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Abstract: Accidental injuries due to slips and falls are considered serious threats to public safety.
Sufficient friction at the footwear and flooring interface is essential to reduce slip-related risks. The
presence of slippery fluidic contaminants, such as water, further reduces friction and increases the
risks of slip-related accidents drastically. While the effect of floorings and contaminants on footwear
traction has been measured extensively across a variety of footwear designs, only a few studies have
explored the science of the outsole design and its role in providing sufficient traction. In this work, the
tread design of a commonly encountered outsole pattern, i.e., with vertically oriented tread channels,
was parametrically altered across its width and gap. Based on the impressions of an original footwear
design, nine outsoles were fabricated. The induced fluid pressures, mass flow rates, and traction
were quantified by using a computational fluid dynamics (CFD) framework and through slip testing
experiments. Outsoles that had wide treads with small gaps decreased the overall slipping risk on
dry floorings. As compared to the tread area, tread gaps were found to be a dominating parameter
in providing adequate shoe–floor traction in wet slipping conditions. The methods, including the
outcomes presented in this work, are anticipated to advance the understanding of the science behind
footwear friction and help footwear manufacturers optimize outsole designs to reduce slip and
fall risks.
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1. Introduction

Slips and falls are among the predominant causes of occupational, sports, recreational,
and industrial accidents [1]. Slips, trips, and falls alone have accounted for over 30% of all
non-fatal workplace accidents in the United States [2] and were reported to lead to an annual
economic strain of more than $170 billion [3]. These accidents are also responsible for over
$10 billion in direct worker’s compensation, including large- and small-scale industries and
workplaces [4]. Slip-related injuries such as dislocations, tears, and other lower limb issues
have led workers to withdraw from medical leave, which causes more than 25 days of delay
in work [5]. Unintentional slips are usually initiated by a sudden decrease in the available
coefficient of friction (ACOF) at the shoe–floor interface [6]. Hence, to ensure sufficient
shoe–floor friction, it becomes essential for footwear manufacturers and the public to be
aware of the frictional performance of footwear and other related parameters.

Friction is affected by its tread pattern, type of flooring, contact area, outsole materials,
shore hardness, the presence of contaminants (i.e., water), and wear of the outsoles [7–13].
Specifically, the presence of liquid contaminants over flooring drastically reduces the shoe
and floor interface friction, which results in increased slipping hazards [14]. Slipping
risks can be measured by employing devices such as tribometers or slip testers, which
vary widely based on their designs and operating parameters [15]. An ACOF of 0.3 was
considered by Chanda et al. [16] as a threshold value above which slip risks decrease
significantly. It was observed that 95% of the commonly available shoes were incapable of
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providing an adequate friction value when tested on fluid-contaminated floorings. Hence,
it is important to understand the role of commonly available footwear and its characteristics
in providing sufficient friction on dry and fluid-contaminated floorings.

Topographical features (i.e., treads) of the footwear’s outsole play an important
role in its performance in dry and wet slipping conditions [17]. In a recent study by
Gupta et al. [18], outsole features such as tread design, area, and orientation have been
observed to affect the ACOF drastically. In another study by Yamaguchi et al. [19], the
effect of the tread characteristics on the ACOF was investigated through the study of the
dispersion of excessive fluid through the tread channels during fluid-contaminated sliding.
Furthermore, high fluid pressure and the formation of a hydrodynamic fluid film at the
shoe–floor interface have been observed to be correlated with increased slipping risks in
the previous studies [20–23]. Several studies have reported that increasing fluid pressures
over the un-treaded or worn region resulted in decreased traction. In another study by
Li et al. [24], the effect of varying tread parameters on the ACOF was studied in several
slipping conditions, and significant differences were reported in the ACOF outcomes.
Quantifying fluid pressure and the capability of an outsole to disperse the excess fluid
require additional attachments to the slip testers and are dependent on the flow losses
and sensitivity of the sensor, which can hamper the results. Also, slip-testing experiments
considering several shoes, floorings, and contaminants can become a time-consuming and
tedious task. Hence, research related to the fluid flow and pressures over footwear outsoles
and the understanding of the influence of the outsole tread’s geometry on the induced
friction is lacking in the literature.

