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ARTICLE INFO ABSTRACT

Keywords:

Traction testing of footwear is expensive, which may create barriers for certain users to assess footwear. This

Slips study aimed to develop a statistical model that predicts available coefficient of friction (ACOF) under boundary

Coefficient of friction
Shoe safety

Shoe traction assessment
Slip-resistant

lubrication conditions based on inexpensive measurements of footwear outsole features. Geometric and material
hardness parameters were measured from fifty-eight footwear designs labeled as slip-resistant. A robotic friction
measurement device was used to quantify ACOF with canola oil as the contaminant. Stepwise regression methods

were used to develop models based on the outsole parameters and floor type to predict ACOF. The predictive
ability of the regression models was tested using the k-fold cross-validation method. Results indicated that 87%
of ACOF variation was explained by three shoe outsole parameters (tread surface area, heel shape, hardness) and
floor type. This approach may provide an assessment tool for safety practitioners to assess footwear traction and

improve workers’ safety.

1. Introduction

Falls on the same level have been ranked consistently among the top
two disabling occupational injuries in the U.S. from 1998 to 2010
(Marucci-Wellman et al., 2015). In 2017, falls on the same level
accounted for 16.2% (142,770 cases) of total non-fatal injuries in the
private sector (U.S. Department of Labor- Bureau of Labor Statistics,
2018). Fatal injuries due to falls on the same level have increased from
111 cases in 2011 to 134 cases in 2016 (U.S. Department of Labor-
Bureau of Labor Statistics, 2017). Direct workers’ compensation costs
due to falls on the same level have also grown from $4.2 billion in 1998
to $8.6 billion in 2010 (about $6.0 billion in 1998 dollars) (Mar-
ucci-Wellman et al., 2015). Slipperiness or slippery conditions are
among the leading risk factors for occupational fall injuries (Courtney
et al., 2001), and often occur due to exposure to liquid contamination
(Bell et al., 2008). Footwear interventions tend to reduce the rate of
slipping incidents (Bell et al., 2018; Verma et al., 2011) indicating that
footwear is a promising type of personal protective equipment for falls.

One barrier that impedes the selection of appropriate slip-resistant
footwear by employers and consumers is the expense and expertise
that current shoe traction testing requires. Currently, experimental
methods used to assess available coefficient of friction (ACOF) rely on
expensive mechanical devices. This expense limits access to these
methods. Given the compelling evidence that ACOF is affected by

footwear tread design features, a valid assessment tool to predict ACOF
values based on the outsole design features could be a useful alternate
approach. This may provide safety practitioners with the opportunity to
select higher performance slip-resistant shoes through these assessments
and reduce worker’s slip propensity. The development of observational
tools has particular potential given the infrequent use of hardware-based
methods. A recent survey revealed that only 14.8% of the safety prac-
titioners utilized slipmeters to evaluate slip risk (Lowe et al., 2018). The
study by Lowe et al. (2018) was a follow-up to the survey conducted by
Dempsey et al. (2005), which indicated that 21.4% of practitioners used
slipmeters. Use of slipmeters to assess footwear is probably even lower
than the use of tribometers in general given that whole shoe tribometers
are more expensive and less portable than floor tribometers (Chang
et al., 2001b). An inexpensive observational assessment tool may in-
crease the use of ergonomic tools by practitioners to address slip-related
injuries.

One challenge in developing models that evaluate shoe traction is
that different tribology mechanisms contribute to shoe-floor-
contaminant friction, which makes the relationship between shoe
outsole parameters and ACOF non-linear. For instance, an increase in
contact area is generally associated with an increase in ACOF (Jones
etal., 2018). However, a shoe outsole that achieves high contact area by
eliminating all tread channel features is likely to operate in hydrody-
namic lubrication (interacting surfaces are separated by a thin fluid film)
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(Singh and Beschorner, 2014a). Hydrodynamic lubrication would
reduce ACOF (Beschorner and Singh, 2012a; Hemler and Beschorner,
2017) despite a large contact area. Thus, the relationship between
contact area and ACOF may not be monotonic when considering mul-
tiple lubrication regimes. This challenge can possibly be overcome by
restricting the scope of assessment such that only a single tribology
mechanism is present. In this study, we aim to focus only on hysteresis
friction (friction caused by deformation of the elastomer) operating in
boundary lubrication. ACOF values at boundary lubrication where
hysteresis friction is presumably dominant may still pose a slip risk
(Beschorner and Singh, 2012a; Jones et al., 2018). Moreover, shoes with
a presence of tread drainage channels generally operate in boundary
lubrication (Beschorner et al., 2014; Singh and Beschorner, 2014a).
Hysteresis is the dominant mechanism in the presence of high viscosity
fluids like glycerol and oils (Cowap et al., 2015; Jones et al., 2018;
Strobel et al., 2012). Therefore, a wide range of conditions (shoes with
drainage channels operating in the presence of high viscosity fluids) can
be represented within this single tribology mechanism.

