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Abstract

Slips and falls are a leading cause of injuries in the workplace. The risk of slipping increases as
shoe tread wears. Knowledge of the mechanics relating shoe wear to slip risk is needed to develop
fall-prevention strategies. This research applies a rectangular, tapered-wedge bearing solution to
worn shoes and compares the results to experimentally measured under-shoe fluid pressure results.
Changes in the size of the shoe outsole worn region and fluid dispersion capabilities were recorded
for four, slip-resistant shoes which were systematically abraded. The film thickness predicted by
the solution correlated well with the measured force supported by the fluid. The results provide
support that the tapered-wedge solution can be used to assess slip risk in worn shoes.
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1. Introduction

Slips and falls account for a large portion of non-fatal, occupational injuries. These slips
often occur due to a lack of friction at the shoe-floor interface in the presence of a liquid
lubricant [1, 2]. Research has shown that as shoes become worn, the coefficient of friction
between the shoe and flooring in the presence of high viscosity fluids decreases [3, 4] due to
a reduced capacity of the tread to disperse fluid [3-6]. Therefore, understanding the effects
of shoe tread geometry and wear on under-shoe hydrodynamics is important for reducing
slip risk.
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Shoe friction performance is dependent on the outsole geometry. Previous studies have
identified tread parameters (size, orientation, depth, contact area) that affect traction
performance [7-10]. The effects of material thickness ratios, resultant rubber tread block
stiffness, and surface roughness on the friction coefficient have also been explored [10, 11].
Shoes marked as “slip-resistant’ (SR) by manufacturers have tread pattern designs that tend
to have smaller tread blocks separated by tread channels. These channels allow for fluid
dispersion that ameliorate under-shoe hydrodynamic pressures [12]. However, research on
predicting changes to under-shoe fluid dispersion based on the tread loss is still emerging.

Mechanics models have emerged as an important tool for understanding shoe-floor friction
mechanics and predicting the influence of footwear on shoe-floor friction. These models
can be broadly categorized as contact friction models and thin-film fluid models. The
contact friction models have used finite element analysis to predict hysteresis friction [13—
15] and applied beam mechanics to determine the influence of tread bending stiffness on
contact area [9, 10] and slipping [16]. Shoe-floor hydrodynamic models have typically
applied Reynolds equation (or derivations based on this equation) to shoe-floor contaminant
interactions [17, 18]. Of these two hydrodynamic modeling efforts, one modeled the shoe
tread as a single rough hemisphere [17]. Proctor and Coleman modeled the entire shoe
based on the tapered wedge solution of Reynolds equation [18]. This model, however, was
not validated against experimental data and was primarily focused on the effects of floor
roughness on shoe-floor friction. Thus, further development of a shoe-floor hydrodynamics
solution may yield additional insight into the influence of shoe geometry on shoe-floor-
contaminant interactions.

Recently, under-shoe fluid pressures and the friction coefficient have been experimentally
measured for progressive shoe wear [3]. These measurements may offer an opportunity to
validate under-shoe hydrodynamics solutions (such as the one suggested by Proctor and
Coleman). Past experiments have demonstrated that under-shoe fluid pressures are sensitive
to the size of the worn region consistent with the predictions of thrust bearing models [18].
However, fluid dynamics models of shoe-floor interactions based on geometrical features of
the worn condition have not yet been compared to experimental measurements of under-shoe
hydrodynamic conditions.

The purpose of this study is to evaluate the relationship between film thickness prediction
based on a rectangular, tapered-wedge bearing solution and experimentally measured fluid
hydrodynamics across shoes with simulated wear.