In this work, a commonly used tread design with a vertical orientation (i.e., the treads
parallel to the slipping motion axis) was extensively studied. The treads were parametri-
cally modified and assessed for their traction performance on dry and water-contaminated
floorings. During the slipping, the fluid pressure and flow rates were quantified by employ-
ing a computational fluid dynamics (CFD) framework. The study outcomes were correlated
with the slip-testing experiments by analyzing a range of correlations between the tread
parameters and friction. It is anticipated that the results of this pioneering work will clarify
the influence of the outsole tread characteristics on footwear traction and enhance the
knowledge of the science behind the footwear’s outsoles.

2. Materials and Methods

The footwear outsole design included in this work had vertically oriented treads (i.e.,
parallel to the slipping motion) based on the geometry of the original footwear. Outsole
features such as shore hardness and tread dimensions were measured using a durometer
(Precision Instruments, India) and a digital depth gauge (Precision Instruments, India).
These variables were measured over the footwear’s heel region, measuring up to 50 mm
from the posterior point of the heel. The shore hardness, tread geometry, and the 50 mm
metric has previously been reported to be adequate in quantifying a footwear’s performance
in any slipping condition [8,9,11,16,18,25]. The outsole material was polyurethane with
a shore A hardness of 60. Figure 1 shows the original footwear outsole design with a
tread width of 4 mm and a tread gap of 2 mm. The outsole geometry was imported and
traced in a 3D modeling software (SolidWorks, Dassault Systèmes, France) to perform
the parametrical modifications across the tread widths and gaps. Tread width was varied
with an interval of 2 mm, whereas tread gaps were varied by an interval of 1 mm. Table 1
represents the dimensions of all nine parametrically modified outsoles.
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Figure 1. Dimensions of the original footwear’s tread design. 
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Outsole Nomenclature Width (mm) Gap (mm) 
O1 2 2 
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O3 2 4 
O4 4 2 
O5 4 3 
O6 4 4 
O7 6 2 
O8 6 3 
O9 6 4 

After the generation of CAD models of all the outsoles, their respective positive 
molds were 3D-printed using a Creality Ender 3D printer (Shenzhen Creality 3D Technol-
ogy, China). The molds were then filled with liquid silicone polymer and left to cure for 7 
h. After the curing process, the negative silicone molds were removed and poured with 
two-part polyurethane of shore A hardness 60 to mimic the original footwear material 
properties. The molds were left to cure for 36 h and again measured for their dimensional 
and shore hardness accuracy. Figure 2 shows the nine developed outsoles. 
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Figure 1. Dimensions of the original footwear’s tread design.

Table 1. Parametrical modifications in the outsole’s design.

Outsole Nomenclature Width (mm) Gap (mm)

O1 2 2

O2 2 3

O3 2 4

O4 4 2

O5 4 3

O6 4 4

O7 6 2

O8 6 3

O9 6 4

After the generation of CAD models of all the outsoles, their respective positive molds
were 3D-printed using a Creality Ender 3D printer (Shenzhen Creality 3D Technology,
China). The molds were then filled with liquid silicone polymer and left to cure for 7 h.
After the curing process, the negative silicone molds were removed and poured with
two-part polyurethane of shore A hardness 60 to mimic the original footwear material
properties. The molds were left to cure for 36 h and again measured for their dimensional
and shore hardness accuracy. Figure 2 shows the nine developed outsoles.