In the boundary lubrication regime, certain tread features have been
shown to correlate with the ACOF. Previous research has indicated that
shoe outsole features that influence contact pressures are correlated
with hysteresis friction (Moghaddam et al., 2018). Specifically, lower
contact pressures tend to increase hysteresis friction (Moghaddam et al.,
2018). Tread surface area (i.e. the area of a treaded shoe in contact with
the surface and previously referred to as “contact area” in Jones et al.
(2018)) positively impacts ACOF (Jones et al., 2018; Moghaddam et al.,
2018) since increased contact area leads to a reduction in contact
pressures (Moghaddam et al., 2018). Also, increased material hardness
negatively impacts ACOF (Cowap et al., 2015; Strobel et al., 2012) since
softer material are subjected to higher deformations which increase
contact area and reduce contact pressures (Moghaddam et al., 2018).
Other outsole features that have been shown to affect hysteresis friction
are heel shape (beveling or rounding in the sagittal plane) (Moghaddam
and Beschorner, 2017) and heel width (in the frontal plane) (Jones et al.,
2018). These may also be primarily explained by the changes in contact
area (Moghaddam and Beschorner, 2017). Therefore, these outsole tread
design features may form a basis for a tread assessment tool.

The objective of this study was to develop a statistical model to
predict footwear traction based on observable outsole design features.
The scope of the model is focused on shoe outsole tread that exhibit
viscoelastic behavior and operate in boundary lubrication where hys-
teresis friction is dominant. The rationale for this study was that
developing assessment tools based on cost-effective and easily evaluated
measures of outsole tread will enable more occupational health and
safety practitioners to assess footwear and improve workers’ safety.

2. Materials and methods

This study consists of three main components: shoe outsole tread
measurements, ACOF measurements, and statistical model building.
Geometric and material measurements were made from the outsole
tread of fifty-eight footwear designs. ACOF measurements were con-
ducted using a robotic whole-shoe tester for these shoes against two
types of flooring. A multiple linear regression model was developed
using stepwise regression methods including k-fold cross-validation.

2.1. Materials

Sixty-three footwear that were marketed as slip-resistant from six
brands (Shoes for Crews, Tredsafe, SR Max, SafeTstep, Dr. Scholl’s, and
Timberland PRO®) with low-collar height and laces were selected for
this study (Table 1). No alternative footwear was included such as
overshoes, slip-on, and clog shoe since wearing alternative footwear
tends to lead to different slipping biomechanics (Chander et al., 2016)
and may be inappropriate for the specified ACOF test methods.
Slip-resistant footwear included casual, work, athletic and dress style
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Table 1
List of slip-resistant shoes included in the study from different brands (Rows that
are bold represent modified shoes).

Shoe Brand Model Style/item Style Gender
Code #
Al Shoes for Cambridge 6006 Dress M
Crews
A2 Condor 24734 Athletic M
A3 Delray - 38852 Casual M
Canvas
A4 Creed 21771 Athletic M
A5 Senator 1201 Dress M
A6 Avery 34545 Athletic F
A7 Old School 39362 Casual F
Low-Rider IV -
Leather
A8 Heather 9048 Athletic F
A2HS Condor 24734 Athletic M
A1HW Cambridge 6006 Dress M
AlCA Cambridge 6006 Dress M
A1SF Cambridge 6006 Dress M
Bl Tredsafe Axel 555307251 Athletic M
B2 Executive II 553701356 Work M
B3 Mario 553996011 Athletic M
B4 Engage 565589700 Casual 0)
B5 Kitch Canvas 553926483 Work 0)
B6 Rig 553802532 Casual 0)
B7 Nitro 556595638 Athletic M
B8 Bailey 553987412 Athletic w
B1HS Axel 555307251  Athletic M
B1HW Axel 555307251  Athletic M
B1CA Axel 555307251 Athletic M
B1SF Axel 555307251  Athletic M
Cl SR Max Arlington SRM350 Dress F
Oxford
Cc2 Tampa SRM125 Athletic F
Oxford
Cc3 Abilene SRM400 Casual F
Oxford
Cc4 Portland SRM621 Skate F
C5 Maxton SRM620 Athletic F
Cc6 Fairfax SRM1580 Low M
Athletic
c7 Rialto SRM6000 Athletic M
Sneaker
c8 Atlanta SRM3700 Oxford M
C2HS Tampa SRM125 Athletic F
Oxford
C1HW Arlington SRM350 Dress F
Oxford
C1CA Arlington SRM350 Dress F
Oxford
C1SF Arlington SRM350 Dress F
Oxford
D1 safeTstep Deidre 162446 Oxfords F
D2 Camina 159959 Runner F
D3 Andre 173851 Court F
D4 Kandice 163896 Canvas F
Oxfords
D5 Blast 159961 Runner F
D6 Zeus 174484 Athletic M
D7 Monroe 160023 Oxfords M
D8 Halfpipe 166413 Canvas M
Oxfords
D1HS Deidre 162446 Oxford F
D1HW Deidre 162446 Oxford F
D1CA Deidre 162446 Oxford F
D1SF Deidre 162446 Oxford F
El Dr. Scholl’s Proudest 88626 Oxford M
E2 Intrepid 88622 Sneaker M
E3 Aiden 25311 Work M
Sneaker
E4 Roberts 14064 Oxford M
E5 Hiro 25318 Oxford M
E6 Kimberly II 88755 Sneaker F

