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A variety of factors can lead to falls. Blaming a slippery walking surface is not always the answer.
by David G. Curry, Steven Zebich, and Kami Kirk-Braland

ccording to the National Safery
A Council (2000), falls represent one

of the most common causes of un-
intentional injury deaths in the United States
annually (approximately 14,200 in that year).
Only motor vehicle accidents and poison-
ings ranked higher, with 42,900 and 14,500,
respectively. Of fatal falls, some 9,000 of
them occurred in the home, and four out of
five fatality victims were older than 63, Falls
are estimated to cause at least 17 percent of
occupational injuries and more than 18 per-
cent of public sector injuries.

In our litigious society, falls resulting in
mjuries often result in legal proceedings,
with many plaintiffs contending their fall
resulted from the slipperiness of the walk-
ing surface. In reality, most common walking
surfaces are inherently slip resistant. A vari-
ety of factors can lead to falls, of which the
occasional slippery surface is only one,
Goersch (1993) identifies four primary con-
tributing factors to slips, wips, and falls: 1)
a foreign object on the walking surface, 2) a
design flaw in the walking surface, 3) a slip-
pery surface, or 4) an individual’s impaired
physical or mental condition.

Judging from personal experience, it is
apparent many purported “experts” testify-
ing in slip-and-fall cases do not have a good
grasp of the mechanics of human locomo-
tion, the meaning of the term “slip resis-
tant,” or the requirements for walking sur-
faces put forth by the various building and
safety codes which apply around the United
States. This article attempts to address each
of these issues and show how they apply in
cases involving slips and falls,

Standards, Requirements, and
Recommendations
Several terms must be defined to proceed

with this discussion. According to Grongvist
(1995), stipping is defined as “a sudden loss
of grip, resulting in sliding of the foot on a
surface due to a lower coefficient of friction
than that required for the momentary activ-
ity.” Skp resistance refers to “staric, transi-
vonal, and kinetic properties of underfoot
surfaces and foot/footwear during relative
motion in actual conditions of wear” (Gron-
qist, 1997) or “the relative force that resists
the tendency of the shoe or foot to slide
along the walkway surface” (ASTM F1637-
02). Ship resistant means “the provision of
adequate slip resistance to reduce the likeli-
hood of slip for pedestrians using reason-
able care on the walking surface under ex-
pected use conditions” (ASTM F1637-02).

Friction is the resistance to motion of one
body across another. Coefficient of friction is
“the ratio of maximum force acting parallel
to a contact surface that resists motion of one
body on the other, divided by the normal
force acting on the contact surface” (Chaffin
and Andersson, 1984). Coefficient of friction
is a dimensionless quantity, independent of
both the area of contact and the velocity
between the two surfaces.

A slip-resistance value of 0.50 has long
been recognized by the safety profession as
being the minimum criterion for a “slip-
resistant surface” in the United States, Un-
derwriters Laboratories’ UL 410, Shp-resis-
tance of Floor Surfice Materials, requires that
the average static coefficient of friction for
floor treatment materials, floor covering
materials, and walkway construction mate-
rials shall be at least 0.50. OSHAS 29 CFR
1926.754 specifies a minimum average slip
resistance of 0.50 for structural steel assem-
bly tasks. ANSI's A1264.2-2001 also recom-
mends this value under dry conditions but
cautions that “Floors, which do not meet the

0.5 guideline for dry conditions, should not
be considered to be inherently dangerous.”

The Americans with Disabilities Act (in
a non-mandatory appendix) notes that,
“People who have difficulty walking or
maintaining balance or who use crutches,
canes, or walkers, and those with restricted
gaits are particularly sensitive to slipping and
tripping hazards” and cites a study sponsored
by the Transportation Barriers Compliance
Board, which conducted tests with persons
with disabilities. The board concluded thar
“a higher coefficient of friction was needed
by such persons” and recommends a static
coefticient of friction of 0.60 for accessible
routes and 0.8 for ramps. It should be noted
the study cited in this guideline utilized an
extremely small sample size (five subjects)
and contains a considerable safety margin.