To assess the fluid pressure and flow rate over the modeled outsoles, a realistic slipping
mechanism was simulated numerically (Fluent 20.0, Ansys Inc., Canonsburg, PA, USA).
The simulations included the deformation of the outsole treads due to the application of
a normal load, as well as fluid pressure and flow to simulate wet slip conditions. The
simulation was performed in two parts. Primarily, the parametrically modified 3D models
of the outsoles were bent by 17◦ and up to 50 mm measured from the posterior point of the
heel. The considered angle and length metric has previously been reported to be adequate
in determining the traction performance during unintentional slips [16,26]. Furthermore,
the outsoles were applied with a normal load of 250 N, which has been reported to be the
force applied by humans during unintentional slips [8,16,27,28]. The outsoles were mod-
eled with a hyperelastic neo-Hookean material to mimic the original footwear’s material
(i.e., polyurethane) [18,29]. A contact pair between the outsoles and the ground was gener-
ated to model the interface. For the ease in mesh convergence and precision of the models,
the outsoles were meshed with 10-node SOLID 187 tetrahedral elements. The deformed
outsole geometries were then analyzed for the fluid flow simulations using CFD. A detailed
mesh convergence study was considered, which included five different meshes at regular
intervals. The mesh that showed low variations in the results (i.e., within 5%) was selected
as the optimal mesh. Hence, the outsole model, O1, was generated with 785,575 elements,
O2 with 657,883 elements, O3 with 617,457 elements, O4 with 777,845 elements, O5 with
620,475 elements, O6 with 610,847 elements, O7 with 691,700 elements, O8 with 562,435 ele-
ments, and O9 with 607,064 elements. A steady-state incompressible turbulent flow regime
was utilized to characterize the wet slipping motion. The Reynolds-averaged Navier–
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Stokes equation for the conservation of momentum (1) and Reynolds-averaged continuity
equation for the conservation of mass (2) were pre-programmed for the simulations.
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The boundaries of the flow domain were applied with a surface roughness of 28.4 µm,
which mimics the realistic flooring conditions on which the slip-testing experiments were
performed. A value of 1 × 10−3 was considered as the convergence criterion for the scaled
residuals. The pressure–velocity modeling was based on the SIMPLE algorithm with
second-order and second-order upwind for pressure and momentum, respectively. At
last, a fluid velocity of 0.5 m/s was provided to simulate the actual slipping situation [8].
Figure 3 represents the consolidated computational framework, and Table 2 represents the
summary of the CFD parameters based on a recent study by Gupta et al. [30].
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Table 2. Computational parameters implemented for the slipping simulation.

Parameter Description

Mesh Details

Element order 10-node SOLID 187 tetrahedral

Orthogonal quality More than 0.85

Pinch tolerance 1.8 × 10−2 mm

Fluent Details

Model Incompressible, turbulent- k-epsilon (RNG)

Inlet boundary condition Fluid velocity = 0.5 m/s

Outlet boundary condition Atmospheric

Wall roughness 28.4 µm

The shoe–floor traction was estimated using a portable and biofidelic mechanical
slip tester [31] (Figure 4). The whole-shoe slip-testing device implemented in this study
was based on the ASTM F2913-19 standard [32]. The robotic testing device consisted of
three major mechanisms, i.e., the horizontal motion mechanism to provide the slipping
velocity, the vertical motion mechanism to provide the normal load, and the angle adjusting
mechanism to simulate heel-strike slipping dynamics. The normal load during slipping
was controlled by a linear actuator and measured using a cantilever load cell. This load
cell was present in between the test rig and the actuator. Once the slipping motion was
provided, the shear force was calculated by the load cell placed beside the shoe last. As
the device was portable, it was carried to the actual flooring location to perform the tests.
Finally, the dynamic friction was calculated by dividing the shear force by the normal
force observed during the slipping simulation. The detailed development of this device
is explained in a recent work by Gupta et al. [31]. The developed outsoles were then
attached to the footwear, and the footwear was further attached to the slip tester. To
simulate realistic slipping biomechanics, a shoe–floor angle of 17 ± 2.5◦, a slipping speed
of 0.5 m/s, and a normal load of 250 ± 25 N were applied as the pre-programmed settings
to the slip tester [8,16,27,28]. The developed nine outsoles were slip tested on a common
matte flooring across dry and water-contaminated conditions. The flooring had an average
surface roughness (peak to valley) of 28.4 µm, which was measured using a digital surface
profilometer (Precision instruments, India) at 10 locations in the concerned area on which
the testing was performed. To simulate the water-contaminated condition, 40 mL of water
was spilled over the flooring area. Five repetitions for each sample across each slipping
condition (i.e., dry and water contaminant condition) were performed separately and
represented. The ACOF values were quantified within the initial 200 ms once the normal
load reached 250 ± 25 N.