(continued on next page)
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Table 1 (continued)

Shoe Brand Model Style/item Style Gender
Code #
E7 Brave 88751 Sneaker F
E8 Inhale 22876 Sneaker F
E2HS Intrepid 88622 Sneaker M
E1HW Proudest 88626 Oxford M
E1CA Proudest 88626 Oxford M
E1SF Proudest 88626 Oxford M
F1 Timberland PRO-232 54.2+2.3% Work M
PRO
F2 PRO-232 60.4+15%Y  Work M
F3 PRO-232 63.2+2.4Y Work M

¥ shore A hardness.

HS modified to control heel shape.

HW modified to control heel width.

CA modified to control tread surface area.
SF modified to control shape factor.

that were marketed as men’s, women'’s, and unisex shoes. Shoe selection
was aimed to achieve variation in outsole geometry and material
hardness between and within shoe brands. Twenty of the selected
footwear (four per each brand, except Timberland PRO®) were modified
to systematically control outsole geometry. Three pairs of shoes were
custom made to have identical outsole tread geometry but with different
levels of material hardness (F1, F2, F3). All sixty-three footwear were US
size 9 men’s shoe or the equivalent size for women’s shoes.

Footwear outsole features such as material hardness (Jones et al.,
2018; Tsai and Powers, 2008), tread surface area (Jones et al., 2018;
Moghaddam et al., 2018), heel width (Jones et al., 2018) and heel shape
(Moghaddam and Beschorner, 2017) were selected for measurements
based on their association with hysteresis friction from previous
research. Additionally, shoe outsole metrics were selected to be low-cost
in order to make the assessment accessible to practitioners (Table 2). For
instance, a dynamic mechanical analyzer provides viscoelastic

Table 2

Shoe outsole, floor surface and lubricant properties that may contribut to fric-
tion. The parameters included in this study are italicized (Tread depth was
incorporated in the calculation of shape factor).

Parameters Apparatus Cost (U.S. dollars)”
Shoe outsole

Heel shape (sagittal plane) ~ Visual observation NA
Heel width (frontal plane) Ruler® 5
Material hardness Shore A durometer? 30
Mechanical properties Dynamic Mechanical Analyzer®,” 10000
Surface roughness Stylus profilometer’ 1500
Tread depth Digital caliper® 10
Tread surface area (top) Shoe imprint using ink pad” 10
Lubricant

Viscosity Rotary Viscometer' 500
Floor )

Surface roughness Stylus profilometer’ 1500

Shoe-floor-lubricant
Contact area/pressure
Surface free energy

Pre-scale pressure sensitive film! 500
Contact angle meter" 1000

# Actual costs vary according to brand, vendor, and exact device that is
purchased.

b Price based on used equipment.

¢ (Amazon, 2019¢).

d (Amazon, 2019b).

¢ (eBay, 2019)

f (Google, 2019b).

8 (Amazon, 2019a).

b (Amazon, 2019¢).

' (Amazon, 2019d).

i (Google, 2019a).

k (Neobits, 2019).
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properties of elastomers (Wang et al., 2011), which may be linked to
hysteresis friction (Lindner et al., 2004; Wang et al., 2011). However,
this device can cost over $10,000 whereas a Shore A durometer costs
about $30 (Table 2). Additionally, shape factor (i.e., the loaded area of a
rubber block divided by its area of lateral surface free to bulge) was
considered since shape factor has been found to affect the deformability
of the rubber block in other tribology applications (elastomeric bearings
and tire tread) (Imbimbo and De Luca, 1998; Sridharan and Sivar-
amakrishnan, 2012). We hypothesized that the shape factor of the in-
dividual tread will affect the ACOF since it influences the deformability
of the tread.

