclined icy surfaces, and the mechanisms to counteract slip risk. 

10.5.1 The effect of underfoot surface 

During the heel contact (STl ) phase, significantly decreased EMG amplitude was observed in the 
dorsiflexors and the extensor muscles o f the shank and the thigh (tibialis anterior TA and rectus 
femoris RF) on ice compared to a treadmill. This indicates a cautious heel strike on ice to avoid 
slipping forward. As the Ground Reaction Vector (GRV) falls posterior to the ankle joint 
(Ayyappa 1997), the decreased TA muscle activity helps to create a plantarflexion moment 
(increased plantar flexion and decreased dorsiflexion), as a result, a more flat initial heel contact 
is caused, i.e. smaller heel contact angle. Other research (Marigold and Patla 2002) showed that 
the heel contact angle and the braking impulse were also reduced in repeated perturbation slip 
trials (due to the prior slip experience). Landing flat-footed was also observed in the reduced 
plantar sensation study that used ice water immersion (Eils et al. 2003) and in the investigation 
by Brady et al. (2000). This foot-flat contact strategy obviously increases the support/contact area 
(base o f support), thus minimizing the risk of slipping forward. 

Previous study demonstrated that the postural and temporal kinetic and kinematic gait strategies 
were adopted to decrease ground forces (shear force and normal force), when anticipating 
slippery surfaces, resulting in reduced RCOF p c ak (Cham and Redfem 2001 and 2002). They argue 
that the reduction of slipping risk (RCOF p e ak) was achieved through more slowly rotating the foot 
down onto the floor during heel contact, adopting shorter strides (length and duration), reducing 
foot contact angles and slowing the transfer of body weight to the supporting foot. The results of 
this study may partly explain how all these changes were achieved by significantly decreasing 
EMG amplitude in the dorsiflexors o f the ankle and the extensor muscles o f the shank and the 
thigh (TA and RF) on slippery surface during heel contact phase. As found in a further study on 
the contributions of individual muscles to the vertical Ground Reaction Force (GRF) during 
normal gait, muscles made the primary contribution (responsible for 50% or more of the total 
GRF to vertical support during the gait cycle, especially during foot flat and heel o f f periods 
(Anderson and Pandy 2003). Sharp changes in the force contributions at 9% and 48% of the gait 
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cycle correspond to foot-flat and heel o f f respectively in this study. They also found that just after 
heel strike, but before foot-flat (0%-9% o f gait cycle), support was generated by the dorsiflexors. 
Tibialis anterior is the major dorsiflexor muscle. Interestingly, our results during the heel contact 
phase ( S T l , corresponding to the heel strike to foot-flat phase, duration 0-10.3%) showed a 
decreased EMG amplitude for tibialis anterior, which could explain how the cautious heel strike 
is achieved and why the GRF is reduced as observed by Cham and Redfern (2001 and 2002). 

In mid stance phase (ST2), the gastrocnemius lateralis (GL) muscle activity significantly 
decreased (P=0.000) on ice as compared with a treadmill. This is also partly due to the demand 
on translating the body center o f mass (COM) forward. A similar result was demonstrated in 
other studies on adjusted gait on a known contaminated slippery indoor floor (Spaulding and 
Lockhart 2002), in which the right gastrocnemius muscles mean activation was significantly 
lower for adjusted gait (on contaminated slippery level floor) than for normal gait (on non-
slippery level floor). The decreased contraction of ankle plantar flexion muscle (GL) results in a 
lesser extent of ankle plantar flexion during mid stance. This might be a reflection of cautious 
preparation for heel o f f and toe o f f on icy surfaces. As discussed above, Anderson and Pandy 
(2003) observed that the sharp changes in the force contributions at 9% and 48% of the gait cycle 
to correspond to foot-flat and heel o f f respectively. They have found that during the 48-65% of 
the gait cycle (push-off phase, the second peak of GRF) support was generated almost entirely by 
soleus and gastrocnemius muscles. This could partly explain why the GRF is reduced as observed 
by Cham and Redfem (2001 and 2002) and Eils et al. (2003). This appears to be the mechanism 
even though our representative example mid stance phase (Figure 2 o f Paper V) did not exactly 
correspond to the phase described by Anderson and Pandy (2003). 

During toe o f f phase (ST3), on the contrary to the heel contact phase (STl) , EMG activity 
significantly increased in the ankle dorsiflexor muscle, extensor muscles o f the shank and the 
thigh, and flexor muscle of the thigh (tibialis anterior, rectus femoris and biceps femoris) on an 
ice surface compared to a treadmill surface (Table 2). This mechanism served to maintain a 
higher degree of ankle dorsiflexion (decreased plantar flexion) during heel o f f and toe off , and to 
maintain stability of the knee joint and the thigh during toe o f f phase. This is consistent with the 
results f rom the reduced plantar sensation using ice water immersion (Eils et al. 2003). 

10.5.2 The effect of surface inclination 

The icy slope surface was designed to investigate the effect o f inclination and to simulate 
slipping events in a laboratory settingg. Paper V presents only the gait muscle activities during 
ascending the ramp without slipping. The results during descending and slipping are to be further 
analyzed. 

During heel contact (STl) , all four muscles activations were not affected with increments in 
inclination. However, in mid stance (ST2), all four muscle activities increased significantly with 
greater inclination. This could be partly the reason why the RCOF in the mid stance phase 
increased with increasing angle when ascending a ramp as observed by McVay and Redfem 
(1994). On the other hand, i f we look further at the findings by Anderson and Pandy (2003), we 
can see that in mid stance, the ground reaction forces are partly generated by muscles and partly 
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by the resistance to gravity. Therefore, the increased muscle activity during mid stance might 
partly indicate the need for maintaining gait balance on slopes, i.e., the more inclination, the more 
increased muscle activity to maintain the forward momentum during the mid stance phase on 
right lower limb to support the whole body dynamic stability when the counterlateral leg is in 
mid swing phase. 

During toe o f f (ST3), GL and RF activity increased with the inclination. This might contribute to 
the increased RCOF and peak RCOF over ramp angle (0 - 20 degrees) during walking up as 
observed by McVay and Redfem (1994). They also found that the peak RCOF is higher in the 
upward direction than the downward direction, and occurs towards the toe o f f phase o f the gait. 
As a result, the rearward (toe o f f ) slip risk is greater than forward (heel contact) slip when 
ascending the ramp. The reactive responses of the gait muscles during slipping are therefore 
interesting and w i l l be further analyzed. 
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11. Conclusions and recommendations 

A systematic analysis of slips and falls on icy and snowy surfaces identified various contributing 
factors and unresolved issues. It highlighted the multi-factorial nature of the problem. Based on 
these factors, a systems model for slips and falls on icy and snowy surfaces was developed and 
presented in this thesis. The model encourages the use o f a systematic strategy for the prevention 
of slips and falls on icy and snowy surfaces. Attempts to understand and tackle the problem 
should adopt a multidisciplinary approach. The author of this thesis proposes that future 
guidelines for work in cold environments (Holmér 1994 a, b) and guidelines for reduction of slip 
and fal l injuries (Leamon 1992 a, b) include the evaluation and prevention of slip and fall risk on 
ice and snow. 

The evaluation o f current winter and safety footwear, and footwear believed to be slip resistant 
showed that slip resistance, thermal comfort and usability are not properly integrated. There was 
no one type of footwear that provides both sufficient protection (thermal insulation and slip 
resistance) and satisfactory usability (fit comfort, lightness, ease of walking). In addition to 
thermal insulation, prevention o f slip and fall risks by improving anti-slip properties and 
usability must also be priorities for development o f footwear for use in cold environments. 
Spreading sand (180 g/m 2) greatly decreased the slipperiness. 

Tribological study examined three factors, i.e. footwear soling material (9 pairs), sole abrasion 
(with, without abrasion), and underfoot surfaces (melting ice, hard ice and lubricated steel plate) 
and found that these factors have both main and interaction effects on the coefficient o f friction. 
The artificially abrasive wear o f sole improves slip resistance on hard ice (- 10 °C), but not on 
melting ice (0 °C). This indicates that it might be more beneficial to use artificially abraded 
footwear than to use unabraded new ones on hard ice in terms of the prevention of slips and falls. 
The abrasion requirement could be specified when developing a new standard to measure friction 
on ice in order to obtain a same amount of treatment for testing footwear samples. 

The best slip resistance was observed on hard ice, followed by lubricated steel plate. Melting ice 
is much more slippery and sole abrasion does not improve slip resistance performance. A l l nine 
pairs o f footwear, regardless of abrasion, did not provide sufficient slip resistance on melting ice. 
Therefore, additional measures should be taken to reduce slip and fa l l risk on melting ice. 

Of the footwear measured, the curling shoe with crepe mbber soling produces exceptionally 
better slip resistance on hard ice, even better than microcellular polyurethane and thermoplastic 
polyurethane solings. Therefore, the crepe rubber soling should be recommended for use on hard 
ice. 

Field investigation showed that slip and fall events decrease with increased living experience in 
icy and snowy environments. Those who have no or less experience are prone to slipping and 
falling on ice and snow. They should be well informed of potential slip and fall risks upon arrival 
in cold regions. It is presumed that warnings and instructions can reduce slips and falls among 
new arrivals. Participation in winter sports contributes to the prevention o f slip and fall accidents, 

70 



implying that training in gait balance may help minimize slip and fal l risks on ice for 
inexperienced outdoor workers and pedestrians. 

Human locomotion study showed that, on icy surface in the heel contact phase, significantly 
decreased EMG amplitude was observed in tibialis anterior (TA) and rectus femoris (RF) 
muscles as compared to the treadmill surface. These changes might contribute to a reduced 
required coefficient o f friction (RCOF), decreased heel contact angle, and a cautious heel strike 
on ice. In mid stance phase, the gastrocnemius (GL) muscle activity significantly decreased on 
ice as compared to a treadmill. This might be a reflection of cautious preparation for heel o f f and 
toe off on icy surface. In mid stance phase, all four muscle (TA, GL, RF and biceps femoris BF) 
activities increased significantly with inclination. This could partly explain why the RCOF in the 
mid stance phase increased with increasing angle when ascending a ramp. During toe o f f phase, 
GL and RF activity increased with the inclination. This might contribute to the increased RCOF 
and peak RCOF with inclination during walking up as observed by other researchers. The present 
study provides insights into how the proactive gait kinetic and kinematic changes are achieved 
and the control mechanisms for stabilizing gait and posture through certain gait muscle activities 
when ascending an icy slope. This understanding and knowledge may be applied to develop 
intervention, rehabilitation and training techniques to prevent slip and fal l risks and associated 
injuries on icy surfaces and to improve performance in human locomotion, e.g., in winter sports. 
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12. Contributions to knowledge 

Current research on slips and falls has mainly focused on floors and contaminated floors. 
Although slip and falls on icy and snowy surfaces involve not only outdoor workers, but also the 
public. However, in comparison with the size o f the problem, research and knowledge in this area 
remains limited. The attempt of this thesis has been to contribute to the identification, evaluation 
and prevention o f slip and fall risks, with a special emphasis on icy and snowy surfaces, by 
applying multidisciplinary approaches. 

The systematic analysis of various contributing factors provides the basis for future multifaceted 
prevention. The design needs for protection from slip and fall risks by integrating slip resistance 
and usability were assessed and recommended for future development of footwear for use in cold 
environments. The tribological study extends our understanding of the friction mechanisms at the 
interface between footwear soling materials and icy surfaces in relation to soling material, 
material abrasion and ice temperature. Field investigation describes the relationships of 
individual factors, in particular, l iving experience in cold climate and winter sports participation, 
with slip and fall events and associated injuries on ice and snow. The biomechanical study 
provides understanding on how the proactive gait kinetic and kinematic changes are achieved and 
the control mechanisms for stabilizing gait and posture through certain gait muscle activities 
when ascending an inclined icy surface. 
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13. Directions for future research 

Several attempts have been made in this thesis, but much remains unsolved as shown in the 
systems model (Figure 6 and 7). The following aspects require further studies: 

1. In the footwear-ice tribology, the friction at footwear sole - ice interface was studied when the 
temperatures were at 0 °C and -10 °C. The friction mechanisms for a wider range of ice 
temperatures need further study. Protective measures should be explored when underfoot ice 
is melting. As there are many factors contributing to the friction, it is necessary to 
differentiate and quantify each factor such as footwear hardness, roughness, tread pattern, 
contact area, pressure, center of mass, etc. 

2. It is a challenge to design slip resistant footwear to accommodate different types o f slippery 
situations, such as hard ice and melting ice. However, there is a clear need to f ind a more slip 
resistant soling material and sole design to develop slip resistant and better usability footwear 
products for use in cold environments. 

3. A further approach should be made to set weight to protection and usability factor according 
to the purpose, time and place o f footwear use and then to quantify overall protection and 
usability property o f the footwear. 

4. A greatly expanded program of design, prototype construction, and user testing o f anti-slip 
footwear products is necessary. 

5. There is no standard available governing slipperiness measurement o f icy and snowy surfaces 
as related to the interaction between surface and footwear. Ice surface near melting point is 
more slippery than contaminated floors. The population associated with slipping on ice is 
much larger than those on contaminated floors. This does demonstrate that there is a strong 
need to develop reliable and valid measurement methods and equipment, and to set up a 

relevant standard. 
6. It is common that slips and falls on ice and snow occur while walking in haste, in turning, in 

going up and down slopes where human balance ability and gait biomechanics should be 
further studied, including reactive and recovery mechanisms after slipping occurred. 
Combining kinetic and kinematic with gait muscle activity studies would provide the 
possibility to explain the mechanisms of dynamic gait balance control and to develop more 
effective prevention strategies. 

7. Environmental factors w i l l influence both footwear and icy surface properties. Cold 
environments also affect human neuromuscular and balance systems, e.g. body cooling effect. 
It is assumed that body cooling w i l l impact human proactive and reactive gait balance control 
on icy and snowy surfaces. 

8. Participation in winter sports, training in gait balance, and introducing warnings and 
instmctions among new arrivals are effective tools to be integrated into future slip and fall 
intervention programs. 

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

10. Task-related factors and organizational influence on slips and falls on ice and snow. 
11. Based on current knowledge and understanding, effective intervention programs should be 

further developed. 
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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 w i l l be used for the prevention o f 
slips and falls on ice and snow, which wi l l , in turn, improve your working and walking 
conditions. 

3) Slip is a sudden loss o f grip, resulting in sliding of the foot on a surface due to low friction. 
Whenever you cannot counterbalance a slip, then loss o f balance and fall w i l l 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 o f Human Work Sciences, Luleå University of Technology, 971 87 Luleå 

1. Your age? 

O <20 • 20-29 D 30-39 
• 40-49 D50-59 060-69 n > 6 9 

2. Axe you? 
• Female nivlale 

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? 

• Yes • No 

I f yes, which sports? 
• Skiing 
• Skating 
• Ice hockey 
• 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? 

• Yes • No • N/A 

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

• Yes Q N o • 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. 

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 • No ( i f no, please go straight to the questions 15 and 16) 

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

Fall When Severity o f your injuries 
case (yy-mm- No Minor injuries Pain Pain Sprain Fracture Others 
( in dd) injury (bruise, swelling, lasting lasting 
order) slight pain, etc) more than 

3 days 
more than 
one week 

1 
2 

3 
4 

5 

6 
7 

8 
9 

10 
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12. Which body part(s) were injured when slipped and fell ( i f injuries occurred more than once or 
more than one body part, please check more than one choice below)? 

• H e a d DHand DWrist OArm DTrunk • Low Back 
• Hip D L e g D K n e e • Ankle • Foot • Other  

13. On which type of icy and snowy surface did you fall (you can mark more than one choice i f 
you fel l more than once)? 