Building codes are notoriously reticent
about providing any guidance with regard
to this issue. The Building Officials & Code
Administrators (BOCA) Natonal Building
Code only specifies that “All walking sur-
faces, including the floors of corridors, stair-
ways, and other components of the means
of egress, shall have a slip-resistant surface,”
without providing any guidance as to exactly
what they consider to be “slip-resistant.”
The Commentary 1o this document points
out that “Field testing and uniform enforce-
ment of the concept of slip resistance is not
practical” but goes on to state, “One method
used to establish slip resistance is that the
static coefficient of friction between leather
...and the floor surface is greater than 0.5."
One is forced 1o wonder about the rationale
for establishing a requirement to builders
while stating that there is no “practical” way
of seeing whether it is met.

Both the Standard Building Code and
the International Building Code are almost
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equally absent of any hard and fast require-
ments. The 2003 International Building Code
states in Section 1003 .4, “Walking surfaces
of the means of egress shall have a slip-
resistant surface and be securely artached,”
and in Section 1010.7.1 that “The surface of
ramps shall be of slip-resistant materials that
are securely attached.” In the 1999 Standard
Building Code. Section 1013.9 cautions that
“Ramps shall have a slip resistant surface,”
but it contains no other requirements re-
garding slip resistance on walkways. [tis pos-
sible some local codes (e.g., the Chicago
Building Code, the New York City Building

Code, etc.) may contain numerical values in
requirements regarding what constitutes an
acceptably slip-resistant surface, but to date,
the authors have seen no such requirements
in the codes we have examined.

Human Locomotion and Friction

While the recommended value of 0.50 is
accepted as representing a “slip-resistant”
surface within the safety community (at least
in the United States), it does not represent
the coefficient of friction that is required for
human locomotion under normal conditions.
According to Templer (1992), “A COF of
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0.5 includes, by all accounts, a safety factor
and therefore has some merit as a cautious
recommendation (particularly as a precau-
tion against slippery shoes).” A short discus-
sion of the mechanics of walking will illus-
trate why this is true.

The gait cycle in normal human locomo-
ton on a level surface begins with the heel
strike (the point where the heel touches a
surface) of one leg and includes the stance
and swing phases of both legs. The stance
phase is the period when the foot is in con-
tact with the ground, while the swing phase
is the period when the foot is off the ground.
The stance phase takes up approximately 60
percent of the full gait cycle; thus, at least
one part of each foor is in contact with the
floor for almost two-thirds of the cycle.

There are three main subphases that
make up the stance phase: contact, midstance,
and propulsive. The contact subphase begins
with heel strike and continues as the front
of the foot rotates downwards and becomes
fully weight bearing. During this subphase,
the foot both adapts to uneven surfaces and
absorbs the shock of impact with the walk-
ing surface. During the midstance subphase,
the foot changes from a mobile adaptor into
a rigid lever. During this subphase, the foot
begins to lift from the rear, preparing the
foor for the propulsive subphase. The pro-
pulsive subphase begins as the heel lifts and
continues through toe-off.

The swing phase is the period when the
foot is not in contact with the ground and
accounts for approximartely 38 percent of the
gait cycle when walking, This phase allows
the foot to recover from toe-off and then
change its position to ready it for the next
heel strike, The swing phase can be broken
down into two subphases: early swing and
late swing. The early swing begins at the
start of toe-off. At this time, both feet are
simultaneously in contact with the ground
in a double support phase, which makes up
about 10 percent of the gait cycle. This dura-
tion of this subphase decreases as the speed
of locomotion increases, until the individual
reaches running speed at which time there
may be periods when either only one foot
is on the ground or both feet may be simul-
raneously off the ground. The late swing
subphase occurs as the foot recovers from
toe-off and the forefoot and rearfoot lock
into a rigid position in preparation for the
contact subphase of the stance phase.

The initial portion of the contact sub-
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phase is the two points at which maximum friction is required in nor-
mal walking. As the heel strikes the ground at an angle, the forces
generated can be decomposed into two companents. The first is
direcred verncally downward, while the second is directed forward
in the direction of travel. Fricuon force between the shoe and the
walking surface is required whenever the shoe is in contact with
the ground, but it reaches a peak level at the time of the initial heel
strike (1o prevent it from continuing its forward motion). A second,
smaller peak is reached during the propulsive phase, where friction
s required to resist the rearward thrust of the foot prior to we-off. It
is important w note the forces at these points are direcred in oppo-
site horizontal direcrions.