Fluids 2023, 8, 82 6 of 15
Fluids 2023, 8, 82 6 of 14 
 

 
Figure 4. Whole-shoe biofidelic and portable slip tester used for experiments. 

The induced fluid pressure and mass flow rate across the outsoles were estimated 
using the computational framework. The ACOF of nine outsoles was quantified using the 
slip tester across dry and wet slipping conditions. The correlation coefficient (R2) was used 
to assess the quality of correlations between tread width and the ACOF in both dry and 
wet conditions, tread width and the fluid pressure and mass flow rate, tread gaps and the 
ACOF in both dry and wet conditions, and tread gaps and the fluid pressure and mass 
flow rate. Furthermore, the effect of the tread area on the ACOF, fluid pressure, and mass 
flow rates was also analyzed. For this study, 0.5 > R2 was deemed insignificant, 0.5 < R2 < 

0.7 was considered moderate, and R2 > 0.7 was considered a strong correlation [16]. 

3. Results 
3.1. Frictional Performance of Footwear Outsoles 

The induced fluid pressure and mass flow rate across the outsoles were estimated 
using the computational framework. The ACOF of nine outsoles was quantified using the 
slip tester across dry and wet slipping conditions. The ACOF values of the outsoles varied 
from 0.13 to 0.35 when slip tested on dry and wet flooring (Figure 5). Specifically, in dry 
slip testing, the friction values ranged from 0.28 to 0.35. Outsole O7 exhibited the highest 
ACOF of 0.35, as compared to the other outsoles. Apart from O7, outsoles O8 and O9 
exhibited similar ACOF outcomes (i.e., 0.33). After O7, O4 showed the highest ACOF of 
0.34. As compared to O7, O1 experienced a reduction of approximately 20%, O2 and O3 
of 25%, O5 of 9%, O6 of 13%, and O8 and O9 of 6% each in the ACOF in the dry condition. 
O2 and O3 exhibited the lowest ACOF (i.e., 0.28) among all the outsoles. In water-contam-
inated conditions, the ACOF values varied from 0.13 to 0.19. Across all the outsoles, O9, 
O2, and O3 showed similar and the highest ACOF (i.e., 0.19) in the wet slip testing. Out-
sole O6, too, showed a similar ACOF, with a difference of 0.01 (i.e., 0.18). As compared to 
O9, O2, and O3, O1 experienced a reduction of approximately 23%, O2 of 2%, O4 of 50%, 
O5 of 15%, O7 of 44%, and O8 of 30% each in the ACOF in wet conditions. Outsoles O4 
and O7 performed the poorest by generating a low ACOF (i.e., 0.13) across all the outsoles. 

Figure 4. Whole-shoe biofidelic and portable slip tester used for experiments.

The induced fluid pressure and mass flow rate across the outsoles were estimated
using the computational framework. The ACOF of nine outsoles was quantified using the
slip tester across dry and wet slipping conditions. The correlation coefficient (R2) was used
to assess the quality of correlations between tread width and the ACOF in both dry and
wet conditions, tread width and the fluid pressure and mass flow rate, tread gaps and the
ACOF in both dry and wet conditions, and tread gaps and the fluid pressure and mass flow
rate. Furthermore, the effect of the tread area on the ACOF, fluid pressure, and mass flow
rates was also analyzed. For this study, 0.5 > R2 was deemed insignificant, 0.5 < R2 < 0.7
was considered moderate, and R2 > 0.7 was considered a strong correlation [16].