2. Materials & Methods

This study represents a post-hoc analysis of data that has been previously reported [3,

13]. Specifically, this study applies the tapered wedge solution of Reynolds equation
(modeling) to relate the measured size of the worn region to the measured under-shoe
fluid load support (experimental). An iterative experimental procedure was performed that
alternated between: 1) abrading of shoe outsoles; and 2) testing coefficient of friction,
under-shoe fluid pressures, and tread volume loss (Figure 1; adapted from [3]). Previously,
we have reported changes in friction performance and under-shoe fluid hydrodynamics
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during wear progression [3]. Furthermore, we have reported a finite element model that
predicted changes in tread geometry due to wear [13]. Given these previous reports, the
methodological details are only briefly described.

2.1. Abrasion Protocol

Five shoes labeled as slip-resistant shoes were used in this study (Figure 2; adapted

from [3]). The right shoe of each pair was mechanically abraded at three different shoe
orientations (17°, 7°, 2°). The angles were chosen to reflect the orientation of the shoe
during walking from heel strike to flat foot [19]. One of the five shoes was excluded

from this analysis since two distinct worn regions were observed in the middle of the heel
compared to a single worn region at the rear of the heel that was observed for the other
shoes. To wear the shoes, abrasive paper (18um diameter particles) was slid across each
shoe at 9.65 m/s for 20 seconds at each of the three angles. The normal force was ~40 N.
Abrasive grease was used to reduce heat buildup and was cleaned from the shoes before
friction testing. The shoes were progressively worn using this protocol. The number of wear
iterations ranged from 13 to 35.

2.2. Mechanical Shoe Testing Protocol

Prior to wear and after each wear cycle, the shoes were slid across a contaminated floor
surface that simulated a slipping action using a robotic device as seen in a previous study
[3]. The robotic slip tester measured ground reaction forces and under-shoe fluid pressures.
The fluid pressure sensors each had an inlet diameter of 3.2 mm and were recessed beneath
the floor surface.

The shoes, attached to a shoe last, were slid across a vinyl composite tile (Armstrong,
51804; Rq = 3.13+0.42 um) covered with a diluted glycerol solution (90% glycerol, 10%
water by volume; 219 cP). Sliding conditions that are valid predictors of slipping and
consistent with the shoe at the onset of slipping were used (shoe angle of 17° [20, 21],
sliding speed of 0.3 m/s [20-22], and normal force of 250 N [23, 24]). Twenty fluid pressure
scans were collected at 5 mm intervals to estimate under-shoe fluid pressures.

At baseline and after each wear cycle, the heel tread geometry was recorded by creating

a silicone rubber mold of the shoe heel as reported in a previous study [3]. Using this

mold, the size of the worn region was measured for each shoe heel outsole at baseline and
after each wear cycle. This metric was defined as the product of the longest and widest
continuous area without tread channels. The length (/) was measured along the long axis of
the foot (anterior to posterior) and the width (6) was measured perpendicular to the long axis
(medial to lateral).

3. Theory & Calculations
3.1. Data Analysis

The average friction coefficient across the five trials per wear cycle was calculated from
the ground reaction forces. Fluid pressure sensor data that were five standard deviations
above the baseline levels were included in the analysis [3, 12]. Numerical integration was
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performed to calculate the fluid force (i.e., load supported by the fluid) based on the fluid
pressure at the ith frame (p,), perpendicular distance between scans (Ax5 mm), the sliding
velocity (#= 0.3 m/s), and the time between each frame (Af=2 ms) (Eq. 1) [6]. Fluid force
across the twenty scans (4 scans per trial * 5 trials) was summed.

