Analysis of Shoe Friction During
Sliding Against Floor Material:
Role of Fluid Contaminant

Understanding the tribological interactions between shoe and floor materials is impor-
tant in order to enhance shoe and floor design and to prevent slip and fall accidents dur-
ing walking. In the present investigation, experiments were conducted using a custom
developed pin-on-disk type tribometer to understand the influence of boundary and
hydrodynamic properties on the shoe-floor materials’ coefficient of friction. Specifically,
polyurethane shoe material was slid against vinyl floor material in the presence of vary-
ing lubricants (i.e., water, detergent, three diluted glycerol concentrations, and canola
oil). The experiments were conducted for a range of biologically relevant sliding veloc-
ities from 0.05m sec™" to 1.0m sec™" at a contact pressure of 266.1 kPa under ambient
conditions. The fluid chemical composition appeared to affect the boundary friction coef-
ficient with longer-chain molecules resulting in a decreased coefficient of friction. As
[fluid viscosity increased, the rate of coefficient of friction decay increased with respect to
increasing fluid entrainment velocity, suggesting less material contact and increased film
thickness. The nondimensional film thickness under all conditions was calculated and the
nondimensional film thickness consistently increased with increased viscosity and speed.
Additionally, the effect of functionally achievable variations in polyurethane shoe rough-
ness on the coefficient of friction was examined and found to have no statistically signifi-
cant effect on boundary or hydrodynamic contributions to the coefficient of friction.
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1 Introduction

Fall accidents represent a serious social and economic burden.
According to the Liberty Mutual Workplace Safety Index (WSI),
in 2007, occupational fall accidents that occurred on the same
level cost approximately $7.7 x 10° in the United States alone [1].
Among various fall accidents, 40-50% of fall related injuries
were induced by slipping [2], with an estimated 24% being attrib-
uted to improper shoe material and 50% to improper floor material
[3]. According to the Bureau of Labor Statistics (BLS), in 2008,
accidents due to falls on the same level resulted in a median of 10
days away from work for the employee to recover [4].

Slip initiation occurs when the amount of required friction for
walking exceeds the available friction at the shoe-floor interface
[5.6]. The average required coefficient of friction (RCOF) during
normal gait on a level surface has been reported between 0.17 and
0.22 [5,7-10]. The available friction is affected by the shoe and
floor material properties [11-13], surface topography [14—17],
tread pattern [18-20], fluid lubricant [11,13,21,22] and operating
conditions [21,22] and have been shown to relate to wear [12,17].

Among the many factors that are known to affect shoe-floor-
fluid friction, the tribological interaction of the shoe-floor-fluid
interface has typically been discussed only with regard to the
hydrodynamic effects of the fluid. These factors include the
squeeze-film effect [23], the wedge-term [24], and shoe material
deformation due to elastohydrodynamic lubrication (EHL) [25].
In regard to fluid pressure effects, the shoe-floor-liquid contami-
nant coefficient of friction typically decreases as speed increases,
which is consistent with the Stribeck effect and can be described
by three lubrication regions: boundary lubrication, mixed lubrica-
tion, and hydrodynamic lubrication [21,26]. Boundary lubrication
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results in the greatest material asperity contact and, therefore, the
highest coefficient of friction. Under boundary lubrication, the
molecular structure of the lubricant affects the available friction
with long chains and polar molecules providing the best lubrica-
tion [27]. As the sliding speed increases, the hydrodynamic pres-
sure increases and separates some of the shoe and floor asperities,
which ultimately reduces the friction coefficient [24,25]. Factors
that affect the hydrodynamics between shoe and floor surfaces
include fluid viscosity, sliding speed, shoe shape and orientation,
normal force, and surface topography [24,26]. In general, rougher
surfaces offer void volumes for the liquid contaminant to settle
into without reducing the material asperities’ ability to maintain
contact. In the literature, researchers have reported that the floor
material roughness significantly affects the coefficient of friction
[14-16,28]. Chang [14] showed that floors with higher asperity
peaks and an increased void volume resulted in an increased fric-
tion coefficient. However, much less research has been done on
the effect of shoe roughness on the shoe-floor coefficient of fric-
tion. Hence, in this study, attempts were made to determine the
influence of shoe roughness and fluid contaminant on the shoe-
floor-fluid friction.