• Hard/frozen ice 
• Melting ice 
• Snow 
• Melting snow 
• Hard ice covered with snow 
• Ice and snow covered wi th anti-slip materials (such as sand, etc) 
• Other type o f surface:  

14. Which type of shoes did you wear when you fell on icy/snowy surfaces (you can choose more 

than one i f you fell more than once)? 
• Common winter shoes 
• Detachable anti-slip devices + common shoes 
• Indoor shoes 
• Safety shoes with steel toe caps 
• Special insulated winter shoes (protection from cold) 
• Spiked/studded shoes 
• Sport shoes 
• Summer shoes 
• Other type:  
• 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 

C H U A N S I GAO*, JOHN ABEYSEKERA 

Division o f Industrial Ergonomics, Department of Human Work Sciences, 
Luleå University of Technology, 971 87 Luleå, Sweden 

Keywords: Slip and fal l ; Icy and snowy surfaces; Systems approach; Footwear; Gait 
biomechanics; Psychophysiological factors; Environment; Prevention. 

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 the 
winter season in many parts o f the world. However, in comparison with the size o f the 
problem, research work done so far in this area has been few. The objective o f this paper 
is 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 fal l 
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 review of 
literature and current knowledge. Various contributing factors are systematically 
discussed to highlight the multi-factorial nature o f the problem, providing the possibility 
of a multi-faceted approach to reach systematic prevention. Unresolved issues related to 
slips and falls on ice and snow are also identified, which necessitate further research. 

1. Introduction 
Long and dark winter characterise Arctic regions. In Nordic countries, winter lasts for 
about six months in a year. Due to the Gulf 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 mixed icy and snowy surfaces. These natural climatic factors result in the 
prevalence o f slip and fa l l accidents not only among outdoor workers (forest workers, 
construction workers, service workers, etc.), but also among the general public and 
pedestrians in Nordic and other 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 

* Author for correspondence, e-mail: Chuansi.Gao@arb.luth.se 
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push o f f (toe off, the rearward slip) or touch down (heel strike, forward slip). The forward 
slip (heel strike) is more dangerous and frequent (Strandberg and Lanshammar 1981, 
Leamon and Son 1989, Manning et al. 1991). Whenever humans cannot counterbalance 
these slips, then loss o f balance and fall wi l l occur, which, in turn, may result in various 
injuries. 

/. / Slip andfall accidents on icy surfaces 

Literature reveals that many pedestrians have been injured by slips and falls on frozen 
roads in cold regions. In Nordic countries, 16% of all accidents at work, at home and 
during leisure activities were caused by slipping, out o f which two thirds o f the slips 
occurred on ice or snow (Grönqvist and Hirvonen 1992, 1995). According to Kelkka 
(1995), about 23,000 pedestrian slips on ice and snow lead 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 
mill ion Finnish Marks (53 mill ion USD approx.) every year (cost level in 1993). 

In Sweden, thousands o f pedestrians are injured every year, because o f 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 2001). Ice and cold related injuries (all 
categories) accounted for 37% of the total cost o f all injuries among the elderly in the 
traffic environment during a one year period in Sweden. Hal f o f 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 o f Sweden. Expenditure for these injuries is 
high compared to other injuries. The healing process and rehabilitation usually also take a 
long time, resulting in higher insurance payments to the injured and compensation claims 
by the workers. 

Bentley and Haslam (1996, 1998, and 2001) undertook an analysis of accident data for 
1,734 outdoor fal l accidents to postal delivery employees occurring over a two-year 
period in the 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 
accidents (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 o f unsuitable and worn footwear. More than 90% of employees investigated 
mentioned snow or ice as one o f the factors which most increased their risk of having a 
fal l accident. 
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In the United States, Leamon and Murphy (1995) revealed that there was significantly 
higher numbers o f falls in winter months (December/March) through analysis o f workers' 
compensation data o f a major insurance company, coinciding with expected periods o f 
snowfall and ice. A n 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 1992a, Grönqvist 
1999, Leclercq et al. 1994, 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 o f 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 o f knowledge about the slipperiness o f footwear soles on icy surfaces. 
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). 

A recent literature review summarized friction mechanisms on warm and cold ice. 
Various factors are involved in the determination o f frictions on ice and snow, such as 
water f i l m formation, frictional heating and melting, pressure melting, interface thermal 
balance, adhesion, penetration and ploughing, capillary suction, electrical forces, 
molecular forces and surface energies, etc., which suggests the friction of ice is a 
complex problem that requires further systematic studies (Chang et al. 2001b). 

According to Jung's framework, using a shoe wearing test with 76 pairs o f shoes of 13 
different types on indoor various floors, it was founded that surface roughness, sole 
material and state o f 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 accounted for (Jung 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 o f shoes and soles. 

1.3 Objectives 
The objectives o f this paper are to present a systematic perspective o f slip and fall 
accidents, 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. 
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2. Systems model of slip and fall accident on icy surfaces 
In order to further explore the aetiology of slip and fal l accidents, and to provide the basis 
for prevention, the authors put forward a systems model of the slips and falls on icy and 
snowy surfaces based on complete literature survey as shown in figure 1. 

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

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

3) Footwear (sole)/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 contact velocity, transition o f the whole body centre of 
mass, vertical and horizontal forces, required COF, etc., 

5) Human physiological and psychological aspects, i.e. the so-called intrinsic factors, 
including decline in visual, vestibular and proprioceptive functions, ageing, 
perception o f slipperiness, information processing, experience, training, diabetes, 
drug and alcohol usage, unsafe behaviour (rushing, reading while walking) etc., 

6) Environment (extrinsic factors): temperature, snowfall, Gulf Stream, lighting 
condition, etc. 
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6) Environmental factors 
(extrinsic factors: cold climate, lighting, etc.) 

^ 5) Human factors 
(intrinsic factors) 

4) Human gait biomechanics 

1) Footwear 
7—7—"7X7—7—7 y ? f 
3) Footwear (sole)/ice interaction 

(tribophysics) 
2) Icy and snowy surfaces 

Figure 1. Systems model of slip and fall accidents 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 section o f this paper w i l l discuss the various contributing factors systematically 
with special emphasis on slip and fa l l accident occurrence on icy and snowy surfaces. 

3. Footwear properties 
Literature regarding slip resistance of footwear on contaminated floors is available 
(Manning et al. 1985, Jung 1992, Leclercq et al. 1994, Grönqvist 1995b). However, little 
research has been done concerning anti-slip properties o f footwear (sole) for use on icy 
and snowy surfaces. Haslam and Bentley (1999) revealed that footwear could be 
inappropriate for delivery work in adverse weather conditions. Provision o f footwear with 
increased grip is recommended. A majority o f mail delivery employees did not use snow 

chains because of discomfort on cleared ground and unwillingness to spend time putting 

the chains on and off. 

3.1 Soling materials 
Bruce et al. (1986) measured slip resistance o f shoes, crampons and chains on icy 
surfaces (dry ice, -9 °C). It was found that all friction values o f footwear on ice were low 
by comparison with other substrates and were generally lower than that obtained on an 
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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 o f 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. A n old pair of hard PVC slippers was extremely dangerous for use on ice. 
Bruce et al. (1986) suggest that as a first step, double density microcellular PU soling be 
used as a standard to reduce injuries on icy surfaces. 

Cumulative research over a period of fifteen years consistently revealed that 
microcellular PU soling materials are slip resistant for use on oily and wet floors 
(Manning et al. 1985, Manning and Jones 1994, Gao et al. 2003). Grönqvist (1995b) 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 o f compact nitrile rubber 
(NR) and o f 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), believing that PU was 
not safe enough on wet ice (0 °C). Abeysekera and Gao (2001) also demonstrated that 
footwear with a PU outsole is slippery on wet ice, and even more slippery than footwear 
with nitrile and natural mbber outsoles. The study o f soling materials did not show higher 
COF o f PU on hard ice (Gao et al. 2004). A recent study on footwear sole (nitrile rubber, 
double density polyurethane, thermoplastic polyurethane, styrene rubber, rubber and 
glass fibre mixture, crepe rubber and microcellular polyurethane) on the coefficient of 
friction on melting and hard ice showed that on melting ice (0 °C), all types o f footwear 
soles had lowest COF. Hard ice is more slip resistant than lubricated steel plate. The 
curling footwear wi th crepe rubber soling performed best, even better than PU, in terms 
of slip resistance on hard ice at -10 °C. Therefore, crepe rubber is recommended for use 
on hard ice (Gao et al. 2003). 

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 o f practice, these research results mean 
that it is challenging to design proper anti-slip footwear for use on all types o f icy and 
snowy surfaces in winter, because it is unlikely that one soling material/tread design can 
accommodate various climatic conditions and subsequent changeable icy and snowy 
surfaces. 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 with a softer base material, and the use o f footwear with 
studded heels and soles during high-risk days when the ambient temperature in close to 0 
°C. However, such soles are not suitable for use on indoor floors. A proper anti-slip 
material arrangement, fastened on the out sole might be one solution (Noguchi and Saito 
1996b). Other slip resistant materials and integration designs must be explored to 
accommodate outdoor and indoor surfaces. 
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3.2 Sole tread (geometry) pattern 
Besides sole materials, sole (geometry) pattern also affects slip resistance. Different 
surfaces may require different tread designs in order to achieve higher friction. However, 
there is a paucity o f studies on the effect of tread patterns on slipperiness due to the 
difficulty of quantifying tread patterns. 

Grönqvist et al. (1993) compared objective and subjective assessments for slipperiness o f 
the shoe/floor (glycerine lubricated) interface, the results showed that a sole with tread 
removed was more slippery than sole with tread. Leclercq et al. (1994) argued that it was 
necessary to maximize the contact area o f the sole, especially by avoiding the use o f 
"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 o f COF because o f the 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 a means 
for the rapid evacuation o f 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 o f 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 o f contact immediately after heel strike. However, Strandberg (1985) strongly 
recommended the use of a small effective contact area when walking on a viscous f lu id 
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 (1995b) 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 o f slipping. On rough floors, however, the lubricant breakdown is 
more likely to occur, enabling more effective draping, thus, increasing particularly the 
hysteretic friction. Obviously, results on contact area and pressure are contradictory. 

Grönqvist (1995b) showed that the sole slabs (PUr-slabs) with a rectangular tread pattern 
and with asperities had a slower increase o f 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 
0.1 sec after the first contact. However, the maximum kinetic friction for the PUr-slab was 
not reached until 0.5sec after the first contact, which normally is too long a time to 
prevent a slip from developing into a fal l . 
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As well as the heel sole tread pattern, the toe sole plays another role in toe o f f (rearward) 
slip, which is currently a neglected area of research. 

A l l the above discussion on tread and COF is 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. 

Grönqvist and Hirvonen (1995) discussed the role 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 C), 

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

Jung (1992) observed that there was no correlation between the contact surface area 
values and the slip resistance. Abeysekera and Gao (2001) also showed that there was no 
significant correlation between subjective slipperiness ratings, COF and contact areas. 

However, almost all the previous research and measurements did not separate the anti-
slip effects of sole material, hardness, roughness, and the tread design completely. In fact, 
all the work done before on the frictional effect combined factors and whether one or two 
of them (material, hardness, roughness, or tread design) contributed to it were not known. 
Further research is needed. 

3.3 Sole hardness 

As discussed by Leclercq et al. (1994), hardness is one o f the more widely used 
mechanical properties. The measurements on lubricant/floor conditions show that a 
reduction in the hardness o f the sole corresponds to an increase in the COF, but the 
increase appears to be much too small to be useful in terms o f 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). The poor friction properties on ice o f hard 
materials have been reported (Kellett 1970 and Perkins 1976, cited by Bruce et al. 1986). 

Grönqvist and Hirvonen (1995) found a significantly negative correlation between kinetic 
COF and hardness o f the heel material and the hardness of the entire soling on dry ice (-
10 °C). This is consistent with the result by Bruce et al. (1986). However, there was no 
clear correlation while on wet ice (0 °C). It w i l l be necessary to further examine hardness 
and friction at a range o f temperatures in order to make clear i f hardness o f footwear 
recommended for icy and snowy surfaces is suitable for all temperatures likely to be 
encountered by potential users. Ahagon et al. (1988) argue that although the frict ion 
resistance o f rubber on ice is primarily determined by the viscosity and the thickness o f 
the lubricating f luid layer, further improvement of the friction could be obtained by 
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making rubber more resilient. However, whether the expected increase o f 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 
soft ice, the temperature o f 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 
the slip resistance o f footwear on icy surfaces, soft solings are needed for use on hard ice 
(dry ice), whereas hard solings are best on soft ice (wet ice). 

It is interesting to notice that a study done by Manning et al. (1985) is based on the 
speculation that some animal species may have developed slip resistant feet. The 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 an animal footpad and a human footwear sole is that the 
former can be self-regenerated, whereas the latter easily wears out, which has been 
demonstrated as an important effect on slip resistance (Leclercq et al. 1994, Grönqvist 
1995, Hirvonen and Grönqvist 1998, Gao et al. 2003). Another important difference is 
that the polar bear is a quadruped, whereas human is bipedal. Therefore, the gaits are 
incomparable. As shown in the systems model o f slip and fall accidents on icy surfaces 
(figure 1) and the discussion in section 6 of this paper, gait biomechanics is one o f the 
important elements contributing to slips and falls. 

3.4 Wear and tear 
The slip resistance o f a shoe is not a stable property. It varies during the course o f its use. 
Leclercq (1999) argues that the slip resistance o f footwear is a transient as well as a 
versatile quality. The slip resistance may decrease or increase depending on the soling 
materials and the amount o f wear (Manning et al. 1985, Leclercq et al. 1994, Grönqvist 
and Hirvonent 1995, Hirvonen and Grönqvist 1998, Gao et al. 2003). 

Manning et al. (1985) tested boots worn on oily surfaces for a period o f 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 o f 
wear. Manning suggests that to deliberately scuff new shoes on a very rough surface w i l l 
increase the friction based upon the fact that scarification by metal swarf on the floor 
increases friction readings for both NR and PU soles. 

Leclercq et al. (1994) argued that the friction coefficient of a shoe increases as soon as it 
was worn, and the relative increase o f the friction coefficient o f expanded polyurethane 
soles was greater than that noted for soles made of compacted elastomers. Leclercq 
(1999) claimed that slightly worn PU was generally preferred, when new, this material 
did not provide a very high level o f slip resistance. 
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Grönqvist (1995b) recommended footwear must be discarded before the tread pattern was 
worn out. According to the assessment o f new and used (from 2-3 months to over 8 
months) footwear with 3 types o f 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. This result is consistent 
with those obtained by Manning et al. (1985). 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 o f shoes after 4 months o f use. However, the 
new and used sole heels made of NR seemed to remain the same level o f coefficient of 
kinetic friction on contaminated floors. Grönqvist (1995b) argued that one reason could 
be the microporosity of the material, which was revealed after only some wear. 
Microporosity reduces the hydrodynamic pressure at asperity peaks, thus enabling the 
elastic pressure of the heel material to exceed this and break the f lu id 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 microporosity effect probably dominates on the smooth steel floor. 

Hirvonen and Grönqvist (1998) also observed that PU soling materials increase the 
friction by a mean of 32% after being abraded by testing them on a rough concrete 
surface and steel/sand combination. The friction decreased by a mean of 42% with 
styrene rubber, and both decrement and increment were observed with nitrile rubber 
soling after abrasion. 

However, there is little research reported on the effect o f sole wear and tear on icy and 
snowy surfaces on the frictional properties. The latest research showed that artificially 
abrasive wear of nine pairs o f soles improves slip resistance on hard ice (-10 °C), but not 
on melting ice (Gao et al. 2003). 

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 and 
Jones 1994). Hirvonen and Grönqvist (1998) also argued that the improved friction 
performance of PU soling was most likely caused by changes in the roughness o f the 
soling, as well as by increased porosity o f the cellular structure which was broken 
through the action of wear. 

