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ABSTRACT

The recommendations made after the analysis of accidents following an
incident of slipping often include the use of anti-slip footwear and/or the
installation of an anti-slip floor covering. Such recommendations make it
necessary to study biomechanical and tribologic phenomena that occur during
slipping, in particular in order to develop criteria for the evaluation of the slip
resistance of footwear and floor surfaces. Consequently, research which deals
with the prevention of slipping is more or less directly related to the
methodology of measuring slip resistance, and can have many objectives,
including :
- the study of the conditions or accident-related factors encountered at the time
of slipping in an industrial context,
- the analysis of the dynamic of slipping at the interface between a slippery
floor and the foot,
- the analysis of tribologic phenomena that occur at this interface,
- the choice of a relevant criterion to assess the slip resistance or
- the development of a test bench.
The results of these studies can be used to express preventative
recommendations or to support/discuss standardisation projects on the
measurement of the slip resistance of protective shoes or floor coverings.
Globally speaking, these studies have contributed to a better understanding of
the complexity of slips and of their prevention, and it is for this reason that
they are reviewed in the current paper. Special emphasis will be placed on the
differences observed between the different approaches rather than on the
multitude of (occasionally contradictory) results obtained from them. This
literature review has allowed us to partially explain the reasons that slow down
progress in harmonising methods for the measurement of slip resistance, and

also to explain the more recent studies on perturbed locomotion or posture.



These studies have been undertaken on the strategies used to confront the risk

of falling or to cope with the loss of balance.

1 INTRODUCTION

The prevention of slips represents a significant portion of the studies and
research carried out on same level falls. In effect, slipping contributes to
approximately 12% of all occupational accidents (Strandberg and
Lanshammar, 1981). Also, the recommendations made after the analysis of
accidents following an incident of slipping often include the use of anti-slip
footwear and/or the installation of an anti-slip floor covering. Such
recommendations make it necessary to study biomechanical and tribologic
phenomena that occur during slipping, in particular in order to develop criteria
for the evaluation of the slip resistance of footwear and floor surfaces.

Once they were developed, methods for the measurement of slip resistance
were used for different purposes. First of all, they have been used to compare
products (footwear or surfaces) in existing markets, and to set up lists of
recommended products. In this case, the slip resistance of footwear is assessed
with respect to a slippery reference surface (usually covered with a reference
lubricant), and the slip resistance of different surfaces is assessed with respect
to a given shoe, or model of shoe, and a reference lubricant. With this type of
arrangement it is possible to study the characteristics of the sole of the shoe
(relief, material) or of the floor surface (roughness, permeability...) that
improve slip resistance.

In general, this type of study is performed in the laboratory on new products.
However, the properties of floor surfaces and footwear are constantly modified
as a function of wear, dirt, and humidity. While it is possible to test the slip

resistance of used footwear in the laboratory, the same cannot be said for worn



surfaces. In this case it is necessary to have access to a portable device in order
to be able to assess slip resistance in situ at industrial sites (surfaces that are
more or less worn, more or less soiled). Such measurements can also be used to
test the effect of specific factors that are linked to use : factors such as the type
of soil, cleaning, wear, etc. .

The current work provides a review of the work dealing with the methodology
of measuring slip resistance. Most of this work deals with occupational
accidents or prevention. Special emphasis will be placed on the differences
observed between the different approaches rather than on the multitude of

(occasionally contradictory) results obtained from them.

2 SITUATION STUDIED : TERMINOLOGY

Information available from literature and national statistics is essentially
incomparable and is therefore difficult to synthesize (Leclercq, 1998a). Most of
it is dealing with same level accidents, but not with slipping accidents (a sub-
set of same level accidents for which the loss of balance is caused by slipping).
The study carried out by Strandberg and Lanshammar in 1981 concerned about
83000 occupational accidents including about 10000 accidents during which
"slipping" was a contributory factor. This is the reason why it is so often
referred to.

Statistical studies of slipping in accidents show that :

- the victim is walking normally at the time of the accident in 59% of the

cases (Strandberg and Lanshammar, 1981).
- in all sectors of activity together, approximately one out of two such

accidents occurs indoors (Strandberg and Lanshammar, 1981 ; Tissot,

1994).



- the ground covering is soiled in approximately 80% of the cases (Manning
et al., 1988 ; Gronqvist and Roine, 1993), being covered with liquids in 45%
of the cases (Manning et al., 1988), by ice or snow in 15% (Strandberg and
Lanshammar, 1981 ; Manning et al., 1988), or strewn with objects in 21%
of the cases (Manning et al., 1988).

It is for these reasons that the case studies examined are slips that occured on

hard, soiled floor surfaces (covered by a more or less viscous product) or on

ice, with a subject who walks and slips while wearing either street or safety
footwear (boots or shoes). This situation reflects the more dangerous
conditions ( Strandberg, 1985 ; Tisserand, 1985 ; Grongvist, 1995a), but as
indicated by Skiba (1985), it is not representative of all types of slipping. If we
consider the information cited above, along with the fact that slipping
contributes to approximately 12% of occupational accidents (Strandberg and

Lanshammar, 1981), it can be supposed that this situation is representative of

somewhere between 4 to 7% of occupational accidents.

The forces found at the shoe/surface interface at a given time t are represented

in Figure 1. The ratio T/N (t) is the friction required index (as defined by

Rhoades and Miller, 1988), and depends in particular on the task at hand. The

ratio T'/N' (t) is the friction use index (as defined by Strandberg, 1985). Its

value is a function of the friction required and the friction available

(Tmax/N'(t)) which itself depends on tribologic conditions (state of surface,

extent to which it is soiled,...). The available friction index is the maximum

possible value that the ratio T'/N' can have at a given instant. If the required
friction is greater than the available friction, the sole will slip on the surface,
and the used friction is assimilated with the available friction during the slip.

The friction index T'N'(t), which is proportional to the force opposing

(resisting) the slipping motion, is commonly referred to as the slip resistance or

skid resistance. The slip resistance offered by a shoe or a floor coating can be

assessed by means of a mechanical device, either directly or indirectly, with a



criterion which can vary inversely with the friction (e.g. the stopping distance,
or the distance necessary for an object that has been pushed by an impulse into
a slipping motion over a surface to come to a halt). Here, one tends to speak in
terms of slipperiness. The terms slipperiness, slip resistance, and anti-slip are
sometimes used interchangeably. The threshold (or adequate slip resistance) is
the limiting value, beyond which the risk of falling after slipping is considered
to be negligible.

In order to be able to make a distinction between anti-slip products and those
that are not slip resistant in terms of footwear or floor coatings, it is necessary
to precisely define the conditions under which the slip resistance is measured
(movement between the elastomer and the surface, the normal force, sliding
speed...), and a safety threshold value. The different studies carried out in this
area have produced a multiplicity of measurement methods and apparatus,

certain principles of which are still being debated.

3 METHOD DEVELOPED AT THE INRS FOR THE EVALUATION OF

SLIP RESISTANCE

The INRS began to propose the use of a test bench and method for the
evaluation of the slip resistance of safety shoes in 1969 (Tisserand, 1969). This
method was previously described by Tisserand (1985). The principle test
conditions are represented in Figure 2 and include : the shoe is posed flat on a
sheet of stainless steel covered with oil, a vertical force of 600 Newtons
maintains the shoe against the surface, and at the moment the measurement is
made, the relative velocity between the oiled surface and the shoe is 0.2 m/s.

