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A Dynamic Coefficient of Friction Measurement
Device for Shoe/Floor Interface Testing

M. S. Redfern, A. Marcotte, and D. B. Chaffin

A dynamic coefficient of friction (COF) measurement device is described
for use in recording shoe/floor slip resistance. This device is computer-
controlled and allows changes in the shoe/floor interface velocity and vertical
force applied during a test. Different sole materials, floors, and contaminants
such as water or oil are testable. Repeatability tests of the device were
conducted of four velocities (1,2,5, and 10 cm/s), three vertical force levels
(5,10, and 20 kg), and three floor conditions (dry, wet, and oily). These tests
showed that the COF measurements were highly repeatable with trial-to-trial
standard deviations of from 0.5% to 4% of the means under all conditions.

Slips and falls are a major cause of injury
in the workplace (Ellis, 1985; Strandberg,
1983, Manning & Shannon, 1981). The U.S.
National Safety Council estimates that occu-
pational falls cause 250,000 to 300,000
injuries per year, and result in 1,200 to 1,600
deaths (Pater, 1985). As a result, the preven-
tion of slips and falls is receiving an increas-
ing amount of attention. Recently, this atten-
tion has focused on measurement of the “trac-
tive” or slip-resistant properties of flooring
and shoes. Current slip-resistance evaluation
methods measure the COF of the shoe/floor
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interface (Redfern & Bloswick, 1987). These
measurements are used by industry, shoe and
floor manufacturers, and the legal system as a
criterion for rating slip potentials of various
flooring conditions.

Although static COF is the most common
measurement for rating slip potential, there
has been much debate over whether it is the
most realistic measure (Perkins, 1983; Andres
& Chafin, 1985; Strandberg, 1983; Redfern &
Adams, 1988). Results from laboratory
experiments involving human subjects indi-
cated that most foot slips occur under dynam-
ic foot movement conditions and thus a
dynamic COF may be a more appropriate
measure of the frictional capabilities of a
shoe/floor condition (Strandberg, 1983).
Dynamic COFs have been acquired using
devices such as the TORTUS, the dynamic
sled, and the Brungraber Slipometer (Andres
& Chaffin, 1985). Each of these devices,
however, is limited to measuring a constant
velocity and a constant applied vertical force.

In the ideal case (perfectly smooth, hard
surfaces) this measurement scheme is appro-
priate. In most shoe/floor COF measure-
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ments, however, the conditions are not ideal.
Vertical force and contact velocity will have
an effect on the measurements, particularly for
rough surfaces and floors with surface con-
taminants such as water or oil (James, 1983).

The objective of this work was to develop a
device and methodology to measure dynamic
COF with the ability to vary vertical forces
and velocities in order to improve the reliabil-
ity of dynamic COF measures used in
shoe/floor slip testing.

METHOD

The dynamic COF measurement device
consists of a rigid sled, stepper motor, velocity
control, and computerized force-recording
system (Figure 1). The sled is constructed
from rigid aluminum plate. A 10 cm x 11.5
cm sample of shoe/sole test material is
attached to the bottom of the plate with dou-
ble-sided carpet tape. Weights are placed on
top of the sled plate to create the desired nor-
mal forces. Attached to the front side of the
sled is a force transducer (load cell) and flexi-
ble stainless steel cable rated at 3,880 N in
tension. The other end of the cable is attached
to the spindle of the stepper motor. The cable
and motor provide the means to pull the sled

at various velocities. When the motor is acti-
vated the spindle turns, creating tension in the
cable, deflecting the load cell, and causing the
sled to move. The load cell measures the
pulling force required to initiate and sustain
the movement. In order to create a pulling
force with no vertical component, a pulley is
attached to the test platform as shown (Figure
1). The stepper motor (Superior Model
M106-178 W) and Compumotor microstep-
ping system/controller are used to pull the
sled at the desired velocities. The motor is
designed to index in 200 discrete steps per
revolution (1.8 /step). The controller is used
to remove the “jerking’ effect that a discrete
200-step revolution would have on the sled
during a test. By performing a linear interpo-
lation between each of the 200 motor steps,
the controller “smooths™ the stepping effect to
create a near continuous pulling force on the
sled. The motor spindle is then capable of
indexing in 25,000 steps/revolution. A 2001
Sweepable Function Generator (Global
Specialties Model 105-2001) is used with the
controller to set the motor speed (rate of step-
ping) and corresponding velocity of the sled
during motion. This is possible because the
controller creates a direct relationship
between the input frequency and motor rota-