“Two of the primary gait-related factors influencing the amount
of friction required are the speed at which the individual is trav-
eling (a major determinant of the force generated as the foot
strikes the ground) and the angle ar which the heel strikes (which
directly influences the amount of force directed in the forward
versus downward direction). The higher the speed or the more
acute the angle at which the heel strikes the ground, the more fric-
tion is needed between the foot and the walking surface 10 over-
come the forward-directed force component. Burnfield and
Powers (2001) conducted a study to examine the coefficient of fric-
tion required by a variety of subjects of both genders and a range
of ages at a variety of walking speeds. Results of their study are sum-
marized in Table 1 on right and correspond well with data from
other researchers.
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Even these comparatively low values, however, would not neces-
sarily resultin a slip and fall. During walking, one is often unaware
of slight slips that may occur between the shoe and the walking sur-
face at the beginning of the heel strike (miorusdips). In a study per-
formed by Leamon and Li (1990), “microslips” of less than 3 cen-
umeters had only a 30 percent chance of being detected by the walker.

Work by Sundberg and Lanshammar (1981) has indicated a slip
is unlikely to result in 3 fall unless the foot slips ar least 10 centime-
ters; with shorter distances, the walker normally either compensates
unconsciously or recovers from the shp without falling. This work
also indicated a peak coefficient of friction value at which a fall was
sure to occur of 0.07. Lockhart eral. (2002) calculated a “fall recovery
threshold™ distance for three age groups that must be exceeded in
normal walking before a fall would occur of 3.9 centimeters for
younger walkers, 3.8 centimeters for middle-aged walkers, and 3.12
for older walkers.

Pye (1994) performed an analysis of required coefficient of fric-
tion data obtained by the Building Research Establishment and
developed a statistical model for assessing the likelihood of slipping
at several coefficients of friction during three walking maneuvers con-
ducted at normal speed. These dat are summarized in Table 2 below.

All of the preceding discussion and the aforementioned szandands
are predicated on normal walking behavior. There are several ar-
cumstances under which required coeflicients of friction (though
not the standards) differ from these conditions.

When stride mechanics differ, the required coefficent of friction
changes accordingly. One example of this is running, during which
the heel strike phase of the stnide requires a slighely higher friction
force w avoid slipping (approximately 0.30). Greater increases also
are observed at the woe-off portion of the stride, where peak require-
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ments are about 0.45 (Vaughan, 1984), Un-
der conditions where the stride is shortened,
the foot strikes the ground at a less oblique
angle than under normal walking, and re-
quired levels of friction are reduced. One ex-
ample of this is stair descent. According 1o
“Templar, referring to studies conducted by
Klopsteg and Wilson, “Force plate studies
have shown that the horizontal component
of foot force, in stair descent, is not great. It
reaches two apogees: ar first contact and at
toe-off. At these moments, the force is only

about 6 percent of body weight, compared

to apogees of 15 and 20 percent for walking
on the level, where the horizonml speeds are
greater.” This suggests the coefficient of
friction required for stair descent would be
between 30 percent and 40 percent of that
required for normal walking. This supposition
agrees well with the work of Harper et al.
(1967), which showed the average coeffi-
cient of friction required for ascending or
descending stairs was approximately 0.09.
Because the potential for injury is higher in
a fall from stairs, however, a lower standard
for coefficient of friction on stairs is gener-
ally not recommended.

Figure |: Walking on Level Strfuce

Ramps provide a somewhar different
situation because the slope itself serves
to increase the angle of incidence of the
foot striking the walking surface, and
thus increases the level of friction
required to counter the increased hori-
zontal component of the decomposed foot
strike on the walking surface. Harper et al.
(1967) analyzed the required levels of fric-
ton required by normal subjects while
walking down a 1:6 slope. Examination of
the maximuim reactive forces involved led o
an average value of 0.32 across subjects.