3. Results
3.1. Frictional Performance of Footwear Outsoles

The induced fluid pressure and mass flow rate across the outsoles were estimated
using the computational framework. The ACOF of nine outsoles was quantified using the
slip tester across dry and wet slipping conditions. The ACOF values of the outsoles varied
from 0.13 to 0.35 when slip tested on dry and wet flooring (Figure 5). Specifically, in dry slip
testing, the friction values ranged from 0.28 to 0.35. Outsole O7 exhibited the highest ACOF
of 0.35, as compared to the other outsoles. Apart from O7, outsoles O8 and O9 exhibited
similar ACOF outcomes (i.e., 0.33). After O7, O4 showed the highest ACOF of 0.34. As
compared to O7, O1 experienced a reduction of approximately 20%, O2 and O3 of 25%, O5
of 9%, O6 of 13%, and O8 and O9 of 6% each in the ACOF in the dry condition. O2 and
O3 exhibited the lowest ACOF (i.e., 0.28) among all the outsoles. In water-contaminated
conditions, the ACOF values varied from 0.13 to 0.19. Across all the outsoles, O9, O2, and
O3 showed similar and the highest ACOF (i.e., 0.19) in the wet slip testing. Outsole O6, too,
showed a similar ACOF, with a difference of 0.01 (i.e., 0.18). As compared to O9, O2, and
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O3, O1 experienced a reduction of approximately 23%, O2 of 2%, O4 of 50%, O5 of 15%, O7
of 44%, and O8 of 30% each in the ACOF in wet conditions. Outsoles O4 and O7 performed
the poorest by generating a low ACOF (i.e., 0.13) across all the outsoles.
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3.2. Fluid Pressure and Mass Flow Rates across the Footwear outsoles

The maximum induced fluid pressure over the outsoles in the wet slipping simulations
ranged from 450.91 Pa to 510.06 Pa (Figure 6). Outsole O7 showed the highest interfacial
fluid pressure (i.e., 510.06 Pa), whereas O3 showed the lowest fluid pressure (i.e., 450.91 Pa)
across all the outsoles. As compared to O7, O1 experienced a reduction of approximately
2%, O2 of 9%, O3 of 13%, O4 of 3%, O5 of 10%, O6 of 12%, and O8 and O9 of 11%. Outsoles
O2, O3, O5, O6, O8, and O9 experienced the lowest fluid pressures of 469.33 Pa, 450.91 Pa,
465.94 Pa, 457.70 Pa, 461.58 Pa, and 460.61 Pa, respectively. O1, O4, and O7 showed similar
high-pressure contours and limited localized zones as compared to the other outsoles. The
remaining outsoles showed similar pressure distribution contours.

Figure 7 represents the averaged mass flow rates during wet slip simulations across
the footwear outsoles. The mass flow rates ranged from 0.040 kg/s to 0.053 kg/s. Out of
all the outsoles, O6 showed the maximum mass flow rate of 0.053 kg/s throughout the
outsole topography. On the contrary, O7 exhibited the lowest mass flow rate of 0.040 kg/s
across its treads during the wet slip simulation. Outsole O1 reported a similar flow rate
(i.e., 0.042 kg/s) as compared to O7, which showed a staggered channeling of water flow
via its treads. Besides O6, the remaining outsoles (i.e., O2, O3, O5, O8, and O9) exhibited
increased mass flow rates in the ranges of 0.049 kg/s to 0.052 kg/s. Among these, the highest
mass flow rates were for the O5 and O8, with 0.051 kg/s and 0.052 kg/s, respectively.
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3.3. Effect of Tread Parameters on Study Outcomes
3.3.1. Effect of Tread Gaps on ACOF, Fluid Pressure, and Flow Rate

The effect of changing gaps (i.e., gap = 2 mm, 3 mm, and 4 mm) between the treads
of the outsoles on friction was analyzed by quantifying the correlation between the gaps
and the ACOF (Figure 8). In the dry slip-testing conditions, the gaps between the treads
showed a weak correlation (R2 = 0.11) with the ACOF, as the ACOF ranged widely without
any particular trend (Figure 8a). On the contrary, in the wet slip-testing conditions, the
tread gaps strongly correlated with the ACOF (R2 = 0.72), as shown in Figure 8b. The
positive trend meant the increase in the ACOF in the wet slipping conditions was due
to an increase in the tread gaps. Outsoles O3, O6, and O9 had the largest tread gap
and exhibited the highest ACOF values in the wet slipping conditions. On the contrary,
outsoles with gaps of 2 mm (i.e., O1, O4, and O7) showed a low ACOF when tested on the
water-contaminated flooring.
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Figure 7. Mass flow rates across the outsole treads due to wet slipping simulations.