Jung (1992) found an important positive correlation between the size-specific roughness 

characteristic Rz (average peak-to-valley height) 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 COF, which always increases when the asperities are 
removed (smooth sole) by modifying the moulds (not by abrasion o f the soles). Although 



^Taylor&francjs 11 

ERGONOMICS, 2004, VOL. 47, NO. 0, 00-00 * healÖWCienees 

Manning et al (1991) showed that the mean of all COF results on the seven different 
surfaces including dry and wet ice was significantly related to (positive correlation) 
roughness (Rtm, i.e. Rz) o f soling materials of thirteen pairs o f discarded working 
footwear, the walking traction test method (Rig 3) did not specifically reveal the effect of 
footwear roughness on COF on dry and wet ice. 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, on an ice skating rink) spread with 
water using the walking traction method (Rig 3), although the effect was demonstrated on 
wet and oily floor surfaces. 

The roles o f both footwear and floor surface roughness in the measurement o f 
slipperiness, as well as various techniques, parameters and instruments for roughness 
measurements are reviewed by Chang et al. (2001c). It is concluded that surface 
roughness on shoe and floor surface affect slipperiness significantly. The slip resistance 
measurement should be based on an understanding of the nature of frictional and wear 
phenomena and surface analysis techniques for characterizing both the surfaces of the 
shoe and floor and their interactions. It is argued that surface roughness measurement 
may provide an objective alternative to overcoming the limitations of friction 
measurements. 

3.6 Other properties of footwear 
Abeysekera and Khan (1998) argued that to prevent falling after a slip, the balancing 
properties of the shoe should be improved. They argued i f the centre o f gravity (COG) of 
a shoe was situated in-line with or very close to the centre o f gravity of the wearer's foot, 
it might improve the wearer's balancing ability. In order to test this assumption, 
Abeysekera and Gao (2001) carried out a pilot study o f footwear COG on the slipperiness 
on ice. But no correlation between COG and slipperiness was observed. However, further 
research is needed. 

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 (2002) argue that, in addition to thermal insulation, slip 
resistance must be another functionality requirement o f 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 
compromise slip resistance property. 

Additional footwear attachments (anti-slip devices) are other means to prevent slipping 
on ice and snow, especially for the elderly (Gard and Lundborg 2000). But they may be 
heavy, bulky, and inconvenient, resulting in poor usability. 

Halogenation of the sole can either increase or decrease slip resistance, but it seems not to 
have a significant influence (Leclercq et al. 1994). No correlation between slip resistance 
and the flexibili ty of outsole could be found (Jung 1992). 
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4. Icy and snowy surfaces 
As indicated previously, there have been a number of methods, equipment, and standards 
(including ISO, CEN, A S T M , BSI) concerning slip resistance on lubricant (water, oil) 
contaminated floors (Manning et al. 1985, Jung and Schenk 1990, Jung 1992, Jung and 
Fischer 1993, Leamon 1992b, Grönqvist 1995b). However, there is little research, and no 
standards available governing the measurement of slipperiness between icy and snowy 
surfaces and footwear, even though icy surfaces (near melting point) are more slippery 
than lubricated floors and the population associated with slips on ice and snow is much 
more than that on contaminated floors. Therefore, there are desperate needs to explore the 
slipperiness o f footwear on icy and snowy surfaces. 

Traditionally, there have been measures used to prevent slip and fall and traffic accidents 
on frozen roads such as de-icing chemicals (salting, anti-freeze mixtures) and road 
heating (Kobayashi et al. 1997). Asphalt mixtures containing reclaimed tyre rubber 
particles (AMRP) has been practiced 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 icy and snowy surfaces. 

De Koning et al. (1992) showed that the minimum value o f coefficient o f friction was 
found at an ice surface temperature o f between -6 °C and -9 °C (mean -7.4 °C) during 
skating. The corresponding mean values of the coefficients of friction for the straight and 
curve skating were 0.0046 and 0.0059 respectively. The ice surface temperature when at 
-7.4 °C seems the best for skating, but the worst for walking as far as the slip and fall 
accidents are 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 (u. < 0.01), at high temperatures (-1 °C) and high velocities (3 ms"1), or 

very large value (p = 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 fal l at temperatures above -
10 °C. The fal l was dramatic, 20 times or more, at - 1 °C it was only about 0.02. The latest 
study compared the friction on hard ice, melting ice and lubricated steel plate. The 
friction is highest on hard ice (- 10 °C), followed by lubricated steel plate. Melting ice is 
most slippery in terms of friction (Gao et al. 2003). In general, the properties of ice, e.g. 
temperature, structure and hardness, as well as the thickness o f the water layer, seem to 
determine the friction during a slip to a greater extent. The loss o f 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 2001) recommended the static 
COF value for a slip resistant polish coated surface be 0.5. The CEN/TC 161/WG3 
(2003) removed the specifications o f the COF requirement. According to the slipperiness 
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classification by Grönqvist et al. (1989), 0.2 was the minimum requirement for slip 
resistance on contaminated floor. At present, there is no standard for COF on icy and 
snowy surfaces. 

In Sweden, house-owners are commonly responsible for anti-skid management on 
sidewalks (pavements). In public areas, 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 o f money on anti-slip materials and spread the 
materials during winter. But the anti-slip effect o f different materials has still not been 
adequately researched. 

Spreading sand (180 gm"2) and gravel (<t>4-8,150gm"2) could greatly increase the friction 
on wet ice. Sand was tested as the best anti-slip material spread on icy and snowy 
surfaces (Abeysekera and Khan 1998, Abeysekera and Gao 2001). 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 roads 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)Ainderfoot 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). I f 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. I t is, therefore, expected that i f water formation is 
reduced, the friction can be increased. 

Theories about the presence o f water between the surfaces are focused on the "liquid
like" properties o f the ice surface, the formation o f water by pressure melting and by 
melting due to frictional heating and surface melting (De Koning et al. 1992; Wettlaufer 
and Dash 2000). De Koning et al. (1992) argued that it was impossible to say which 
mechanism caused the low friction on ice. The latest review on friction mechanisms of 
the footwear-ice interface showed that the properties o f the interface layer in ice and 
snow friction are still poorly understood (Chang et al. 2001b). 

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

3) The development o f a so-called adhesion component of friction force due to 
molecular bonding between those parts of the shoe and flooring surfaces which are in 
true contact, i.e. where the interfacial f luid 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 warm ice (near the melting point), the friction seems to be governed particularly by 
ice f low 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. The thickness o f the water layer is inversely proportional to 
friction (Chang et al. 2001b). Warm ice is also sensitive to high pressure effects, like at 
heel strike in normal gait. At high pressure points ice wi l l either flow to relieve the 
pressure or melt. Both phenomena tend to lower the coefficient of friction when the 
temperature o f ice is warmer than -10 °C (Grönqvist 1999). On cold ice, at very cold 
temperatures, the ice surface is dry as no liquid film is formed. Under these conditions, 
ice behaves like any ordinary dry surface, where adhesional friction plays a major role. 
Other mechanisms on ice include asperity, ploughing effect, capillary suction, electrical 
forces, pressure melting, imbalance o f surface energy, etc. (Makkonen 1994, Chang et al. 
2001b). 

5.1 Mechanical COF measurement 

There are a number o f methods and related mechanical equipment for measuring the 
coefficient o f friction on floors or contaminated floors. Strandberg (1985) reported that 
about 70 types o f slip resistance testers could be found in literature, and they differed 
substantially in their design. L i n 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 o f the testing devices are not mechanically capable of simulating the human gait 
parameters deemed crucial during actual slippage (Lin et al. 1995). Emphasis has been 
placed on the use of one reading f rom one instrument to predict the suitability of a floor 
for all situations. 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 and Fischer (1993), the inter-laboratory results do not confirm the validity o f the 
ISO test method. According to Leclercq et al. (1995) and Leclercq (1999), biomechanical 
studies on slipping that were performed in the laboratory revealed a high level o f intra-
and inter-subject variability in the data recorded at the shoe/surface interface. This 
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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 o f comparative studies and standardization 
work, there is still no consensus on a particular measurement technique at the current 
time. 

More recently, Chang et al. (2001a) reviewed 23 friction (static, dynamic and 
transitional) measurement devices including f ie ld and laboratory based methods and 
concluded that the devices appear to be generally valid and reliable. However, the 
validity of the devices still could be improved to reflect actual human slipping conditions 
observed in biomechanical studies. 

5.2 Other biomechanical and subjective slipperiness measurements 
5.2.1 Ramp test 

A ramp test can be used (Wilson and Perkins 1985, Jung 1992, de Lange and Grönqvist 
1997, Redfem et al. 1998) measuring the angle as the indicator o f the slipperiness. De 
Lange and Grönqvist (1997) conducted comparative measurements between mechanical 
and biomechanical slip tests, the latter consisted o f three subjective evaluation methods, 
i.e., the inclined plane (ramp) and two horizontal slipping experiments. 

5.2.2 Paired comparison (Thürstone binary choice method) 
Tisserand (1985) utilized subjective evaluation experiment (paired comparison), this 
allowed subjects simultaneously to 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 wi th all the others, two at 
a time. The results were correlated with dynamic COF, but not related to static COF. 

Myung et al. (1993) also used a subjective method assessing floor slipperiness. The 
different feature compared to other subjective assessments 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 o f the two surfaces (left or right) felt 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 
randomized. 

5.2.3 Traction test 
Manning et al. (1990, 1991) and Manning and Jones (1994, 2001) 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 o f springs anchored to a wall, 
until the feet slipped. The subject was supported by a fall-arrest harness, and the load cell 
was positioned between the belt and the springs. The load cell measures the maximum 
force on the spring prior to the slip. The COF is calculated by dividing the force on the 
springs by the standardized body weights. Kobayashi et al. (1996) used similar method to 
measure footwear COF. 
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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 and Abeysekera (2002) used 5-point 
rating scale to assess the shoe/floor and shoe/ice interface slipperiness respectively. 
Cohen and Cohen (1994a, 1994b) utilized a 13-point rating scale to measure walking 
surface slipperiness. A l l results showed there was significant correlation between 
subjective ratings and COF measurements. Chiou et al. (2000) applied a perceived sense 
of slip (PSOS) scale to measure static slipperiness while doing different standing tasks 
and reported significant associations between PSOS and the objective postural instability 
variables. Gard and Lundborg (2000) used rating scales for perceived walking safety and 
balance when wearing anti-skid devices attached to shoes for use on icy surface. 

5.2.5 Biomechanical method 
Biomechanically-oriented approaches were summarised by Redfern et al. (2001). 
Previous research has focused on kinematics, kinetics (normal and shear forces) and 
required friction. Hanson et al. (1999) used the relationship between available friction 
and required friction to predict slips and falls (logistic model). Recent study suggested 
that friction demand as measured by required coefficient o f friction (RCOF) may not be a 
totally deterministic predictor of actual fall events. Heel contact velocity (vhC) and the 
transition of the whole body centre of mass (COM) can be analysed to evaluate slip 
initiation. They may not be totally deterministic predictors of actual fall events either 
(Lockhart et al. 2003). Little research has been done on the role of lower extremity 
muscles in maintaining gait balance on slippery surface and in recovering balance after 
slipping. 

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

The Liberty Mutual Research Centre for Safety and Health hosted an international 
symposium on "The Measurement o f Slipperiness" in the year 2000 with nearly 30 
participants from 9 countries. Of 14 participants responded to the survey, 12 (86%) did 
not feel that slipperiness measurement was adequate. Experts could not reach a clear 
consensus on an ideal measurement approach to assess slipperiness (Chang et al. 2003). 

5.2 COF measurement method and equipment on ice 

Although there are a number o f methods and equipment for measuring COF on dry floors 
and contaminated/lubricated floors (Strandberg 1985, L i n et al. 1995, Leclercq 1999, 
Chang et al. 2001a), there are very few 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 o f measuring friction 
indices on ice because the friction was very low and the surface was highly irregular. 
Grönqvist and Hirvonen (1995) 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/ice interaction in laboratory. However, the 
measurement set-up is place in the room temperature environment where the icy surface 
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is formed. Footwear is not conditioned in cold environment before measurement. It 
would be more realistic i f the equipment and footwear were placed in a cold chamber. 
Further studies are needed in this regard. 

In order to measure the skate-to-ice friction, De 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 the 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. 

Manning et al. (1991) applied a 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 to footwear, and walking balance based on the 
subjective perceptions. Gao and Abeysekera (2002) conducted outdoor 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, and slipping and falling events. 
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 o f 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 movements at the ankle joints during these two phases, i.e., 
dorsiflexion and plantar flexion. Some researchers categorize the gait into four distinct 
phases: 1) heel strike (touch down, landing); 2) stance phase (stationary); 3) toe o f f (push 
off, take of f ) ; 4) swing phase (Lin et al. 1995). 

Recent literature review by Redfem et al. (2001) showed that the force interaction 
between the shoe and floor are probably the most critical biomechnical parameters in 
slips and falls. I f the shear forces generated during a particular step exceed the frictional 
capability o f the shoe/floor interface, then a slip is inevitable. Since the shear forces are 
highest near the heel contact (first peak in the forward direction) and push o f f (second 
peak in the rearward direction) phases, these are the points where slips most often occur 
(Redfern and Dipasquale 1997). 

According to Kirtley (1999) concerning centre o f 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 o f 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 C O M is outside the BOS and is in free fal l , 
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they, each lasts for at least 100 ms, are particularly dangerous times, when falls might 
occur, so they must be o f significance to slip and fall accidents on icy and snowy 
surfaces. These two periods are near the toe o f f and heel strike periods. It coincides with 
the widely accepted findings, i.e. the slip occurs most frequently during heel strike and 
toe o f f periods during human gait cycle (Strandberg and Lanshammar 1981, Davis 1983, 
Leamon and Son 1989, Manning 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 applicability o f the measurement, when applied to the prevention o f human 
slips and falls can, therefore, be questioned. 

Based on ground reaction forces and pressure distribution at out sole during gait, Noguchi 
and Saito (1996b) 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 o f the reinforcement on frictional property on icy and snowy 
surfaces by normal pedestrians needs further exploring. 

Leamon (1992b) pointed out that there were a number of characteristics of human gait, 
which might be very significant for slipping and falling. Load carrying may also interfere 
with the normal technique o f 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 o f the weight by using the 
anterior-posterior and lateral sway angles. Such factors need to be further systematically 
investigated. Myung and Smith (1997) have carried out the research about the effect of 
load carrying and floor contaminants on slip and fal l 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. When a slippery condition (e.g., icy walkway) is perceived, either by 
visual and/or tactile cues, a person's walking gait is adjusted accordingly. The length o f 
the stride is shortened, which consequently produces low foot velocities and smaller foot 
shear forces, as the body's centre o f gravity is better maintained over the balance zone 
(Swensen et al. 1992). The heel strike and toe o f f phases are also significantly reduced to 
diminish the likelihood o f slipping. The risk o f slipping and falling seems to depend to a 
great extent on a person's perception o f the potential slipperiness of the actual conditions 
(Grönqvist 1999, Gao and Abeysekera 2002). James (1983) also illustrated that it was 
necessary to shorten the stride on a slippery floor where the coefficient o f friction is very 
low. Leamon (1992b) claimed that proprioceptive recognition, visual anticipatory 
evaluation of the slipperiness o f the surface were the prerequisites of postural adjustment. 
But there has been little biomechanical research reported on human gait change on icy 
surfaces. 
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Strandberg and Lanshammar (1981) argued that a valid test o f COF should consider the 
following variables from crucial gait phases: (1) the angle of the foot to the floor, (2) the 
point o f application o f the contact force between the shoe and the floor, (3) the vertical 
force, (4) the sliding velocity, (5) the time scale. 

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. Recent review on friction measurement device 
parameters indicated (Chang et al. 2001a): 

(1) normal force build-up rate should be at least 10 kNs"1 for whole-shoe device, 
(2) normal pressure should be between 200 and 1,000 kPa, 
(3) sliding velocity should be between zero and 1.0 ms"', 
(4) maximum time of contact prior to and during the coefficient o f friction 

computation should be 600 ms. 

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. Myung and Smith (1997) argued in measuring slipperiness with a slip tester, 
that the set-up value for heel velocity has to be classified differently for dry and oily 
floors. On icy surfaces, it may have different human gait parameters. 