The Shore A material hardness of five different treads per shoe was
measured using a durometer (ASTM D2240-15, 2015). A mass of 1kg
was affixed and centered on the axis of the indentor as recommended by
the ASTM D2240-15 (2015) to improve repeatability of handheld
measurements and additionally shoes were secured using a bench vise
during measurements. The tread surface area of the heel was measured
using an ink pad, a white blank sheet of paper and a scanner (Jones et al.,
2018; Tencer et al., 2004). Ink was applied to the outsole and the outsole
was firmly pressed over a white blank sheet of paper. At least three
imprints per shoe were created to ensure that pressure was applied
across the entire heel section of the outsole and the heel imprint that had
the maximum inked area was selected. The heel imprint was scanned
and a MATLAB script (MATLAB, MathWorks®, Natick, MA) was devel-
oped to calculate the tread surface area (black region, Fig. 1). The
posterior-most point of the tread to 5 cm anterior of that point was used
for calculation of the tread surface area (Fig. 1) (Jones et al., 2018). The
heel width and dimensions of the tread blocks were measured using a
ruler and digital caliper, respectively. The heel width was measured
1.5 cm anterior of the posterior-most point of the tread (Fig. 1) (Jones
et al., 2018). Shoe beveling features were observed by placing the shoe
on a level surface. The heel of the outsole was categorized as flat-edge or
beveled edge if the heel was parallel to the level surface or formed a
convex shape with respect to the leveled surface, respectively. The shape
factor (S) was calculated based on the tread geometry at five different
locations (Eq. (1)) (Imbimbo and De Luca, 1998). If the shape of the
tread geometry varied across the heel, only the shape of the tread ge-
ometry that was dominant in the 1.5 cm most posterior section of the
tread was considered for shape factor calculation. The loaded area was
defined as the top surface area of a tread that was subjected to the
normal load and the surface area free to bulge was considered as the
lateral surface area of a tread (Fig. 2). Sipes, which are cuts and groves
on the tread surface, were neglected during this calculation (Fig. 2).

Loaded area

= Surface area free to bulge (Eq. 1)

Four footwear from each brand (except Timberland PRO®) were
altered to systematically vary tread surface area (A1CA-E1CA), heel
width (AIHW-E1HW), shape factor (A1SF-E1SF) and heel shape (A2HS,
B1HS, C2HS, D1HS, E2HS) within brands (Fig. 3). (1) One flat-edge
footwear per brand had tread removed at the midline (A1CA-E1CA).
(2) One flat-edge footwear per brand had individual tread removed at
the outer edge (A1HW-E1HW). (3) One beveled edge footwear had in-
dividual tread removed (A2HS, C2HS, E2HS) to approximate the heel
width and tread surface area of the corresponding flat-edge footwear
(A1, C1, E1) if the beveled edge had higher tread surface area than the
flat-edge shoe. Otherwise the flat-edge shoe had tread removed (B1HS,
D1HS) to closely match the heel width and tread surface area of the
corresponding beveled edge footwear (B2, D2). (4) One flat-edge foot-
wear per brand had tread depth shortened (about 1 mm) by abrasion on
a belt sander with 36 grit belt (A1SF-E1SF). Modification 1 and 2
allowed for tread surface area and heel width to be systematically
modified while keeping the heel shape, shape factor and material
hardness consistent across shoes. Modification 3 allowed to discern the
effect of heel shape while keeping the shape factor, material hardness,
tread surface area and heel width consistent across shoes. Modification 4
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Fig. 1. Heel width (left) was measured across the shoe heel with a ruler. The tread surface area (right) was measuremed using an ink impring of the posterior 5 cm of

the shoe tread.
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Fig. 2. Shape factor measurement of a tread (black region represents tread
surface area).

modified the shape factor by decreasing the tread depth. Roughness
measurements were taken after abrasion to monitor the surface rough-
ness of the abraded shoes with respect to the new shoes. Five roughness
measurements on five different treads were recorded for each shoe in the
direction of the shoe motion using a stylus profilometer (Surtronic $128,
Taylor-Hobson®, AMETEK®, Leicester, United Kingdom). The scan
length and cutoff frequency during roughness measurements of the tread
surface were 1.6 mm and 0.8 mm, respectively. The abrasion caused
significant changes to the shoe tread surfaces (A1SF-E1SF). The average
peak to valley height (R;) for new shoes and abraded shoes (A1SF-E1SF)
were 13.2 + 5.7 pm and 47.1 + 14.5 pm, respectively. The abraded shoes
(A1SF-E1SF) were excluded a priori to the statistical analysis since sur-
face roughness was a confounding factor with shape factor.