An improved understanding of shoe-floor-contaminant friction
mechanisms also aids the development of shoe-floor-fluid tribo-
logical models that are currently being developed. Progress has
been made in modeling shoe-floor-fluid friction under mixed
lubrication by taking into account the hydrodynamic effect of the
fluid [26]. This model showed good agreement between the model
output and experimental data, however, it did not model boundary
lubrication effects nor did it evaluate the effects of shoe roughness
on shoe-floor-fluid friction. Identifying and examining factors
which affect boundary lubrication will help to develop more
advanced shoe-floor-contaminant friction models and will lead to
the development of more slip resistant shoe and floor designs.

In this context, the goal of the present research is to examine
the effect of lubricant properties on shoe-floor-fluid friction while
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(a) (b)

Fig. 1 Custom pin-on-disk tribometer used to measure the
shoe-floor-contaminant coefficient of friction: (a) photograph,
and (b) schematic showing floor material (disk), shoe material
(pin), and the direction of the shear and normal forces used to
calculate the coefficient of friction

considering both the boundary lubrication and hydrodynamic
effects. As a secondary goal, the effect of the achievable variation
in shoe roughness was examined.

2 Methods

Experiments were conducted using a pin-on-disk type tribome-
ter, the photograph and schematic views of which are shown in
Figs. 1(a) and 1(b), respectively. The pin-on-disk type tribometer
was custom developed by instrumenting a rate table (disk) on
which the floor material is mounted. A normal load is applied to
the shaft directly above the shoe material (pin). When the rate ta-
ble rotates relative to the fixed shoe material the frictional (or
shear) force is recorded by load cells. The coefficient of friction
was measured as the ratio between the measured shear (frictional)
force and the applied normal force.

A pin-on-disk tribometer was used in this study because of its
flexibility to easily modify testing conditions and to fundamen-
tally understand the interactions of the shoe and floor surfaces. It
is expected that the shoe tread pattern and loading conditions that
exist during actual slipping accidents may affect the exact coeffi-
cient of friction measurements. Yet, because previous research by
one of the present authors [21] has shown a similar Stribeck effect
with entire shoes, it is anticipated that the general trends that are
identified in this study are applicable to whole-shoe testing. Using
the pin-on-disk type apparatus, the sliding speed can be varied
over a range of speeds that are relevant to walking. Previous pub-
lications have described the requirements for biomechanically rel-
evant, ‘biofidelic,” slip resistance testing and recommended a

sliding velocity at the shoe-floor interface between 0-1.0m sec ™'

[22]. In the present study, experiments were conducted for 11
defined, biologically relevant sliding speeds, namely 0.05, 0.1,
0.2, 0.3, 04, 0.5, 0.6, 0.7, 0.8, 0.9, and 1.0m sec”'. In addition,
all tests were carried out for a constant normal load of 20.9N in
ambient conditions, resulting in a contact pressure of approxi-
mately 266.1kPa. The normal load was selected in order to
achieve a contact pressure between 200 and 1000 kPa, which has
been identified as a biomechanically-relevant range of pressures
[22]. In order to isolate the boundary lubrication and wedge term
effects specific to the shoe and floor materials rather than the per-
formance of a whole shoe design against a floor surface, other bio-
logically relevant parameters (i.e., shoe angle, tread, and normal
force build-up rate) were not incorporated into the experimental
design. A typical variation in the coefficient of friction values
recorded over a 10s period is presented in Fig. 2. As part of the
protocol, five experiments were recorded for each testing condi-
tion. The order of each set of experiments was randomized.

