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ARTICLE INFO ABSTRACT

Keywords: Slip and fall injuries can be prevented through footwear with good friction performance. The factors that
SliPS contribute to friction in non-slip-resistant (NSR) shoes are not well understood. The purpose of this study was to
Trips determine whether predictive models for slip-resistant (SR) shoes also apply to NSR shoes. This study also
[SZSﬂfiilil‘:nt of friction quantified the contributions of under-shoe fluid drainage to friction in NSR shoes. The coefficient of friction
Footwear (ACOF) and under-shoe fluid pressures of fifteen NSR shoes were measured. A previously developed ACOF

prediction model based on measurable outsole features was applied to the NSR shoes. The previously developed
model did not apply well (in trends, as indicated by interaction effects involving SR/NSR classification, or in
magnitude, p < 0.001) to NSR shoes. Instead, an increase in the fluid pressures were associated with a reduction
in ACOF (p < 0.001). This study demonstrates that fluid pressures dominate performance in NSR shoes in

contrast to SR shoes.

1. Introduction

Slips and falls represent a concerning problem in both the home and
the workplace. In 2019, slips, trips and falls accounted for over 240,000
nonfatal occupational injuries (Bureau of Labor Statistics, 2020). Un-
intentional falls also led to over 3 million emergency department visits
among persons aged 15-64 years (National Center for Injury Prevention
and Control, 2020). These accidents have important financial conse-
quences. In 2013, emergency-department treated nonfatal fall injuries
accounted for about 37% of all costs (~$169 billion) related to medical
expenses and lost wages (Florence et al., 2015). Slippery conditions
contribute to 40-50% of occupational fall injuries to the same level
(Courtney et al., 2001; U.S. Department of Labor- Bureau of Labor Sta-
tistics, 2020). Because slipping is an important cause of falling, under-
standing and reducing causes of slipping is an important priority.

Slips occur when there is not enough friction between the shoe and
floor to maintain the dynamics of walking (Hanson et al., 1999; Iraqi
et al., 2018a). Available coefficient of friction, ACOF, is a common
measure of the friction between the outsole of the shoe and the floor. The
outsole of the shoe is important because it forms the contact interface
with the floor and generates the friction required during stance. Higher

ACOF, Coefficient of friction; NSR, Non-slip-resistant; SR, Slip-resistant
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friction performance can predict a reduction in slip events (Bagheri
et al., 2021; Burnfield and Powers, 2006; Iraqi et al., 2018a). The ACOF
is often measured with a shoe-floor tribometer such as the Portable Slip
Stimulator (Aschan et al., 2005). The ACOF is an integrative measure
across multiple friction and lubrication phenomena (Chang et al.,
2001b; Grongvist, 1995; Moghaddam et al., 2018; Sundaram et al.,
2020) and is dependent on the shoe surface, the flooring
counter-surface, and any liquid contaminant within the interface (Chen
et al., 2015; Jones et al., 2018; Li and Chen, 2005). All these factors
contribute to the resulting friction especially the viscosity of the liquid
and the topography of the flooring (Chang, 1998; Chang et al., 2001a,
2004; Moore et al., 2012). Footwear design also influences friction
performance on icy surfaces (Bagheri et al., 2019a, 2019b, 2019c)
although the friction mechanisms (Rizvi et al., 2015) and subsequently
the preferable footwear design features (Bagheri et al., 2019a, 2019b,
2019c¢; Roshan Fekr et al., 2021) are different between icy and
liquid-contaminated conditions. Popular footwear has been shown to
have poor friction performance in icy conditions (Bagheri et al., 2019b,
2019c). The present study will determine the factors contributing to oily
friction performance for popular footwear.

