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Abstract
Nearly one third of workplace injuries results from slip- and trip-induced falls. Solid particles are among the most com-
mon floor contaminants in both occupational and outdoor environments, reducing shoe–floor friction and increasing slip 
risk. This study investigates how rubber hardness and surface roughness affect the frictional behaviour of shoe soles on 
smooth, particle-contaminated floors. Coefficient of friction (COF) measurements and post-test surface wear analyses were 
conducted using nitrile rubbers with hardness between 57.9 and 84.0 ShA and varied surface roughness. Samples were slid 
against smooth epoxy flooring in a pin-on-plate test simulating the heel-strike phase of walking. The floor was either clean 
or uniformly covered with corundum particles (40–50 µm, 120–140 µm, or 280–315 µm). On clean floors, increasing rub-
ber hardness and roughness significantly decreased COF (p < 0.0001) due to reduced real contact area. Under contaminated 
conditions, softer and rougher rubbers yielded higher COF values (p < 0.0001). Higher COF correlated with greater floor 
wear, showing long scratches and grooves, suggesting slip occurs mainly at the particle–floor interface. Rubber hardness and 
surface roughness primarily influence the strength of the particle–elastomer interface; greater particle–elastomer strength 
suppresses particle rolling and thereby leads to an increase in COF. These findings indicate that, on particle-contaminated 
smooth floors, slip resistance is governed more by particle–floor interactions than by rubber adhesion. Increasing outsole 
roughness and reducing hardness can help mitigate the adverse effects of particle rolling within the contact area and improve 
the frictional performance of the outsole.
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1  Introduction

Slips and trips are a major cause of non-fatal workplace 
injuries, accounting for 32% of cases in the United King-
dom, 25% in Japan, and 18% in the United States [1–3]. 
Nearly half of all fall-related injuries are associated with 
unexpected slipping [4], and almost 80% of slips result 
from an inadequate floor surface or sole material [5]. Slip 
risk is evaluated by comparing the required coefficient 
of friction (RCOF)—the friction needed by a pedestrian 
to perform movement—with the available coefficient of 
friction (ACOF) at the shoe/surface interface in a given 
environment. If the available friction exceeds the required 
friction, slipping does not occur [6]. Slipping prevention 
can be based on two approaches: recommendations aimed 
at adjusting pedestrian movement to deteriorated environ-
mental conditions, thereby ensuring a lower RCOF, or the 
development and implementation of improved footwear 

and flooring materials in workplaces and public spaces, 
leading to an increased ACOF.

Compared to clean and dry floor surfaces, contaminated 
surfaces pose a higher risk of slipping. The presence of a 
contaminant prevents direct contact between the shoe sole 
and the ground, suppressing adhesion and consequently 
lowering the coefficient of friction (COF) between the two 
surfaces. Mechanisms of slipping at the shoe-floor inter-
face are markedly different for liquid and solid type of con-
tamination. For liquid contamination, the contaminant film 
thickness is the key parameter that defines the lubrication 
regime. Pedestrian slips on liquid contaminated floors usu-
ally operate in boundary or mixed regime, but do not reach 
the hydrodynamic regime [7].

Li et al. [8] observed that solid particles at the shoe-floor 
interface can reduce the COF more than the presence of a 
liquid. The primary slip mechanisms in particle-contami-
nated interfaces include sliding, shearing, and rolling, with 
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key influencing factors being floor surface roughness, parti-
cle size, and particle shape [9]. On smooth surfaces, slipping 
is mainly driven by sliding, whereas on rougher surfaces, 
such as asphalt pavement, shearing and rolling dominate 
[10].

Research on road surfaces contaminated by solid particles 
has shown that fine particles become embedded in surface 
microtexture, prolonging friction reduction, whereas coarse 
particles are expelled more quickly, allowing for faster fric-
tion recovery [11]. Additionally, the material composition of 
particles influences slip risk. Hard particles, such as quartz, 
exhibit rolling and scratching behaviour, while soft materials 
like clay adhere to surfaces, leading to prolonged contamina-
tion and lower friction [12].