In the experiments presented here, the materials and contami-
nants relevant to shoe-floor friction were examined. The pins were
made of untreaded polyurethane and the counterpart, the floor ma-
terial, was made of commercially available vinyl tile. The pins
were 10mm in diameter with a reduced radius of curvature of
approximately 23.3 um. The floor material for all experiments was
standard 305 mm x 305 mm, 35 mm thick vinyl floor tiles with a
track radius of 80 mm. The surface roughness parameter, the RMS
of roughness (R,), of the shoe and floor materials was measured
using a 2D contact type stylus profilometer with a cutoff filter
length of 0.8 mm. A single floor material was used for all testing
with a roughness value of R, = 1.34 = 0.2 um. The roughness of
the polyurethane shoe material was controlled by abrading the
shoe material with 220 grit silicon carbide paper for each experi-
ment, resulting in a roughness of approximately 8.2 um. The fluid
contaminants examined are water, 1.5% detergent, a 25%
water-75% glycerol concentration, a 50% water-50% glycerol
concentration, a 75% water-25% glycerol concentration, and can-
ola oil with corresponding viscosities of 0.52 cP, 1.8 cP, 1.9 cP,
5.54 cP, 41 cP, and 74.6 cP, respectively. The viscosity of the flu-
ids was measured at ambient conditions (approximately 20-25 °C)
using a viscometer. The detergent-water concentration was
selected to follow the manufacturer’s instructions of approxi-
mately 1.5% detergent for normal cleaning. Canola oil was
selected since it is commonly present in a restaurant setting. Glyc-
erol was chosen because the fluid concentrations and viscosity can
be easily varied to study the viscosity effects.

In another set of experiments, the ability to vary the frictional
effects by varying the shoe roughness was explored. To vary the
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Fig.2 Typical time-history of the coefficient of friction
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polyurethane shoe roughness, the shoe material was abraded with
varying grades of silicon carbide paper, which resulted in a limited
range of achievable variation in the RMS roughness, 9.3 um,
8.2 um, and 7.3 um, corresponding to 100 grit, 220 grit, and 400
grit silicon carbide paper, respectively. For these experiments, three
combinations of glycerol and water, namely, 25% water-75% glyc-
erol, 50% water-50% glycerol, and 75% water-25% glycerol that
were used in the previously described set of experiments were
applied to the shoe-floor contact.

Consistent with previous research, lubricated shoe-floor friction
decayed with increasing speed, following the Stribeck effect
[21,26]. An exponential decay fit was used to quantify the change
(resistance to decay) in the coefficient of friction with increasing
speed. A regression analysis was performed using the following
equation calculating variables relevant to quantifying boundary
lubrication friction and friction decay with speed

COF = COFasymptote + (COFBL - COFasymptote)eiv/rhydm (l)

Equation (1) tracks the change in the coefficient of friction with
speed and quantifies the boundary lubrication and hydrodynamic
effects. Here, the COFp, is indicative of the coefficient of friction
under boundary lubrication, which occurs at very low speeds
before the hydrodynamic effects cause a dramatic decrease in fric-
tion, and was calculated for the coefficient of friction value as the
velocity approaches zero. The variable tyyqr, represents the resist-
ance to decay of the coefficient of friction due to fluid pressure or
hydrodynamic lubrication effects, which cause the coefficient of
friction to decrease. Here, Thyqro is @ measure most closely related
to the hydrodynamic fluid effects, which causes the coefficient of
friction to decay under the mixed-lubrication regime. As the ve-
locity increases to high sliding speeds, the coefficient of friction
approaches an asymptote, which is quantified by the variable
COFasymplol&

An optimization method, the Nelder-Mead simplex method [29],
was used to fit the preceding model, i.e., Eq. (1), to the collected
coefficient of friction data. Figure 3 shows an example dataset fit
with the regression equation (Eq. (1)), resulting in a calculated
boundary coefficient of friction (COFg;) of 0.83, a calculated
hydrodynamic effect (tpyaro) Of 0.18, and an asymptote (COFgymp-
ore) Of 0.16. The Nelder-Mead simplex method is a direct search
method of nonlinear unconstrained optimization and was applied to
minimize the Euclidean distance between the predictive exponen-
tial function and the collected coefficient of friction data, resulting
in a best fit equation [29,30]. The COF,sympiorc and COFg were
bounded using MATLAB [31] so that the resulting best fit does not
include coefficient of friction values less than zero.