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

In addition, walking speed, e.g. in hurry, turning, and straight walking, wi l l 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 and on up and down slopes. More research 
is necessary on the effects of these factors on human gait on ice and snow. 

7. Human factors (intrinsic factors) 
The role o f intrinsic factors in fall mechanisms was discussed by Tideiksaar (1990) and 
Gauchard et al. (2001), which include physiological and pathological aging, experience, 
attention, fatigue, etc. Davis (1983) and Tisserand (1985) use a human mental model for 
slipperiness to explain the psychophysiological factors involved in walking. Walkers 
have a constant image in a part o f their memory, a model of the friction limits of the 
surface on which they are walking. Tisserand (1985) 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 o f 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 o f the surface than in its absolute constant value, and suggests further 
research on the mental model, which monitors slipperiness. 
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English (1994) observed, from video recordings of walking trials, how the test subjects 
were able to apply muscular force to counter incipient slips so as to arrest them. There 
were many 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 is a person's knowledge o f the surface. People are perfectly 
capable of walking on ice i f they know about it and how to carry 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 can still 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. This strongly suggests that psychophysiological factors, balance capacity and 
gait biomechanics play very important roles in preventing slips and falls on icy surfaces. 

7.1 Ageing 
Human physiological functions change wi th 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 o f 
gait dynamics in tribometry is perhaps that the most vulnerable population is less able to 
take required corrective action in the beginning phases o f 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), 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 with environmental conditions (that is, low frictional resistant or irregular 
ground surfaces) were found to be the leading cause of slips and trips in the elderly. 

Andres and Hemeon-Heyer (1988) showed, f rom a standing balance test, that the older 
subjects used their leg muscles for longer time periods and at higher activation levels than 
the young subjects. Laughton et al. (2003) demonstrated similar results. 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 o f support area of the older adults is smaller 
than that o f 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 o f the visual, proprioceptive and musculoskeletal systems. A l l those functions 
deteriorate with age. It may be necessary to suggest a higher friction requirement o f 
surface and footwear for aged population. 

7.2 Visual functions 
The visual field is an important physiological parameter involved in gait regulation. L in 
et al. (1995) argued that i f a slippery condition was not detected within a person's 
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effective visual field, usually 3-5 metres ahead, the likelihood o f a fall accident 
significantly increases. Warning signs or markings with high contrast were effective 
methods to direct a person's gaze downward, so that the effective visual field could be 
readjusted and an accident could be avoided. 

Cohen and Cohen (1994a, 1994b) 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 o f 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. w i l l all deteriorate with age, which w i l l no doubt 
increase the likelihood o f 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 can cause increased slips and 
falls. The study on the proactive control o f gait have shown that proximal (hip/trunk) 
muscles are the primary contributors to balance control, while studies on reactive balance 
control in slips accruing at heel strike have shown that the distal and intermediate (leg 
and thigh) muscles are the key muscles to overcome the balance threats (Tang et al. 
1998). 

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. 
This is the system that keeps us upright when we stumble over a rock. The position sense 
that allows us such control is provided primarily via the afferent input o f two sensory 
receptors located in skeletal muscles, the muscle spindle and Golgi tendon organs (GTO). 
Muscle contraction is controlled by alpha and gamma motor neurons (Athabasca 
University 2003). 

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 o f humans is an important response to the displacement change of the 
body's centre o f gravity. It helps to erect body and maintain upright stability through 
exciting postural reflex. However, with the deterioration o f visual, musculoskeletal, 
proprioceptive functions, the posture sway w i l l 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 accounted for by visual and proprioceptive inflex. 
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Postural control is a complex sensorimotor function requiring the central integration in 
the brainstem of information from multiple sensory afferences (visual, vestibular, and 
somatosensory) leading to the selection and execution o f specific motor response. This 
balance function applies to the gaze stabilization by vestibulo-ocular reflex and to the 
posture stabilization by the vestibulospinal reflex (Gauchard et al. 2001). A perturbation 
or an alteration o f the postural regulation at information, integration or motor levels can 
induce equilibrium dysfunction. 

Lord et al. (1996) argued that increased variability o f 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 
nervous system, the reaction time of reflex is lengthened, resulting in the risk o f falls. 
Latencies for corrective reflex responses for healthy young men in the recovery from 
tripping have been reported to be 60-140 ms. Due to the defective co-activation 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 o f 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). Several rating 
scales for assessing balance have been summarised by Grönqvist et al. (2001). Tisserand 
(1985) suggests more research work on psycho-physiological equilibrium on slippery 
surfaces is needed. 

7.6 Experience 
The subjects' experience is an important intrinsic factor, by allowing them to adapt 
themselves to the environment. An experienced subject on a slippery surface can adapt 
his/her gait to move with success on this type o f ground (Gauchard et al. 2001). The 
study of strategies for dynamic stability during locomotion on a slippery surface showed 
that prior experience with slip perturbations allows subsequent modification and 
knowledge o f the surface condition results in proactive adjustments to safely transverse 
the slippery surface (Marigold and Patla 2002). Recent research showed that slips and 
falls on ice and snow reduce with increased experience o f l iving in winter climate (Gao 
and Abyesekera 2003). 

8. Environmental factors (extrinsic factors) 
Extrinsic factors involved in fall mechanisms are summarised by Gauchard et al (2001), 
including organizational and environmental factors. Environmental factors, such as 
temperature, humidity, snowfall, Gulf Stream, lighting condition, etc. w i l l affect the 
whole walking system. For example, in Scandinavia regions, the changeable climate due 
to the Gul f Stream in winter season leads to a variety o f road surface conditions, 
including snow, melting snow, ice, melting ice and the mixture o f these types. According 
to Bentley and Haslam (1998), slip, tumble, and fa l l 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. De Koning et al. (1992) 
showed that different ice surface temperature affected the COF. Secondly, cold 
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environment wi l l influence footwear (sole) slip resistant properties, which is currently a 
neglected area o f research. Thirdly, the thermal environment also impacts human 
neuromuscular system (e.g. body cooling), which, in tum, 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, 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 
Grönqvist (1995a), Abeysekera and Gao (2001) and Grönqvist et al (2001) discussed 
primary and secondary risk factors. A systematic analysis (figure 1) o f the slips and falls 
on icy and snowy surfaces provides us the possibility o f a multi-faceted approach to 
systematic prevention. 

1) Winter footwear: the use o f specifically designed proper anti-slip footwear and anti
skid device at certain circumstances, taking into consideration sole material, tread 
design, sole hardness, roughness, wear and tear, COG, wearability (Gao and 
Abeysekera 2002), flexibility, durability, etc. 

2) Icy and snowy surfaces: effective snow clearing, anti-slip materials spreading (sand, 
gravel, etc.), which is 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 walkways electrically. 

3) Footwear/ice interaction: validation, standardization of COF measurement method 
and equipment at footwear/ice interface. 

4) Human factors and biomechanics: provision o f 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 o f visual and lighting conditions, provision o f weather 
information service (Penttinen et al. 1998), etc. 

6) Management: measures such as prioritizing winter road maintenance, e.g. paying 

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

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

10. Unresolved issues and further research needs 
Recent international symposium on "The measurement o f slipperiness" suggested a 
number o f crucial research needs in surface aspects, human sensory and biomechanical 
aspects, systems modelling, preventive validity, and standardization (Chang et al. 2003). 

However, those needs do not specifically involve slipperiness on ice and snow. The 
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following unresolved issues are identified and more related to slips and falls on ice and 
snow, 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 (e.g. hardening in cold environment), roughness and tread design, wear and 
tear completely. In fact, the frictional effect was the combined one, whether one, two 
or more variables contributed to it were not quite conclusive. Further research is 
necessary to differentiate and quantify the effects. 

2 ) Since most slips and falls happen during heel strike and toe o f f phases, therefore, the 
sole tread pattern near the heel and toe part plays an important role in forward and 
rearward slip. It is postulated that enhancement of COF of those two parts should be 
more effective in slip prevention, especially on ice and snow. 

3 ) The relationship between footwear/surface contact area, pressure and COF is a 
debatable 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 little research, and no standard available governing the slipperiness 
measurement on icy and snowy surfaces, even though ice surface near melting point 
is more slippery than lubricated floors, and the population associated wi th slip on ice 
is much more than that on contaminated indoor floors. Therefore, there are desperate 
needs to explore the interaction mechanisms between icy and snowy surface and 
footwear, to set up relevant standard and to develop appropriate footwear. 

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

7) It is common that slips and falls occur more frequently while walking in haste, in 
turning and in going up and down slopes. Human balance ability and gait 
biomechanics on icy slope need attention. 

8 ) Environmental factors influence both footwear and icy surface slip resistant 
properties. The cold thermal environment also affects human neuromuscular and 
balance system (i.e. cooling effect), which, in tum, affects human gait on icy and 
snowy surface, which warrants further study. 
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Abstract 

Prevention of slip hazard in frozen environments 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 resis
tance, 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. A 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/m 2) 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 o f footwear for use in cold climate. © 2002 Elsevier 
Science Ltd. A l l rights reserved. 

Keyn ords: Slip resistance; Footwear; Leg surfaces; Wearablity 

1 . Introduction 

Slips and falls on ice and snow are prevalent among outdoor workers and pedes

trians, which occur in cold regions and in winter seasons i n many parts o f the w o r l d . 

Many pedestrians are in jured by slips on f rozen roads. I n N o r d i c countries, 16% o f 

all accidents at w o r k , at home and du r ing leisure activities were caused by sl ipping, 
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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 statis
tics, slip, trip and fall (STF) accidents on snow and ice were frequently reported 
among workers, 13% (male, <45 years), 18% (male, ^45 years), 25% (female, <45 
years), 30% (female, =45 years; Kemmlert and Lundholm 1998). 

However, in comparison with the size of the problem, little research has been car
ried out to ascertain the slip resistance need of footwear used on icy surfaces taking 
into consideration 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 mainly to the discomfort caused by the lack of wearability needs 
in their designs (Abeysekera and Shahnavaz 1988). A questionnaire survey was con
ducted by Bergquist and Abeysekera (1994a) among 125 outdoor workers in the 
north of Sweden. The respondents were asked to rank the importance of 11 ergo-
nomic 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, 2000). 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 climates. It is argued 
that while trying to achieve more protection, 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 cum
bersome footwear, the purpose of protection is lost. Thus, the slip resistance, thermal 
insulation, and wearability must be harmoniously integrated not only in winter foot
wear 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 measure
ment of the friction of shoes on oily and wet floor surfaces. Grönqvist and Hirvonen 
(1995) pointed out that there was a considerable lack of knowledge about the slip
periness of footwear soles on icy surfaces. Even since that time, there have still 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 purposes, ice is a 
difficult and unpredictable surface. The changeable ice property at different tem
peratures, followed by the difficulty in measuring the coefficient of friction on ice 
makes subjective assessment necessary. Swensen et al. (1992) used a graphic rating 
scale for measuring slipperiness of climbing and coating surfaces. Grönqvist et al. 
(1993) used a 5-point rating scale to assess the shoe/floor and shoe/ice interface 
slipperiness, respectively. Cohen and Cohen (1994a, b) utilized a 13-point rating 
scale to measure walking surface slipperiness. All results showed there was sig
nificant 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 
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the anti-slip effect o f materials spread on ice by user trials, to explore the incorpo

rated approach towards the design o f foo twear f o r use on icy surfaces. 

2. Methods 

2.1. Experimental design and statistical methods 

Independent variables were footwear ( fou r levels) and icy surfaces (five levels). 

Dependent variables were expressed in the ra t ing scales. A 4 x 5 two-way factor ial 

and w i t h i n subject design was employed i n the experiment. I n order to cont ro l bias 

o f the assessment, the type o f footwear w o r n and the wa lk ing surface f o r each t r ia l 

were selected at random. A statistical package (SPSS f o r Windows 10.0) including 

the Fr iedman test and correlat ion were used f o r statistical analyses. 

2.2. Footwear 

Four types o f new footwear were selected, which were deemed to be slip resistant 

by manufacturers as well as f r o m the market , considering different footwear prop

erties, i.e. material , sole and heel design, weight, height, thermal insulat ion, etc., 

which are shown in Table 1. Footwear type 1 was the lightest c o m m o n one w i t h 

lowest upper, which was bought f r o m a market believed to be slip resistant on ice. 

Footwear type 2 was professional leather foo twear especially designed f o r long-term 

standing and walking. Footwear type 3 was a k i n d o f safety winter boots w i t h 

thermal insulation and steel toe caps. Footwear type 4 was th in rubber boots 

(farmer's boots) wi thou t steel toe caps. 

2.3. Icy surfaces 

Five different outdoor icy wa lk ing surfaces, i.e. pure ice, ice covered w i t h gravel (</> 

4-8, 150 g /m 2 ) , sand (180 g/m2), snow (3-5 m m ) and salt (9 g / m 2 ) were used to 

evaluate realistic outdoor wa lk ing environment . Each track was 10 m long and 0.95 

Table 1 
The specifications of the four types of footwear 

Type Out sole roughness (Ra) Out sole material Height, Weight, 
and hardness cm (size) g (size) 

1 (Common Roughness 17.7 nm Synthetic material 12 (s-41, 43) 387 (s-41), 
winter footwear) Hardness 60 (Shore A) 431 (s-43) 
2 (Professional Roughness 4.3 um Polyurethane (PU) 17 ($-40, 42) 452 (s-40), 
footwear) Hardness 58 (Shore A) 484 (s-42) 
3 (Winter safety Roughness 24.4 um Nitrit Rubber, Heat 30 (s-40), 812 (s-40), 
boots) Hardness 57 (Shore A) and Oil resistant 32 (s-42) 913 (s-42) 
4 (Farmers boots) Roughness 16.5 nm Natural rubber 37.5 (s-40), 824 (s-40), 

Hardness 60 (Shore A) 39 (s-42) 898 (s-42) 
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m wide, prepared i n a shadowed area to avoid direct sunlight. D u r i n g the experi

ment, the environmental dry air temperature was between 0 °C and +2 °C. Ice 

temperature is usually lower than the air temperature ( i t was not measured in this 

study). There existed a th in water film at the interface between ice and air. Each 

surface was maintained as much the same as the in i t i a l cond i t ion before each subject 

began trials. 

2.4. Subjects 

Twenty-f ive subjects, 15 males and 10 females, w i t h an average age o f 31, took 

part i n the ou tdoor walk ing trials. A l l subjects had more than 5 months ' experience 

of wa lk ing on icy roads and 7 months l i v ing experience in the N o r d i c region. 

2.5. Walking trials and rating scales 

A f t e r pu t t ing on the first pair o f footwear , the subject was asked to walk on real

istic icy roads f o r 30 min , to get adapted to the environment and new footwear. The 

walk ing procedures were the same as used by G a r d and L u n d b o r g (2000). The sub

ject was instructed to walk as much as possible at no rma l wa lk ing speed. Each 

walk ing t r i a l included the f o l l o w i n g w a l k i n g style components: (1) wa lk ing normal ly 

( fo rward) ; (2) turn ing; (3) stopping; (4) w a l k i n g backward . N o safety harness was 

applied to the subjects. For each type o f icy surface, the subject walked f r o m the 

start side to the other side o f the surface, then turned and walked five steps towards 

the start side, af ter that, stopped and walked backwards five steps, then again 

walked fo rwards to the start side o f the surface to f in ish one wa lk ing t r i a l (Fig . 1). 

Each t r i a l took about 40 s depending o n cadence and surface. A f t e r each t r i a l , 

each subject was asked to rate the tendency to slip, wh ich t ook a few seconds. There 

was no extra rest period between trials. A f t e r w a l k i n g on al l five icy surfaces w i th 

one type o f footwear , the subject was asked to rate thermal and fit d iscomfort , 

heaviness and ease o f walk ing o f the footwear , then changed another footwear at 

random. The walk ing trials ( 4 x 5 = 20 trials) f o r one subject lasted about 1 h 

including the t ime f o r changing footwear . 