The ACOF varies across shoes and shoe design features, such as its
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geometry and material (Yamaguchi et al., 2017, 2018). A previous study
on shoes labeled as slip-resistant (SR) found that tread surface area, heel
shape, and hardness (while controlling for flooring) predict 87% of the
variation in ACOF under oily conditions (Iraqi et al., 2020). However, it
is unclear whether this finding extends to shoes that are non-slip resis-
tant (NSR). Designers of SR shoes make intentional design choices like
using small tread lugs patterned across the shoe surface (Kubis and
Randesi, 2013) to promote drainage and good friction via high tread
surface area in the presence of oil and other floor contaminants
(Beschorner et al.,, 2020; Hemler et al.,, 2020; Moghaddam and
Beschorner, 2018; Yamaguchi et al., 2017). Thus, their design likely
deviates from other shoe designs, which may be placing more priority to
comfort, aesthetics, and cost. Indeed, slip resistant (SR) shoes worn by
restaurant workers resulted in a 54% reduction in reported slips
compared to their NSR counterparts (Verma et al., 2011). Easing the
burden of fall injuries requires strategies that enhance friction perfor-
mance of both SR shoes and NSR shoes. However, it is not well under-
stood whether the tread features that predict ACOF for SR shoes also
apply to NSR shoes.

Research has shown that shoes can improve friction performance by
making certain design choices. SR shoes with lower hardness have
shown improved ACOF (Iraqi et al., 2020; Jones et al., 2018). Geometry
of the tread features, including their cross-sectional size and height, also
influence friction by altering the size of the contact region when
friction-induced bending is applied (Hale et al., 2021; Yamaguchi et al.,
2017). Specifically, SR shoes can improve friction performance by
increasing the tread surface area in the posterior outsole, which is
positively correlated with ACOF (Iraqi et al., 2020; Jones et al., 2018).
Tread channel pattern (including depth and width) may potentially in-
fluence the ACOF although evidence is mixed (Blanchette and Powers,
2015; Li and Chen, 2004; Yamaguchi et al., 2017). The tread pattern
affects hydrodynamic pressure under the shoe; fluid without an escape
pathway gets pressurized and decreases the ACOF (Strandberg, 1985;
Tisserand, 1985). SR shoes typically have sufficient tread channels to
minimize fluid pressurization in their new condition (Hemler et al.,
2019). In contrast, the design of NSR shoes varies widely in material and
tread pattern. Furthermore, fluid pressures have been observed for
certain designs of NSR shoes (Iraqi, 2013). Given the difference between
the design of SR and NSR shoes, the parameters that can predict ACOF
for SR shoes may not predict ACOF for NSR shoes.

The main mechanisms that affect the shoe-floor-liquid contaminant
ACOF are hysteresis friction and hydrodynamic pressure. Hysteresis
friction results from the loss of viscoelastic energy that occurs when the
softer material of the shoe outsole interacts with the hard surface as-
perities of the floor (Iraqi et al., 2020; Moghaddam et al., 2015; Persson,
2001). Hysteresis friction contributes more to the overall friction than
adhesion friction when the surface is lubricated (Strobel et al., 2012).
Since high tread surface area, beveled shoes, and lower hardness
contribute to increased hysteresis friction in oily conditions for SR shoes,
we hypothesize that these factors may similarly influence hysteresis
friction for NSR shoes. The other mechanism that could affect ACOF in
NSR shoes is hydrodynamic pressure. Hydrodynamic lubrication occurs
in a slipping scenario as the shoe and the floor are separated by a thin
layer of fluid - the contaminant (Beschorner et al., 2014). The increase
in hydrodynamic lubrication results because the fluid contaminant be-
comes pressurized, so the shoe sole and floor separate, which will
decrease the ACOF (Beschorner and Singh, 2012; Hamrock et al., 2004;
Hemler et al., 2020; Sundaram et al., 2020). A major difference between
SR and NSR shoes is the tread pattern. Many NSR shoes have an enclosed
tread pattern where borders around the tread features inhibit fluid
drainage (Iraqi, 2013). Without tread channels that allow for an escape
of fluid, the risk of slipping increases (Beschorner et al., 2014; Strand-
berg, 1985; Tisserand, 1985). Because of preliminary evidence that NSR
shoes sometimes have poor drainage patterns compared to SR shoes
(Iraqi, 2013; Sundaram et al., 2020), we hypothesize that fluid pressure
in NSR shoes may be a predictor of their frictional performance.
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The purpose of this study is to quantify whether a predictive
regression model developed for SR shoes (based on the tread surface
area, shoe beveling, and hardness) (Iraqi et al., 2020) similarly applies to
NSR shoes. We hypothesize that this model will predict COF for NSR
shoes similar to the SR shoe predictions. In addition, we also predict that
fluid pressure will contribute to shoe-floor friction.