1
A Collected COF Data
s —Regression Fit
P COF=0.164 + 0.675 V0184
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8 R*“=0.961
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Fig. 3 Variation of the coefficient of friction with speed (trian-
gles) for 25% glycerol-75% water lubrication and 8.2 um shoe
roughness; the solid line represents the exponential regression
fit. The values obtained for the variables of Eq. (1) are
COFg_ =0.839, Thydro = 0.184, and COFasymptote =0.164.
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In addition to quantifying the boundary and hydrodynamic
effects of the empirical data, the theoretical nondimensional film
thickness of each shoe-floor-contaminant combination was calcu-
lated. Based on maps of the lubrication regimes developed by Esfa-
hanian and Hamrock [32], the shoe-floor-lubricant contact was
identified to function under the isoviscous-elastic regime, also
known as soft-EHL. In the isoviscous-elastic regime, the fluid pres-
sures are relatively low and elastic deformation of material relative
to the film thickness is relatively high [33]. This regime is com-
monly encountered in scenarios such as seals and tires [33]. Ham-
rock and Dowson developed the nondimensional film thickness
equation under soft-EHL by least-square fitting data based on 17
soft-EHL conditions [33]. Under soft-EHL contact, the nondimen-
sional film thickness is calculated from the following equation [33]

Homin = 743U W02 (1 — 0.85¢7 1) @)

where

_ h
He,min = ;:n
V]V
T ER
w
“ER

The parameters (velocity (v), reduced radius of curvature (R'), vis-
cosity (1), effective elastic modulus (E), and normal load (w))
which were used to calculate the film thickness were measured or
calculated. The velocity, viscosity, and normal load were meas-
ured as testing parameters. The effective elastic modulus was
assumed to be approximately equivalent to the elastic modulus of
the much softer material, polyurethane, and measured to be
approximately 2.0 MPa [26]. Table 1 summarizes all of the rele-
vant parameters used to calculate the nondimensional film thick-
ness. The reduced radius of curvature was calculated by
measuring the 2D surface profile of the shoe pin and fitting a
second-order polynomial, Eq. (3) [26], to the profile of the shoe
material to determine the curvature of the material

h(r) =B *r? 3)

The reduced radius of curvature is then calculated from Eq. (4).
Figure 4 shows an example of a surface profile fit with the
second-order polynomial. The regression variable indicative of
curvature B was determined by regression fitting

1
2B

R = )

The assumption that the shoe sample was symmetric was made
based on similar profile scans in perpendicular directions, result-
ing in k= 1. The ratio of the film thickness to roughness (1) is
related to the transition between the boundary lubrication, mixed
lubrication, and full-film lubrication. The ratio relates to the asper-
ity contact available. When 4 is less than 1, the contact is defined
to be in the boundary lubrication regime. When / is between 1
and 3, the contact is defined to be within the mixed lubrication

Table 1
thickness

Parameters used to calculate non-dimensional film

Fluid viscosity, 0.52,1.8,1.9,5.54,41, 74.6 cP

Velocity, v 0.05,0.1,0.2,0.3,0.4,0.5, 0.6,
0.7,0.8,0.9, 1.0m sec ™'

Effective elastic modulus, E’ 2.0 MPa

Normal load, w 209N

Reduced radius of curvature, R’ 23.3 um
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. measured surface profile
—regression fit to data

100

Fig. 4 Example of a surface profile fit with a second-order
polynomial to calculate the reduced radius of curvature (R'); the
dotted line shows the measured surface profile and the solid
line is the second-order polynomial regression fit to the data

regime. When / is greater than 3, the contact is defined to be in
the full-film lubrication regime. The variable is calculated from
the following equation [33]

/
He,min * R

o*

A= &)