Ffluid= ZP,’ Ax Ay = Zpi Ax u At (1)

3.2. Fluid Film Calculations

The tapered-wedge solution by Fuller, which was later applied to shoes by Proctor and
Coleman, was used to relate hydrodynamic theory to the shoe-floor contaminant interface
[18, 25]. In the solution, the minimum film thickness, /;, occurs at the rear edge of the
wedge [25]. As such, the predicted film thickness (PFT) applies to the rear edge of the worn
heel. The predicted film thickness (PFT) was calculated as a function of dynamic viscosity

(1= 214 cP), the sliding speed (u = 0.3%), length of the wedge (/), width of the wedge

(6), normal force applied to the wedge (F= 250 M), and K}, a factor calculated from the
incline of the wedge [25] (Eq. 2). An average K, value of 0.025 was used to simplify the
calculations [25].

hy = MF’% +K, @
This equation was adapted to allow for side leakage since the shoes contained no border
to prevent leakage. Thus, the factor, 7, was added as a correction factor related to the ratio
of the width over the length of the wedge [25]. The factor, 7, is dependent on the bearing
dimensions (i.e., geometry of the region of the shoe without tread) and was calculated for
each shoe and wear cycle. Therefore, 7, and thus PFT values were calculated for each wear

cycle, j(Eq. 3).
6pul *bjniK .
hy; = —F (©)

3.3. Statistical Analysis

To quantify the relationship between the PFT and the fluid force, ANOVA methods were
used. Specifically, the dependent variable was the experimentally-measured fluid force and
the independent variables were shoe, PFT, and their interaction. To normalize residuals

of the fluid force data and satisfy the assumptions of the statistical model, a square root
transformation was used. When the size of the worn region did not change between wear
cycles, only the first data point was used until the worn region increased.
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4. Results

In the experiment, the fluid force values ranged from 0 to 97.4 N and the friction coefficient
ranged from 0.057 to 0.41. Applying the size of the worn region to the tapered-wedge
solution model, the PFT values ranged from 0.6 to 42 um with an average film thickness of
18.7+11.6 um. An increase in fluid force was associated with an increase in PFT (Figure 3;
F171 =462.1, p <.001). Fluid force was influenced by shoe type (F3 71 = 45.7, p <.001).
The fluid force was not affected by the interaction of the PFT and the shoe type (F3 71 = 2.2,
p =.098).

5. Discussion

In this study, the tapered-wedge model of film thickness was predictive of the
experimentally-measured fluid force. An increase in fluid force coincided with an increase
in PFT, which was based on size of the worn region and testing parameters. This relationship
was seen regardless of shoe tread type for all SR shoes. As such, calculating film thickness
based on geometric measures and fluid viscosity may be feasible for predicting the fluid
dispersion capabilities of shoe tread.

The PFT values reasonably predicted the lubrication regime of the shoe-floor-liquid system
which has been shown to be sensitive to shoe wear [3]. The lubrication regime is often
described using the lambda ratio (A) which is the minimum film thickness normalized to the
composite RMS surface roughness (Rg) (Eg. 4) [26]. When A < 1, the surfaces are acting

in the boundary lubrication regime where friction is dominated by contacting asperities. As
lambda increases, friction decreases as the interaction transitions to the mixed lubrication
regime (1 < A <5), and then moves into the hydrodynamic lubrication regime (A > 5)

or the elasto-hydrodynamic lubrication regime (3 < A < 10). In this study, the fluid force
started to increase when A ~ 1 (h) =1=3.5+0.2). Thus, this simple model yields predictors

in line with the experimentally observed transition from boundary to mixed lubrication. The
friction coefficient decreased as the shoes became more worn. The increase in wear led to an
increase in the lambda ratio and PFT values, implying a shift from the boundary lubrication
regime to the mixed lubrication. (Figure 4).

ho
A= \/ R 2:R 2 )
dfloor + dshoe

Simple modeling approaches may be useful for predicting under-shoe hydrodynamics even
when more sophisticated approaches are available. Previous models have explored fluid
dynamics and wear using sophisticated models. For example, Beschorner, et al. developed a
mixed-lubrication model using a pin-on-disk apparatus based on Hertzian contact mechanics
and Reynolds equation for understanding how shoe-floor friction changes with varying
speed and shoe material changes [17]. Moghaddam et al., demonstrated the use of finite
element analysis in modeling shoe wear progression [13]. These previous modeling efforts
required iterative methods and complex solution techniques (finite difference method and
finite element modeling, respectively) that might be inaccessible to non-engineering users.
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However, the method presented by Proctor and Coleman which is also utilized in the
present study uses simpler methods to predict under-shoe hydrodynamic effects based on a
reasonably simple equation (Eq. 2) and a few simple geometric measurements of the tread’s
worn region [18]. Importantly, this model was valid in its predictions despite its simplicity.
The practicality and simplicity of the model presented in this study may enable it to be
employed by a wide audience.