Coverage fraction also plays a critical role in slipping. 
Friction reduction follows a Stribeck-like pattern, with the 
steepest decline occurring at intermediate coverage levels 
(10–45%) before stabilizing at higher fractions [13].

The effects of material properties of shoe soles such as 
hardness and roughness have been studied mostly for dry, 
uncontaminated surfaces and surfaces contaminated with 
liquids [14–16]. However, research on the influence of these 
factors in particle-contaminated contact remains limited. Li 
et al. [17] reported mixed effects of elastomer hardness on 
COF. When the surface was contaminated with particles, a 
decrease in COF was observed for a hard Neolite material 
(93 ShA), whereas a soft EVA material (45 ShA) exhibited 
an increase in COF in the presence of particles.

This study aims to clarify the impact of sole material 
hardness and roughness on COF when in contact with a 
smooth floor surface under solid contamination. Based on 
previous findings, it is expected that increased rubber rough-
ness will promote direct contact between rubber asperities 
and the floor, thereby increase the COF. This effect is antici-
pated to be more pronounced for harder rubber materials, 
as their asperities undergo less deformation under load and 
are better able to displace particles, establishing direct con-
tact with the floor. Conversely, for smooth soles, increasing 
hardness is expected to reduce particle penetration into the 
rubber surface, leading to higher separation between the sole 
and the floor and consequently lowering COF [18].

2 � Materials and Methods

An experimental matrix was designed to test the hypotheses 
about friction of rubber on a smooth epoxy surface. The 
experiments cover the range of rubber surface roughness 
achievable by common grinding methods (Ra: 0.5–65 µm) 
and hardness within the range used for manufacturing shoe 
outsoles (57.9–84.0 ShA). Two main datasets were created. 
The first dataset, corresponding to surfaces contaminated 
with solid particles, was based on three levels of rubber 

surface roughness, three particle size fractions, and four 
levels of rubber hardness.

Measurements for each combination of conditions were 
repeated five times, resulting in a total of 180 measurements 
for contaminated surfaces. The second dataset, used for com-
parison with a clean epoxy surface, also included three rub-
ber surface roughness levels and four rubber hardness levels, 
with five repetitions for each combination. This resulted in 
a total of 60 measurements for clean epoxy surfaces. The 
response variables were the COF and the slope of COF.

2.1 � Materials

2.1.1 � Rubber Specimens

Rubber sheets with a thickness of 4 mm, based on nitrile 
rubber (NBR), were supplied by GUMEX, spol. s.r.o. (Brno, 
Czech Republic). The hardness of the rubber sheets was 
determined according to the EN ISO 868:2003 standard 
[19] using a durometer, yielding values of 57.9 ± 0.6 ShA, 
67.4 ± 1.4 ShA, 74.1 ± 1.4 ShA, and 84.0 ± 0.6 ShA. The 
surface of the plates was unidirectionally abraded to the 
desired roughness using abrasive paper of different grit 
sizes (P24 and P60) (Fig. 1). Rubber samples with varying 
surface roughness were glued onto PLA pins with a radius 
of curvature R = 20 mm, such that the grooving was ori-
ented perpendicular to the direction of sliding. The curvature 
ensured that, during sliding, new particles could continu-
ously enter the contact area.

2.1.2 � Epoxy Flooring

A two-component epoxy resin, based on 2,2′-[(1-methyl-
ethylidene)bis(4,1-phenyleneoxymethylene)]bisoxirane 
and 3-aminomethyl-3,5,5-trimethylcyclohexylamine 
with 4,4′-isopropylidenediphenol (purchased from EPO-
DEX GmbH), was cast into 3D-printed PLA moulds 
to form a layer with a final thickness of 3–5 mm. After 
complete curing, its hardness was measured according to 
EN ISO 868:2003 standard [19] at 82.4 ± 0.4 ShD.

2.1.3 � Solid Particles

Corundum particles (Al2O3) were sieved into three dis-
tinct grain size fractions: 40–50 µm, 120–140 µm, and 
280–315 µm. The particle shape was subsequently evalu-
ated using SEM imaging.
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2.2 � Methods

2.2.1 � Coefficient of Friction

A commercial device UMT Tribolab Bruker was used to 
measure COF in a pin-on-plate test configuration. The rub-
ber pin was mounted in the upper module with its cylindrical 
axis oriented perpendicular to the sliding direction (Fig. 2). 
The epoxy plate was fixed in the lower reciprocating module. 
Using a custom-made frame, the epoxy surface was uniformly 

covered with 0.3 g of contaminant particles along the entire 
sliding track.