The measurement conditions were defined so that the measured index reflects
as much as possible the impression of safety felt by subjects wearing different

test shoes, and sliding over an oiled sheet of stainless steel. A simplified model



of slipping was used to express the requirements in terms of static friction
(measured at the instant that the relative shoe-surface movement begins) and
dynamic friction (measured during the slipping of the shoe on the surface) :

- prevent the initial slipping of the foot : high static friction,

- limit the acceleration of the slipping motion in order to reduce any
perturbation of the subject's balance : i.e. a slight difference between the static
and dynamic friction if one accepts the hypothesis that the static friction force
is higher than the dynamic friction force.

The sensations felt by the subjects showed that the static friction index was
inversely correlated with the impression of safety, and that the dynamic friction
index and the difference between the two indices reflected the feeling of safety.
This was the first time that the relevance of the measurement of a dynamic
friction index was demonstrated in terms of safety as it relates to slipping.
Later studies on the dynamics of the forces at the slip-surface/shoe interface
confirmed the relevance of the choice of a dynamic friction index, and allowed

people to deepen their knowledge of the slip-related phenomena.

4  INTERLABORATORY COMPARISON

Similar developments took place outside of France. Numerous methods and
devices were developed. However, it was only at the beginning of the 1980s
that this work was widely published in international scientific reviews. At this
time, Strandberg (NBOSH, Sweden) was directing an ambitious project that
brought together most of the specialists in the area of the prevention of
slipping. This project provided one of the first occasions for inter-laboratory
tests. It represents a turning point, and is still considered as a reference in the

domain.



4.1 DEVICES EVALUATED

In limiting himself to developments concerning the safety of pedestrians,
Strandberg (1983a) found in the literature 92 methods for the measurement of
slip resistance using 62 distinct devices (different methods being possible with
a given device). There was a wide variety of measurement principles, as well
as of types of information output. It is not particularly useful to list them all
here (see, e.g. Strandberg, 1983a). 25 different methods were compared during
this inter-laboratory test, and each of the methods was applied to 13

combinations of surface/lubricant/sole (Strandberg, 1985).
4.2 OBIJECTIVES

Two criteria for determining the acceptability of a method were proposed :

- its reproducibility, which was assessed in terms of the dispersion of the
measurements obtained using a given method when the measurement
conditions do not vary.

- its validiﬂgt’raudberg and Lanshammar (1981) listed the essential variables
that should be reproduced by the measurement devices in order to assure the
validity of the method. These included : the angle that the foot makes with the
ground, as well as the point of application of the contact force in order to test
the most important part of the shoe; the vertical force in order to respect the
pressure in the contact zone; the time scale in order to be able to account for
the possibility of drainage from the relief on the sole; and finally, the sliding
speed. If the values of these biomechanical parameters are sufficiently realistic,
then the complex tribological phenomena produced during the slipping action

will also be realistic.



4.3 IDENTIFICATION OF VALUES OF THE ESSENTIAL
PARAMETERS

In order to identify the values that should be attributed to these parameters with
the objective of developing a valid model of slipping, Strandberg and
Lanshammar (1981) positioned subjects in a situation likely to provoke a loss
of balance due to slipping. They studied in detail the tribological phenomena
occuring at the surface/shoe interface when a subject encounters a polluted
surface whilst walking normally. Their work confirms the results obtained by
Perkins (1978) - the detailed results of these two studies are mentioned below -
. In particular, it was emphazised that the most critical phase of equilibrium for
a subject walking normally in a straight line is the moment of impact of the
heel with the surface. They provide an image of the surfaces in contact, and of
the dynamics of the forces at the interface at this time. The results of their
experiments also confirmed that a dynamic friction index is a relevant means
of representing safety with respect to slipping. Effectively, the authors noted a
slipping of the heel at the moment of contact for most of the trajectories. This
movement was generally not noticed by the subject, and even occured when no

lubricant was present on the surface.

Perkins (1978) analysed both the horizontal and vertical components of the
force exerted between the shoe and the ground during normal walking, as well
as films retracing slips. He arrived at the following conclusions :

- during a normal gait, a fall can result when the foot slides forward at the
moment that the heel comes into contact with the surface. At this instant the
average value of the ratio of the horizontal force/vertical force is
approximately 0.2 for 8 subjects, and the maximum values were approximately

0.33 and 0.26 (2 successive peaks on the curve).
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- if the length of the slip exceeds 10 to 15 centimetres, a loss of balance
occurs.

- in certain cases the subject regained balance after slipping a short distance.
This was explained by the fact that the entire shoe rapidly comes into contact
with the surface after the onset of the slip, and thus increases the level of

friction.

Strandberg and Lanshammar (1981) placed 4 subjects in a harness and had
them walk in a straight line, or slip on a flat, level surface covered occasionally
with some sort of pollutant. They made a certain number of observations based
on 124 experiments :

- a slipping of the heel on the surface at the moment of contact was observed
during most of the tests. This movement is generally not noticed by the subject,
and occurs even if there is no lubricant on the surface.

- on average, the critical slipping movement occurs 0.05 seconds after the heel
touches down. At this instanf, the vertical force is equivalent to approximately
60% of the body weigﬁ'ros;il; is applied between the heel of the sole - which
makes an angle of approximately 5° with the surface - and the surface.

- once initiated, a slip will progress if the horizontal force/vertical force ratio
continues to increase after it begins.

- when the slip speed exceeds 0.5 m/s , or when the length of the slip exceeds
0.1 m, the slip generally leads to a fall.

- when there is no dangerous slip, the maximum value of the horizontal
force/vertical force ratio at the beginning of the rolling action of the foot, was,
on average, equal to 0.17 and was detected 90 ms after the contact of the heel.

- when a slip does not lead to a fall, the horizontal force/vertical force ratio
varies between 0.1 and 0.2 during the time that the foot slides forward.

- sliding movements to the rear that occur just before the toes are lifted from

the surface never led to a loss of balance, nor to a fall.
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The calculation of the large number of parameters required a sophisticated
experimental set-up, and limited the collection of information to the duration of
one pace taken at a normal walking rhythm. As pointed out by Strandberg
(1985), it is not possible to explore the entire course of an accelerating or
decelerating subject, nor a subject walking normally around a corner in the
same way. Furthermore, the observed levels of inter and intra-subject
dispersion in the measured parameters led Strandberg and Lanshammar (1981)

to only take the order of magnitude of the numerical values into consideration.

4.4 CONCLUSION

The wide variability of the biomechanical quantities prevents one from
defining precise values for the parameters defined by Strandberg and
Lanshammar (1981) as being essential for the evaluation of slip resistance at
the instant of impact of the heel on the ground - the critical phase for
maintenance of balance while walking normally in a straight line -.
Furthermore, the experimental conditions also limited the gathering of
information to the duration of one pace of a normal walk. It was therefore not
possible to do as foreseen and draw any conclusions on the validity of the 25
measurement techniques to be compared only on the basis of these
measurements. It is for this reason that Lanshammar and Strandberg (1985)
developed a reference method that did take into account variations in the slip
resistance for different types of gait, accelerations, decelerations, as well as
conditions specific to walking through curves. This method, that they qualified
as "psycho-physical" is based on measurements of the subject's performance
over a closed triangular path where they are asked to walk as rapidly as
possible without falling. In this manner they are supposed to use the entirety of
the available friction. The time required to complete the path is used in a

mathematical model to estimate the available friction for the slippery
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surface/shoe tested. If the results of a method of measurement are correlated
with the measurements obtained with the reference method, then this first
method can be considered to be valid. The validity of several different
measurement techniques was demonstrated, even though certain parameters
used in calculating the friction index were not really "realistic" - i.e. they didn't
represent the dynamics of the forces at the moment of impact of the heel just
before the beginning of the slide -.