The materials used for ACOF testing were canola oil and two floor

Cl

C2 C2HS
=T ;':

designs. Canola oil was used as the liquid contaminant to simulate a
common workplace contaminant in the service industry. A high and low
traction tile were used for flooring condition: (1) ceramic tile (model:
ADJF250802, make: ASTM), and (2) high pressure laminate tile (model:
00503 Stone Grafix, make: Formica®), respectively. Five roughness
measurements were recorded for each tile in the direction of the shoe
motion using the stylus profilometer. The scan length and cutoff fre-
quency during roughness measurements were 8 mm and 0.8 mm,
respectively. The average + standard deviation of the peak to valley
height (R,), arithmetic average (R,), root mean square (Rq), and root
mean square of surface slope (Rqq) for the ceramic/laminate tile were
22.2+1.4/17.0 £ 0.9 pm, 3.9+ 0.3/3.1 = 0.3 pm, 5.1 £ 0.3/3.9 £ 0.3
pm, and 29.9 + 0.3/28.8 £ 0.1°, respectively. A total of 116 footwear-
floor-contaminant combinations (58 footwear * 1 liquid contaminant *
2 floor surfaces) were tested.

2.2. ACOF measurements

A robotic friction measurement device, i.e., Portable Slip Simulator
(Aschan et al., 2005; Iraqi et al., 2018), was used to measure the ACOF
between the footwear outsole and floor surface in the presence of the
contaminant. A 6 degree-of-freedom force plate (BERTEC Corporation,
Columbus, OH, USA) with the floor tile mounted on top was used to
record ground reaction forces with a sampling frequency of 500 Hz.

The ACOF testing parameters were an average normal force of
250 + 10N, shoe-floor angle of 17 + 1° and sliding speed of 0.5 m/s. The
250N, 17°, 0.5 m/s was selected based on the set of testing parameters
that best predicted slip outcomes in a previous study (Iraqi et al., 2018).
The shoe-floor angle was measured when the shoe was fully loaded and
forefoot was rotated to 17°. The shoe angle was with respect to the
shoe’s orientation when the shoe was unloaded and placed on the floor
(Jones et al., 2018). Five repeated trials were carried out for each
shoe-floor combination.

CIHW CISF

CICA

Fig. 3. A representative set of shoe samples being modified and their corresponding tread surface area. Grey area on the shoe outsole (top) represents regions where

individual treads were removed.
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2.3. Data and statistical analysis

The ACOF was quantified as the ratio of resultant shear force to
normal force (Eq. (2)) (Iraqi et al., 2018; Siegmund et al., 2006). The
ACOF was averaged over the first 200 ms after 250 N was reached. The
average normal force was within £10N of 250N and the range of
normal force was within 10% (25 N) of 250 N during this 200 ms interval
(Iraqi et al., 2018).

2 2
F Longitudinal Shear +F Transverse Shear

ACOF = \/

Frormal (Eq-2)

A multiple linear regression model was developed to predict ACOF in
the presence of canola oil based on the tread features while controlling
for the floor type. The independent variables were as follows: material
hardness, tread surface area, heel width, shape factor, heel shape, floor
type, and all first-order interactions. The heel shape and floor type were
modeled as categorical variables.

The model’s overall significance was tested using the ANOVA
method for multiple linear regression. Tests on individual regression
coefficients (relative to zero) were performed using t-tests. A backward
elimination method was used to screen the candidate regressors (pre-
dictors) and eliminate regressors (predictors) that have negligible ef-
fects. Additionally, forward selection and hybrid method were
performed to determine if the model building approach influenced the
parameters resulting in the model. A k-fold cross-validation method
(k=5) was used to select the optimal model (i.e., to only select the
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predictors in the model that minimize the cross-validation error). The 5-
fold cross-validation method was repeated five times for each model size
since cross-validation error changes due to different split of data in the
cross-validation folds. The model was selected based on the one-
standard-error-rule (i.e., cross-validation error is within one standard
error of the lowest point on the curve) (James et al., 2013). The
cross-validation method assessed how well the trained models predicted
an independent data set. The advantage of the k-fold cross-validation is
that each subset of data is used for both training (i.e., estimation) and
testing (i.e., validation) (James et al., 2013). Residual analysis was
performed to ensure that the normality and homoscedasticity assump-
tions of the regression model were met. A Shapiro-Wilk test was used to
test if the ACOF residuals from the model followed were following a
normal distribution. The statistical analyses were performed using
commercial software (JMP® Pro 14.0.0, SAS Institute Inc., Cary, NC,
USA) with a significance level of 5%.