The pin was initially loaded at a vertical speed of 
0.5 mm/s until a normal force of 8 N (pretouch) was reached, 
and then pressed further at 0.1 mm/s to a final normal 
force of 10 N (touch). Depending on the pin hardness, the 
applied load resulted in an apparent contact area ranging 
from 0.21 cm2 to 0.42 cm2, the estimation was made using 
classical Hertz contact model. The corresponding predicted 

Fig. 1   Rubber surfaces prepared by unidirectional sandpaper grinding: no gringing a, sandpaper P60 b, sandpaper P24 c 
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contact pressure (238–484 kPa) represents biomechanically 
relevant conditions [20].

The motion of the reciprocating module simulated the 
slipping event of a person stepping onto a floor surface. The 
maximum sliding velocity during all measurements was 
vmax = 235.3 ± 0.6 mm/s, which is close to the upper limit 
of the heel-strike velocity range observed in human walk-
ing (0.14–0.24 m/s) [21]. The total sliding distance was 25 
mm, corresponding to the maximum stroke length of the 
reciprocating module in the employed device.

Each measurement was performed on a new track of the 
epoxy plate to ensure that subsequent measurements were 
not influenced by surface scratches caused by corundum par-
ticles. Figure 2 shows the evolution of the COF and sliding 
velocity during a single measurement. For each combination 
of input conditions (Ra, H, and d), the coefficient of friction 
at maximum velocity (COFvmax) was calculated as the aver-
age of five repeated measurements.

Additionally, the slope of the COF as a function of sliding 
distance x, during the portion of the test where the velocity 
exceeded 130 mm/s, was evaluated to gain further insight 
into the frictional behaviour during sliding (Fig. 3).

2.2.2 � Surface Roughness

The surfaces of all rubber pins were scanned using a KEY-
ENCE VHX-7000 digital microscope at a magnification of 
100 ×. Surface roughness parameters were evaluated as the 
average of five line-profile sections oriented perpendicular to 
the grooves formed during the grinding process. The cut-off 
wavelength (λc) was set to 0.8 mm for smooth rubber sur-
faces and 2.5 mm for roughened surfaces, thereby removing 
waviness and curvature from the surface profile.

The surface of the epoxy plate was scanned using a 
Bruker Contour GT-X optical profilometer at a magnifica-
tion of 2.75 × (using a 5 × objective with a 0.55 × reduction). 
The roughness of the smooth surface prior to the friction 
testing was assessed over an area of 3.74 mm2, following tilt 
correction using a plane-fit method. The measurement was 
carried out on one epoxy sample with the aim of providing 
an approximate roughness value of the cast epoxy surface, to 
avoid relying solely on the qualitative descriptor “smooth” 
and to enable at least a basic quantitative characterization of 
the initial surface condition.

Fig. 2   General scheme of materials and methods used in the present study

Fig. 3   COF behaviour during 
sliding for hard rough rub-
ber pin (84.0 ShA, P24) with 
contaminant particles sized 
280–315 µm
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2.2.3 � Analysis of Epoxy Flooring Wear

The worn epoxy surfaces were examined after the friction 
experiments using rubber pins with the lowest and highest 
hardness and roughness values, employing an optical micro-
scope at 1.5 × magnification equipped with a digital camera. 
The wear patterns were then assessed from the images taken 
at the location corresponding to the recorded COFvmax.

2.2.4 � Analysis of Solid Particles

To evaluate the shape of particles in different size fractions, 
SEM images were taken at magnifications of 50 ×, 100 ×, 
and 200 × using a Zeiss EVO LS 10 scanning electron micro-
scope. Particle shape was analysed from 2D images using 
ImageJ software. The primary shape parameter of interest 
was particle roundness, calculated from the perimeter and 
area of individual particles (Eq. 1).

where F is the roundness of the particle, A is the area, and 
p is the perimeter of the particle in a 2D SEM image. The 
roundness value ranges from 0 (a straight line) to 1 (a perfect 
circle).