This solution can be used as a pragmatic tool for determining slip risk based on shoe
geometry. Interestingly, the prediction of fluid force via film thickness (R=0.66) in this
study was stronger compared to the prediction of fluid force based on wear sliding distance
(R2=0.38) as seen in Figure 5 and further explored in a previous study [3]. Thus, the actual
shoe geometry acts as a better predictor of shoe wear and subsequent slip risk compared

to the amount of usage. Practically, this is an important consideration for determining slip
risk thresholds for shoe wear. Previous studies have focused primarily on time of wear as

a metric for replacing shoe wear [27]. However, the shoe outsole geometry, specifically the
size of the worn region, may be a better indicator of under-shoe hydrodynamics and thus,
slip risk, as supported by this study and a previous study [3].

Certain study limitations and future directions should be noted. Only one flooring, and
contaminant are utilized. Previous research has shown that under-shoe fluid pressures are
sensitive to these metrics [28-30]. Thus, futures studies may consider expanding upon
the work in this study to contaminants with varying material parameters (viscosity, shoe
materials) that encompass an array of materials used in industrial settings. Validating

this model with naturally-worn shoes and for human slips would increase confidence

in its relevance to walking and slipping. Furthermore, comparing the model predictions
to experimentally-measured film thickness values (e.g., using ultrasound methods [31])
may provide additional detail regarding the ability of this model to assess shoe-floor
hydrodynamic conditions. Thus, important opportunities exist to further our understanding
on how to apply the tapered wedge model to worn shoes.

6. Conclusion

Determining the influence of shoe tread wear on slip risk is a key factor in the design of
safe and durable shoe tread for the workplace. The tapered wedge solution is a good start for
understanding the relationship between wear and under-shoe hydrodynamics. Furthermore,
this model may be useful for determining wear thresholds for particular shoe, floor, and
liquid material properties to reduce slipping events.
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A lambda ratio (ho/Rq)

U dynamic viscosity

At time between samples

AX perpendicular distance between fluid pressure scans
b width of wedge

ho minimum film thickness

| length of wedge

u sliding velocity

PFT=hg predicted film thickness

pi fluid pressure

F normal force

Kp wedge incline factor

Rq composite RMS surface roughness
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Figure 1.

A) Flow diagram of mechanical shoe testing protocol and abrasion protocol. B) A robotic
slip tester was used to slid each shoe across a contaminated surface along the Y-axis with
four fluid pressure sensors. The adjustable platform was moved 5 mm in the X-direction
after each trial. A cross-sectional view of the fluid pressure sensor is shown. C) The abrasion
protocol consisted of wearing down the shoes on abrasive paper at three angles for 20
seconds each. Examples of wear at 7° and 17° are presented. D) Molds of the heel tread
were created at baseline and after each wear cycle at a 17° sagittal plane angle. Figure
adapted from [3].
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Figure 2.
The heel of the four shoes mechanically abraded at baseline (top) and after the last wear

cycle (bottom).
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(Top) Experimentally-measured fluid force with respect to the PFT for the shoes A-D.
(Bottom) Regression lines for fluid force and PFT relationship for each shoe based on
statistical analysis.
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10

The friction coefficient with respect to the lambda ratio, A (top axis) and PFT (bottom axis)
for each shoe. The average roughness across shoe outsoles was used to determine the lambda

ratio
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Figure 5.
Fluid force with respect to the sliding distance of the simulated wear.
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