2.1 Statistical Analysis. Analysis of variance (ANOVA)
analyses were conducted to determine the effects of the fluid com-
position and fluid viscosity on the lubrication parameters: COFgy ,
Thydro» aNd COFygympiote- In the study, the fluid composition was
treated as a nominal variable, while the fluid viscosity was treated
as a continuous variable. The effect of common liquid contami-
nants on the boundary lubrication was evaluated with the liquid
contaminant composition (viscosity) as the fixed-effect independ-
ent variable and COFgL, Thydro, and COF,gympiore as the dependent
variables. An alpha (o) value of 0.05 was used for all analyses,
based on a 95% confidence interval. Statistical analysis software,
JMP 8 (SAS®, Cary, NC), was used for all statistical analyses.
Only data sets with good regression fits (R > 0.8, n = 29) or mod-
erately good fits (R* > 0.5, n = 6) were used in this study.

3 Results and Discussion

Figure 5 shows the results of all data collection. All coefficient
of friction values were found to compress to a single master curve
when the coefficient of friction was plotted with respect to
viscosity*speed. While not all testing conditions resulted in a
decaying COF with speed over the range of 0.05-1.0m sec™ ", it is
expected that over a greater range of speeds, all of the conditions
tested in this study would follow the trend since all data was found
to compress onto a single master curve. The testing speed range of
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Fig. 5 Master curve of all COF data collected across all experi-
ments plotted with respect to viscosity*speed
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Fig. 6 Average exponential regression fits of average COF
data under water, detergent, 25% glycerol-75% water, and 50%
glycerol-50% water lubrication

0.05-1.0m sec ™' was selected to follow the recommendations for
biofidelic testing conditions [22].

Figure 6 shows the variation of the regression fit of the coeffi-
cient of friction with varying speed for various lubricants. Good
exponential fits (R2 >0.8) were achieved for the fluids: 25%
glycerol-75% water, detergent, and 50% glycerol-50% water. A
moderately good fit (R* > 0.5) was achieved for water. Good ex-
ponential regression fits could not be made for the experimental
conditions lubricated with 75% glycerol-25% water and canola oil
(R2<O.5). The COFgp for canola oil and 75% glycerol-25%
water was estimated by the mean coefficient of friction for the
experiment. Since both lubricants’ coefficient of friction values
did not vary considerably with speed (i.e., the standard deviation
is less than 0.05), COFg was set to the average coefficient of
friction. However, since the experiments collected under 75%
glycerol-25% water and canola oil lubricated conditions could not
be fit with an exponential regression Tyygro and COFgympiore could
not be calculated. Therefore, these fluids were excluded from the
hydrodynamic analysis, as discussed in Sec. 3.2.

3.1 Boundary Lubrication Effects. Figure 7 shows the vari-
ation of the COFp for varying lubricants. The COFy; was found
to be significantly affected by varying fluid lubrication as indicated
by ANOVA analysis (pguig < 0.01). The mean boundary lubrication
coefficient of friction COFgp was the highest for water
(COFgL =0.69(0.04)), followed by 25% glycerol-75% water
(COFg. =0.65(0.03)), 1.5% detergent (COFg = 0.58(0.03)), 50%
glycerol-50% water (0.47(0.03)), 75% glycerol-25% water
(COFpL =0.16(0.05)), and then canola oil (COFg; = 0.10(0.02));
see Fig. 7. Post hoc analysis revealed a significant difference
between the COFgp under water and 50% glycerol-50% water
lubricated conditions. The COFgp under the 25% glycerol-75%
water lubrication was significantly higher than the COFpy under
50%-50% glycerol-water lubrication. The COFp under the canola
oil and the COFg;. under the 75% glycerol-25% water lubrication
were not significantly different between the two lubrication condi-
tions. However, the COFg of the canola oil and 75% glycerol-

0.8]

0.7 < 0.01

Priuia
0.6

1 0.5

@

0.4

COF

0.3
0.2
0.1
0

water 25% detergent  50% gl 75% gly canola
o L BRE('.'.MN'F"I g

Fig. 7 Average COFg, with standard deviations for water, de-
tergent, 25% glycerol-75% water, 50% glycerol-50% water, 75%
glycerol-25% water, and canola oil
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CHANGE IN NON-DIMENSIONAL FILM THICKNESS WITH SPEED
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Fig. 8 Calculated nondimensional film thickness with increas-
ing speed for water, detergent, 25% glycerol-75% water, 50%
glycerol-50% water, 75% glycerol-25% water, and canola oil
lubricants. (Note: the nondimensional film thickness of deter-
gent and 25% glycerol-75% water are very close and therefore
appear merged).