2.3 � Data Analysis

After performing five repeated measurements for all experi-
mental conditions, we obtained 240 values of COF and 240 
values of the slope of COF. A Dixon’s Q test (p < 0.1) was 
performed separately for each response variable to identify 
statistically significant outliers within each measurement 
group. This resulted in two datasets cleaned of outliers, one 
for COF and one for the slope of COF.

Each dataset was then divided into two subsets: one for 
clean and one for particle-contaminated conditions, as the 
effects of sole material on COF and its slope are expected to 
differ fundamentally between these two surface conditions.

ANOVA was performed independently for COF and for 
the slope of COF, and separately for clean and contaminated 
surfaces, to evaluate the statistical significance of the effects 
of rubber hardness, rubber surface roughness, and—where 
applicable—particle size.

(1)F =

4�A

p2
,

3 � Results

3.1 � Shape of Solid Particles

The roundness (F) of individual particle size fractions is pre-
sented in Table 1. Corundum particles in the size ranges of 
40–50 µm and 120–140 µm exhibit relatively similar shapes, 
whereas the roundness of particles in the 280–315 µm size 
range is significantly higher.

3.2 � Roughness of Contacting Surfaces

The surface roughness of rubber achievable through sandpa-
per grinding is strongly influenced by the material properties 
of the rubber itself. The roughness values of the rubber pins 
used in this study are summarized in Table 2. The surface 
roughness of the smooth rubber corresponds approximately 
to the texture of the mould in which the plates were vulcan-
ized. Increasing the sandpaper grit size resulted in higher 
surface roughness of the ground elastomer. The heterogene-
ous nature of coarse sandpaper also caused greater variabil-
ity in surface roughness across the ground area.

The surface roughness (Sa) of the epoxy plate was deter-
mined to be 32 nm, which was considered smooth relative 
to the particle sizes used and the roughness of the rubber 
surfaces.

3.3 � Coefficient of Friction

3.3.1 � Clean Surface

On the clean epoxy surface, both the hardness and surface 
roughness of the rubber pin have a significant effect on the 
COF (p < 0.0001). The highest COF value (2.216 ± 0.027) 
was observed for rubber with low hardness and low sur-
face roughness (H = 57.9 ShA, Ra = 0.56 µm). In contrast, 
the lowest COF value (0.70 ± 0.03) was recorded for rubber 
with high hardness and high surface roughness (84.0 ShA, 
Ra = 33.78 µm) (Table 3).

Table 1   Particle Roundness Values Across Size Fractions

Particle size 40–50 µm 120–140 µm 280–315 µm

F [−] 0.56 ± 0.17 0.51 ± 0.16 0.70 ± 0.15

Table 2   Values of roughness (Ra) and standard deviation of rubber 
pins

Surface 57.9 ShA 67.4 ShA 74.1 ShA 84.0 ShA

Smooth Ra [µm] 0.56 ± 0.04 0.65 ± 0.01 0.56 ± 0.05 0.61 ± 0.05
P60 6.7 ± 0.5 6.5 ± 0.8 9.5 ± 0.9 10 ± 1
P24 41 ± 4 27 ± 8 51 ± 11 37 ± 10
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3.3.2 � Contaminated Surface

For particles in the size range of 40–50 µm, COF values 
lie within the interval of 0.463–0.567 (Table 4). For par-
ticles sized 120–140 µm, COF values range from 0.430 to 
0.557 (Table 5), and for particles sized 280–315 µm, the 
COF interval is 0.318–0.461 (Table 6). A comparison of the 
COF ranges resulting from variations in elastomer hardness 
and surface roughness (Fig. 4a) shows that these parameters 
have the greatest influence in the uncontaminated shoe–floor 
contact, where the COF range is the widest. On surfaces 
contaminated with particles, the COF ranges are notably nar-
rower compared to the clean surface. Increasing particle size 
shifts the COF range towards lower values (Fig. 4b).