2. Materials and methods

To achieve the purpose of this study, ACOF and shoe tread parameter
data (tread surface area, hardness, and heel beveling) from a previous
study on SR shoes (Iraqi et al., 2020) was combined with newly collected
data on NSR shoes. Data collected for NSR shoes included ACOF, shoe
tread parameter data (tread surface area, shoe beveling, and hardness),
and under-shoe fluid pressures.

2.1. Selection of shoes

A total of 15 common NSR shoes were selected (see Table 1). These
shoes were from three different styles: athletic (n = 5), dress (n = 5), and
comfort (n = 5). The shoes were selected from five major online foot-
wear retailers (annual revenue for 2019): Amazon and its subsidiary
Zappos, ($3.9 billion), Macy’s ($940 million), Foot Locker ($680
million), and ShoeBuy ($510 million). Online retail sites were used
instead of physical retail stores because online sites commonly advertise
the shoes that are the most popular. These vendors were chosen because
they collectively accounted for 40% of the online shoe retail market.
More NSR shoes were chosen from Amazon (and its subsidiary Zappos)
than the other vendors as these companies hold a higher market share.
Shoes were selected from October 2018 to January 2019 according to
each website’s best-seller list. The list of selected shoes, vendors, style,
and gender label is presented in Table 1. High heel shoes were excluded
from this study since they influence gait patterns (Schaefer and Lin-
denberger, 2013) and the friction testing methods were validated for
slips in non-heeled shoes (Iraqi et al., 2018a).

2.2. Collection of data using lab equipment

ACOF and peak under-shoe fluid pressure were measured, while a
mechanical device simulated the dynamics of slipping. The slip tester
was modeled after the portable slip simulator (Aschan et al., 2005; Iraqi
et al., 2018a). The slip tester has three vertical motors and one hori-
zontal motor. These motors were responsible for translating the shoe at
0.5 m/s and applied a force of 250 N (Iraqi et al., 2018a). A shoe angle of
17 + 1° was controlled with an adjustable bracket and was verified
during testing with a goniometer. These testing methods reflect the

Table 1
List of selected NSR shoes from online vendors. For Gender, the following codes
were used based on the manufacturer’s description: M: Men’s, W: Women’s, U:
Unisex.

Shoe Code Online Vendor Shoe Name Style Gender
NSR1 Amazon New Balance 608-4 Athletic M
NSR2 Amazon Asics Gel-Venture 6 Athletic M
NSR3 Amazon Brooks Adrenaline GTS 1 Athletic w
NSR4 ShoeBuy Skechers D’Lites Athletic w
NSR5 Footlocker Adidas Original Superstar Comfort w
NSR6 Macy’s Converse Chuck Taylor Comfort w
NSR7 Zappos Asics Gel Nimbus 20 Athletic w
NSR8 Amazon Puma Suede Comfort w
NSR9 Amazon Dockers Gordon Leather Dress M
NSR10 Amazon Clarks Tilden Cap Oxford Dress M
NSR11 Zappos Rockport Margin Oxford Dress M
NSR12 ShoeBuy Keds Champion Leather Comfort w
NSR13 Zappos Vans Old Skool Comfort U
NSR14 Zappos Franco Sarto Bocca Dress w
NSR15 Zappos Dansko Dress w
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dynamics of slipping and are predictive of human slips (Iraqi et al.,
2018a, 2018b). The flooring was attached to a force plate (BERTEC
Corporation, Columbus, OH, USA), which sampled at a frequency of 500
Hz. Five trials were collected and the ACOF across these five trials was
averaged. The ACOF measurements were collected with an oil contam-
inant on two flooring materials, ceramic (ASTM, 2016) and laminate
(used in (Sundaram et al., 2020)). These surface materials are commonly
found in commercial flooring and represent a polymer-based and a
clay-based material. In the presence of oily conditions, good correlation
has been observed across polymer and clay-based materials (Chanda
et al., 2018, 2019). Thus, results from these conditions are expected to
be applicable to a wide-range of common flooring materials.