Subjective ratings o f tendency to slip, thermal d iscomfor t , fit d iscomfort , heavi

ness and ease o f walk ing by using 5-point scales similar to G r ö n q v i s t et al. (1993) as 

shown below were used. The higher scores in tendency to slip, thermal discomfort , 

f i t d i scomfor t , and heaviness scale indicate the better properties. F i t comfor t , 

heaviness and ease o f wa lk ing were used to represent wearabil i ty o f footwear. 

Turn 
End 

Walking forward V—j Turning • Walking forward and backward 

Fig. I. Walking styles on icy surfaces. 
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1) Tendency to slip 

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

2) Thermal discomfort 

I 1 1 L 

Very . . . w , N o t Notatall 
uncomfortable Uncomfortable Moderate u n c o m f o r t a b l e u n c o r n f o r t a b l e 

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

3) Fit discomfort 

I I I I I I 
Very Not Notatall 

uncomfortable Uncornfortable Moderate u n c o m f o r t a b l e uncomfortable 

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

4) Heaviness 

I I I I I I 

^ e r v heavy Moderate Not heavy Notatall 
h e a y y (2) (3) (4) heavy 

(*) (5) 

5) Ease of walking 

Very g^y Moderate Not easy Not at all 
easy ( 2 ) ( 3 ) ( 4 ) ' easy 

(5) 



618 C. Gao, J. Abeysekera j Safety Science 40 (2002) 613-624 

2.6. Data preparation and transformation 

Ease of walking was a reversed item, attempting 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 com
fort, lightness, ease of walking) are shown in Fig. 2. Higher scores indicate better 
qualities of the footwear perceived. Friedman test showed that there was sig
nificantly different effect of different footwear on tendency to slip (Jf 2 = 10.746, 
A/ = 23, d.f. = 3, / > = 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 ten
dency to slip (JST2 = 52.324, N = 25, d.f.=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. 

The 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 across individual scales are shown in Fig. 3. 
Higher sum score indicates better footwear property integration. 

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. 

4. Discussion 

4.1. Anti-slip 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; 
Grönqvist and Hirvonen, 1995). Literature reveals only a few studies carried out on 
perception of slipperiness on icy surfaces (Grönqvist and Hirvonen, 1995). Further
more, most previous subjective evaluations have been carried out by using paired 
comparison and ranking (Tisserand, 1985; Grönqvist et al., 1993; Myung et al., 



Slip resistance, thermal insulation, and wearability of footwear on icy surfaces 

Better property 

Worse property 

Type 1 Type 2 Type 3 Type 4 

a Slip resistance 2.7 1.8 2.68 2.82 

11 Thermal comfort 2.74 2.65 3.04 1.57 

• Fit comfort 3.39 3.22 2.61 2.35 

11 Lightness 4.35 3.96 2.38 2.92 

• Ease of walking 4.12 4.08 3.32 2.78 

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



620 C. Gao, J. Abeysekera j Safety Science 40 (2002) 613-624 

Integration of slip resistance, thermal insulation, 
and wearability of footwear 

Type 1 Type 2 Type 3 Type 4 

Footwear type 

• Ease of waiking 

• Lightness 

• Fit comfort 

B Thermal comfort 

B Slip resistance 

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

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

Easewalk Height Weight Fit Lightness 

Easewalk 
Height -0.971* 

-0.029 
Weight -0.965* 0.967* 

0.035 0.033 
Fit 0.993** -0.990* -0.983* 

0.007 0.010 0.017 
Lightness 0.934 -0.882 -0.968* 0.932 

0.066 0.118 0.032 0.068 

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

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 
Fig. 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 the other three types were between high and moderate on icy 
surfaces. Cumulative research over a period of 15 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 the other three 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 
a suitable soling material for use on ice when at the melting temperature. However, 
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in this study, al l foo twear tested was new, i.e. w i t h no abrasion, w h i c h might 

account f o r the slipperiness o f footwear type 2. I n add i t ion to soling mater ia l p rop

erty, several other properties, i.e. tread pattern (geometry), hardness, roughness, 

wear and tear, etc., also contribute to the perception o f slipperiness. H o w much each 

factor contributes to slipperiness is still unknown. Fur ther mul t i - f ac to r i a l research is 

needed to determine their quanti tat ive contr ibut ions and to test the abrasion effect 

on P U f r i c t i o n on ice. 

The pure ice was perceived as very slippery. O f the five different icy surfaces, the 

pure ice covered w i t h sand was perceived as having a l ow tendency to slip indicat ing 

that to spread sand (180 g /m 2 ) on wet ice can be considered an effective measure to 

prevent slip and f a l l accident. This result is consistent w i t h Abeysekera and K h a n 

(1997) and Kobayash i et al. (1997). I t might also be due to the amount o f sand per 

square meter (180 g / m 2 ) that was greater than those o f gravel (150 g / m 2 ) , salt (9 g/ 

m 2 ) and snow (3-5 m m ) . I n practice, sand can easily be bur ied under snow and 

melt ing ice, requi r ing repeated spreading operation, which is uneconomical . Even 

though anti-slip mater ia l is spread on ice, which usually covers the ma in walkways 

other than bypaths and sideways, anti-slip demand should be well met f o r winter , 

safety, and c o m m o n footwear . 

4.2. Protection from cold 

Protect ion f r o m cold is impor tan t in a cold climate du r ing long-term exposure. 

The issue has been taken up f o r many years. There have been available thermal 

insulation footwear and related standards governing the products (Kuk lane , 2000), 

but cold is no t the only hazard. Protection f r o m cold alone is not enough. I t is also 

impor tan t that p rov id ing thermal insulation must not sacrifice the wearabi l i ty , e.g. 

lightness, fit, ease o f wa lk ing , etc. Effective protect ion f r o m concurrent slip and f a l l 

hazard in f rozen environment should also be integrated. Footwear type 4 is the most 

uncomfor table one i n terms o f thermal insulat ion, while type 3 is most thermally 

comfortable . This result coincides w i t h the footwear design because the type 3 

footwear is a k i n d o f winter safety boots w i th thermal insula t ion and steel toe cap, 

while footwear type 4 is only a th in boot designed f o r farmers. This demonstrates 

that this subjective assessment is va l id when there is a large difference in the proper ty 

assessed. The results also showed that the footwear type 3 satisfied thermal c o m f o r t 

requirement, but the wearabil i ty was sacrificed. 

4.3. Wearability 

For ou tdoor workers in cold climate, i t is necessary to provide footwear w i t h three 

basic protections, viz. protect ion f r o m impact injuries, p ro tec t ion f r o m exposure 

to cold and protec t ion f r o m slip and fa l l hazard. T o satisfy the three demands and to 

maintain wearabi l i ty need is a challenge to designers and manufacturers as protec

t ion and c o m f o r t are contradictory demands (Abeysekera, 2000). However, i f the 

perception o f clumsiness outweighs that o f risks, users w i l l discard the use o f such 

personal protective equipment, resulting in the loss o f al l intended pro tec t ion . 
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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 (Fig. 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 "—" indicates negative correlation), the heavier the foot
wear and higher the footwear upper, the less ease of walking (Table 2). The corre
lation analysis revealed that reducing height and weight would improve fit, ease of 
walking and wearability on icy surfaces. The perceived lightness negatively corre
lated 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 instru
mented linkage method. The results showed that the high-top shoe/ankle joint sys
tem 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 Fig. 2 we can see that the slip resistance, thermal insulation, and fit, light
ness, 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 the protection. 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 protection from impact and cold and providing wearability 
are contradictory. The winter safety boot shows a tendency to slip. Obviously, it 
does not prevent slip hazard in a frozen environment, which is crucial in winter 
footwear design. Footwear type 4 is the most slip resistant one, while it is the worst 
from the perception of thermal comfort, fit and ease of walking. As shown in Fig. 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. As a 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 for each subject only lasted about 1 h. The ther
mal 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 (Fig. 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 Fig. 3 do not indicate a 
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reasonable in tegra t ion because o f linear summation o f the scores. Fur the r approa

ches should be to set each demand according to purposes o f use, and then to quan

t i fy overall p roper ty integrat ion requirement. 

5. Conclusions 

The wearabi l i ty assessment o f footwear shows that winter and safety footwear , 

and footwear believed to be slip resistant do not provide good wearabi l i ty . Height , 

weight, and fit are closely correlated to ease o f walking. Reducing weight and upper 

height w i l l improve fitting, ease o f wa lk ing , and wearabil i ty o f foo twear on icy sur

faces. 

Slip resistance, thermal insulat ion and wearabili ty o f footwear tested are not 

properly integrated, and are ranked different ly in all fou r types o f footwear . N o one 

type o f footwear provides bo th sufficient protect ion and good wearabi l i ty . I n addi

t ion to thermal insula t ion, prevention o f slip and fa l l hazard by i m p r o v i n g anti-slip 

property and wearabi l i ty must also be priorit ies f o r the development o f foo twear f o r 

use in cold climates. F r o m an ergonomic poin t o f view, footwear f o r use on icy 

surfaces must achieve the integrat ion o f several distinct pro tec t ion demands and 

good wearabil i ty by user-centered design th rough iterative process. 
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Abst rac t 

Footwear sole wear by natural use or artificial abrasion either increases or decreases slip resistance on floors with and 
without lubricant. The objectives of this paper were to study the effect of footwear sole abrasive wear on slip resistance 
on ice with respect to temperature, and to compare the slip resistance of abraded soles on melting and hard ice with that 
on lubricated steel plate. The kinetic coefficient of friction ( C O F ) of nine pairs of footwear were measured with the 
stationary step simulator developed at the Finnish Institute of Occupational Health, before and after the new footwear 
soles were artificially abraded. Two-way factorial A N O V A showed that the abrasion of nine pairs of footwear had no 
significant effect on C O F on melting ice (Mean C O F with abrasion = 0.056, std = 0.0158, C O F without 
abrasion = 0.055, std = 0.0205, P = 0.805). On hard ice, however, the C O F of abraded soles measured (mean 
C O F = 0.244) was significantly higher than without abrasion (mean C O F = 0.180, p< 0.001), and than abraded soles on 
lubricated steel (mean = 0.137, p< 0.001). There is statistical significance between the three types of surfaces (p< 0.001). 
On hard ice, regardless of abrasion, curling footwear with crepe rubber soling showed significantly higher C O F 
(mean = 0.343 after abrasion, 0.261 before abrasion) than other types (p<0.001). The results indicate that artificially 
abraded footwear is more slip resistant than new one for use on hard ice. The abrasion requirement could be specified if 
developing a new standard to measure C O F on ice in the future. Of the footwear measured, the curling footwear with 
crepe rubber soling performed best in terms of slip resistance property. Therefore, Crepe rubber soling is highly 
recommended for use on hard ice. Melting ice is much more slippery, in which sole abrasion does not improve slip 
resistance. Thus, additional measures should be taken to reduce slip and fall risk. 

Relevance to industry 

Slipping and falling accidents are common on surfaces covered with snow, ice, melting snow, melting ice or the mixed 
in winter for outdoor workers and pedestrians. Understanding of the friction at the interface can help footwear industry 
design slip resistant products, to help outdoor workers choose appropriate protective equipment, and to provide safe 
work practice for industries involving outdoor work. 
0 2003 Elsevier Science B.V. All rights reserved. 
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1. Introduction 

Slips and falls and associated injuries on icy 
surfaces are common not only among outdoor 
workers in cold regions, but also among pedes
trians and the general public in many parts of the 
world in winter season (Bentley and Haslam. 2001; 
Eilert-Peterson and Schelp. 1998; Hassi et al.. 
2000; Hemen way and Colditz, 1990; Kemmlert 
and Lundholm, 2001; Leamon and Murphy. 1995; 
Strandberg and Lanshammar. 1981; Takamiya 
et al.. 1997). The interaction at the interface 
between footwear sole and underfoot surface is 
one of the primary factors causing slips and falls 
(Grönqvist, 1999; Abeysekera and Gao, 2001), 
which is, in turn, dependent on the properties of 
ice and sole. Sole wear and ice temperature are two 
important determinants of the coefficient of 
friction (COF) at the interface (Gnörich and 
Grosch, 1975; Manning et al., 1985; Grönqvist, 
1995; Grönqvist and Hirvonen. 1995; K im. 1996; 
Hirvonen and Grönqvist, 1998). However, little 
research has examined the effect of abrasive sole 
wear on slip resistance on ice with respect to 
temperature. 

Past research focusing on floors with and 
without lubricant revealed that slip resistance of 
a combination sole/contaminant/floor is not a 
constant property. It varies during the course of its 
use (Leclercq, 1999). The slip resistance may 
decrease or increase depending on soling materials, 
the duration of wear and type of wear (Manning 
etal., 1985; Grönqvist, 1995; Kim, 1996; Hirvonen 
and Grönqvist. 1998). 

The natural use of boots on oily surfaces for a 
period of more than one year was tested by 
Manning et al. (1985). The results showed that, in 
general, the friction fluctuated over the course of 
wearing. For polyurethane (PU) material, im
provement in friction was recorded after a short 
period of wear. This result is consistent with those 
obtained by Leclercq et al. (1994) and Grönqvist 
(1995). 

Artificial wear effects on a rough concrete surface 
and steel/sand combination were studied by Hirvo
nen and Grönqvist (1998). The results showed that 
PU soling materials increase the friction by 32% on 
average after artificial abrasion. 

Although Manning et al. (1991) showed that the 
mean of all COF results on the seven different 
surfaces including dry and wet ice was significantly 
related to (positive correlation) roughness (Rtm) of 
soling materials of thirteen pairs of discarded 
working footwear, the walking traction test 
method (Rig 3) did not specifically reveal the 
effect of footwear roughness on COF on dry and 
wet ice. 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, on an ice skating 
rink) spread with water using the walking traction 
method (Rig 3), although the effect was demon
strated on wet and oily surfaces. There is lack of 
literature available about the effect of footwear 
sole roughness caused by wear or intentional 
abrasion on COF on ice at various temperatures, 
which necessitates further research. 

The aim of this paper was to study the effects of 
artificial sole wear on slip resistance of different 
types of footwear on melting ice. hard ice, and to 
compare the slip resistance of abraded soles on 
melting and hard ice with that on lubricated steel 
plate. 

2. Methods and materials 

2.1. Experimental design 

Two-way factorial experimental design 
( 9 x 3 x 2 ) was applied. The COF was dependent 
variable. Independent variables (factors) were 
footwear (9 types), surfaces (melting ice at 0 J C, 
hard ice at -10°C, and lubricated steel plate at 
room temperature + 21.5°C), and artificial abra
sion (with and without). In order to control bias, 
the test order of footwear was randomized. Two-
way A N O V A was used for the statistical analysis 
(SPSS for Windows 11.0). 

2.2. Footwear 

One pair of nine types o f footwear (totally nine 
pairs) were selected, which are deemed to have 
better slip resistance on ice by manufacturers and 
users. The specifications of the footwear are shown 
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in Table 1. The outsole was wiped with a solution 
of ethanol (50%) and dried at the ambient 
temperature. The sole abrasion was made by hand 
using 400 grit silicon carbide paper mounted on a 
rigid block (dimensions 100 mm x 70 mm, weight 
1.2 kg). Minimum pressure was exerted by the 
hand according to European draft standard 
(CEN/'TC 161 /WG3 Doc. N36, 2001). 
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shoe last, normal force 500 + 2 5 N , normal force 
build-up time <0.10s (from 50 to 500N), vertical 
foot velocity prior to contact 0.1 m/s, horizontal 
sliding velocity 0.40 ±0 .04 m/s, contact time before 
starting foot movement 0 s, time interval of 
measuring the COF between 0.30 and 0.45 s after 
the start of sliding movement (Fig. 1). 

2.3. The measurement of COF 
3. Results 

The COF was measured in the lab before and 
after abrasion on hard ice (-10°C) and melting ice 
(0°C). On glycerine (85% wt) lubricated stainless 
steel, the COF was measured after abrasion. The 
hard ice was polished 5 times with the footwear 
before taking readings. The melting ice was not 
polished. For lubricated steel plate, the readings 
were taken after the 1st test in order to get the 
footwear wet with glycerine. 