So we can ask ourselves : "Is it really necessary that the measurement
equipment precisely reproducej the dynamics of this impact, or is it sufficient
that the validity of the methods are demonstrated by a comparison with a more
global reference method?"

This international project allowed us to appreciate the requirements that are
important to a methodology for the evaluation of the slip resistance of a
slippery surface/shoe, and suggests the difficulty that those involved in
accident prevention will have in finding a consensus in the matter - a difficulty
that increases with the ever-increasing number of methods and devices. A
review of the works and opinions that seem to be essential (at least to the

author of the current work) are discussed in the following sections.

5. DYNAMICS OF THE FORCES AT THE SLIPPERY SURFACE/SHOE

INTERFACE
5.1 THE HORIZONTAL DRIVING FORCE
When Perkins (1978) and Strandberg and Lanshammar (1981) studied slipping

that occurred during a normal, rectilinear walk, they neglected the component

of the horizontal force perpendicular to the direction of walking (the medio-
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lateral component). Several authors have shown that this component is not
always negligible :

- In 1982, Bring did so but underlined the fact that the cases encountered
could nevertheless be exceptions given the unanimity of acceptance of the very
low amplitude of the lateral component (a fall due to slipping is also an
exception, is it not 7). Nevertheless, Bring (1982) never observed a slipping
direction that deviated significantly (more than 3°) from the direction of
walking during (normal) walking over a slippery surface. According to him,
this lateral component can, in certain cases, lead to a ratio of horizontal
force/vertical force greater than the friction index, and therefore to slipping.

- Leamon (1988) established the importance of the medio-lateral component
of the driving force at the moment of the contact of the heel during the
measurements of the sliding distance in this plane.

- Grongyvist (1989) observed that when the foot begins to slide after the impact
of the heel, the horizontal force is not purely in the direction front-to-back. It
seems likely that the foot slips both forward and sideways. In effect, the first
point of contact at the moment of impact of the heel is normally the exterior
side of the back of the heel.

- Skiba et al. (1983) observed that the shoe makes an angle of 9° in the

direction of walking at the instant of impact of the heel.

5.2 VARIABILITY OF THE FORCE DYNAMICS

Like Strandberg and Lanshammar (1981), Brough et al. (1979), Soames et
Richardson (1985), Hoang et al. (1987) as well as Gronqvist et al. (1993)
pointed out that they observed significant intra-individual and inter-individual
variability of the dynamics of forces, specially at the heel strike. Hoang et al.
(1987) observed significant levels of inter-individual variability, and an intra-

individual variability that depended on walking speed. Soames and Richardson
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(1985) found that the cadence had a stronger influence on the peaks of the
components of the reaction force (shoe/ground) than did the length of the step.

The fact that this wide dispersion of parameter values was noted in the context
of precise experiments suggests that the dispersion of these same parameters
would be even greater if they were estimated in the wide diversity of industrial

situations that can be encountered.

5.3 ACTIVITY OF THE SUBJECT

Slips and falls can also occur when a subject is pushing or pulling a load, or,
more generally, when he is trying to perform a task that requires high levels of
shear stress at the foot/ground interface. It is for this reason that Redfern and
Andres (1984) studied a friction index (slip resistance) required for these tasks.
They demonstrated that a friction index was at a maximum when the load and .
pushing speed were maximal (and vice versa). The height of the hands and the
direction of the force (pushing or pulling) had no influence at all.

Perkins (1978) and Strandberg and Lanshammar (1981) demonstrated that a
slipping distance greater than 10 cm at the moment of impact of the heel leads
inevitably to a fall. It is for this reason that Leamon (1988) chose the slipping
distance at the moment of impact as an indicator of the risk of falling during a
study of walking while carrying a load. It was concluded that, when carrying a
load, the subjects decreased the length of their steps with respect to this same
parameter with no load, regardless of the weight of the load and the walking
speed. The slipping distance increased as the walking speed increased.

Bonig (1996) showed that the friction used increased as a function of the

walking speed, but did not depend on whether or not the subject was carrying a

load.
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After confirming the order of magnitude of the parameters measured by
Strandberg (1983b), Redfern et al. (1991), observed that carrying a load had
very little effect on the impact of the heel during walking.

Bloswick and Love (1991) defined the tendency to slip as the maximum value
of the ratio of the lateral and normal forces exerted on the ground during the 25
ms following the impact of the heel. They studied this tendency for cases
where a load was being carried as a function of walking speed and manner of
carryihg the load. This index increased by a factor of 27% on average for a
rapid speed with respect to the slower speed. With respect to the case where no
load was carried, the tendency to slip decreased when the load was carried in

front of the body, and increased when the load was carried to one side.

6. CHOICE OF A RELEVANT CRITERION

Beginning with the hypothesis that there is no relative motion between the foot
and the ground during the support phase of a normal walk, the initial work
done by people involved in the prevention often dealt with the measurement of
a static friction index measured at the moment the movement between the
surface and the shoe began (e.g. Ekkebus and Killey, 1973). In effect,
maximising an index of static friction in this case is the same thing as
minimising the probability of initiating a slip, but in the event that slipping
does occur, this presents no guarantee that a fall would be prevented. Tisserand
(1969) added a requirement : limit the acceleration of the slipping motion in
order to reduce any perturbation of the subject's balance. This is reflected by a
very slight difference between static and dynamic friction indices if we accept
the hypothesis that a static friction force is greater than a dynamic friction
force. Strandberg and Lanshammar (1981) demonstrated that, even on dry

surfaces, the shoe slides over the surface at the instant of impact of the heel. In
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this case, in order to prevent slipping, it would make no sense to maximise a
static friction index, and the second requirement would then no longer be
translated in terms of the difference between static and dynamic friction, but
rather in terms of the gradient of dynamic friction at the onset of the slip. It is
for this reason that Stevenson (1992) wrote that "a single measurement
recorded in realistic conditions is a good indicator of the slip resistance, even if
a measurement of the variation of a dynamic friction index is better because a
friction index that increases as a function of speed could stop an on-coming
slip." Perkins and Wilson (1983) performed the same analysis, and wrote that
two measurements are necessary, one at low speed, and one at a higher speed.
For approximately 15 years now, authors have been expressing their preference
for the measurement of one or two values of a dynamic friction index (cf.
Skiba et al., 1987 who cite these authors, and James, 1983). According to
Hoang et al. (1987), these measurements represent the most realistic manner of
representing a slip on a soiled surface. Skiba (1986) and Grongvist (1995a)
point out that measuring the instantaneous value of a friction index is more
appropriate than the measurement of an integrated value.

An index of static friction has been commonly measured in the U.S.A. for a
long time. As early as 1972, the Americans Williams et al. questioned the
choice of this index and observed that these measurements do not really reflect
an impression of safety. At the time of writing, some authors have suggested
that the situation studied should be less restrictive, i.e. should take dry floor
surfaces into consideration. Myung et al. (1992) showed that measurements of
both dynamic and static friction are relevant on dry surfaces. Chaffin et al.
(1992) showed that, under dry conditions, an index of static friction is a more
realistic indicator of slipping than on soiled surfaces, where an index of
dynamic friction is preferable.