To measure the peak fluid pressure, the floor surface was instru-
mented with four fluid pressure transducers (Setra, 3100R100PG089,
Boxborough, MA, USA). The transducers were placed 25 mm apart.
Between each of the five trials, the floor was moved 5 mm with respect
to the shoe in the direction transverse to the long axis of the shoe.
Overall, this led to 20 scans (4 scans per trial x 5 trials) at 5 mm intervals
to capture fluid pressures across the surface of the shoe (Fig. 1). In the
direction of shoe sliding, the pressure transducers were placed so that
the shoe passed them at half of the slip distance after the target normal
force was reached. Fluid pressure was only collected on the laminate
flooring because the thickness of the ceramic floor would have led to a
substantial gap between the transducer and floor surface. Because fluid
pressure is largely sensitive to the shoe features (Hemler et al., 2020;
Sundaram et al., 2020), similar trends were expected for ceramic
flooring as the laminate flooring. Fluid pressure data were sampled at
500 Hz.

2.3. Collection of NSR shoe parameters

The parameters of tread surface area, hardness, and heel shape were
collected since they are known to affect ACOF in SR shoes (Iraqi et al.,
2020; Jones et al., 2018). To measure tread surface area, the sole of each
NSR shoe was coated with ink and transferred to white paper (Fig. 2).
This paper was then scanned and converted to a black and white image
(spatial resolution of 0.042 mm). The tread surface area of the heel was
measured as the summed black pixel area for the 50 mm most posterior
portion of the shoe (Iraqi et al., 2020; Jones et al., 2018). The back 50
mm of the sole was used in this calculation because this area represents
the majority of the shoe region where fluid pressures are observed
(Singh and Beschorner, 2014).

To measure hardness, a durometer (Shore A durometer based on
ASTM standard D2240, 2015) was used. The outsole of the shoe was held
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Fig. 1. Portable Slip Tester fitted with the fluid pressure extension (location of
pressure sensors shown in oval).
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Fig. 2. Scanned ink imprint of a NSR shoe (NSR 6).

flat by a clamp, and a mass of 1 kg was placed on the durometer to
improve the accuracy of the hardness readings (Iraqi et al., 2020). The
hardness readings were recorded and averaged across five different lo-
cations of the 50 mm of the posterior portion of the shoe. The final
parameter, heel shape, was classified as either flat or beveled based on
observation. Flat shoes were characterized by a heel that touched the
floor with no pressure applied. Shoes with a round or chamfer in the
sagittal plane were categorized as beveled (Moghaddam and
Beschorner, 2017). Beveling was assessed since it has been found to
increase ACOF in SR shoes (Iraqi et al., 2020).

2.4. Data and statistical analysis

The ACOF was calculated based on the longitudinal shear force,
transverse shear force, and the normal force (see Eq. (1)). These forces
were averaged across the 200 ms after the normal force first reached
250 N. The peak fluid pressure was calculated as the maximum value
across the four fluid pressure sensors and over the five trials (Beschorner
et al., 2020).

2
\/ F Longitudinal Shear + F; Transverse Shear

ACOF = (@)

Fromat

The predicted ACOF was calculated for each of the NSR shoes based
on regression equations developed in Iraqi et al. (2020). These regres-
sion equations are based on the forward selection model that was
deemed to be the preferred model in that study. This model predicts
ACOF as a function of tread surface area, heel bevel, hardness, and the
flooring (Eq. (2)), where the number in the brackets represents the unit
of measure or the dichotomous state of the parameter (e.g., the heel
shape variable is 1 for beveled shoes and 0 for non-beveled shoes). The
measurement methods for tread parameters and the floor samples were
identical in this study to the ones described in Iraqi et al. (2020).

ACOF=0.223+0.015 * tread surface area [cm® | +0.041 * heel shape [bevel]
—0.003 * hardness [Shore A]4-0.254*floor|ceramic] )

Statistical analyses were conducted to assess: 1) whether the model
previously developed for SR shoes similarly applies to NSR shoes; and 2)
to determine whether fluid pressures contribute to friction among NSR
shoes (JMP 15.2, Cary, NC, USA). An alpha value of 0.05 was used for all
analyses. The research questions presented within this paper were
consistent with the planned analyses prior to data collection.