FIGURE 1. A DIAGRAM OF THE DYNAMIC COF MEASUREMENT DEVICE WITH COMPUTER DATA
ACQUISITION
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tion. Actual operation of the motor is con-
trolled by the stepper motor controller, which
consists of two switches and a “stop” button.
The “on/off™ switch controls the actual opera-
tion of the motor, while the “direction” switch
controls the direction of the spindle rotation.
The “stop” button interrupts regulation of the
motor by the controller and can be used to
stop rotation of the spindle during operation.
The force measurement system includes a
force transducer, force monitor, and data
acquisition system. The force transducer (a
custom strain-gauge beam-load cell) measures
the amount of horizontal force required to pull
the sled. The force monitor acts as a strain-
gauge bridge amplifier to amplify the voltages
coming from the load cell into voltages
required by the A/D converter.

Lab Tech Notebook (Laboratory
Technologies Corp, 3.0.1 Megabyte version)
data acquisition package was used with an
IBM personal computer and monitor to run
the trials and record the data. The system was
calibrated to convert voltage from the load
cell into kg of force by suspending known
weights from the load cell over the estimated
range of leading. A linear regression was per-
formed for the calibration with a correlation
coefficient of 0.995. The values were used in
the computer analysis of the results. Lab Tech
Notebook provided a real-time plot of the
forces recorded during each trial.

Testing Procedure

The following is a protocol established for con-
ducting COF tests with the apparatus:

(1) Set the levels of the test variables (velocity,
vertical force).

(2) Prepare the shoe-sole material sample (as
per Andres & Chapin, 1985) and attach to the bot-
tom of the sled with double-stick adhesive tape.

(3) Place the sled with the desired weight on the
floor surface so that all the slack in the cable is
removed.

(4) Activate the computer data-acquisition systemn.

(5) Initiate the test by starting the stepper motor.

(6) Terminate data collection at the end of the
excursion in the cable and then stop the motor.

Data Analysis

The forces are recorded from the load cell
Summer 1990/Volume 21/Number 2

FIGURE 2. REPRESENTATIVE DIAGRAM OF A
TYPICAL HORIZONTAL FORCE TRACE PATTERN
DURING A DYNAMIC COF TEST
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and the trial plotted on the screen. A typical
trace recording appears in Figure 2. The hor-
izontal or “pulling” force (kg) required to
sustain motion of the sled is plotted against
the elapsed time(s) of the trial. The force
trace does not start at zero because some ten-
sion was always maintained in the steel
cable. Point “A” on the graph indicates
where the stepper motor was activated. The
trace immediately reaches its maximum at
point “B,” where the pulling force must
overcome inertia and any adhesion effects at
the shoe/floor interface. The trace rapidly
falls and stabilizes as force is required only
to sustain motion of the sled (range “C”’).
While the magnitude and stability of the
traces differ between various test conditions,
the same general pattern is present. A mean
and standard deviation are calculated (over
the “C’’ range) for each trial to assess the
consistency of the data within a trial. A total
of 10 trial repetitions are used for each con-
dition. A grand mean and standard deviation
are calculated for each condition using the 10
trial means to assess the consistency of the
data between trials.