3. Results

The shoes were evenly distributed between beveled edge (50%, 29
shoes) and flat-edge (50%, 29 shoes) heel shapes. The shore A hardness
and shape factor values ranged from 44.2 to 65.6 and from 0.19 to 0.91,
respectively. The tread surface area ranged from 6.36 to 16.08 cm?
(same range without modified shoes). The heel width was between
3.8 cm and 7.4 ecm (5.0-7.4 cm without the modified shoes). The ACOF
values for the 43 shoes (excluding the modified shoe outsoles) with

[ Ceramic

----- Ceramic range

[ Laminate

--------- Laminate range

ACOF

-]
-]

=]

ACOF

-]

ACOF

o
w

Footwear type

Fig. 4. ACOF for ceramic (light grey) and laminate (dark grey) tile with canola oil for the shoe brands: (A) Shoes for Crews, (B) Tredsafe, (C) SR Max, (D) safeTstep,
(e) Dr. Scholl’s, and (F) Timberland PRO. The dashed lines and dotted lines on each plot show the range of ACOF within brands (for unmodified shoes) on both

ceramic and laminate tile, respectively.
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ceramic and laminate tile ranged from 0.283 (D7) to 0.710 (C7) and
0.127 (D7) to 0.413 (C8), respectively (Fig. 4A-F). The ACOF for the 15
modified shoes ranged from 0.358 (E1CA) to 0.677 (CLHW) for ceramic
tile and 0.197 (D1CA) to 0.385 (C2HS) for laminate tile, which were
within the ACOF range of unmodified shoes on the corresponding
floorings. All shoes had higher ACOF on ceramic tile compared to
laminate tile (Fig. 4).

The ACOF was significantly predicted by the full model that included
all predictors (material hardness, tread surface area, heel width, shape
factor, heel shape, floor type, and all first-order interactions,
F21,04=37.2, p<0.001). The ttest performed on the individual
regression coefficients indicated that the heel shape (beveled: tgs = 3.44,
p=0.001), tread surface area (tg9s=3.81, p<0.001), hardness
(tos = —2.31, p=0.023), floor type (ceramic: tgs =25.08, p < 0.001),
and the interaction between the heel shape and shape factor
(tos = —2.26, p =0.023) were statistically significant. The heel width
(tos = —0.64, p =0.524) and shape factor (tgs =1.36, p=0.176) were
insignificant in the full model. This model explained 89% (R? = 0.893,
Rzadj =0.869, RMSE = 0.054) of the variation in ACOF based on the full
set of predictor variables.

The backward elimination method resulted in a reduced model
(F6,100=135.3, p<0.001, Eq. (3)) and included the heel shape
(t110=3.37, p=0.001), tread surface area (tj;0=4.92, p <0.001),
hardness (t;30=-2.93, p=0.004), shape factor (tj10=3.15,
p =0.002), floor type (t119=25.73, p < 0.001), and the interaction be-
tween the heel shape and shape factor (tj;0=—-2.42, p=0.017)
(Table 3). The heel width and other first-order interactions were
removed in the reduced model by the backward elimination method.
The forward selection method resulted in a reduced model
(F4,111 =187.1, p < 0.001, Eq. (4)) that included four of the six factors
that were part of the model identified through the backward elimination
method. The model resulting from the forward selection method
included the heel shape (tj;2=3.48, p=0.001), tread surface area
(t112 =5.26, p < 0.001), hardness (t;12 = —2.64, p=0.009), and floor
type (t112 =24.86, p <0.001) (Table 3). The heel width, shape factor
and all first-order interactions were not added to the model via the
forward selection method. The hybrid method resulted in the same
model as the backward elimination method. A slightly lower standard
error was achieved with 6 predictors (i.e. backward elimination model)
than what was achieved with 4 predictors (i.e., forward selection model)
(Fig. 5). While the model with 6 predictors (Eq. (3)) was considered the
optimal model based on this criterion, the model with 4 predictors (Eq.
(4)) was nearly as strong, did not include any interaction effects, and
required one fewer measurement. In Eq. (3), the units are represented in
brackets for continuous variables. Nominal dummy variables are set to a
value of 1 when the condition within the brackets is present and 0 when
the condition within the brackets is not present. The predictor variables
in the optimal/backward elimination model explained 88.2%
(R*=0.882, R%4j=0.875, RMSE = 0.053) of the variation in ACOF
(Supplemental Fig. 1). The forward selection model explained 87.1%

Table 3
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Fig. 5. Cross-validation error for different number of significant predictors in
the reduced models The data label above/below each data point indicates
which parameter was removed during backward elimination. Standard error for
each data point is small, which is not visible on the plot.

(R?=0.871, R%q;=0.866, RMSE =0.055) of the variation in ACOF
(Fig. 6). The normal quantile plot for the backward (Supplemental
Fig. 2A) and forward model indicated no extreme violations of the
normality assumption (Fig. 7A). Additionally, the Shapiro-Wilk test
indicated that the ACOF residuals follow a normal distribution
(W =0.985, p =0.224). The plot of the residual vs. predicted ACOF did
not exhibit any extreme unusual patterns that suggest violations of
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Fig. 6. Actual vs. predicted ACOF (response variable) from the forward model
(Eq. (4)).