A Wilcoxon signed-rank test was performed to determine if the
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measured ACOF values differ significantly from the predicted ACOF
based on the model for SR shoes. This method was used because the data
was bimodal and trended toward not being normally distributed (W =
0.94: p = 0.070). The Wilcoxon Signed-Rank Test makes no assumptions
about the data distribution and is considered a conservative test since it
errors towards controlling Type 1 error for non-normally distributed
data. The null hypothesis was that the difference between the actual and
predicted friction values was 0 (the predicted values do not systemati-
cally overestimate or underestimate ACOF for NSR shoes). The purpose
of this analysis was to determine if a bias exists in the ACOF predictions
when applied to NSR shoes.

A regression model was created to determine whether the parame-
ters (tread surface area, hardness, and heel shape) that predict ACOF for
SR similarly predict ACOF for NSR shoes. The ACOF data for NSR shoes
collected in this study were combined with the data previously collected
and reported for SR shoes (Iraqi et al., 2020). ACOF was the dependent
variable and the independent variables included shoe type (NSR vs. SR),
flooring, and the previously observed parameters for predicting friction,
specifically tread surface area, hardness, heel shape. First-order inter-
action effects between the shoe type and each shoe parameter (tread
surface area, hardness, and heel shape), and the interaction between
shoe type and flooring were also included. After the full model was
determined (Eq. (3)), backward elimination step-wise regression was
used to remove insignificant parameters from the model, based on the
parameter with the largest p-value. These steps were repeated until no
parameters in the final model had a p-value greater than 0.05.
Shapiro-Wilk W test was applied to assess the distribution of continuous
predictors. The distribution of residuals and homoscedasticity were
assessed using residual plots. Linearity was also assessed for each
regressor.

To test the contribution of fluid drainage to friction performance in
NSR shoes, a regression model was applied to determine the effect of
peak fluid pressure on the ACOF for NSR shoes. The model regressors
included peak fluid pressure, flooring, and their interaction. ACOF was
log-transformed to meet the linearity assumption consistent with other
papers (Iraqi et al., 2018a). A square root transformation was applied to
peak pressure to satisfy the normal distribution assumption, consistent
with prior research (Sundaram et al., 2020). This sample size was suf-
ficient for capturing a fluid pressure effect with a Cohen’s f> = 0.28,
exceeding the test’s sensitivity of prior studies (f?> = 0.82 based on
Sundaram et al., 2020). The residuals of the model were assessed with a
Shapiro-Wilk Test and residuals were assessed for homoscedasticity.
Linearity was also assessed between fluid pressure and ACOF after the
transformation was applied.

3. Results
3.1. Descriptive results

The mean ACOF for NSR shoes was 0.119, with a standard deviation
of 0.077. The median/mean for peak fluid pressure was 47 kPa/153 kPa,
and the interquartile range was 16-295 kPa. Tread surface area had a
mean of 8.45 cm?, with a standard deviation of 4.20 cm?. Hardness had a
mean of 63 with a standard deviation of 11. Finally, 10 NSR shoes were
classified as beveled, and 5 had a flat heel shape.

The mean ACOF for SR shoes was 0.394, with a standard deviation of
0.150. Tread surface area had a mean of 11.58 cm? with a standard
deviation of 2.48 cm?. SR shoes had an average hardness of 55.42 with a
standard deviation of 6.34. Finally, of the 58 SR shoes, 29 were classified
as beveled and 29 were classified as flat.

3.2. Does the previously developed ACOF model systematically over or
underestimate ACOF in NSR shoes?

The ACOF model systematically overestimated ACOF values of NSR
shoes. The median difference was found to differ from 0 (z = 13.0, p <
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0.001). The median of the difference between the estimated and actual
ACOF values was 0.19 with an interquartile range of 0.074-0.31. Thus,
the magnitude to which this regression model overestimated ACOF for
NSR shoes was substantial.