As underlined in this chapter, the choice of a relevant criterion has been widely

discussed and is still debated. Actually, a relevant criterion is a valid criterion
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and this debate could come to an end as soon as a consensus on the validity of

the measurement methods has been found.

7. DEVELOPMENT OF DEVICES - COMPARISON OF METHODS

- since the mid-1980s, new measurement devices have been developed (e.g.
Gronqvist (1989) ; Stevenson et al. (1989) ; Manning et al. (1990) ; Wilson
(1991)) and numerous studies have been performed on the sensitivity of the
measurement of slip resistance obtained with a given device with respect to
variations in the parameters of the measurement. For example, Tisserand
(1985) presented the influence of the slip speed and apparent contact pressure
on the measurement of a dynamic friction index. Redfern and Bidanda (1994)
studied the effects of variations in the slip speed, apparent contact pressure,
shoe/ground contact angle, type of surface, type of contaminant, and sole
material on the measured value of a dynamic friction index. These studies
revealed the parameters to which the measurements are most sensitive. If these
parameters are those included in the method (slip speed, pressure, ete.), the
results can be used to improve the reproducibility of the measurement. If these
parameters depend on the product to be tested (e.g. the material from which the
sole of the shoe is made) the results can be used to set out certain
recommendations in the area of prevention.
- other studies have compared different measurement methods. For example :
o As early as 1964, Bring proposed a typology of devices for the
measurement of slip resistance, and discussed their principles with respect
to the dynamics of slipping studied in the laboratory.
« More recently, Andres et Chaffin (1985) compared 6 measurement

devices. The comparison was based on 4 criteria : relative coherence of
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the devices, the repeatability of the measurements, ease of use and
exactitude.

* Skiba (1984) proposed a grid for the comparison of 9 devices based on 14
criteria : the possible replacement of the samples (shoes, surfaces), use of
an entire shoe, the possibility of adjusting the angle between the shoe and
the surface, the variability of the vertical force during the test, the
possibility of measuring the initial value of the friction index, the
possibility of measuring friction indices for speeds of up to 0.5 m/s,
whether or not the sample remains on the surface for less than 1 second,
simulation of a walking action, the possibility of introducing lubricants,
ease of handling, portability, and possibility of the standardisation of the
device, constancy of the results, and its price.

* Jung and Schenk (1990), and Jung and Fisher (1993a ; 1993b) analysed
the measurement of the slip resistance of 9 types of safety shoe using 10
different methods used in 7 countries. They analysed the correlation
between the different series of measurements as a function of the type of
floor surface and the type of lubricant used for the measurement, the
correspondence between the numerical values, the repeatability,
reproducibility, and validity of the measurements.

¢ Skiba et al. (1994) compared the repeatability, the reproducibility and
validity of 6 devices for the measurement of the slip resistance of
surfaces.

* Tisserand et al. (1997) compared 7 methods of measuring the slip
resistance of floor surfaces, methods used in France. This included an
analysis of the use of the device, its repeatability, discriminating power,
validity of the measurements, and the correlation between the different
series of measurements.

It is not useful to review in detail, in the current work, all of the results and

technical discussions relating to measurement devices, and to comparison of
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different methods. It is clear that many different criteria are used in the
comparisons, and that they are not all of the same order. They deal with :
- the principle and parameters of the measurement,

the use of the method,

the quality of the measurements,

the agreement of the measurements amongst themselves
Above all, the criteria essential to determine whether to maintain or abandon a
method remain those defined by Strandberg (1985), i.e. the reproducibility and

validity of the measurements.

7.1 REPRODUCIBILITY

Reproducibility is a well-defined quantity that has been standardised (NF ISO
5725, 1987), and measures the maximal variability of the results obtained from
tests performed in very different conditions : in different laboratories, with
different operators, and on different equipment. Despite this, there are still
problems of reproducibility in the area of the measurement of slip resistance.
In effect, the prevention of slipping requires that one consider risky situations,
which are essentially situations where there is very little friction between the
shoe and the floor surface. In this sense, we are therefore interested in a narrow
range of slip resistance measurements. Furthermore, friction is very sensitive to
the state of the surfaces that are in contact (roughness, porosity, surface
energy), to any intermediate product that might be present between the surface
and the shoe (amount, viscosity), and to the movement of the shoe on the
surface (vertical force, slip speed, dynamics of the movement, configuration of
the shoe relative to the surface).

In order to obtain reproducible measurements, it is necessary to precisely
identify all of the parameter values to which the measurement is sensitive.

These parameters can vary from one measurement method to the next, and
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from one apparatus to the next. For example, Grongvist and Hirvonen (1995)
observed that it was very difficult to obtain reproducible measurements of the
slip resistance of shoes on ice because it was difficult to control the properties
of the ice (temperature, structure, hardness, thickness of water layer).
However, it was possible to obtain a good level of reproducibility of the
measurement of the slip resistance of shoes on oiled stainless steel using the
same given device if the shoe/surface angle was not varied during the
measurements (Grongvist, 1989).

Jung and Fisher (1993b) analysed the measurement of the slip resistance of
shoes as carried out in conformity with international proposals (ISO Projects)
from eight different laboratories. They concluded that, given the poor level of
reproducibility (they obtained) :

- either the devices did not operate as claimed in the proposals,

- or these proposals neglected to set the values of some essential parameters,

- or the parameter values were not defined precisely enough.

Also, the reproducibility of the measurements should not be ensured to the
detriment of the ability of the methods to discriminate between different
situations. For example, during a comparative study of 7 methods of evaluation
of the slip resistance of surfaces, Tisserand et al. (1997) calculated the ratio of
the interval of variation of the measurements carried out on the 14 surfaces

studied to the repeatability index - repeatability being a less stringent criterion
than the reproducibility -. In effect, they found that one measurement device

turned out to be poorly adapted, even though it had the same level of
repeatability as the others. The interval of measurements was too narrow to

allow for a good level of discrimination between surfaces.
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7.2 VALIDITY

The notion of validity is more open to interpretations. Strandberg (1983)
defined a valid method as one that provides pertinent measurements that are
correlated with the real slip resistance during walking. In a more general
manner, Skiba et al. (1986) defined a method as being valid if it really
measures what it is supposed to measure. These definitions explain the
occasionally divergent approaches encountered when estimating the validity of
a method of measurement.

It should be recalled that the INRS ensured the validity of its method by
verifying that the measurements of slip resistance were correlated with the
impression of safety felt by the test subjects - a method that is often qualified
as subjective evaluation -. Lanshammar and Strandberg (1985) developed
another global method that they qualified as psycho-physical —/%ﬁ@j?ﬂ}f-. In
these two reference methods the subjects are placed in a risk situation, and are
asked to express safety-related to slipping in terms of their sensations or
performances. Of course, it is not enough that a method rely upon subjects in
order to serve as a reference for validity. And, in all cases, the method is only
valid in terms of the situation studied (walking, curves, running). It is therefore
interesting to consider a maximum number of -experimental conditions in
reference procedures.

Subjective evaluation is becoming more and more widely used ( e.g. Nagata,
1987 ; Harris and Shaw, 1988 ; Kuschefski, 1989 ; Grongvist et al., 1993 ;
Myung et al., 1993), probably because it is easy to implement. In fact,
gathering impressions related to the feeling of safety in terms of a precise risk
requires that certain precautions be taken. Effectively, sensations dealing with
friction and slipping are rather poorly memorised. Furthermore, other
characteristics such as comfort and aesthetic impressions can also disturb the

subject's judgement. For this reason, the INRS chose to use a method based on
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paired comparison, that implicates several subjects who have received very
precise instructions (Tisserand and Saulnier, 1987a and 1987b). This method
also requires that noticeable differences exist between the situations to be
tested in order that they can be subjectively evaluated. Such precautions are not
necessary with the psycho-physical method of Lanshammar and Strandberg
(1985) - ef~§= -. On the other hand, this last method requires a very awkward
mechanical device.