Summary of parameter estimates (95% confidence interval: CI and standard error: Std error) for the backward elimination (column 2-4) and forward selection (column

5-7) model. NA represents variables that were not part of the model.

Backward elimination

Forward selection

Terms B (CD Std error t-test (p-value) g (CD Std error t-test (p-value)
Intercept 0.158 (—0.003 to 0.320) 0.082 1.94 (0.055) 0.223 (0.064-0.383) 0.081 2.77 (0.007)
Heel shape[beveled] 0.130 (0.054-0.207) 0.039 3.37 (0.001) 0.041 (0.018-0.064) 0.012 3.48 (0.001)
Floor[ceramic] 0.254 (0.234-0.273) 0.010 25.73 (<.001) 0.254 (0.234-0.274) 0.010 24.86 (<.001)
Tread surface area (cmz) 0.014 (0.008-0.020) 0.003 4.92 (<.001) 0.015 (0.009-0.021) 0.003 5.26 (<.001)
Heel width (cm) NA NA NA NA NA NA

Shape factor 0.160 (0.059-0.261) 0.051 3.15 (0.002) NA NA NA

Hardness —0.003 (—0.005 to —0.001) 0.001 —2.93 (0.004) —0.003 (—0.005 to —0.001) 0.001 —2.64 (0.009)
Heel shape[beveled] —0.154 (—0.280 to —0.028) 0.064 —2.42(0.017) NA NA NA

*Shape factor
Other first order interactions NA NA NA NA NA NA
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Fig. 7. Residual analysis performed on the forward model: (A) normal quantile plot to assess the assumption of normality; and (B) plot of residual vs. predicted ACOF

to assess assumption of homoscedasticity.

homoscedasticity assumption for either model (Fig. 7B and Supple-
mental Fig. 2B).

Backward elimination : ACOF = 0.158 + 0.014 * tread surface area [cm®] + 0.130 * heel shape — 0.003 * hardness [Shore A

performing experimental shoe traction testing. Second, footwear man-
ufacturers can improve shoe traction by prioritizing heel shape (flat to

(Eq. 3)

+ 0.160 * shape factor + 0.254 * floor — 0.154 * heel shape * shape factor

Forward selection : ACOF = 0.223 + 0.015 * tread surface area [cmz}
+ 0.041 * heel shape — 0.003 * hardness [Shore A]
+ 0.254 * floor

€]

According to the regression coefficients from the forward model
(Table 3), a unit increase in the tread surface area (cm?) increased the
ACOF by 0.015 (Brread surface area)- An increase in the tread surface area
from the first quartile (9.6) to the third quartile (13.4) increased ACOF
by 0.057 (interquartile range * Prread surface area = 3-8 * 0.015). A unit
increase in the Shore A hardness decreased the ACOF by 0.003
(BHardness)- An increase in the Shore A hardness from the first quartile
(49.8) to the third quartile (60.8) reduced ACOF by 0.033 (interquartile
range * Pyardness = 11.0 * —0.003). The change from flat-edge to beveled
edge heel shape increased ACOF by 0.041 (Bueel shapelbeveled])- The
change of floor type from laminate to ceramic tile added 0.254 (Brioor
[ceramic]) to the ACOF.

4. Discussion

The main finding of this study was that simple and relatively inex-
pensive measurements of footwear outsole tread could predict the
variation in oily traction performance across shoes labeled as slip-
resistant. This finding indicated that tread geometry (heel shape and
tread surface area) and material hardness, while controlling for floor
type, explained 87% of the variation in oily ACOF. Change in heel shape
from flat to beveled edge and increase in tread surface area were
favorable in the traction performance within each brand. Moreover, the
prediction of ACOF was based on mostly main effects. Only a single
interaction term (heel shape*shape factor, p-value = 0.017) was
observed and this interaction effect was only observed in two of the
three stepwise regression models. These findings have two-fold benefits.
First, assessment of slip-resistant shoes based on regression model pre-
dictions will be possible for safety practitioners without actually

beveled edge) and tread surface area.