4 � Discussion

4.1 � Coefficient of Friction

4.1.1 � Clean Surface

The COF of a shoe sole on a clean floor surface is primarily 
composed of viscoelastic and adhesive contributions. The 
adhesive component is proportional to the real contact area, 
while the viscoelastic contribution arises from the cyclic 
deformation of the sole material as the elastomer slides 
over surface asperities of the floor [22]. The contact area 
mainly depends on the normal force, the elastic modulus of 
the contacting materials, and the topography of the contact 
surfaces [23, 24], but it is also influenced by adhesive forces 
at the material interface [25]. The viscoelastic contribution 
is primarily dependent on the sliding velocity, the surface 
roughness of the hard substrate and the loss tangent of the 
shoe sole material [26, 27].

Table 3   Mean values of COF and their standard deviations for meas-
urements on clean surface

d [µm] H [ShA] Ra [µm] Mean COF [−] STD [−]

Clean surface 57.9 0.56 2.216 0.027
57.9 7.23 1.384 0.042
57.9 39.45 1.254 0.015
67.4 0.65 1.838 0.066
67.4 5.70 1.192 0.039
67.4 28.33 1.022 0.025
74.1 0.56 1.398 0.050
74.1 8.95 0.938 0.032
74.1 54.91 0.773 0.003
84.0 0.61 0.996 0.013
84.0 10.82 0.767 0.013
84.0 33.78 0.699 0.027

Table 4   Mean values of COF and their standard deviations for meas-
urements on surface contaminated with particles sized 40–50 µm

d [µm] H [ShA] Ra [µm] Mean COF [−] STD [−]

40–50 57.9 0.53 0.537 0.007
57.9 6.94 0.542 0.024
57.9 47.27 0.553 0.012
67.4 0.63 0.471 0.017
67.4 6.55 0.529 0.005
67.4 18.47 0.552 0.011
74.1 0.51 0.506 0.026
74.1 10.52 0.524 0.022
74.1 44.53 0.567 0.008
84.0 0.54 0.463 0.010
84.0 8.30 0.513 0.012
84.0 52.10 0.563 0.024

Table 5   Mean values of COF and their standard deviations for meas-
urements on surface contaminated with particles sized 120–140 µm

d [µm] H [ShA] Ra [µm] Mean COF [−] STD [−]

120–140 57.9 0.53 0.500 0.018
57.9 6.62 0.513 0.014
57.9 39.28 0.527 0.011
67.4 0.65 0.440 0.012
67.4 7.58 0.450 0.007
67.4 38.10 0.557 0.025
74.1 0.63 0.430 0.027
74.1 8.51 0.460 0.017
74.1 64.98 0.546 0.020
84.0 0.61 0.435 0.026
84.0 11.58 0.450 0.020
84.0 32.12 0.517 0.006

Table 6   Mean values of COF and their standard deviations for meas-
urements on surface contaminated with particles sized 280–315 µm

d [µm] H [ShA] Ra [µm] Mean COF [−] STD [−]

280–315 57.9 0.62 0.432 0.002
57.9 5.98 0.418 0.037
57.9 37.76 0.461 0.029
67.4 0.66 0.385 0.057
67.4 6.18 0.436 0.017
67.4 23.42 0.425 0.029
74.1 0.55 0.354 0.037
74.1 10.03 0.369 0.060
74.1 40.86 0.451 0.048
84.0 0.67 0.318 0.042
84.0 10.18 0.327 0.074
84.0 31.71 0.439 0.017
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Fig. 4   Ranges of COF reached during the experiments with rubber specimens with varied hardness and surface roughness. All tested surface 
conditions a, particle covered surface conditions b 

Fig. 5   Effect of rubber surface 
roughness (Ra) and hardness on 
the coefficient of friction against 
a clean epoxy surface
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In the case of an NBR rubber–epoxy contact pair, where 
the epoxy surface is relatively smooth, friction is expected 
to be governed primarily by adhesion [28]. The COF of 
rubber sliding against a clean epoxy surface decreases with 
increasing rubber surface roughness and hardness (Fig. 5). 
An increase in rubber hardness reduces material deformation 
under a constant load, thereby decreasing the real contact 
area and lowering the COF. Similarly, increasing rubber sur-
face roughness also reduces the real contact area, resulting 
in a further decrease in COF.