It should also be noted that 4 seeking to increase the validity of a method can
occasionally cause problems related to the reproducibility of the results. Recall
that Gronqvist (1989) varied the shoe/surface angle during the measurements

in order to better simulate a slip, which in turn led to an insufficient level of

reproducibility.

8. THE THEORETICAL MECHANISMS IN FRICTION

The tribological phenomena that occur at the sliding shoe/surface interface are
very complex. Certain authors have tried to analyse these phenomena in order
to better understand, and better master the measurement of slip resistance and
its variability. The friction force T at the interface between an elastomeric sole
and a rigid surface during a sliding motion is the sum of several terms : T =Ty
+ Th + Tg The term T,y (adhesion) is the consequence of a succession of
creations and ruptures of molecular bonds between the elastomer and the
surface. The second component, Th (hysteresis), is due to the periodic
deformation of the mass of elastomer sliding over the asperities or pattern of
the surface coating (see figure 3 for these two components). The last term, T
is indicative of shape effects, for example the fact that the elastomer sole
contains a ridge perpendicular to the direction of displacement. This last

component is especially important in the case where a viscous liquid is present
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between the surface and the sole. Other components can also be included in the
above expression, but their contribution with respect to the situation studied is
usually negligible. These include the opposing force generated by the fluid
located between the surface coating and the sole, and the cohesive force
(Moore, 1972 ; Bonefeld, 1981).

The dynamics of the forces occuring during a slip (evolution of the driving
force exerted by the person, slip speed,...), as well as the industrial situation in
question (roughness of the surface, contaminants present on the surface, sole
material,...) will determine T, i.e. the relative importance of each of the
components.

Numerous authors have examined to what extent theoretical models can be
used to explain the friction at the interface between a contaminated surface and
a sole while walking :

- As early as 1981, Bonefeld presented in detail the tribological concepts that
play a role in the analysis of slipping, and in particular a list of the principal
factors that have an influence on the different components of the friction force.
This list contains approximately 50 factors related to the floor surface, the sole,
lubricants present between the sole and the surface, and the movement of the
sole. This list was originally established by Kummer (1966), who concluded
that it was impossible to enumerate the exact number of factors that influence
the friction of a viscoelastic body.

- In 1985, Strandberg revealed 3 essential processes upon which the slip
resistance at a sole/surface interface depends : the squeezing of the viscous
film, hysteresis and adhesion. He explained how these processes intervene at
the moment of impact of the heel. When the lubricant present on the surface
has been displaced enough (film squeeze) to allow the sole to cover the
asperities on the surface, the hysteretic properties of the sole (especially of the
heel) become decisive in the slip. Adhesion is essential when molecular bonds

can be established between the shoe and the surface.
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- Grongvist (1995a) detailed the effects of the contact pressure on adhesion
and hysteresis. He explained the astonishingly low and unstable values of
friction occasionally observed for subjects moving on slippery surfaces, in
terms of elasto-hydrodynamic phenomena and of boundary lubrication (the
surface/elastomer contact exists in certain parts, and are separated by the liquid
in others). In effect, Strandberg (1985) indicated that, during his experiments
with test subjects, certain surface/shoe combinations (when the contact surface
seem to vary significantly between steps) are more disappointing than others
even if they show the same average friction index.

- In 1987, the INRS acquired a Portable Friction Tester developed by the VTI
(National Institute for research on circulation and roads in Sweden) for the
measurement of the slip resistance of floor surfaces. This device measures a
friction index between a braked wheel covered by a smooth elastomer and the
surface. The model of the squeeze of the liquid film used by Strandberg (1985)
is well-adapted to the principle of this measurement (cf. Leclercq et al., 1993).
Numerous measurements were made at the INRS with this portable device in
different conditions. Since the elastomer covering the test wheel is smooth,
only the hysteretic and adhesive components are significant. The relative
importance taken on by each of these components of the friction force as a
function of the composition of the elastomer on the test wheel, its state of wear,
the viscosity and quantity of lubricant (on the surface), and the state of the
floor coating allows one to interpret the measurement differences recorded
with this device (Leclercq et al., 1995b).

- Wieder (1986) explained how the deformation of the different parts of the
pattern of the relief on the sole of the shoe contributes to the overall friction.

- Proctor and Coleman (1988) compared several methods of assessment of a
friction index in terms of the theory of the "hydrodynamic" squeeze of the
liquid film since most of these measurement techniques are based on the

evaluation of the slip resistance of a test strip sliding over a floor surface.

25



These methods do not integrate the phenomenon of vertical squeeze (qualified
as hydrostatic by Proctor and Coleman (1988), and modelled by Strandberg
(1985)). According to Gronqvist (1995a), neither of the 2 simplified models
used by Strandberg (1985) or Proctor and Coleman (1988) is sufficiently
accurate to represent real situations. In order to be able to do so, only a
complete model of film squeezed based on Reynolds equation, which takes the
characteristics of the movement of the foot in both directions, is said to be

well-adapted.

9. SAFETY THRESHOLD

The safety threshold can be defined as a limit below which the risk of slipping
and falling is sufficiently low. Even though the association of a single index, or
of a combination of indices with a shoe or floor coating is an over-
simplification, no concrete proposition of several criteria is to be found in the
literature. In fact, only one single threshold value is ever proposed.

The work done on the dynamics of the forces exerted during walking on a
slippery surface led Strandberg and Lanshammar (1981) to propose a safety
threshold of 0.20 - even though they point out that this limit depends on
walking characteristics -. Essentially, these authors observed that the risk of
falling during normal walking was highest at the instant of impact of the heel,
and that the (used) friction varied over the range of 0.1-0.2 in the case where
the foot slid forward but did not lead to a fall. Consequently 0.2 is the value
chosen by Grongvist (1989) for his method that employs a device that
simulates a slip at the instant of the impact of the heel. Stevenson (1992)
proposed a value of 0.4. Other safety thresholds have been proposed in the
literature (see for example Miller, 1983 ;'Gronqvist, 1989 ; Bonig, 1996).

Certain safety thresholds have been proposed more by mutual consensus than
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in terms of scientific evidence. This is the case, for example, of the threshold
of 0.5 for the index of static friction adopted in the U.S.A. (e.g. Redfern and
Bidanda (1994)). This is what is (in a certain way) recommended in some cases
by Skiba (1988). This author said that since the extent of technical
understanding was insufficient to allow us to reach a safety limit for shoes and
surface coatings, then it is preferable to adopt a lower value for a technical
recommendation. In order to develop its own method for the evaluation of slip
resistance, the INRS sought a criterion that was correlated with the impression
of safety, and that was not really- oriented toward the modelling of the slip
phenomenon, even if biomechanical measurements were necessary in order to
determine the order of magnitude of the measurement parameters. In this case,
a threshold value of 0.15, defined from a series of measurements carried out on
a set of products, seems to be more of a technical recommendation than a

safety threshold (Tisserand, 1985).