2.4. The measurement equipment and conditions 

The kinetic COF was measured for all combina
tions of the above three factors with an apparatus, 
the stationary step simulator, developed at the 
Finnish Institute of Occupational Health (FIOH) 
(Grönvist et al., 1989). Ambient air temperature at 
the laboratory was +21.5°C. The relative humid
ity was 15%. For each type of footwear, surface 
and abrasion combination, a total of 5 measure
ments were taken under the same test equipment 
conditions (CEN/TC161 /WG3 Doc. N36, 2001), 
viz. forward heel slip at 7° contact angle, M3601 

The effects of footwear sole abrasion on slip 
resistance on melting and hard icy surfaces are 
revealed by this study. The comparison of the slip 
resistance on ice and on lubricated steel plate is 
also made. Two-way factorial A N O V A (9 x 2 x 3) 
showed that the three factors (abrasion, floor, 
footwear) had main effects (p = 0.000), all 2-way 
(p = 0.000) interaction and 3-way (p = 0.000) 
interaction effects on COF. 

3.1. The effects of abrasion and ice temperature 

Further analyses of the results showed that, on 
melting ice, the abrasion had no significant effect 
on COF for 9 types of footwear (p = 0.805) as seen 
in Fig. 2. Mean COF with abrasion is 0.056 
(std = 0.0158), whilst without abrasion is 0.055 
(std =0.0205). On the other hand, the abrasion 
significantly increased COF on hard ice over all 9 
types of footwear (p = 0.000) as seen in Fig. 3. 
Mean COF with abrasion is 0.244 (std = 0.0389), 
whilst without abrasion is 0.180, (std = 0.0361). 

Table 1 

The specifications of the footwear tested 

Type Model Special protection Outsole material 

A Safety shoes, 713 Impact, heat and oi l resistance Nitr i le rubber (brown) 
B Winter safety boots, 615 Impact, oil resistance Double density polyurethane ( D D P U ) 
C Energy Gel, 888 Impact, shock absorption, oil resistance Thermoplastic polyurethane (TPU) 
D Winter boots with metal spikes hidden Thermal insulation, slip resistance Styrene rubber 
E Safety shoes, 715 Impact Double density polyurethane ( D D P U ) 
F Safety boots, 535 Impact, heat and oi l resistance Nitr i le rubber (yellow) 

G Winter shoes, U5006 Slip resistance Rubber • glass fiber 
H Curling shoes, Eskimos Slip resistance Crepe rubber 
1 Professional shoes, 1450 Microcellular polyurethane ( M P U ) 
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Fig. 1. The printout graph of COF as a function of contact time. 

without abrasion 

with abrasion 

Fig. 2. The effect of sole abrasion on C O F on ice at 0°C. 

3.2. The effect of surfaces 

Post Hoc Multiple Comparison Tests showed 
that the COF over 9 types of footwear is highest 
on hard ice, followed by on lubricated steel plate 
(mean = 0.137). The COF is lowest on melting ice 
(mean = 0.056). There is statistical significance 
between the three types of surfaces (p = 0.000) as 
shown in Fig. 4. 

3.3. The effects of soling materials 

Al l 9 types of footwear showed very low COF 
on melting ice regardless of abrasion, although 
footwear G (glass fiber soling) and H (curling 
shoe with crepe rubber soling) produced 
higher COF than other types (p = 0.000, Fig. 2). 
Curling footwear showed exceptionally higher 
COF (mean = 0.343 after abrasion, 0.261 before 



C. Gao et al. I International Journal of Industrial Ergonomics 31 (2003 ) 323-330 327 

0 40 

0.36 

0.32 

0,28 

0,24 

O 0.20 
a 

0.16 

0.12 

008 

0,04 

0.00 

-€3 e 
/ \ 

without abrasion 

B C D E F G H I 

SHOE 

Fig. 3. The effect of sole abrasion on COF on ice at - IO C. 
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Fig. 4. The effect of surface on footwear COF. 

abrasion) on hard ice than other types (p = 0.000, 
Fig. 3). 

On lubricated steel surface, the COF was 
measured only after the soles were abraded. A 

statistically significant difference of the COF was 
found between footwear, except for footwear A 
and F, B and E. The footwear B (mean 0.155, std 
0.0017), C (mean 0.145. std 0.0011), E (mean 



328 C. Gao et al. I International Journal of Industrial Ergonomics 31 (2003 ) 323-330 

0.154, std 0.0027) G (mean 0.171, std 0.0034), and 
I (mean 0.178, std 0.0008) showed higher values 
(Fig. 4). 

4. Discussion 

The hypothesis of this paper is that sole 
abrasion has effects on slip resistance of footwear 
on melting ice and hard ice, which is statistically 
demonstrated by this study. Friction has been 
widely used as a measure of slipperiness. The role 
of friction is crucial in triggering slips and falls and 
understanding this role is important to prevent 
slips and falls (Grönqvist, 1999; Chang et al., 
2001). However, the properties o f the interface 
layer in ice and snow friction are still poorly 
understood (Chang et al., 2001 cited Makkonen, 
1994; Kennedy et al., 2000). This paper revealed 
that The COF of footwear on hard ice is much 
higher than on melting ice, even higher than on 
lubricated steel, which is partially in agreement 
with Grönqvist and Hirvonen, 1995. A t very cold 
temperatures, the ice surface is dry as no liquid 
film is formed. Ice behaves like any ordinary dry 
surface and has generally a very high COF caused 
by adhesion and hysteresis (Chang et al.. 2001). 
The mechanism on hard ice could be mainly 
adhesional due to molecular bonding. Neverthe
less, near the melting point, the friction seems to 
be governed particularly by ice flow and melting. 
Both phenomena tend to lower the COF (Gr
önqvist and Hirvonen, 1995), whereas the mechan
isms of friction on lubricated steel are mainly due 
to three elements: the squeeze-film process, drai
nage and draping, adhesion and hysteresis (Chang 
et al„ 2001). 

There has been paucity of study of the effect 
of sole wear on COF on icy surfaces, although 
there have been several studies of either natural 
wear or artificial abrasion on COF on floors 
(Manning et al., 1985; Leclercq et al., 1994; 
Grönqvist, 1995; Kim, 1996; Hirvonen and 
Grönqvist, 1998). This study made an attempt 
and revealed that the artificial abrasion of 
footwear sole has concurrently over all 9 types 
of footwear increased the COF on hard ice at 
- 1 0 ° C (Fig. 3), but not on melting ice at 0°C 

(Fig. 2). These results for melting ice are in 
agreement with that of Manning and Jones 2001 
on ice at —3°C. The implication is that new 
footwear would be more slippery than artificially 
abraded one for use on hard ice. This artificial 
abrasion requirement could be recommended i f 
developing a new standard to measure COF on ice 
in the future. 

Curling footwear with crepe rubber soling, 
regardless of abrasion, showed exceptionally better 
slip resistance than other types on hard ice (Fig. 3). 
The slip resistance performance is even better than 
footwear B (DDPU soling), E (TPU soling), G 
(glass fiber soling), and I (MPU soling) although 
showing ordinary performance on lubricated steel. 
Microcellular polyurethane, especially after abra
sion, was proved to be the best on oily and wet 
floors (Manning and Jones. 2001), and even on dry 
ice (Manning et a l , 1985). Thermoplastic rubber 
(TR) was shown to be the best on dry ice by 
Grönqvist and Hirvonen (1995). This study 
revealed that the crepe rubber soling (with and 
without abrasion) produce consistently better 
slip resistance than M P U and TR, which is in 
congruent with the function of the curling 
shoes, although not appropriate for use on oily 
floors. Accordingly authors strongly recommend 
that the crepe rubber soling be used on hard 
ice. 

Other researchers observed the trend (either 
increase or decrease) of COF changes among 
three types of footwear (PU, NR and PVC soling) 
after consecutive 30 measurement trials on the 
Perspex surface (Kim et al., 2001). However, 
this study did not show statistically significant 
difference among the five consecutive measure
ments of COF on melting ice, hard ice, and 
steel plate although there was a trend of COF 
decrease. 

The COFs were measured with the icy surfaces 
formed at the room temperature at 21.5°C. Foot
wear was not conditioned in cold environ
ment before measurements. It would be closer to 
reality i f the equipment and footwear were 
placed in a cold chamber. Further studies are 
needed in this regard. The effect of natural usage 
of footwear on COF on ice should be further 
studied. 
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5. Conclusions 

The three factors examined, i.e. footwear, sole 
abrasion, and surfaces (melting ice, hard ice and 
lubricated steel plate) have both main and inter
action effects on slip resistance. 

The artificially abrasive wear of sole improves 
slip resistance on hard ice, but not on melting ice. 
which indicates that it might be more beneficial to 
use artificially abraded footwear than to use new 
one on hard ice in terms of the prevention of slips 
and falls. The abrasion requirement could be 
specified when developing a new standard to 
measure friction on ice in order to obtain a same 
amount of treatment for testing footwear samples. 

The best slip resistance is observed on hard ice, 
followed by lubricated steel plate, which further 
approves that ice is not always slippery. Melting 
ice is much more slippery, in which sole abrasion 
does not improve slip resistance performance. A l l 
nine pairs of footwear regardless of abrasion do 
not provide sufficient slip resistance on melting ice. 
Therefore, additional measures should be taken to 
reduce slip and fall risk. 

Of the footwear measured, curling shoe with 
crepe rubber soling produces exceptionally better 
slip resistance on hard ice, even better than 
microcellular polyurethane and thermoplastic 
polyurethane solings. Therefore, the crepe rubber 
soling should be recommended for use on hard ice. 
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Abstract 

The objective of this paper was to investigate whether living experience in winter climate 
and winter sport helps to prevent slips and falls on ice and snow. 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 replied. The results of ordinal re
gression 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 regres
sion was applied to model the probability of fall events occurrence 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 
()f = 10.745, p = 0.001). 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, in
dicating the need to improve slip resistance. 
© 2003 Published by Elsevier Ltd . 
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1. Introduction 

Long and dark winter characterizes northern parts of Nordic countries, and lasts 
for about six months in a year. Due to Gulf 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 (Andersson and Lagerlöf, 1983; Lund, 1984; Strandberg, 
1985; Björnstig et al., 1997; Eilert-Peterson and Schelp, 1998; Kemmlert and 
Lundholm, 2001). 

Slips and falls are accompanying risks in cold environments (Bell et al., 2000; 
Hassi et al., 2000; Gao and Abeysekera, 2002). Based on the data recorded by the 
Swedish National Board of Occupational Safety and Health (NBOSH), among 
eight occupational groups, 13% (male, <45 years), 18% (male, ^ 45 years), 25% 
(female, <45 years), 30% (female, ^ 45 years) were injuries attributed to slips on 
snow and ice (Kemmlert and Lundholm, 2001). Research showed that the largest 
numbers of traffic casualties occurred during walking, followed by cycling and ve
hicle transportation (Nilsson, 1986; Eilert-Peterson and Schelp, 1998). According 
to hospital injury data collected over one year period, slipping on ice and snow 
during one winter caused 3.5 injuries per 1000 inhabitants per year in Umeå 
health district, an adjacent southern city of Luleå, where there were 118,544 in
habitants in 1993. Half of all injuries were fractures. Two-thirds of women 
who were 50 years old and over had fractures. The total amount of emergency care 
and sickness benefit during one winter season was 6.2 million SEK (0.78 mil
lion USD approx.), an average of 15,000 SEK (1,875 USD approx.) per in
jured. 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 estimated economic cost due 
to pedestrian slipping accidents in traffic areas (streets, sidewalks, zebra cross
ings, etc.) in Finland was 280 million Finnish Mark (53 million USD approx.) every 
year. 

People with no or less experience on ice and snow are presumed to encounter 
more slipping and falling risk when they come to such area as Luleå in Sweden, 
which is situated in the far north of Sweden (about 145 km towards the Arctic 
Circle). Research has suggested that new arrivals should be given proper training to 
walk on ice (Abeysekera and Khan, 1998). However, literature does not show studies 
on the influence of prior experience in cold environments and participation in winter 
sport on slip and fall accidents on icy surfaces. Previous studies showed that slips and 
falls increase for residents who live in cold regions and who are over 45 or 50 years 
old (Nilsson, 1986; Björnstig et al., 1997; Takamiya et al., 1997; Eilert-Peterson and 
Schelp, 1998; Kemmlert and Lundholm, 2001). Local inhabitants' experience in cold 
climate is interwoven with age, i.e. experience increases with age, which, therefore 
confound each other. 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. 
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The objective of this paper was to investigate and explain whether living experi
ence in winter climate with ice and snow and participation in winter sport help to 
prevent slips and falls on ice and snow. 

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. The weather information was obtained from Swedish National Road Ad
ministration. Items in the questionnaire included age, gender, months of living ex
perience in cold climate with ice and snow (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 (yes/no), number of falls, 
injury severity, body part injured, underfoot surface (hard ice, melting ice, snow, 
melting snow, hard ice covered with snow, etc.) and type of footwear and use of anti
skid devices 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. The questionnaires were de
livered by internal post to the whole survey population (all foreigners at the uni
versity), on which the response rate was based. These respondents were mainly 
exchange undergraduate and postgraduate students. The advantage of the similar 
age spectrum provided the possibility to study the effect of experience of living in icy 
and snowy environments, which ranged from 3 to 217 months. SPSS was used for 
data analyses. Kruskal-Wallis test was used to examine the slip rating scores (ordinal 
data) among different age groups, while Mann-Whitney method was used for testing 
the slip rating scores between two gender groups. Chi-square test for association was 
used to explore the relationship between the fall events (nominal data) and age and 
gender factors. Ordinal regression was applied to model the slip frequency (ordinal 
data) and experience (ratio data), while logistic regression was used to model the fall 
event (dichotomous variable) and experience. Logarithmic model was employed to 
fit the number of fall events and the experience. Multiway frequency analysis (hi
erarchical log linear analysis) was used to model the relationship between the de
pendent variable fall event (dichotomous data) and the two independent variables, 
experience (ratio data) and winter sport participation (nominal data). 

3. Results 

3.1. The e f f e c t of age, gender on slips and falls 

There were no significant differences of the slip rating (yf = 1.64, p = 0.802) and 
fall events (yf = 1.33, p = 0.515) among different age groups according to Kruskal-
Wallis test and Pearson chi-square test for association respectively. Neither were 
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there significant differences of the slip ratings (Z = —0.907, p = 0.364) and fall events 
(yf = 1.46, jc = 0.227) between female and male groups based on Mann-Whitney test 
and Pearson chi-square test for association. Therefore, following results were ana
lyzed without differentiating age and gender. 

3.2. Experience of living in cold environments 

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) based on or
dinal regression analysis. 

A logistic regression was applied to model the probability of fall events occurring 
based on the experience of living in cold climate. The fall events reduced as living 
experience increased (B = -0.030, p = 0.001). The logistic regression model (Fig. 1) 
is 

Logit = 0.633 - 0.03(Experience) 

The slope (B) represents the probability of fall events (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. 

A logarithmic model was found to better fit the number of fall events collected 
and the experience of living in cold environments (Fig. 2): 

(Number of fall events) = 1.574 - 0.299 ln(Experience) 

T 1 1 1 T 
0 50 100 150 200 

experience (months) 

Fig. 1. Predicted probability of fall events versus experience of living in cold environments (months). 
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Fig. 2. Predicted number of fall events versus experience of living in cold environment (months). 

where the number o f f a l l events decreased as the experience increased (B = —0.299, 

p = 0.005). 

Chi-square test showed that there was significant association between first visit 

group (respondents who visited L u l e å and exposed to the winter climate in Lu leå f o r 

the first t ime dur ing the survey, N = 19) and non-f irs t visit group in relat ion to f a l l 

events ( r = 3.896, p = 0.048). O f the first visi t group, 52.6% had fallen, while in the 

group who visited Lu leå earlier, 27.4% had fal len. W i t h respect to the usefulness o f 

past experience o f wa lk ing on icy surfaces in avoiding sl ipping, 75.0% responded yes, 

while only 7.4% no, 17.6% not applicable. Chi-square test showed statistical sig

nificance (yf = 54.206, p < 0.001). 