3.3. Linear regression model comparing NSR and SR shoes

After backward stepwise regression was completed, the significant
regressors on ACOF were found to be shoe type (p < 0.0001, Fy 140 =
379.8), flooring (p < 0.001, F; 140 = 155.8), tread surface area (p <
0.001, Fq,140 = 23.4), the interaction between shoe type and flooring (p
< 0.001, Fy,140 = 65.5), and the interaction between shoe type and tread
surface area (p < 0.0001, Fy 140 = 62.9). Tread surface area was nor-
mally distributed (W = 0.984, p = 0.0858). The final regression equation
is given in Equation (4) (F5 140 = 224.1). When considering the full data
set, the error was relatively low (root mean square error = 0.060),
indicating that the regression model fit the data well. Given the signif-
icant interaction between the shoe type and tread surface area (Fig. 3),
we quantified the sensitivity of SR and NSR shoes to tread surface area.
The change in ACOF from the 1st to 3rd quartile in tread surface area led
to 0.100 increase in ACOF for SR shoes but a 0.025 reduction in ACOF
for NSR shoes. A larger increase in ACOF was observed for the ceramic
floor relative to the laminate floor for SR shoes compared with NSR
shoes. Thus, the effects of tread surface area and flooring did not
generalize across SR and NSR shoes.

Full Model:
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Fig. 3. Response of ACOF to tread surface area for SR (SR, gray circles) and
NSR (NSR, black triangle) shoes on ceramic (A) and laminate (B) flooring. The
opposite effect of tread surface area for SR and NSR shoes is characterized by
the different slope of the SR regression line (gray) from the NSR regression
line (black).
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ACOF =Py — Qgpoe Type * Shoe Type|NSR] + Qpieei shape * Heel Shape[Beveled)
+ Qtyead Surface Area * [Tread Surface Area) — Qpapaness * [Hardness)
+ AFtooring * [Ceramic) — Aspoe Type, Heel shape * [Beveled, NSR OR Flat,SR]
— tShoe Type, Tread Surface Area* (Shoe Type|NSR] * [Tread Surface Areal)
+ Astoe Type, Hardness * (Shoe Type[NSR] * [Hardness))
~+ QFiooring, Shoe Type * (Ceramic, NSR OR laminate, SR) 3)

Backward Elimination:
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opposite effect on SR and NSR shoes. The linear regression model
showed that the peak fluid pressure and flooring significantly predicted
the ACOF for NSR shoes. Thus, the hydrodynamic pressures seem to
explain the variability across NSR shoes, while tread design parameters
that influence boundary lubrication, as described in Iraqi et al. (2020),
seemed to explain the variability for SR shoes. Increasing peak fluid
pressure from the 1st to 3rd quartile led to a nearly 50% reduction in
ACOF, which indicates that the impact of fluid pressure on NSR shoes

ACOF =0.107 4+ 0.032 * Shoe Type[NSR] + 0.154[Ceramic] + 0.0225(Tread Surface Area] — 0.028([Tread Surface Area)] * Shoe Type [NSR])

— 0.0998[NSR, ceramic OR SR, laminate]

3.4. Linear regression model of peak fluid pressure on ACOF

Flooring (p = 0.012, F; 57 = 7.3) and peak fluid pressure (p < 0.001,
F1,27 = 20.8) influenced ACOF for NSR shoes, but not their interaction
(p = 0.85, F1,26 = 0.0). Thus, the step-wise method led to the removal of
the interaction effect from the final model (Eq. (5)). The residuals were
normally distributed (W = 0.940, p = 0.0885). Increased fluid pressures
were associated with a reduction in ACOF (Fig. 4, Eq. (5)). The coeffi-
cient of determination (R%) was 0.51, and the RMS error was 0.064. A
47% decrease in ACOF (0.080 for ceramic and 0.053 for laminate) is
predicted as fluid pressure increased from the 1st to 3rd quartile of NSR
shoes.

ACOF = 0.136*1.50 [Cemmic]efo.msm/ PeakFluidPressure (5)

4. Discussion

This study provided clear evidence that regression equations devel-
oped for SR shoes based on the assumption of boundary lubrication
cannot be applied to NSR shoes. This finding conflicts with the first
hypothesis. These models overestimate friction by a large magnitude
compared to the observed friction values and the interaction between
shoe type and tread surface area indicates that tread surface area has an
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Laminate

0.350
0.300
<3
8 0.250
< 0.200
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0 200 400 600
Peak Fluid Pressure (kPa)

Fig. 4. Linear Regression model of ACOF predicted by the peak fluid pressure
and flooring. The fit lines are not linear due to the transformations (In(ACOF),
v Peak Fluid Pressure) that were performed. The overall regression equation is
seen in Equation (5).
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was substantial. The first hypothesis that the ACOF of NSR shoes
responded similarly to shoe design parameters as SR shoes was rejected.
The second hypothesis that the ACOF of NSR shoes was dependent on
under-shoe fluid pressures was confirmed.