10 STANDARDS

The selection of safe products (shoes, floor coatings) implies that one is able to
choose a measurement technique and safety threshold - a procedure that could
be standardised. Standards on the evaluation of the slip resistance of surfaces
and shoes do exist (e.g. Stevenson, 1992 ; Lara and Masounnave, 1993 ;
Myung et al., 1993 ; Tisserand et al., 1997). Some of these were developed
without paying attention to the concept of validation (see Leamon (1992) who
discusses this subject), and others indicate a regulatory limit for a friction
index without details on the relevant measurement technique (e.g. English,
1992 ; Stevenson, 1992). It is not particularly useful to list these standards here

since the principal objective of this section is to discuss the major difficulties
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that seem to be encountered by the current Standardisation Committees from
the point of view of the accident prevention specialist.

Following the inter-laboratory project for the comparison of measurement
devices directed by Strandberg (NBOSH), it was possible to formulate a
number of requirements for the evaluation of slip resistance. Strandberg
(1983a) demonstrated that none of the existing methods or devices was
unanimously chosen and that a universal procedure appeared to be a utopia if
we consider the large number of requirements that must be satisfied in the
following covering areas (this list is not exhaustive) :

- from tests in the laboratory to field tests,

- from an overall assessment of a surface coating to the optimisation of a sole,
- from a highly localised measurement to a measurement made over a large
area,

- from an average index to a measurement of temporal variation,

- from testing a new product to testing a product that has undergone artificial
wear,

- from tests on a safety shoe to tests on a street shoe.

In 1985, Hoang et al. expressed the same sort of scepticism toward the
definition of an international standard in the near future. James (1980)
understood the need to associate a surface or shoe with a single index.
Nevertheless, this same author underlines the fact that work done in this area
show that a single index cannot reflect the behaviour of a pair of materials.

It would seem that the basic difficulty for researchers is to give up trying to
transcribe all of the results of their research - research which, because of their
progress, has led to a better understanding of the complexity of slips - into a
standard. A standard should rely on well established results that are recognised
by everybody. However, we saw above that there is a lack of consensus,
especially in terms of a methodology for the validation of a measurement

method. The individual approaches used to define existing measurement
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methods and devices are all justified and supported. It is likely that a good
number of them could even be incorporated into a standard. However, it still
remains that they must be accepted by all. In addition to the difficulty of
reaching a consensus in the scientific community, one must also consider the
commercial implications to manufacturers. Even though validity is probably
the primary concern of the scientific researcher, reproducibility and simplicity
are surely priorities for manufacturers. Furthermore, the manufacturers will
probably also prefer a method that has already been standardised.

Let us take for example the previous French Standard (AFNOR NFS 73.010,
1984) on safety shoes and boots. This standard covered the slip resistance of
smooth, greasy industrial flooring, a specification applicable to certain types of
safety boots and shoes. In 1987, Tisserand and Saulnier (1987a) observed
during a measurement campaign that the products present on the market at that
time presented a better slip resistance than products that had been tested in
1978. The standard thus pushed safety shoe and boot manufacturers to improve
the slip resistance of their products. European standards that replaced the
general standard cited above do not contain the specification related to the slip
resistance of safety footwear. While waiting for a European standard in this
area, the experimental French Standard (AFNOR XPS 73.012, 1995) contains
the exact recommendations in terms of the test method included in the previous
standard (AFNOR NFS 73.010, 1984). This example concerns safety shoes.
Floorings is another area of standardisation currently debated. From a scientific
point of view, a universal standardised test method is the ultimate goal for
measuring the slip resistance of all kinds of floorings and footwear.

In the event that a valid, reproducible method can be proposed, a standard
constitutes an important step toward safer products, even if it is not the only
possible solution for the prevention of slipping.

Once a valid, reproducible method has been universally accepted, the choice of

a threshold or technical recommendation in terms of safety should be relatively
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easy to make. If the procedure does not specify a particular device, it should be
possible to calculate an adjustment of scale for every test machine, as specified

by Jung and Fischer (1993b).

11. RECOMMENDATIONS

Having a method for the evaluation of slip resistance will allow one to :

- compare products (surfaces, shoes) to each other from the point of view of
their slip resistance (e.g. Tisserand and Saulnier, 1987a ; Jung, 1993),

- study the influence of the characteristics of surfaces (state of the surface,
permeability, etc.) or shoes (nature, state of the surface, tread, etc.) on their slip
resistance.

These studies lead to recommendations for slip prevention. They are carried
out in a laboratory on a particular device. However, we have seen that the
measurement of the slip resistance is sensitive to several parameters, including
the dynamics of the movement of the foot relative to the surface, measurement
parameters (apparent pressure, slip speed, etc.) and the environmental situation
being simulated (ice, smooth greasy surface, shoe, etc). Also, the results must
always be considered in terms of the particular context of the measurement.
Only tendencies can be proposed, tendencies that can be confirmed or
invalidated by other work should be proposed. The goal of this paragraph is to
provide an overview of the results of this type of experimentation and the
recommendations that they lead to, and, whenever possible, to detail the

possible limitations of the application.



11.1 ANTI-SLIP SHOE OR FLOOR ?

In most cases, the increased friction provided by a modification of the floor
covering is higher than that obtained by modifying the sole of the shoe (e.g.

Wieder, 1986 ; Gronqvist et al., 1992).

11.2 CLASSIFICATION OF SHOES ACCORDING TO THEIR SLIP

RESISTANCE

Wilson and Perkins (1985) ; Grongvist and Hirvonen (1992) as well as
Leclercq et al. (1995a) all observed that the classification of footwear in terms
of their slip resistance was different as a function of the test surface used.
Leclercq et al. looked at oiled surfaces, Gronqvist and Hirvonen considered dry
and wet ice. On the other hand, Manning et al. (1991) obtained a classification
of shoes (already worn in an oily environment) that was in agreement on all of
the test surfaces considered : floor covered with oil or water, dry and wet ice.
This result was confirmed by Manning and Jones (1995) for new shoes.

Two explanations for this have been offered :

- the difference in the methods used to measure slip resistance by the different
laboratories.

- the difference between icy surfaces (when the surfaces are of this type).

11.3 VARIATION OF THE SLIP RESISTANCE OF THE SOLES OF THE

SHOE

The slip resistance of shoes is a transient quality. Mechanical and chemical
aggressions to the sole, which are specific to the context in which the shoes are
used, can modify its slip resistance. Experimental results tend to show that the

slip resistance of a shoe increases very rapidly as soon as it is worn (Wragge

31



and Jung, 1986 ; Grongvist et al., 1988 ; Jung, 1991 ; Stevenson, 1992 ;
Leclercq et al., 1995a). According to Gronqvist et al. (1988) and Stevenson
(1992), it would seem that the slip resistance then diminishes as soon as the
tread of the sole disappears. It is for this reason that an artificial abrasion of the
sole before assessment of the slip resistance, preferably systematically before
sale is proposed in the literature (Manning et al., 1985 ; Gronqgvist et al., 1988 ;
Stevenson, 1992 ; Manning and Jones, 1994 ; Gronqvist, 1995b ; Jones et al.,
1995). Grongvist (1995b) even recommended the installation of abrasive mats
so that the soles could be roughened up from time to time.

Slip resistance is also a versatile quality. Leclercq et al. (1995a) observed that
the slip resistance is not identical for all of the new shoes of the same model.
Different manufacturing and storage conditions could explain this variation,
including, for example, a modification of the composition of the elastomer in
the sole in order to improve other properties of the shoe, er a variation in the
conditions of fabrication to diminish costs, or even wear and tear on the mould.
Skiba (1985) underlined the fact that the composition of the sole and the
manufacturing process certainly has an influence on slip resistance. Such

mechanisms are not explored in detail.