3.3. Winter sport participation and falls 

The ma jo r i ty (67.1%) took part i n winter sport, e.g. skiing, skating, ice hockey, 

snow boarding, etc. There was highly significant association between winter sport 

par t ic ipa t ion and f a l l events (y2 = 10.745, p = 0.001) according to chi-square test as 

shown in Fig . 3. The f ina l model o f mul t iway frequency analysis (hierarchical log 

70-, 
60-
50. 
40-
30 • 

u_ 
20. 
10-
0-

60.9 

21.3 

Winter sport participation Non-winter sport 

participation 

Fig. 3. Winter sport participation and falls. 
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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. Good-
ness-of-fit test showed that the final model was fitted well (x2 = 5.927, p = 0.431). 

3.4. Severity and distribution of body injures 

Of all falls, 52.4% had no injury, 47.6% had injury including minor injuries 
(bruise, swelling, slight pain, etc.) and pain lasted more than three 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%) and trunk (1.8%). 

3.5. Underfoot surfaces and footwear 

Of all fall events, most happened on hard ice covered with snow (37.7%), least on 
snow (1.4%), while 56.9% of the respondents wore ordinary winter shoes (excluding 
special insulated winter shoes, detachable anti-slip devices, and spiked/studded 
shoes), 16.9% sports shoes, 12.3% special insulated winter shoes (protection from 
cold), 4.6% summer shoes and 3.1% indoor shoes. Of the respondents, 3.1% did not 
remember the type of footwear and 3.1% used other types. No one wore detachable 
anti-slip devices or spiked/studded shoes. 

4. Discussion 

The objective of this paper was to investigate whether living experience in winter 
climate with ice and snow and participation in winter sport help to prevent slips and 
falls on ice and snow. Previous studies were based on the slipping and falling acci
dents data collected from local community, hospital, emergency report, and work 
population with the same experience of exposure in icy and snowy environments 
while at the same age (Nilsson, 1986; Björnstig et al., 1997; Takamiya et al., 1997; 
Eilert-Peterson and Schelp, 1998; Kemmlert and Lundholm, 2001). It is, therefore, 
difficult to separate experience factor from age factor. The statistical results of this 
investigation showed that there are no significant associations of slips and falls with 
reference to age and gender. It might be attributed to the limited age spectrum, which 
provides the possibility to study the experience factor. 

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 this inves
tigation. Although months of living experience still increases with the increase of age, 
human locomotion balance abilities based on visual, vestibular, preprioceptive af
ferent inputs, central nervous system and motor function deteriorate with age, re
sulting in difficulties to maintain gait balance or to recover from loss of balance after 
a slip (Pyykkö et a l , 1990; Tideiksaar, 1990). In the full life span, when the expe
rience cannot compensate for the deterioration of human locomotion function, slips 
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and falls will turn to increase after a certain age. This can partially explain why the 
elderly are typical victims. 

Another way of exploring the impact of living experience in cold climate on the 
occurrence of fall events is to compare the results between the first visit group with 
non-first visit group. The results that the first visit group had more fall events than 
non-first visit group further demonstrated that experience of living in and adaptation 
to the changeable winter climate in Luleå help to reduce slips and falls. It is con
sistent with that the majority believe the usefulness of past experience of walking on 
icy surfaces in avoiding slipping. 

It is argued that restricted physical activity negatively affects the bone structure 
(Cummings et al., 1990). Winter sport might improve and/or maintain 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. Slips 
and falls on icy surfaces are multifaceted problems (Abeysekera and Gao, 2001). 
Strategies of multiple approaches to preventing slips and falls should be adopted. 
Participation in winter sport and training in gait balance are two means to be in
tegrated into the prevention endeavor. 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. 

Slips and falls occur at the interface between footwear and underfoot surface. 
During the winter (October 2000-April 2001), the first snowfall began on 29 Octo
ber. The last snowfall ended on 19 April. The highest air temperature was 11.3 °C, 
the lowest -33.8 °C. Even during the coldest winter month (February), there were 
warm days during which the air temperatures rose above zero, resulting in melting 
snow, melting ice and the mixture of snowy and icy surfaces. Fall events happened 
least 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 (1998). 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 gait pattern in anticipation of a potential slippery environment to avoid a fall 
(Cham and Redfern, 2001; Redfern et al., 2001). This study demonstrates that the 
road only covered with snow (without ice) is safer in terms of fall risk. 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. 

Current winter and safety footwear, and footwear believed to be slip resistant by 
manufacturers do not provide enough slip resistance on melting ice (Gao and 
Abeysekera, 2002; Gao et al., 2003). No safety footwear soling provides adequate 
grip on dry ice (Manning and Jones, 2001). The grip with water on ice is even worse, 
according to the tests of 12 shoe soling samples including single density microcellular 
polyurethane (AP66033), dual density polyurethane (DDP), rubber, etc. (Manning 
and Jones, 2001). Grönqvist and Hirvonen (1995) measured 49 pairs of footwear; 
found that most (90%) were very slippery on wet ice (kinetic friction < 0.05). It is 
therefore necessary to integrate anti-slip property, thermal insulation and wearability 
into footwear for use on ice. 
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The response rate of a mail questionnaire survey is usually lower than personal 
interview. The low response rate is the limitation of this study, which might have 
potential effect on direct calculation of the percentage of fall events (34%) or injury 
rate among the population. We emphasized on analyzing the derived relationships 
between dependent variables and other factors, such as the associations of fall events 
with experience in winter and winter sport participation. 

5. Conclusions 

Slips and falls events reduce with increased experience of living experience in icy 
and snowy environments. Newcomers with no or less experience are prone to slip
ping and falling. They should be well informed of potential slip and fall risks upon 
arrival in cold regions. 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. 
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Abstract 

The objective of this study was to explain the contribution o f lower extremity muscle 
activity to the proactive gait kinetic and kinematic adaptations, for maintaining gait 
dynamic balance when walking on an inclined icy surface and the biomechanical 
mechanisms used to counteract slip risk. Two-way factorial experimental design was 
applied. Two independent variables were the walkway surface (ice at -10 °C and 
treadmill) and the walkway inclination (6°, 8°, 10°, 12°). The dependent variable was the 
amplitude of the surface EMG of four right lower extremity muscles (tibialis anterior TA, 
gastrocnemius lateralis GL, rectus femoris RF, and biceps femoris BF). Twelve healthy 
subjects (7 males and 5 females) participated in the walking trials. Two-way A N O V A 
analysis showed that, on the icy surface in the heel contact phase, significantly decreased 
EMG amplitude was found in TA and RF as compared to the treadmill surface, 
contributing to the reduced required coefficient of friction (RCOF), decreased heel 
contact angle, and cautious heel strike on ice. In mid stance phase, the GL muscle activity 
significantly decreased on ice as compared to treadmill. This might be a reflection o f 
cautious preparation for heel o f f and toe o f f on slippery icy surface. In mid stance phase, 
all four muscle activities increased significantly with the inclination. This could partly 
explain why the RCOF in the mid stance phase increased with increasing angle when 
ascending a ramp. During toe o f f phase, GL and RF activity increased with the 
inclination. This may contribute to the increased RCOF and peak RCOF with inclination 
during walking up as observed by other researchers. The present study provided insights 
into how the proactive gait kinetic and kinematic changes are achieved and the control 
mechanisms of stabilizing gait and posture through certain gait muscle activities when 
ascending on an icy slope. The mechanisms identified may be applied to develop 
intervention, rehabilitation and training techniques which prevent slip and fall risks and 
associated injuries on icy surfaces and to improve performance in human locomotion, e.g., 
for winter sports. 

Keywords: Icy surface; Inclination; Gait; Dynamic balance; Electromyography 
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1. Introduction 

Slips and falls and associated injuries on ice and snow are common in winter in many 
parts of the world. The primary risk factor for slipping is low friction between footwear 
and icy and snowy surface (Grönqvist et al, 2001). However, low friction does not 
necessarily lead to slipping, nor does a slipping event lead to falling, which is attributed 
to human's ability in maintaining and regaining posture and gait balance while walking 
on slippery surfaces and after slipping. 

Two balance strategies are required to achieve dynamic equilibrium in human walking, 
i.e., proactive and reactive balance. Proactive control involves the activation o f postural 
adjustments prior to the occurrence o f destabilizing forces directly associated with 
voluntary walking. The reactive control, on the other hand, involves activation of postural 
adjustment after an external disturbance is encountered (Winter et al. 1990). Previous 
research has shown that to avoid slipping people are able to modify their gait kinetics, 
kinematics, and muscle activity patterns with prior experience, knowledge or anticipation 
of slippery floor surface conditions, using proactive adjustments (Andres et al, 1992; 
Cham and Redfem, 2002; Marigold and Patla, 2002). Other studies have been carried out 
on reactive gait balance control after simulated perturbation and slipping event by 
translating the supporting floor (Brunt et al, 1990; Tang et al, 1998; Ferber et al, 2002) 
and on a set o f steel rollers (Marigold and Patla, 2002). The study on the control o f 
reactive balance adjustments in distally perturbed (simulated by translational floor 
movement) subjects at heel strike showed that the leg and thigh muscles were the key to 
reactive balance control and were sufficient for regaining balance within gait cycle rather 
than proximal muscles (hip/trunk) (Tang et al, 1998). The changes in kinetics and 
kinematics o f gait when anticipating slippery floors (with dry, water, soap, and oil 
contaminations) and the corrective reactions due to slip events on inclined floor surfaces 
were studied by Cham and Redfem (2001 and 2002). Their studies showed significant 
changes in postural and temporal gait adaptations, and lower extremity joint moments, 
which affected ground reaction forces. The peak required coefficient o f friction 
(RCOFpeak) was reduced, thus reducing slip potential on anticipated slippery surfaces. It 
is assumed that the results are attributed to the overall muscle reactions (Cham and 
Redfem 2001 and 2002). 

One of the most critical biomechanical factors in slips and falls is thought to be the 
ground reaction force as the foot comes into contact with underfoot surface (Redfern et al. 
2001). Latest research showed that muscles made the largest contribution to support, 
accounting for 50-95% of the vertical ground reaction force generated in stance during 
normal walking (Anderson and Pandy 2003). A few researches have investigated the 
effects of adjusted gait on lower extremity muscles activity while anticipating slippery 
level floor (Spaulding and Lockhart 2002, K i m and Lockhart 2002). However, how the 
lower extremity muscles contribute to the proactive kinetic and kinematic gait changes, 
and to maintain gait balance during walking and slipping on inclined slippery icy surface 
in cold environment has not been documented in literature. 
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The hypothesis was that when anticipating both visually and proprioceptively the 
slipperiness o f ice, the related lower extremity muscle activities would alter, therefore 
contributing to the kinetic and kinematic gait adaptations, to maintain posture and gait 
balance, and to help recover from the loss of balance due to slips. 

The objective o f this study was to explain the contribution o f lower extremity muscle 
activity to the proactive gait kinetic and kinematic adaptations, for maintaining gait 
dynamic balance when walking on inclined icy surface and the mechanisms used to 
counteract slip risk. 

2. Method 

Twelve healthy subjects (7 males and 5 females) without musculoskeletal or neurological 
abnormalities, and visual and vertibular disorders, participated in the experiment. Their 
mean age was 30.1 ± 7.6 years, mean height 169.3 ± 7.4 cm, and mean weight 61.5 ± 7.5 
kg. A l l subjects had more than 5 years o f experience in l iving and walking on icy and 
snowy walkways in winter. The experiment was approved by the Ethics Committee o f 
Luleå University of Technology. Participant's consent was obtained before the 
experiment. 

Two independent variables were the walkway surface (ice and treadmill) and the 
walkway inclination (6°, 8°, 10°, 12°). A special icy walkway (2.7 m long, 1.0 m wide 
and 10 cm thick) was made in a climatic wind tunnel (ice with surface temperature at -10 
± 2 °C, the air temperature at -10 ± 0.5 °C, air velocity at 1.5 m/s). A treadmill (not 
running, at room temperature environment) was used as the reference walkway. The 
inclinations of the ice and reference walkways were the same. 

The dependent variable was the amplitude o f the surface EMG, which was normalized 
against Maximum Voluntary Isometric Contraction (MVIC) o f four right lower extremity 
muscles (tibialis anterior TA, gastrocnemius lateralis GL, rectus femoris RF, and biceps 
femoris BF), as the most frequently used normalization is through isometric M V C 
(Söderberg and Knutson 2000, Burden et al. 2003). A ME3000p8 EMG tester and 
MegaWin software were used to measure and analyze E M G data (4 channels for the 4 
muscles in the right lower extremity, sampling rate 1,000 Hz, raw data recording mode, 
1-4 M B memory card). For analysis, the raw E M G signals were full-wave rectified, high 
and low-pass filtered between 8-500 Hz. The averaged EMG signals were used. 

Two-way factorial experimental design was applied. Each subject was tested in all 10 
conditions (2 surfaces x 5 angles). Subjects wore winter clothes assuring no cooling 
effect on muscles and the body occurred. They also used same type o f footwear (different 
sizes) with soling materials being thermoplastic polyurethane (TPU) and fiber 
combination over all experimental conditions. 

Before entering the climatic wind tunnel, the skin was shaved and rubbed with alcohol to 
minimize impedance. The pre-gelled bipolar surface electrodes (type: Blue sensor, M -
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OO-S, Medicotest, Denmark) were placed on in the middle part over the belly o f the four 
muscles for the right lower extremity (Kumar 1996, Söderberg and Knutson 2000). After 
entering the climatic wind tunnel, the subjects were equipped with a safety harness to 
prevent injury in case o f falling. Prior to the formal experimental trials, the subjects were 
asked to walk on the icy surface to be familiar with it . For the formal walking trials, the 
subjects were instructed to walk as normally as possible on the walkway (at their self-
selected pace). Each subject walked on the level walkway, and up and down on the 
walkway when it was inclined. In this paper, only walking trials on level and on upward 
ramp (6°, 8°) without slipping are presented. As there were a number o f slipping events at 
10° and 12° inclinations, the sample size became too small for non-slipping analysis at 
these two angles. The results during slipping and downward walking wi l l be presented in 
another paper. 

Subject's walking trials were videotaped from the sagittal plane. Both video and EMG 
recordings were marked using a flashlight which was connected to the EMG tester via 
marker cable. The video was used to divide gait cycle. During data analysis, the video 
was first digitized using Adobe Premiere and then synchronized with the matching EMG 
signal in the MegaWin program. In bipedal walking the gait cycle is divisible into a 
stance and swing phase, and then further subdivided (McClay 1995, Kumar 1996, Eils et 
al. 2003, Anderson and Pandy 2003). The digital video was used to divide one gait cycle 
(right heel to right heel contact) into the following phases as shown in Figure 1. 

• Stance phase (ST), heel contact (HC) to toe o f f (TO), 
The stance phase was then subdivided into 

1) Early stance (STl ) , heel contact (HC) to foot flat (FF), 

2) Mid-stance (ST2), foot flat (FF) to heel o f f (HO), and 

3) Late stance (ST3), heel o f f (HO) to toe o f f (TO). 

• Swing phase (SW), toe o f f (TO) to heel contact (HC). 

Two-way A N O V A within-subject (repeated measures) was used for the statistical EMG 
data analysis. 