4.1.2 � Surface Contaminated with Solid Particles

Solid contaminant particles partially hinder direct contact 
between the shoe sole and the floor, creating a new tribologi-
cal system (Fig. 6) characterized by four distinct interfaces: 
particle–elastomer (p–e), particle–floor (p–f), particle–par-
ticle (p–p), and elastomer–floor (e–f), each of which can be 
characterized by a shear strength (τ). Sliding predominantly 
occurs at the interface with the lowest shear strength [9, 
29]. The shear strength at the p–f interface (τp-f) increases 
with the roughness of the contact surface [29]. Particle size 
and shape also play a significant role. Han et al. [30] found 
that the shear strength of the sand–steel interface decreases 
with increasing particle size and roundness. In the case of a 
smooth epoxy floor, it is expected that sliding will predomi-
nantly occur at the p–f interface. Corundum particles are 
substantially harder than the epoxy surface. During sliding, 
the epoxy floor undergoes wear in the form of grooving, 
which contributes to the overall COF in the contact [31].

Vangla et al. [32] studied the shear strength at the inter-
face between sand particles of different size fractions and the 
surface of a smooth geomembrane (HDPE). Their analysis of 

surface wear indicated that the COF at the interface between 
the particle layer and the smooth surface does not depend on 
particle size, but rather on the number of effective contacts 
per unit area—those contacts that significantly contribute 
to surface wear.

The shear strength at the p–p interface (τₚ₋ₚ) is governed 
by cohesive forces, friction, and interlocking between par-
ticles [33]. With increasing particle size and decreasing 
roundness, shear strength between layers increases [34]. 
For larger particles, the effect of interlocking becomes more 
dominant, while for smaller particles, cohesive forces play a 
more dominant role [35]. Both Orband et al. [35] and Mills 
et al. [9] observed a sharp increase in the influence of cohe-
sive forces in particles sized between 50 and 60 µm.

As the majority of the epoxy surface is covered by solid 
particles, we expect that changes in the surface roughness 
or hardness of the elastomer primarily affect the direct con-
tact between the elastomer and the particles, and thereby the 
shear strength of the p–e interface (τₚ–ₑ). A rough elastomer 
surface allows particles to become embedded in its asperi-
ties, increasing the shear strength of the p–e interface. This 
effect has been observed at the interface between solid parti-
cles and the floor [9], as well as during the sliding of a layer 
of calcareous sand over the surface of a steel plate [29]. A 
decrease in elastomer hardness results in greater deforma-
tion under constant load, thereby increasing the real contact 
area [22]. This increased deformability also facilitates the 
mechanical interlocking of particles with the sole surface. 
Consequently, lower hardness and higher surface roughness 
of the elastomer both contribute to an increase in the shear 
strength at the p–e interface.

Other authors have also reported an increase in the 
COF with decreasing elastomer hardness on surfaces 

Fig. 7   Dependence of the COF 
on the hardness of the rubber 
pin. Only values for smooth 
rubber surfaces are shown for 
clarity
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contaminated with water [36], oil [37], and even in contact 
with ice [16]. During sliding of the shoe sole over a floor 
surface covered with solid particles, direct contact between 
the elastomer and the floor surface also occurs. This direct 
contact significantly increases the system’s COF, as evi-
denced by higher COF values observed on clean floor sur-
faces compared to contaminated ones [38].

4.1.2.1  Effect of  Rubber Hardness  Rubber hardness has 
a significant effect on COF (p < 0.0001). Higher hard-
ness reduces the COF when larger particles (280–315 
μm) are present (Fig.  7). In  contrast, smaller particles do 
not show such a clear trend. For a constant contaminant 
mass, a greater number of smaller particles are introduced 
into the contact, effectively forming a more homogeneous 
layer that limits their ability to roll or tumble [9]. Increasing 
the rubber hardness primarily reduces the nominal contact 
area, thereby decreasing the number of particles entrapped 
within the contact. This reduction in particle population 
lowers the extent of shearing and inter-particle collisions 
within the layer. However, a smaller nominal contact area 
also increases the contact pressure, which in turn promotes 
the abrasive action of particles grooving the opposing epoxy 
surface.