11.4 NATURE OF THE ELASTOMER FROM WHICH THE SOLE IS

MADE

Here again, the results are contradictory. However, slightly worn microcellular
polyurethane is generally preferred. It should be pointed out that, when new,
this sole material does not provide a very high level of slip resistance.

Skiba (1985) observed that NBR gives a better slip resistance than PVC, which
in turn does better than microcellular PU. Leclercq et al. (1995a) measured
lower value of slip resistance on smooth, oiled surfaces in the case of (new)

soles of microcellular PU than for soles made from compact elastomers. On the
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other hand, the slip resistance of the latter sole materials did not increase nearly
as much as that of the PU just after they had begun to be used. Gronqvist
(1995b) recommended the use of slightly "worn" soles of microcellular PU on
smooth, contaminated surfaces, and the use of TR on dry, icy surfaces. These
results contradict those of Bruce et al. (1986), who recommended the use of
microcellular PU on oily surfaces and dry ice, with PVC being the most
slippery material. In fact, Manning et al. (1991) pointed out the difficulty of
measuring friction indices on ice, first of all because the friction index is so
low, and secondly because the surface of ice is highly irregular. Gronqvist and
Hirvonen (1995) claimed that ice is smoother and cleaner in the laboratory than
on-site, and that wetted ice is at least four times more slippery than dry ice.
Manning and Jones (1994) proposed the PU T66/103 as being the best adapted

product for use on wet or oily surfaces.

11.5 HARDNESS OF THE ELASTOMER FROM WHICH THE SOLE IS

MADE

Skiba (1985) observed that the slip resistance increased on dry surfaces as the
hardness of the sole diminished. Gronqvist (1995b) recommended that soft
materials (Shore A < 60) be used on smooth surfaces and dry ice. Leclercq et
al. (1995¢) did not observe any influence of the hardness of the sole material

on the slip resistance of safety shoes as measured on oiled stainless steel.

11.6 ROUGHNESS AND TREAD OF THE SOLE.

A compromise must be made between maximising the contact surface of the
elastomer and the floor, and allowing for the evacuation of a liquid at the

interface through the channels of the tread (Lloyd and Stevenson, 1989a). It

has been recommended that micro-asperities, the instep and arch be eliminated
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(Tisserand, 1985 ; Grongvist, 1995b), and that tread in the form of suction cups
or a border around the exterior of the sole be avoided (Leclercq et al., 1995c¢).
Grongyvist (1995b) recommended a minimum surface contact area of 10 cmz, a
minimum tread depth of 1.5 mm, and a minimum average roughness (Ra) of
the elastomer surface of 5 ym.

Given that during normal walking the critical moment in terms of the risk of
slipping is the moment of impact of the heel on the ground, several authors
have stressed the importance of the tread and anti-slip properties of this portion
of the sole. These authors measured the slip resistance with the shoe at an
angle of several degrees with respect to the ground, and recommended the use
of a bevelled heel that eliminates the posterior edge of the sole and helps to
increase the surface area at the instant contact is made (Lloyd et Stevenson,
1989a ; Gronqvist, 1995b). However, after modelling the phenomenon of the
squeeze of the viscous film between the sole and the surface, Strandberg
(1985) recommended a non-bevelled heel in order to generate a high pressure,

and thus to establish contact between the elastomer and the surface more

rapidly on contaminated surfaces. Here again, a compromise must be made.

11.7 ROUGHNESS OF FLOOR COATINGS.

There are a wide variety of surface states available for industrial floor coatings
(smooth surfaces, rough surfaces, and those with geometric reliefs). These
states can be modified by cleaning products, wear, and contamination. Until
now, the measurement of roughness has essentially concerned smooth, or not
particularly rough surfaces. Very often, only a single dimensional index
measured for a geometric profile is used : Ra, the average roughness index, or
Rtm, a function of the peak-trough differences. These limits are imposed by the

devices used to measure roughness, which often can only be used to obtain an



estimate of one feature of the state of the "smooth" surface (Lloyd and
Stevenson, 1992 ; Gronqvist, 1995b).

Several authors have proposed a threshold value for a given roughness index
that depends on the contaminant present on the surface (see Table 1) :

- Harris and Shaw (1988) and Proctor (1993) used an analysis of friction

measurements done in the presence of water to propose that floor surfaces

should have a minimum Rtm value of 8-10 um and 5 wm respectively. Proctor

explained the difference between the two thresholds by the fact that the
elastomer that he used in the measurements was harder and had no tread with
respect to that used by Harris and Shaw.

- Wieder (1988) proposed that, in the presence of water, surfaces should have
a minimum value of Ra = 8 um, and Ra = 35 um in the presence of oil.

- Grongvist (1995b) proposed that surfaces should have a minimum value of
7-9 wm. When solid or viscous products are present, he recommended that
surfaces with raised geometric patterns be installed, in combination with

sufficient surface roughness (Ra at least 7-9 pum) and/or microporous floor

surface.

- Lloyd and Stevenson (1992) looked for a model to reflect the state of the

surface, and that takes the amplitude of the asperties (Ra), their sharpness (Rq)

and the form and wavelength of the roughness profile (Rsk and Aq

respectively) into account. Ra and Rq were dependant variables for all of the
surface coatings studied. Consequently, in the event of the analysis of friction
measurements carried out in the presence of oil, they proposed the two

following optimal indices : Ra near 46 pm, Rsk equal to zero or positive and

Aq = 0,.9mm.
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- Based on in situ and laboratory measurements, Ballance et al. (1985)
observed that the friction index increased at the same time as the number and
sharpness of the surface asperties.

- Wragge and Jung (1986) specifically studied slip on board ships. They
showed that the anti-slip properties of deck paints were not improved if the
size of the particles added to the paints was not big enough. They found similar

results for the raised patterns on the deck surfaces.

11.8 PERMEABILITY OF SURFACE COATINGS

Permeable contaminated surfaces offer better slip resistance than impermeable
contaminated surfaces (Leclercq et al., 1997). Gronqgvist (1995b)

recommended the use of permeable surface coatings even if the value of Ra is

between 2 and 6 um.

11.9 CHEMICAL ANTI-SLIP TREATMENT OF THE COATINGS OF

SMOOTH SURFACES

Grongvist (1995b) observed that chemical anti-slip treatments helped to
increase the level of slip resistance. Nevertheless, the effect of the treatment
essentially depended on the contaminant present on the surface. The measured
roughness characteristics of the surface were not necessarily affected by this
treatment. No studies have been carried out on the consequences of this

treatment on the mechanical resistance or permeability (of the surface).

11.10MAINTENANCE OF SURFACE COATINGS

Most studies are on plastic surface coatings or wooden surfaces, and show that

once waxes are dried, they do not appreciably decrease the slip resistance.
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When covered with water, surfaces layered with polish substances are
significantly more slippery than those that are not.

- Ballance et al. (1985) observed that applying wax on wooden surfaces led to
a decrease in the slip resistance that increased as the wax dried, and again after
it was polished.

- Lloyd and Stevenson (1989b) observed that the slip resistance of waxed
surfaces increased when the amount of wax applied decrease and/or when the
waxes are less hard. They also showed that surfaces covered with polish
substances have a lower slip resistance in the presence of water.