In wet slipping simulations, the influence of altering the tread gap on the fluid pressure
and mass flow rate was measured by estimating the correlations between them (Figure 9).
Figure 9a shows the correlation between the tread gap and induced fluid pressure. A strong
and negative correlation was reported for the gaps and fluid pressure (R2 = 0.85). The
fluid pressure for a gap of 4 mm varied from 450.91 Pa to 460.61 Pa, whereas a 3 mm gap
and 2 mm gap ranged from 461.58 Pa to 469.33 Pa and 498.42 Pa to 510.26 Pa, respectively.
In a similar trend, the tread gap and mass flow rate were quantified to be positively and
strongly correlated (R2 = 0.72) (Figure 9b). Average mass flow rates across the tread gap of
4 mm varied from 0.050 kg/s to 0.053 kg/s, whereas for 3 mm and 2 mm gaps, it varied
from 0.049 kg/s to 0.052 kg/s and 0.040 kg/s to 0.045 kg/s.
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Figure 9. Effect of tread gap on: (a) induced fluid pressure and (b) mass flow rate.

3.3.2. Effect of Tread Width on ACOF, Fluid Pressure, and Flow Rate

Figure 10 shows the correlations between the altering tread widths (i.e., the width = 2 mm,
4 mm, and 6 mm) and the shoe–floor traction in dry, as well as wet, slipping conditions. In
dry conditions, increasing the tread width exhibited increased ACOF outcomes. The width
and ACOF were observed to be strongly (R2 = 0.79) and positively correlated (Figure 10a).
Specifically, outsoles O1, O2, and O3, having smaller tread widths, showed lower ACOF
compared to the other outsoles. The outsoles O4, O5, and O6, having a tread width of
4 mm, exhibited moderate ACOF values. The remaining outsoles (i.e., O7, O8, and O9),
having the widest treads, showed the highest ACOFs, as compared to the other outsoles.
In wet slip testing, regardless of the tread width, the outsoles demonstrated both low and
high ACOFs. The tread width, as an altering parameter, was not found to significantly
correlate (R2 = 0.12) with the ACOF (Figure 7b).
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3.3.3. Effect of Tread Area on ACOF, Fluid Pressure, and Flow Rate

The effect of the parametrically modified outsoles on the friction was assessed by
estimating the correlation between the tread area and ACOF (Figure 11). In dry slipping
conditions, the ACOF and tread area were strongly (R2 = 0.76) and positively correlated
with each other (Figure 11a). Outsoles having a wider width (i.e., O7, O8, O9) accounted
for an increased tread area, exhibiting the highest ACOF values in dry conditions. On the
contrary, the tread area was reported to be negatively and strongly correlated (R2 = 0.75)
with the ACOF in wet slipping conditions (Figure 11b). Outsoles with a lesser tread area
(i.e., O2, O3, O6, and O9) exhibited a higher ACOF on water-contaminated flooring as
compared to the other outsoles.
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In wet slipping conditions, the effect of the tread area on the fluid pressure and mass
flow rate was analyzed by estimating the correlations between them (Figure 12). The tread
areas were observed to be moderately correlated (R2 = 0.52) for the fluid pressure and
weakly correlated (R2 = 0.31) for the mass flow rate (Figure 12a,b).
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4. Discussion

This study evaluated the effect of varying tread characteristics on the traction per-
formance of footwear having vertical treads. Nine outsole designs were designed and
fabricated based on the varying tread widths (2 mm, 4 mm, and 6 mm) and gaps (2 mm,
3 mm, and 4 mm). The modeled outsoles were tested for induced fluid pressure and the
mass flow rate to assess their performance in wet slipping conditions. Furthermore, the de-
veloped outsoles were slip-tested on dry and water-contaminated flooring using a biofidelic
whole-shoe slip-testing device. According to the study’s findings, the tread characteristics
exhibited a significant impact on the footwear grip on both dry and wet surfaces.