Under known low-friction conditions,

walkers usually adapt their gait within a one
step cycle after recognizing the slippery con-
dition (Andres et al., 1992), According tw
Liewellyn and Nevola (1992), this protective
strategy usually involves adjustments to the
posture and the amount of force employed
in the early stance. Shorter steps are taken
and knee fAexion is increased, which com-
bine to result in lower vertical acceleration
and forward velocity of the body, as well as
shorter stride length.

Walking is regarded as safe when the
coefficient of friction () is larger than the
ratio of horizontal (Fgp) and vertical (Fy)
force components that are applied the
ground (: > Fyy/Fy). Friction force itself (F.)
is directly proportional to the normal force
(the force resisting the vertical force) and
can be expressed as F, = (Fi.. When these
two equations are combined, the F./Fy >
Fyy/Fy. It follows then that if the horizontal
and vertical forces applied to the walking
surface as well as the coefficient of friction
are all known, itis possible to evaluate math-
ematically whether the surface will poten-
tially be slippery. Referring to Figure 1,
when the system is in equilibrium (no slid-
ing) the limiting friction on a level walking
surface (:) can be approximated uwsing the
equation below:

where F is the forward directed force, N is
the normal force, R is the force applied by
the heel of the forward leg and @ is the angle
between the forward leg and the vertical
(Templer, 1992). For a 50* percentile male,
the average distance from the hip joint to the
heel is 92.5 centimeters (36.4 inches), and
the average stride during full-speed walking
is 71.6 centimeters (28.2 inches) from the
rear foot heel 1o lead foot heel, leading to a
half pace of 35.8 centimeters (14.2 inches).
The angle 6 then, would be 21.3 degrees,
Trigonometric caleulations then lead to a
coefficient of fricion under this condition
of 0.3 if no slipping is to oceur (remember
from earlier discussion that, in normal walk-
ing, ships of less than 3 centimeters are nor-
mally not detected and that force plate
analysis values for normal walking usually
result in required coefficients of friction of
much less than this). To reach a required
COF of 0.50, stride length would have to
be increased by approximately 25 percent,

an extremely awkward stride. While such a
stride length is passible, it is extremely un-
likely to occur during normal walking. Leg
length variation within sexes normally affects
the stride length, but not the angle of indi-
dence between the heel and the walking sur-
face, so the ratio between leg length and
stride length is more or less constant within
a small range.

Figure 2: Walking on a Sloped Surface

For a ramped surface, the equation is
slightly different:

_F _ Riin(@+ ) _
e T e el

where & is the angle of inclination of the
ramp itself (see Figure 2). Using the values
fora 50 percentile male from our previous
example to perform a biomechanical analy-
sis, when walking down a 1:12 (7.5 degrees)
sloped surface, a coefficient of friction of
0.584 would be the limiting friction. It
should, however, also be noted stride length
is usually shortened when descending ramps,
which would lead to a lower limiting fric-
ton level. Table 3 shows a similar analysis
of the friction values that would be equiva-
lent to a 0.50 COF on a horizontal surface
for various ramp inclinations. In force plare
analysis performed by Harper et al. (1967),
tested measurements of friction forces actu-
ally utilized when walking on slopes ranged
between 040 and 0.60 for slopes of less than
1:3 (33.3 degrees).

From the above discussion, it is clear that
while 0.50 may be the consensus standard
in the United States for a “slip-resistant™
walkway, a value of less than 0.50 is not by
definition something that can be charcter-
ized as “slippery” (a term that has no precise
technical definiton). Merriam-Websters
online dictionary defines the word slippery as
“a causing or tending to cause something
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3) the Pormable Articulated Strut Slip
Tester (PAST, aka the Brungraber MkI);

4) the Variable Incidence Tribometer
(VIT, aka the English XL); and

5) the James Machine.

I'he first four of these est apparatus are
usable for in-field testing, while the James
Machine is a “laboratory only” unit. There are
ASTM-certified test procedures for the use
of each of these, OSHA% 1926.754 specifies
the use of the Vanable Incidence Tribometer
(VIT) for testing and allows for the use of
the Portable Inclinable Articulated Strut Ship
Tester (PIAST) as an alternative.