The high fluid pressures that were observed for NSR shoes indicate
that the tread channels were insufficient for fluid drainage. This result is
consistent with previous research that showed higher fluid pressures for
worn NSR shoes compared to worn SR shoes (Sundaram et al., 2020).
The negative slope that was observed between ACOF and fluid pressure
is consistent with previous research, which suggests that the separation
of the floor and shoe due to a fluid contaminant pressurization reduces
the ACOF substantially (Beschorner and Singh, 2012). Thus, this
research adds to the growing body of evidence that under-shoe fluid
pressurization is a relevant factor for shoe friction performance and the
risk of slipping. Finally, the poor friction performance associated with
popular shoes (Fig. 3) is consistent with finding based on icy friction
performance (Bagheri et al., 2019b, 2019c).

Clearly, the impact of tread surface area and flooring on ACOF for
NSR shoes was inconsistent with previous research that measured its
impact on ACOF for SR shoes (Iraqi et al., 2020; Jones et al., 2018). One
explanation for this discrepancy is that different mechanisms were
dominating the variability in friction between these two shoe types.
Boundary lubrication, which has been shown to apply to SR shoes, de-
scribes the condition in which the liquid film between the shoe and floor
is not pressurized (F.Sadeghi, 2010). For SR shoes, boundary lubrication
is promoted by tread channels that provide a low-resistance means for
the fluid to escape from the under-shoe interface (Beschorner et al.,
2014; Hemler et al., 2020). However, based on the results of the
collected fluid pressure values in this study, the tread pattern of NSR
shoes does not allow for the fluid to drain causing the shoe to operate in
mixed or hydrodynamic lubrication. This finding may explain why
increasing tread surface area for NSR shoes without increasing channels
for fluid escape results in a decrease in ACOF. The larger continuous
contact regions of the NSR shoes may have mimicked worn regions
(Walter et al., 2021), which lead to a reduction in ACOF as their size
(and surface area) increases (Hemler et al., 2019, 2020; Sundaram et al.,
2020). Interestingly, the flooring had a larger effect on ACOF for SR
shoes than NSR shoes consistent with prior research (Beschorner et al.,
2017). Floor roughness has a large impact on hysteresis friction when
the shoe is operating in boundary lubrication (Cowap et al., 2015;
Moghaddam et al., 2015). Thus, SR shoes operating in boundary lubri-
cation, may be able to realize the benefits of high roughness flooring
more than NSR shoes that are operating in mixed lubrication.

The key finding is that the set of diagnostic methods used to improve
friction for SR shoes do not apply to NSR shoes. Thus, a different set of
tools is needed that focuses on reducing fluid pressures such that shoes
operate closer to boundary lubrication. One possibility would be to test
whether NSR shoe treads can be modeled using a tapered wedge model
that was recently validated for worn SR shoes (Hemler et al., 2020).
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Other factors beyond tread drainage may also be relevant like the sur-
face energy of the shoe materials and their porosity (Yamaguchi et al.,
2018). Thus, further research is needed to develop dedicated prediction
models for NSR shoes.

Certain limitations pertaining to generalizability and this study’s
methodology should be acknowledged. As this testing only included
fifteen NSR shoes, the regression model connecting fluid pressures to
ACOF may not have been trained with sufficient data to be precise.
While the 15 selected shoes represent some of the most popular shoe
products at the time of purchase, they only represent a small fraction of
the overall shoe products available. Improved friction performance may
be observed in certain categories of NSR shoes (e.g., hiking boots).

This paper has shown that the model to predict ACOF for SR shoes
cannot be applied to NSR shoes. As a result of these differences, tread
surface area has an opposite effect for the two shoe types, and the effect
of flooring on ACOF is smaller for NSR shoes. Furthermore, this study
has shown that there is at least one extra parameter, peak fluid pressure,
that needs to be acccounted for in a prediction model for ACOF of NSR
shoes. This indicates that designers of NSR shoes should prioritize tread
drainage channels when attempting to improve the friction performance
of their shoes.
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