25% water lubricated conditions were both significantly lower
when compared to the water, 25% glycerol-75% water, 1.5% deter-
gent, and 50% glycerol-50% water lubricated conditions.

Boundary lubrication friction is significantly affected by the
molecular structure of the liquid lubricant, with long chains and
polar molecules providing the best liquid lubrication [27]. These
long polar chains form bonds with materials creating a molecular-
scale lubricating film between asperities [34]. These results are
consistent with boundary lubrication theory since water is com-
posed of the shortest molecules used in this experiment with a
chemical formula of H,O, followed by glycerol with a chemical
formula of C3Hs(OH)s, canola oil has the longest chain composed
of a glycerin group with long carbon chains bonded to the glycer-
in’s hydroxyl groups [35]. It is noteworthy that, as the ratio of
glycerol to water molecules increased, which would subsequently
increase the average chain length, the coefficient of friction con-
sistently decreased. The effect of the chain length of the detergent
is unclear since the full composition of the industrially available
detergent was not available. However, most detergents are com-
posed of multiple components including surfactants [36], which
can be used as wetting agents. Surfaces that are wetted more eas-
ily typically result in better boundary lubrication [34].

Nondimensional film thickness calculations provided insight into
the lubrication regimes in which each testing shoe-floor-lubricant
condition operated. Figure 8 shows the calculated nondimensional
film thickness for each testing condition. The calculated nondimen-
sional film thickness of water is lowest throughout all conditions,
corresponding to the highest level of material contact and, there-
fore, presumably, the highest coefficient of friction under boundary
conditions COFg;. As predicted by the film thickness, the water
lubricated contacts should never transition out of the boundary
lubrication under the conditions tested. Contacts lubricated with de-
tergent and 25% glycerol-75% water are also predicted to function
only under boundary lubrication. Under 75% glycerol-25% water
lubrication and canola oil lubrication the contacts are predicted to
transition into mixed lubrication with increased speed. It is impor-
tant to note that the nondimensional film thickness parameter 4 (1)
calculated in the present investigation is contradictory with other

shoe-floor-contaminant friction results, which report shoe-floor-
contaminant friction functioning heavily in mixed lubrication
[21,26]. The lubrication regimes were previously [21,26] identified
by visual inspection. However, the calculation of the nondimen-
sional film thickness suggests that the contact is primarily in the
boundary lubrication (4 < 1), transitioning into mixed lubrication at
relatively high speeds. These results suggest a speed effect within
the boundary lubrication.

Additional testing was performed to determine the effect of
changes in shoe material roughness on the coefficient of friction.
Within the achievable range the polyurethane shoe material rough-
ness (R,) was 7.3 pum, 8.2 um, and 9.3 um. The roughness
(p=0.3951) and the roughness-viscosity (p =0.0677) interaction
did not have a significant effect on the COFp; . Table 2 summarizes
the results of curve fitting the collected coefficient of friction data
to calculate the regression variables indicative of boundary lubrica-
tion and hydrodynamic effects. Previous researchers have found
that roughness (R, =4.4 um-51.9 um) across different shoe mate-
rials is correlated with the coefficient of friction [37,38]. Yet it is
unclear if the shoe roughness or the shoe material properties caused
the improved friction performance. Compared to the wide range of
shoe material roughnesses that typically occur across different shoe
surfaces, the range examined in this study was limited, which may
explain the lack of a roughness effect. Additionally, the roughness
of the less elastic material of a tribo-couple tends to have a signifi-
cant influence on friction, whereas the asperities of the softer mate-
rial tend to deform, resulting in a minimal influence on friction
[39]. Moreover, using silicon carbide paper may not be an effective
way to modify shoe roughness to achieve improved slip-
performance. In this study, there was no significant difference or
trend observed in the COFg; due to order.