When discussing ~l|p resistance test
mechanisms, it is important to differentiate
what is being assessed. Staric friction is the
ratio of the horizonmally applied force re-
quired to move a body from rest over the
vertical force applied to the surface by the
wel ght of the b wly. Dynamic friction inv olves
the same rato, bur the horizontal force in-
volved is one that is required to maintain
constant speed of movement once the body
has been moved from rest. More simply pur,

static friction is the friction force that must
be overcome to start a body in motion across
a surface, while dynamic friction is the fric-
tion force that must be overcome to keep that
body in motion across the sarface. In prac-
tice, static friction always exceeds dynamic
friction in magnitude. There is a lack of con-
sensus regarding whether static or dynamic
friction is more appropriate to specify in
the creation of standards (standards in the
United States usually refer to starie coeffi-
cient of fricion where a differentiation is
made, while most other nations focus on
dynamic coefficient of friction).

Of the test mechanisms above, only the
Variable Incidence Tribometer (VIT) and
the Portable Inclinable Arnculated Strut Slip
Tester (PIAST) are certified by ASTM for
the evaluation of wet surfaces, Testing of wer
surfaces requires specialized apparatus due
to a phenomenon known as stacktion. Suck-
ton is the result of water being squeezed
out of the interface between the test surface
and the walkway surface, creating a tempo-
rary bond between the two. It is a function
of the residence time between the instant of

surface contact and the application of hori-
zontal force. Test results of devices subject
to sticktion when used on wet surfaces can
be artificially high, ar imes exceeding values
derived for dry tests of the same surface.
Both the PIAST and the VIT avoid this
problem by applying both horizontal and
normal forces simultaneously during testing.

Whatever testing apparatus is selected,
there is often dispute as to whether leather
or a synthetic material should be used for
the surface of the test apparatus thar is placed
in contact with the walking surface. ANSI
Al1264.2-2001 recommends the use of Neo-
lite (a synthetic material) for this purpose
because of “its uniform and homogeneous
properties, its availability as a specified mate-
rial, and its resistance to contamination.”
Leather, being an organic material, exhibits
none of these qualities and is rarely nsed as
a shoe heel material (the part of the shoe
which is most likely to slip in normal ambu-
lation). Neaolite, it has also been argued, is
strictly a rest material and has never been
used in practice as a heel or sole marerial.
This argument is spurious; Neolite’s prop-

Introducing OK*1's
Glove Liner Series

OK-1 Safety & Ergonomics’ Glove
Liners are designed to greatly enhance
protection and comfort when worn
inside virtually any standard glove. Al
Glove Liners feature flexible,
long-lasting materials and offer
variety of features such as visco-
polymer padded polms, leather wrist
wraps and padded thumb webs - and
they're all backed by 0K1's unbeat
able quality and on-time delivery.

www.ok-1safety.com

IT'S WHAT'S
THAT COUNTS.

®
[ SAFETY & ERGONONICS ]

1 -

1-800-654-9873

90 CIRCLE 61 ON CARD

The innovative L -
leader in

calibration ’:‘J@‘ «!;i

gas and

6717-B Palk Street
Houstan, TX 77011

M%Wnrrr;wda
alwins Ing the gos
detection

If 41ill urcertoln of
privcedisre, contoct
manufocturés prior 1o
aftempting calibrotion

CIRCLE 62 ON CARD




FALL PROTECTION

erties place it in the middle range of mate-
rials that are used for this purpose, and a
cursory examination on the Internet shows
a variety of manufacturers do use Neuolite
for shoe soles and heels

Slip-Resistance

A variety of conditions affect the coefficient
of friction on walking surfaces, one of the
most common of which is the presence of
contaminants (often liquid). Lubrication of
the contact area between the shoe and the
floar surface may in some cases substantially
reduce its slip resistance.

According to Grandjean (1973), the de-
crease in COF between wet and dry surfaces
may range from as little as 2 percent to as
much as 81 percent, depending on the com-
bination of shoe and walking surface mate-
rials, Almost all combinations of dry, clean
shoes and walking surfaces exhibit COFs of
greater than 0,50, while only selected com-
binations of wet shoes and surfaces result in
COFs of greater than 0.40 (Miller, 1983).

tance can be made globally, but the follow-
ing table excerpted from a report by the
Brinish Seandards Institution (1984) is pro-
vided to provide some perspective. [t must

be remembered that for known slippery or

gait by decreasing stride length (thus reduc-
ing the angle of incidence between the heel
and the walking surface and reducing the
required level of slip resistance).