- Schroder et al. (1989) observed that, in general, cleaning products increase
the slip resistance of a surface (up to 50%), but that in the presence of water,
the slip resistance can decrease with respect to that of a dry situation,
particularly in the case of wooden surfaces (up to 80%). The slip resistance of
a treated, dampened coating is less than the slip resistance of a non-treated,
dampened floor covering. The slip resistance of a treated surface probably
depends on the state of the protective film, its hardness, and its thickness.

- Malkin and Harrison (1980) carried out measurements of the slip resistance
on dry and wet ceramic tiles. They noted two types of deposit on this type of
tile that decreased the slip resistance : organic deposits (grease) that can be
removed through the use of solvents and alkaline detergents, or by light
abrasion ; and inorganic deposits that are most frequently produced when there
is an inadequate amount of rinsing after washing. These authors cite deposits
of calcites that must be removed with acid, or silica deposits that are produced
by detergents, and also the formation of silica-based materials (e.g. the reaction
of a highly alkaline detergent with the ceramic material). This last phenomenon
was observed by Harrison and Malkin (1983). According to them, repetition of
this reaction over a long period of time can be irreversible, and the problems

that take place on ceramic surfaces can also take place on concrete and a
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number of plastic floor coverings. They underline the importance of rinsing
with clean water.

- After analysing about 600 measurements of slip resistance taken on
industrial surfaces in situ, Leclercq et al. (1997) observed that :

* cleaning a surface does not automatically lead to an increase in its slip
resistance : floor surfaces impregnated with oil (in certain mechanical
milling operations) were even more slippery just after washing.

« the state of the surface was modified on a microscopic level by "fouling".
This fouling is sirnila‘x~ to the invisible phenomena analysed by Wildbrett
and Sauerer (1992), who demonstrated that after cleaning for a usual
period steel tubes that had been exposed to milk, the surfaces always
contained residual contaminants (grease and/or protein films) that
accumulated over a series of cleaning periods, and then tended toward a
constant value. These phenomena probably depended on the hydrophobic

or hydrophilic nature of the surfaces.
11.11CONCLUSION

Recommendations on the soles of safety shoes and on the floor coatings deal
with a large number of characteristics or properties of these products.
Furthermore, the possible interaction of these different factors are not taken
into consideration. Such interaction could be appreciable. For example, the
effects on the slip resistance of the tread and material of the sole of a shoe are
certainly not independent since the deformation of the raised patterns of the
tread contributes to this resistance.

Research into the slip-related safety through the examination of anti-slip shoes
or floor coatings occasionally leads to difficult compromises :

- do anti-slip shoes become very quickly worn out ?
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- in the food industry, the roughness of the surface of the industrial floor
coatings must also satisfy often contradictory safety and hygiene requirements.
- in so far as the permeability of the surface is concerned, the compromise is
between the slip resistance and the absence of contaminants on the
undercoatings due to the migration of oil, for example in certain mechanical

milling operations.

12. CONCLUSION

2 major points should be stressed at the end of this discussion :

- The evolution of research into the prevention of same level falls. Until the
beginning of the 1990s, work on the prevention of same level falls
concentrated essentially on slipping, and dealt with methods of measuring slip
resistance :

* statistical studies revealed the most critical environmental conditions
(smooth, contaminated surface) and the activity most frequently
encountered at the time of slipping (normal walk).

» biomechanical studies established the moments of the cycle during which
slipping can occur under normal walking conditions, and provided an
image of the surfaces in contact and the dynamics of the forces at the
interface at these instants.

Thd's¢ informationg wér§ used in whole, or in part in different laboratories that
specialise in this subject in order to define methods for the measurement of slip
resistance. The biomechanical studies on slipping that were performed in the
laboratory revealed a high level of intra- and inter-subject variability in the
data recorded at the shoe/surface interface (e£=§=5). This variability constitutes
one of the biggest obstacles to progress in this area. Even if the inter-subject

variability can be explained in part by anthropometric differences, the overall
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variability is probably linked to different psycho-motor strategies used by the
subject to confront the risk of falling or to cope with the loss of balance. More
recent studies have thus been undertaken on these strategies. These studies
were more generally concerned with the loss of balance and thus all types of
same level falls. They did not concentrate only on the event that triggered the
accident, but rather took into consideration a wider succession of events taking
place before and after loss of balance. An overview of these studies on the
prevention of falling accidents from a point of view of perturbed locomotion

and posture is presented by Leclercq (1998b).

- The difficulty of harmonising methods for the measurement of slip
resistance. Each specialised laboratory that is equipped with a method for the
measurement of slip resistance generally pursues two distinct objectives :

* the use of their method to be able to produce the previously cited
recommendations. Since the methods in use are not identical, the results
are occasionally contradictory from a laboratory to the next.

* the harmonisation of measurement techniques at European and
International levels.

A great deal of progress has been made in the area of slip prevention during the
past ten years in the pursuit of the first objective. Despite a large number of
comparative studies and standardisation work, there is still no consensus on a
particular measurement technique at the current time. This literature review has
allowed us to partially explain the reasons that slow down progress in this area
: the reference chosen to decide whether or not measurements are valid is not
always a global method even though Strandberg has shown that this is
necessary. Furthermore, the question that Strandberg's work implicitly evokes
(ef—§-44) should be asked : "Is it necessary that measurement devices
reproduce the events that occur at the moment that the heel enters in contact

with the ground, or is it sufficient to show that the validity of the methods be



demonstrated by comparison with a global reference method?". Perhaps the
current objections to a given method, judged to be too simple or too precisely
defined, objections fuelled by a desire to model the contact of the heel and by
the variability of the dynamics of the forces at the interface at the moment of
impact might disappear. After all, simplicity and precision are needed if the
measurements are to be reproducible, and these qualities are not incompatible

with the concept of validity via comparison with a global reference method.
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Figure 1 : Representation of the forces at the shoe/surface interface at time t.

An individual walking on a surface applies in the contact zone between the
sole and the surface a force_FiA, the amplitude and direction of which vary as a
function of tirne.E\)/I has 2 components :?f), which is situated in the plane of the
surface, and—ﬁl, which is orthogonal to this plane. A reaction IR is opposed to
this force, and its components_?l" and _I?J' are opposed to_?I‘ and -1\? respectively.
The force ’?tends to make the shoe slip on the surface, and the force -:l>"' is the
friction force that opposes this slipping.?l", in the plane of the surface is divided
into two components : one in the direction of walking and one perpendicular to

this direction. They have not been represented on this figure to keep it

readable.

Figure 2 : Test bench for the evaluation of the slip resistance of safety shoes

developed at the INRS

Figure 3 : Principal components of elastomeric friction (taken from Moore,

1972)

Table 1 : Roughness indices proposed for the state of the surface of floors.
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Stainless steel Oil

figure 2
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V = friction speed
— >

F = friction force

<:| W = normal force

F aDH
Deformation
or Adhesion
Hysteresis
figure 3



Contaminant present on

Index of roughness

Water

Oil or viscous contaminant

Rtm

8-10 wm (Harris and Shaw,
1988)

5 um (Proctor, 1993)

8 um (Wieder, 1988)

35 um (Wieder, 1988)

Ra

7-9 um (Gronqvist, 1995b)

7-9 um plus geometric

patterns or large asperities
and/or microporous floor

surface (Grongvist, 1995b)

Ra, Rsk and Aq

Ra = 46 wum, Rsk =0 and

Aq = 0,9 mm
(Lloyd and Stevenson, 1992)

table 1