3.2 Hydrodynamic Effects. Figure 9 shows the variation of
Thydro With viscosity for various lubricants. Varying the fluid con-
taminant significantly affected thyqro, as indicated by ANOVA
analysis (pguig < 0.001). The fluid viscosity had a prominent effect
on the hydrodynamic lubrication variable t,yq4r. Higher fluid vis-
cosity resulted in less resistance to the coefficient of friction decay
with increasing speed. The mean thyaro Wwas 2.09(0.27),
0.68(0.17), 0.50(0.17), and 0.19(0.17) m sec™' for water (0.52
cP), 1.5% detergent (1.8 cP), 25% glycerol-75% water (1.9 cP),
and 50% glycerol-50% water (5.54 cP), respectively. When lubri-
cated with water, the value of T4, Was very high, indicating a
low sensitivity of the coefficient of friction to increasing speed,
whereas Tpyqr, Was low for the 50% glycerol-50% water lubrica-
tion, indicating a low resistance of the coefficient of friction to
decay with increasing speed. The effect of the fluid viscosity on
the hydrodynamic lubrication is consistent with previous research
[21,23,24,26]. Higher fluid viscosity resulted in a high rate of the
coefficient of friction decay with increasing speed as a result of
fluid pressure build-up due to the wedge effect [24,26].

The COF,gymptote Was significantly affected by the fluid contam-
inant composition (p < 0.05). The COF,ympiore Was 0.001(0.000),
0.001(0.000), 0.099(0.027), and 0.111(0.027) when the shoe-floor
material was lubricated with water, 1.5% detergent, 25%
glycerol-75% water, and 50% glycerol-50% water, respectively. It

Table 2 Results of regression variables (COFg,, thyaro, and COF,symptote) fOr vary-

ing shoe material roughness

Viscosity (composition) Roughness COFg, Thydro (M sec” ') COF.symptote
1.9¢P (25%-75% glycerol-water) 93um  0.817 (0.049) 0.235(0.086) 0.134 (0.033)
82um  0.656 (0.049) 0.500 (0.086)  0.099 (0.033)
73um  0.648 (0.049) 0.467 (0.086) 0.112(0.033)
5.54¢P (50%-50% glycerol-water) 93um  0.431(0.049) 0.260 (0.086) 0.128 (0.033)
82um  0.470(0.049) 0.193 (0.086) 0.111(0.033)
73um  0.485(0.054) 0.252(0.097) 0.098 (0.037)
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Fig. 9 Average tyqro With standard deviations for water, deter-
gent, 25% glycerol-75% water, and 50% glycerol-50% water
lubrication

should be noted that the two lowest viscosity fluids (water and
1.5% detergent), which never fully achieved their lower asymp-
tote, had the lowest values of COFgympioe- Because these fluids
did not approach an asymptote in the tested range of speeds, the
estimate of COF,gympiote 15 not as reliable for water and detergent
as it would be for the other fluids. Lubricated engineering materi-
als typically have a coefficient of friction that approaches values
as low as 0.001 with increasing speed [34]. In this study, along
with other studies that have looked at lubricated shoe-floor friction
over speed [21,26], it has been found that the values of the shoe-
floor-contaminant coefficient of friction often have much higher
asymptotic values, closer to 0.1, under the examined conditions.
The calculations of nondimensional film thickness suggest that the
shoe-floor-lubricant contact never reaches full hydrodynamic
lubrication, which may explain the higher than expected asymp-
tote. With increased speed, the contact may transition into full
hydrodynamic lubrication, however, it is predicted that these
speeds would be outside of the range expected for human
ambulation.

Additional measurements examining the effect of achievable
variations in shoe roughness under varying concentrations of glyc-
erol identified no roughness effect (Table 2). Here, t4yq4r, Was not
significantly affected by roughness (p =0.395) or the viscosity-
roughness (p=0.167) interaction and no trends were observed.
The asymptote that the COF approaches COF,gympiore Was not
found to be significantly affected by fluid viscosity (p =0.919),
shoe material roughness (p =0.673), or the combined viscosity-
roughness effect (p =0.925). In this study, there was no signifi-
cant difference or trend observed in Thydro, OF COFygympiore due to
order.