3. Results 

The TA (pretibial muscle group) and BF (hamstring muscle group) have their peak 
activities during heel strike (STl phase) as shown in Figure 1 and Table 1. GL (calf 
muscle group) increases activity during mid stance (ST2). GL activity is relatively low 
during swing phase (SW). TA reaches another smaller peak during toe o f f (ST3 phase), 
and continues to maintain some degree o f activity throughout the stance phase (ST) and 
swing phase (SW). The results and gait EMG patterns of this study are in agreement with 
those in normal walking as shown in literature (Kumar 1996, Ferber et al. 2002, Warren 
et al. 2003). 
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Figure 2. Typical example of phasic EMG pattern during normal walking on level 
treadmill for one gait cycle (GC, right heel to right heel contact, duration 
1.160 s): ST1=0.120 s (10.3% of GC), ST2=0.520 s (44.8% of GC), 
ST3=0.120 s (10.3% o f GC), Whole stance (ST)=0.760 s (65.5% of GC), 
SW=0.400 s (34.5% of GC). 

Two-way A N O V A analysis showed that, on the icy surface in the heel contact phase, i.e., 
early stance phase (STl) , a significantly decreased EMG amplitude was found in the 
ankle dorsiflexor muscle, extensor muscles of the shank and the thigh (TA and RF) as 
compared to the treadmill surface (P= 0.042 and 0.027 respectively, Table 1). 

In mid stance phase (ST2), on the contrary, the mean EMG amplitude of TA and RF 
muscles increased significantly on ice (P=0.011 and 0.002 respectively) as compared to 
treadmill surface. However, the gastrocnemius lateralis muscle activity significantly 
decreased (P=0.000) on ice as compared to treadmill surface. A l l four muscles (TA, GL, 
RF and BF) activities increased significantly when the walkway was inclined (P=0.001, 
0.000, 0.002, and 0.000, respectively). 

In the toe o f f phase, i.e., late stance phase (ST3), on the contrary to the early stance phase 
(STl) , the EMG activity significantly increased in the ankle dorsiflexor muscle, extensor 
muscles of the shank and the thigh, and flexor muscle of the thigh (TA, RF and BF) on 
the ice surface compared to the treadmill surface (P= 0.040, 0.046 and 0.012 respectively, 
Table 1). 

In swing phase (SW), except for TA muscle, the activity of GL, RF and BF muscles 
increased significantly (P=0.038, 0.015, and 0.049 respectively) on ice compared to 
treadmill surface (Table 1). 
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Table 1. Four lower extremity- muscle activities in different gait phases when walking on ice and treadmill at different 

inclination 

EMG Ice Treadmill P-

(% level 

MVC) 0" 6" 8" 0" 6" 8" Surface Angle Interaction MVC) 
effect effect effect 

STl 31.9*14.5 35.7±17.7 49.0*21.6 40.3±15.3 53.3*22.3 50.4*15.1 0.042 n.s. n.s. 

ST2 19.3±14.7 30.5*13.4 42.7*19.5 8.6±3.3 17.3*9.6 18.9*10.7 0.011 0.001 n.s. 

TA ST3 20.1± 10.1 25.8*10.7 27.4*10.0 17.0±7.1 17.4*6.5 16.7*7.5 0.040 n.s. n.s 

SW 15.3±5.7 19,6±7.6 20.1*6.8 18.9±7.0 19.2*5.2 22.7*3.2 n.s. n.s. n.s. 

STl 7.5*4.2 7.8±5.2 10.0±7.4 6.0±2.3 7.1*3.1 6.0*2.1 n.s. n.s. n.s. 

ST2 15.3±7.8 22.4*10.2 22.9*8.8 19.9±11.7 39.6*12.5 41.1*12.4 0.000 0.000 0.000 

G L ST3 7.2±6.5 11.1*8.8 9.2*3.5 5.2±4.2 16.8*12.6 18.6*11.3 n.s. 0.009 0.042 

SW 4.9*4.5 5.6*4.3 5.4*4.7 2.8±2.0 3.7*4.0 3.3*2.7 0.038 n.s. n.s. 

STl 6.0*4.1 6.8*3.9 7.4±2.8 7.1±4.1 9.1*2.5 9.2*2.6 0.027 n.s. I I S 

ST2 6.6*4.2 12.8±6.6 17 5±8.7 3.5±1.8 6.0*3.1 8.2*4.9 0.002 0.002 n.s. 

RF ST3 8.0*2.7 12.0±6.0 12.8±6.0 4.4±3.2 8.0*3.9 7.5*4.5 0.046 0.007 n.s. 

SW 2 6- 1 3 6.7±3.5 6.0±2.I 2.5*1.9 2.9*2.0 3.4*2.3 0.015 0.001 0.019 

STl 35.2*22.7 31.7±23.4 33.3±19.9 24.0±17.9 36.7*17.8 37.9*23.5 n.s n.s. n.s 

ST2 12.0±8.1 23.1*17.3 22.8±12.6 7.8*5.0 14.5*6.7 18.8*7.8 n.s. 0.000 n.s. 

BF ST3 5.5*2.3 7.1*2.4 7.2±6.0 1.9*0.7 2.0*1.3 2.7*0.7 0.012 n.s. 11 s 

SW 13.2*9.0 13.8*5.3 12 6±3.7 10.4*4.7 8.0*2.7 9.2*2.8 0.049 n.s. ns 

The four muscles: TA: Tibialis anterior: GA: Gastrocnemius lateralis; RF: Rectus femoris; BF: Biceps femoris 
The gait phases: S T l : early stance; ST2: mid-stance; ST3: late stance; ST: the whole stance phase; SW: swing phase 

n.s.: not statistically significant (P>0.05) 
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4. Discussion 

Bipedal human walking has an element o f inherent unsteadiness and thus requires 
substantial proactive balance control. This inherent unsteadiness results primarily from 
biomechanical disadvantages, including: (1) a heavily weighted upper body (high center 
o f mass, COM), (2) a small base of support (BOS), and (3) long single-support periods (~ 
75-80% of the gait cycle) (Winter et al. 1990). With these disadvantages, certain gait 
strategies are needed to overcome the inherent unsteadiness. Proactive control is thought 
to be achieved by incorporating compensatory muscle forces and/join torques into the 
normal gait pattern so as to minimize the destabilizing forces occurring at certain gait 
events (Winter et al. 1990). To maintain gait dynamic balance is even more important 
while walking on slippery surfaces. 

4.1 The effect of underfoot surface 

During the heel contact (STl) , significantly decreased EMG amplitude was observed in 
the dorsiflexors and the extensor muscles o f the shank and the thigh (tibialis anterior and 
rectus femoris) on ice compared to treadmill. This indicates that there is a cautious heel 
strike on ice to avoid slipping forward. As the Ground Reaction Vector (GRV) falls 
posterior to the ankle joint (Ayyappa 1997), the decreased TA muscle activity help to 
create a plantarflexion moment (increased plantar flexion and decreased dorsiflexion), as 
a result, a more flat initial heel contact is caused, i.e. smaller heel contact angle. Other 
research (Marigold and Patla (2002) has showed that the heel contact angle and the 
braking impulse were also reduced in repeated perturbation slip trials (due to the prior 
slip experience). Landing flat-footed was also observed in the reduced plantar sensation 
study that used ice water immersion (Eils et al. 2003) and in the investigation by Brady et 
al. (2000). This foot-flat contact strategy obviously increases the support/contact area 
(base o f support), thus minimizing the risk of slipping forward. But the muscle activity 
magnitudes o f TA, M G (medial gastrocnemius) and BF by Marigold and Patla (2002) are 
somewhat different from the present study, which might be attributed to different muscle 
activities recorded, and different slippery surfaces used in the two studies. 

Previous study demonstrated that the postural and temporal kinetic and kinematic gait 
strategies were adopted to decrease ground forces (shear force and normal force), when 
anticipating slippery surfaces, resulting in reduced RCOF p e ak (Cham and Redfern 2001 
and 2002). They argue that the reduction o f slipping risk (RCOF p e ak) was achieved 
through more slowly rotating the foot down onto the floor during heel contact, adopting 
shorter strides (length and duration), reducing foot contact angles and slowing the 
transfer of body weight to the supporting foot. The results o f this study may partly 
explain how all these changes were achieved by significantly decreasing EMG amplitude 
in the dorsiflexors of the ankle and the extensor muscles of the shank and the thigh 
(tibialis anterior and rectus femoris) on slippery surface during heel contact phase. As 
found in a study on the contributions o f individual muscles to the vertical ground reaction 
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force (GRF) during normal gait, muscles made the primary contribution (responsible for 
50% or more o f the total Ground Reaction Force, GRF) to vertical support during the gait 
cycle, especially during foot flat and heel o f f periods (Anderson and Pandy 2003). Sharp 
changes in the force contributions at 9% and 48% of the gait cycle correspond to foot-flat 
and heel o f f respectively. They also found that just after heel strike, but before foot-flat 
(0%-9% of gait cycle), support was generated by the dorsiflexors. Tibialis anterior is the 
major dorsiflexor muscle. Interestingly, our results during the heel contact phase ( S T l , 
corresponding to the heel strike to foot-flat phase, duration 0-10.3%) showed a decreased 
EMG amplitude for tibialis anterior. This could explain how the cautious heel strike is 
achieved and why the GRF is reduced as observed by Cham and Redfern (2001 and 
2002). 

In mid stance phase (ST2), the momentum o f forward progression over a stable foot with 
tibial stability maintained should be achieved. The increased mean EMG amplitude of 
tibialis anterior and rectus femoris muscles might indicate the increased efforts to better 
maintain tibial stability and a stable forward momentum on slippery icy surface. We 
should bear in mind that this is the result on the right lower extremity. The right foot mid 
stance phase corresponds to the swing phase of the left foot. Therefore the increased TA 
and RF muscles activity is necessary to maintain a more stable whole body forward 
momentum and posture. 

However, the gastrocnemius lateralis muscle activity significantly decreased (P=0.000) 
on ice as compared with a treadmill. This is also partly due to the demand on translating 
the body center o f mass (COM) forward. A similar result was demonstrated in other 
studies on adjusted gait on a known contaminated slippery indoor floor surface 
(Spaulding and Lockhart 2002), in which the right gastrocnemius muscles mean 
activation was significantly lower for adjusted gait (on contaminated slippery level floor 
surface) versus normal gait (on non-slippery level floor). The decreased contraction o f 
ankle plantar flexion muscles (GL) results in a lesser extent o f ankle plantar flexion 
during mid stance. This might be a reflection o f cautious preparation for heel o f f and toe 
o f f on slippery icy surface. As discussed above, Anderson and Pandy (2003) observed 
that the sharp changes in the force contributions at 9% and 48% o f the gait cycle to 
correspond to foot-flat and heel o f f respectively. They have found that during 48-65% of 
the gait cycle (push-off phase, the second peak of GRF), support was generated almost 
entirely by soleus and gastrocnemius muscles. This could partly explain why the GRF is 
reduced as observed by Cham and Redfem (2001 and 2002). This appears to be the 
mechanisms even though our representative example mid stance phase (Figure 2) did not 
exactly correspond to the phase described by Anderson and Pandy (2003). 

During toe o f f phase (ST3), on the contrary to the heel contact phase (STl ) , E M G 
activity significantly increased in the ankle dorsiflexor muscle, extensor muscles o f the 
shank and the thigh, and flexor muscle o f the thigh (tibialis anterior, rectus femoris and 
biceps femoris) on an ice surface as compared to a treadmill surface (Table 1). This is to 
maintain a higher degree o f ankle dorsiflexion (decreased plantar flexion) during heel o f f 
and toe off. This is consistent with the results from the reduced plantar sensation using 
ice water immersion (Eils et al. 2003). It is necessary to produce extra horizontal forward 
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force to counter rearward shear force. Decreased rearward shear force during toe o f f 
phase eventually reduces the risk of toe o f f rearward slipping on slippery floor surface as 
compared with rough floor surface (Cham and Redfern 2002, Hanson et al. 1999). The 
coordinated synergistically co-activation of these two antagonistic muscles RF and BF is 
believed to stiffen the knee joint to enhance stability o f the knee joint and thigh to 
overcome rearward slipping threats during toe o f f phase (Ayyappa 1997). This is also 
true during the swing phase for RF and BF muscles. Anderson and Pandy (2003) showed 
that during heel o f f to toe o f f phase, the ground reaction force was generated almost 
entirely by soleus and gastrocnemius muscles. A reduction o f GL muscle activity would 
indicate a reduced GRF and a more cautious toe off. However, our results showed a 
reduction o f GL muscle activity in the mid stance phase, which might indicate a cautious 
mid stance. There is a phasic difference as compared with the results by Anderson and 
Pandy (2003) in terms of GL activation, which might be due to walking velocity and 
different degree of slipperiness of the surface used. 

The adaptation and strategy o f swing phase during the gait cycle have not been well 
studied because previous studies of proactive gait strategies on slippery surfaces or 
surface perturbations have been mostly based on the application o f force plate (kinetic 
studies). However, the kinetic study o f gait can only be limited to stance phase. Our study 
showed that in swing phase (SW), three muscles' (GL, RF, BF) activity increased 
significantly on ice in comparison to treadmill surface. The co-activation o f BF and RF is 
believed to have multiple roles o f decelerating the thigh, retaining further hip flexion, and 
stabilizing the knee during swing phase (Ayyappa 1997). This also assists the knee 
flexion to maintain effective stability during forward swing progression o f the lower limb 
on icy surface, which is in line with the results by Eils et al. (2003). 

4.2 The effect of surface inclination 

The icy slope surface was designed to investigate the effect o f inclination and to simulate 
slipping events in a laboratory setting. The muscle activities during descending the slope 
and slipping were not included in this paper. 

During heel contact (STl ) , all four muscles activations were not affected with increments 
in inclination. However, in mid stance (ST2), all four muscle activities increased 
significantly with greater inclination. This could be partly the reason why the RCOF in 
the mid stance phase increased with increasing angle when ascending a ramp as observed 
by McVay and Redfem (1994). On the other hand, i f we look further at the findings by 
Anderson and Pandy (2003), we can see that in mid stance, the ground reaction forces are 
partly generated by muscles and partly by the resistance to gravity. Therefore, the 
increased muscle activity during mid stance might partly indicate the need for 
maintaining gait balance on slopes. The more inclination, the more increased muscle 
activity to maintain the forward momentum during the mid stance phase on right lower 
limb to support the whole body dynamic stability when the counterlateral leg is in mid 
swing phase. 
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During toe o f f (ST3), GL and RF activity increased with the inclination. This may 
contribute to the increased RCOF and peak RCOF over ramp angle (0 - 20 degrees) 
during walking up as observed by McVay and Redfern (1994). They also found that the 
peak RCOF is higher in the upward direction than the downward direction, and occurs 
towards the push o f f phase o f the gait. Therefore, while ascending slippery ramps, the 
rearward (toe o f f ) slip risk is greater than forward (heel contact) slip. 

Kinetic and kinematic studies were not conducted together with EMG measurements due 
to two reasons: 1) bulky clothing used in the climatic wind tunnel (-10 °C) which made it 
difficult to apply the markers onto the clothing, 2) possible water immersion risk for 
force plate under the ice. Therefore, a video camera (25 fps) was used in this study to 
record subjects' locomotion on ice and treadmill, based on which the EMG signals were 
divided into different phases. Supposing that the average normal cadence is 120 
steps/min (1 gait cycle/s), then the accuracy is 4% (40 ms/1000 ms). In this study, 
although the subjects were instructed to walk as normally as possible, they actually 
walked slower than the average. The mean time of one gait cycle on treadmill is 1,250 ms, 
which gives the accuracy of 3.2% (40 ms/1250 ms). However, in order to further improve 
the accuracy, the video frequency could be further increased in future studies. 

5. Conclusions 

The present study provides insights into how the proactive gait kinetic and kinematic 
adjustments are achieved and the control mechanisms for stabilizing gait and posture 
through certain gait muscle activities when ascending an icy slope. Both increased and 
decreased gait muscle activities (EMG) at different gait phases are observed to serve 
proactive gait balance strategies including a cautious heel contact and toe o f f to avoid 
slipping on the inclined icy surface. Some of the implications o f the mechanisms of 
proactive gait adaptation strategies are to develop intervention and rehabilitation 
techniques to prevent slips and falls and associated injuries for population, e.g., the 
elderly who are at risk o f slips and falls, and to help develop specific techniques to train 
athletes in winter sports, e.g., skiing. 
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