Slipping in the Real World

No estimate of the reduction in slip resis-  wet conditions, walkers normally alter their  Thus far, a grear deal of information has
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- been presented relative to the mechanics of
the human gait and the saentific methods
available to charscterize ship resistance of
walking surfaces. However, it is impormant to
depart from the laboratory for a moment and
consider the nature of the interior and exte-
rior man-made environment. One needs
only to consider the wide variety of walking
surfaces that exist around the world to un-
derstand that, in generul, the overwhelming
majority of common pavement and fooring
materials are inherently slip resistant, and
for centuries, man has successfully traversed
roads, paths, floors, and stairs made from a
vanety of materials,

The most common ourdoor ship-and-fall
accidents reviewed by the authors typically
involve a pedestrian slipping on an unsus-
pected patch of ice, water, or other slippery
foreign substance, rather than a problem
with the inherent slip-resistant characteris-
tics of the walking surface itself. Common
contaminants are:
® Jce parches formed by melting and refreez-
ing of snow. Many states have laws that hold
property owners liable for injuries resulting
from an “unnatural™ accumulation of ice.
® Ground surface icing (commonly referred
to as “black ice™). Ground surface icing re-
sults when moist air, particularly ground fog,
comes in contact with cooled surfaces, such
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as road or sidewalk pavement whose tem-
perature is below freezing.

& Oils, waxes, cleaning substances, and even
water, which can significantly reduce the
coefficient of friction of the walking surface
material,

For interior floor surfaces, such as
cerumic and vinyl tles, concrete and stone,
wood, and carpeting, slips rarely occur unless
these materials are contuminated with a sub-
stance such as oil, wax, water, etc, It must
be understood, however, that in some cases,
surface treatments can markedly add to the
coefficient of friction of the walking surfices.
Various waxes can raise the surface friction
generated above that of the underlying sub-
structure, and artificial texturing (such as is
often used on marble walkway surfaces used
outdoors) can have the same effect.

When a person walks on a continuous
uneven or undulating surface, such as brick
or cobblestone pavements, his gait will be
both consciously and unconsciously sdjusted
to successfully traverse the surface. When an
irregularity in the walking surface occurs
(e.g., an unexpected change in the elevation

of an otherwise level and smooth walkway),
missteps and mipping (rather than slipping)
can occur because the person’s gaie “rhythim”
has been unexpectedly interrupted. Slips can
normally occur when gait is not adjusted
for changes in walking surface friction levels
(e.g., from a normal walking surface to one
covered with unseen ice or water)

Falls are the third-most-common cause of
accidental death in the United States and re-
present almost one-fifth of both occupational
and public sectar injuries. Individuals who
ship often pursue legal action, however, the
safery profession has studied slips and falls
in depth and demonstrated a floor surface
may be smooth to the touch yer meet or even
exceed industry standards for slip resistance,

Making a scientific assessment of the slip-
resistant characteristics of walking surfaces
and likelihood of an individual injuring him-
self on them can be a relatively straightfor-
ward task, assuming the individual attempe-
ing it has the required knowledge of human
gait dynamics and the research that has been
performed in the field, as well as the appro-
priate test equipment. There is little ratio-

nale or need for purely subjective evaluations
based on erroncous assumptions, biases, or
preconceptions. 8

Diezid G. Corry, Ph.D, CHFP, CXLT, is the
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conmittees, incuding ASTM F13 (Pedestriom
and Walkway Safery). Steven Zebich, S.E., PE.,
is « Licensed Structural and Professional Engi-
neer wt Packer and is a qualified OSHA striue-
tor for the construction mdustry and & Fall Pro-
tection Competent Persan. Kami Kirk-Braland
1 a Staff Architecteral Consultant with Packer
who bas extensioe experience in architecrural
destgn and construction management of resi-
dentsal and commercial structures. She &5 a mem-
ber of ASTM Committee EO6, Performanie of
Busldings. All three authors can be reached at
$00-325-0114.
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