The purpose of this study was to evaluate the effects of varying
the liquid lubricant and achievable shoe material roughness on the
coefficient of friction between a single shoe (polyurethane) and a
single floor material (vinyl tile). Understanding the lubrication re-
gime that is relevant to a fluid might be critical to identifying shoe
and floor surfaces that should be used in environments where spe-
cific fluids are present. A combination of understanding the
boundary lubrication and hydrodynamic effects may allow for the
improved selection of shoe-floor combinations in expectation of
the presence of a lubricant. For example, when a relatively good
boundary lubricant is present, shoe and floor materials should be
selected that are able to penetrate the boundary lubrication layer
and make material contact. Whereas when a fluid is present that
produces significant hydrodynamic effects, an improved shoe
tread might be additionally necessary to reduce hydrodynamic
pressures and subsequently improve frictional properties.

041104-6 / Vol. 134, OCTOBER 2012

3.3 Limitations. A limitation of the regression model is that
it did not effectively describe all experimental conditions. Not all
testing conditions resulted in a deca%/ing COF within the examined
range of speeds of 0.05-1.0m sec™ . It is expected that if the test-
ing speeds were extended, the model would have fit the water and
1.5% detergent, which is supported by the fact that all data was
found to compress onto a master curve (see Fig. 5) when the COF
was plotted with respect to viscosity*speed. The model may be
less appropriate for long molecular length high viscous fluids
including canola oil and high concentration glycerol.

Lubrication regimes were quantitatively identified by employ-
ing Hamrock and Dowson’s dimensionless film thickness equation
for soft-EHL. In this study, the equation was used to approximate
the film thickness and identify the lubrication regime. However, a
limitation of the equation is that it was derived from limited test-
ing and, therefore, was only used to approximate shoe-floor-lubri-
cant lubrication regimes.

3.4 Future Work. Future work would strive to improve the
biofidelity of shoe-floor slip resistance testing by incorporating
loading patterns which mimic gait. While friction was examined
under biofidelic speeds and average pressure, factors such as load-
ing rate, transient effects, and relative orientation are especially
likely to affect the hydrodynamic lubrication in the shoe-floor
interface.

Additionally, a wider range of shoe and floor materials should
be examined to represent a greater number of shoe-floor combina-
tions. This work was also limited by the narrow range of achieva-
ble variation due to mechanical abrasion with silicon carbide
paper on polyurethane shoe material roughness. A greater range
of shoe materials, achieved with different approaches, may result
in more conclusive evidence of a shoe material roughness effect.

4 Conclusions

Important conclusions related to shoe-floor-contaminant inter-
actions were made based on this study:

(1) This study suggests that, in some scenarios, boundary lubri-
cation contributions may be enough to result in dangerously
low available underfoot friction. The boundary coefficient
of friction of shoe-floor-lubricant combinations appeared to
be related to the composition of the lubricant, with longer
chain, more polar, molecules resulted in the lowest bound-
ary coefficient of friction.

(2) Based on the soft-EHL nondimensional film calculations,
the shoe-floor-fluid combinations function in the boundary
or mixed lubrication regions, but do not reach full hydrody-
namic lubrication.
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Nomenclature

B = curvature regression variable
COF = available coefficient of friction (COF), measured
between shoe and floor material
COF,5ympiote = COF asymptotic limit as velocity increases
COFg. = y-intercept, indicative of friction as speed

approaches zero and boundary lubrication affects
are dominant

E' = effective elastic modulus (N m~2)

hmin = minimum film thickness (m)

H, min = nondimensional film thickness
k = ellipticity parameter
R, = RMS roughness (um)
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R’ = reduced radius of curature (m)

U = nondimensional speed parameter
v = velocity (m sec™ ')

w = normal load (N)

W = nondimensional load parameter

n = viscosity (Pa s)

Thydro = Tesistance to COF decay with increasing speed
(m secfl)
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