Repeatability

Data was collected using the device to inves-
tigate the repeatability of the dynamic COF
measurements. A leather shoe sole was used on
the vinyl floor tile with a dry, wet, and oily con-
taminant. Ten trials were performed at each
condition under the prescribed testing protocol.
Velocities of 1,2,5, and 10 cm/s were tested with
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FIGURE 3. GRAPHIC PRESENTATION OF THE
MEAN COF VALUES (X) IN THE REPEATABILITY
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vertical forces of 49, 98, and 196 N (equivalent
to 5, 20, and 20 kg). A full factorial design was
implemented, requiring a total of 360 trials. A
summary of the acquired dynamic COFs
appears below (Table 1). Presented in the table
are the means within each condition over the 10
trials (X), the standard deviations of those
means (SDy), and the means of the standard
deviations found within each of the 10 trials
(Xg@)- The X4 values were calculated by aver-
aging the standard deviations found when com-
puting the means of each trial (the data used in
region “C”[Figure 2]). The Xy4’s demonstrated
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the stability of the recorded force data during
the tests. The recorded force levels were very
consistent with the X¢q values being only
0.5% to 4% of the mean COFs (X). The
SDy’s were also very low, with values < 3%
of the mean. The SDy values were also con-
sistent under all conditions tested.

A statistical analysis (ANOVA) of the data
showed all primary independent variables
(condition, speed, vertical force) to be signifi-
cant {p < .01) as were all first-order interac-
tions. A comparison of Xs appears below
(Figure 3). Velocity had very little effect on
the dry surface, but had a great effect on the
wet and oily surfaces. When the surface was
wet, COFs decreased consistently as the
velocity increased. However, when the sur-
face was oily, the COFs dropped dramatically
from the 1 cm/s to the 2 cm/s trials, then
stayed at these lower levels as the speed was
increased. Vertical force also had more of an
effect under the wet and oily surface condi-
tions, particularly at the slower velocities.
The force effect appeared to decrease as the
velocity increased.

DISCUSSION AND CONCLUSIONS

The dynamic COF measurement device
described here can be used at different
velocities of pull and at different vertical
force levels. The device is easily imple-
mented and offers flexibility for testing
different shoe/floor condition combina-
tions. The COF measurements acquired
were shown to be highly repeatable from
trial to trial under various velocities, verti-
cal forces, and contaminant conditions.
The COF results found in this study are
consistent with some of the reported mea-
surements in the literature. Andres &
Chaffin (1985) tested floors with a con-
stant velocity COF device known as the
TORTUS at 2 cm/s with similar results.
Because the effect of velocity during con-
taminated conditions reported here is very
important to the practical testing of the
floor/shoe interface, a variety of velocities
needs to be tested to get a profile of the
shoe/floor COFs to determine slip poten-
tial. Yet, it is believed that this device can
be used in chosing and designing flooring
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TABLE 1. NUMERIC VALUES AND STANDARD DEVIATIONS
' OF THE MEANS WITHIN 10 TRIALS

Velocity Vertical
Condition (cm/s) Force (N) X SDx Xsd
Dry 1 49 314 .004 .013
Dry 1 98 «345 .009 .009
Dry 1 196 .356 .006 .007
Dry 2 49 .306 .003 .009
Dry 2 98 329 .006 .008
Dry 2 196 .351 .008 .009
Dry 5 49 .327 .008 .016
Dry 5 98 .356 .009 .013
Dry 5 196 .353 .009 .010
Dry 10 49 .363 .008 .013
Dry 10 98 +353 .008 .018
Dry 10 196 +342 .007 .010
Wet 1 49 564 .067 .018
Wet 1 98 406 .046 .009
Wet 1 196 .379 .039 .008
Wet 2 49 .246 .020 .017
Wet 2 98 .288 .031 .013
Wet 2 196 .285 .035 .009
Wet 5 49 172 .011 .025
Wet 5 98 .198 .018 .026
Wet 5 196 .198 .012 .010
Wet 10 49 L1407 .008 .024
Wet 10 98 .153 .013 .019
Wet 10 196 <154 .012 .002
0il 1 49 .505 .026 044
0il 1 98 472 .070 .025
0il 1 196 .381 .077 .013
0il 2 49 .042 .018 .009
Oil 2 98 .039 .017 .006
Oil 2 196 .039 011 .004
oil 5 49 <140 .013 .025
01l 5 98 .100 .018 .011
0il 5 196 .073 .016 .009
0il 10 49 .063 .011 .017
0il 10 98 .050 .010 .013
0il 10 196 .042 .006 .015

systems for various settings under a variety of
conditions to reduce slip-and-fall injuries.
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