The relationship between shoe outsole tread, floor type, and ACOF in
the current study are generally in agreement with previous research. The
tread surface area was positively associated with ACOF, consistent with
previous findings (Jones et al., 2018; Moghaddam et al., 2018). As the
tread surface area increases, contact pressures reduce and consequently
cause an increase in hysteresis friction (Moghaddam et al., 2018). The
higher ACOF values associated with beveled edge heel shape compared
to flat edge were also consistent with findings of Moghaddam and
Beschorner (2017). A beveled edge increases the area of contact by
conforming the tread to the floor when the shoe is at an angle during the
early stages of stance. This has a positive impact on ACOF. The effect of
material hardness on ACOF has been also supported by previous
research (Cowap et al., 2015; Jones et al., 2018; Strobel et al., 2012; Tsai
and Powers, 2008) since hardness contributes to hysteresis friction in
the presence of high viscous lubricants (Cowap et al., 2015; Strobel
et al., 2012). The softer elastomer (low hardness level) will be subjected
to higher deformation compared to the harder material, which increases
ACOF (Strobel et al., 2012). Furthermore, the floor surface with a higher
roughness was associated with a higher ACOF, which has been
demonstrated in previous research (Chang et al., 2001a; Cowap et al.,
2015; Moghaddam et al., 2015).

The statistical model predicting footwear traction based on simple
and inexpensive measurements of outsole tread may be a useful
assessment tool. Tread surface area was measured with an ink pad, paper
and scanner. Heel shape was visually observed without the use of any
equipment. Hardness was measured using a durometer that costs
approximately US $30 (Table 1). A safety manager could measure these
parameters and use the developed model to screen out slip-resistant
shoes that pose a high or moderate slip risk. For instance, the model
differentiated between shoes with high and low ACOF across brands
similar to the ACOF yielded through experiments (Fig. 8). The study
revealed that certain shoes with low ACOF show evidence of poor
outsole backing design that result in gaps in tread surface area compared
with other designs within the same brand (Fig. 8, left). Thus, the
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Fig. 8. A comparison of ACOF across heel designs
within brands (B, C, D) on laminate tile. ACOF is
labeled for the measured value (Actual) as well as
the model-predicted value (Predicted) based on Eq.
(4) (forward model). The ACOF is relatively higher
for the designs in column one (B4, C8, D3) compared
to their corresponding shoe brand (B1, C1, D7) in
column two primarily due to higher tread surface
area and beveled edge heel shape. (A and H repre-
sent tread surface area and Shore A hardness,
respectively.)
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observational methods described in this study may help to differentiate
across shoes with higher and lower slip-resistant properties. About 70%
of unmodified shoes tested on laminate tile had ACOF below 0.30. An
ACOF level above 0.30 (Grongvist et al., 1989) or 0.29 (ANSI/NFSI
B101.7, 2018) has been suggested for safe level walking. Also, the range
of ACOF values (0.127-0.413) for laminate tile had overlap with RCOF
range (0.155-0.272) for level walking (Beschorner et al., 2016; Perkins
and Wilson, 1983; Redfern and DiPasquale, 1997). Furthermore, recent
research has demonstrated that interventions that only permit high
performance slip-resistant shoes can dramatically reduce the odds of
slipping compared with interventions where employees can select any
slip-resistant footwear (Bell et al., 2018). Thus, this study operated in
conditions where the differences in shoe performance are relevant and
where identifying high performance slip-resistant shoes could reduce
fall injuries.

Certain limitations of the current study should be acknowledged.
Only two different floorings were utilized and flooring was treated as a
categorical variable in the regression analysis instead of by its physical
characteristics. Future research that incorporates physical characteris-
tics of flooring such as multiscale surface roughness (Moghaddam et al.,
2018) and spreading coefficient (Nishi et al., 2016; Shibata et al., 2019)
into the statistical model to predict traction would be beneficial. It is
worth noting that interaction effects including flooring were small and
insignificant. Furthermore, other research has suggested that shoe
traction performance across vinyl composite, quarry and ceramic floor
surfaces are generalizable in the presence of canola oil (Chanda et al.,
2018). Thus, these results are expected to be consistent when applied to
other floorings. Moreover, the liquid contaminant used was canola oil
which allowed this study to focus primarily on hysteresis friction
mechanisms within boundary lubrication. Further investigations are
required to understand the generalizability to other liquid contaminants

such as water and detergent aqueous solution. Another limitation is that
this model should not be used to predict ACOF beyond the range of
predictors that were used to develop the model (Shore A hardness:
44.2-65.6; shape factor: 0.19-0.91, heel shape: flat or beveled edge,
tread surface area: 6.36-16.08 cm?). This study only included shoes with
tread that were presumed to operate in boundary conditions and may
not be applicable to non-slip resistant or worn shoes that may operate in
other lubrications regimes like hydrodynamic lubrication (Beschorner
et al., 2014; Singh and Beschorner, 2014a). Lastly, the model may not be
applicable to foot slips on ladder rung, stair walking, or running
conditions.

5. Conclusion

In summary, the current study suggests that slip-resistant shoes with
a beveled heel shape, higher tread surface area, and lower material
hardness generate higher traction in the presence of canola oil.
Furthermore, a multiple regression model was generated that predicted
ACOF based on these parameters. This type of predictive model may be
useful to safety practitioners to select higher traction performance shoes.
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