In the case of dry slip testing, more than 65% of outsoles were reported to cross
an ACOF threshold of 0.3, above which the slip risks were reduced drastically. Higher
deviations (i.e., maximum ±0.05) in the friction values were observed in the case of dry
conditions as compared to the friction outcomes in wet conditions (i.e., maximum ±0.01).
This observation was in line with a previous study by Chanda et al. [16], which stated low
variations across the test results and generalizable friction outcomes for footwear tested on
fluid-contaminated conditions. The outsoles exhibited significant differences in the ACOF,
which shows the influence of varying tread parameters of similar outsoles on footwear
traction. In the case of wet slip testing, outsoles with a tread width of 2 mm and 4 mm and
a tread gap of 3 mm and 4 mm showed high wet friction as compared to the 2 mm ones.
On the other hand, in the case of wide-treaded outsoles (i.e., 4 mm and 6 mm), the outsole
with the highest tread gap (i.e., 4 mm) showed increased friction in wet slipping conditions.
In most of the slipping experiments, outsoles with a tread width of 6 mm showed reduced
friction in the case of wet slipping conditions. A possible reason for this finding could be the
increase in the overall tread area, which led to an increase in the developed hydrodynamic
fluid films. However, the outsole with the largest gap (i.e., 4 mm) showed high friction as it
could have led to ease in channeling the fluid flow throughout its treads. On studying the
correlations between the tread area and ACOF in dry slip testing, the outsoles which had
a large tread area generated high ACOF. This could be due to the increased contact area
with respect to the flooring, which possibly led to a greater number of surface junctions
coming in contact and hence, increased the ACOF. On the contrary, the tread area was
found to be negatively correlated with the ACOF values in wet slipping conditions. An
increased tread area could have led to an increase in the overall area of the hydrodynamic
fluid film formed at the interface of the shoe and the flooring, leading to a low ACOF. These
findings, such as the influence of tread gaps in dissipating the fluid through the treads, are
in-line with the previous literature [33]. Selection of an optimal outsole design for both dry
and wet slipping conditions may be challenging. Future work studying treads oriented at
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different angles could further help in the development of anti-slip outsoles in both dry and
wet conditions.

The induced fluid pressure was characterized to estimate the ability of tread patterns
to disperse the fluid flow over wet floorings. Specifically, a few outsoles exhibited high
fluid pressure build-up zones at the entry and exit points. Outsoles that had the lowest
gap (i.e., 2 mm) exhibited high fluid pressure contours over a large region across the
outsole, whereas the outsoles with a 3 mm or 4 mm gap showed high localized pressure
at the heel region of the outsoles. Moreover, moderate-to-high mass flow rates were
observed for the outsoles that had large tread gaps, as compared to small tread gaps, which
affected the amount of fluid entrapment inside the treads. Observations suggest that the
effect of tread gaps on footwear traction dominates the tread area during wet slipping
conditions. Additionally, the outsoles that had low gaps were observed to allow lesser
fluid flow than the other outsoles. Hence, irrespective of the tread width or tread area,
outsoles having larger tread gaps are anticipated to perform better on water-contaminated
floorings and reduce slip risks. Although the CFD model was checked for its accuracy
through convergence criterion and correlations with the physical parameters, future studies
considering the development of an experimental setup to measure real-time-induced
pressures could further increase the overall accuracy of the CFD model.

5. Conclusions

In conclusion, it was shown that parametric differences in vertical tread patterns
significantly alter the traction performance of similar footwear outsoles in dry and water-
contaminated slipping conditions. Although the friction in wet slipping conditions was
lesser than the dry conditions, outsoles with a tread gap of more than 3 mm exhibited
increased wet friction as compared to other outsoles. In addition to this, outsoles with wide
treads and small gaps showed high dry friction. Wide-treaded outsoles are anticipated to
contribute to the increase in the overall area, which could increase the dry friction. On the
other hand, outsoles with large gaps could help in the reduction of fluid accumulation and
could help in the increase of friction in wet slipping conditions. As the slipping dynamics
are complex and multi-dimensional, the selection of an optimum outsole for enhanced
traction performance in both dry and wet conditions may be challenging. Such findings on
the relationship between vertical tread characteristics and traction have not been previously
reported, to the best of our knowledge. The methods, including the outcomes presented in
this work, are anticipated to advance the understanding of the science behind footwear
friction and help footwear manufacturers optimize outsole designs to reduce the overall
slip and fall risks.
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