Low COF values, combined with dent-like wear patterns 
on the epoxy surface, suggest that during sliding with a 
hard sole material, particle motion within the contact zone 
is predominantly governed by rolling. In contrast, a soft sole 
material restricts particle mobility at the p-e interface, pos-
sibly resulting in a prevailing sliding mechanism. This is 
consistent with the findings of Rudge et al., who observed 
higher values of COF in compliant contacts contaminated 
with smaller particles [18]. The most pronounced decrease 
in COF is observed for the corundum particle fraction sized 
280–315 µm, which exhibits higher roundness compared 

to the 40–50 µm and 120–140 µm fractions. Softer rubber 
material creates greater contact area, where particles are 
pushed against the flooring surface, which leads to formation 
of more effective contact points at the p-f interface grooving 
the floor surface. This leads to higher COF values for softer 
rubber pins. A secondary effect may be the formation of 
direct rubber-floor contact, which will be greater for softer 
rubber materials at the constant normal load, also leading 
to an increase of COF.

4.1.2.2  Effect of Rubber Roughness  Rubber roughness also 
has a significant effect on COF (p < 0.0001). With increas-
ing rubber surface roughness, the COF in the particle-
contaminated contact increases (Fig. 8). This is consistent 
with the findings of Xiao et al. [13], who studied particle-
contaminated asphalt surfaces of varied roughness. Higher 
rubber surface roughness promotes the entrapment of par-
ticles in the surface valleys, thereby restricting their rolling 
motion—similarly to the effect of elastomer deformation. 
Larger surface asperities increase the available free volume 
for particle entrapment, thereby facilitating direct contact 
between the rubber and the floor surface.

The influence of rubber surface roughness is more pro-
nounced for the hard elastomer (Fig. 8). Under loading, the 
highest deformation occurs at the asperities due to locally 
elevated contact pressures. The asperities of a soft elasto-
mer deform easily, resulting in partial surface levelling and 
embedding of particles into the elastomer surface. Conse-
quently, the contact scenario resembles that of a smooth 
soft surface [23], and the COF increases only marginally 
with increasing rubber surface roughness. In the case of 
the smooth hard elastomer, particles can roll in the con-
tact, causing low friction. Increasing roughness of a hard 
elastomer prevents particles from rolling, which leads to 
an increase in COF. Furthermore, the limited deformability 
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of asperities in the hard elastomer can cause partial dis-
placement of the particle layer and promote the formation 
of direct contact between the rubber and the floor, further 
increasing the COF.

4.1.2.3  Evolution of Friction During Sliding  Rubber rough-
ness has a significant effect on the slope of COF during slid-
ing (p < 0.0001). An  increase in rubber surface roughness 
leads to a steeper COF slope, as shown in Fig. 9a. During 
sliding, particles are displaced from the peaks of rubber sur-
face and become firmly embedded in the surface valleys, 
gradually increasing the number of effective contact points 
at the p–f interface, and thus, increasing the COF over slid-
ing distance.

Statistical analysis showed that increasing rubber hard-
ness is associated with a slight reduction in the slope 
(p = 0.001); however, the change (≈ 2 × 10⁻3 mm⁻1 over 
57.9–84.0 ShA) is minor relative to the large confidence 
intervals (Fig. 9b). It was initially expected that the forma-
tion of direct contact between the rubber and the flooring 
surface, and the associated gradual increase in COF, would 
be more prominent in the case of harder rubber. However, 
this hypothesis was not supported by the experimental 
results. A possible explanation is that the asperities of the 
harder rubber penetrate the particle layer at the initial con-
tact, but during sliding, the influence of direct contact forma-
tion becomes overshadowed by other dominant mechanisms 
occurring at the p–f interface.

4.1.2.4  Particle Size  The filling of surface valleys with par-
ticles depends not only on the surface roughness of the con-
tacting materials but also on the particle size. Therefore, the 
effects of surface roughness and particle size on the COF are 
interrelated [13]. At constant surface roughness and rubber 
hardness, an increase in particle size results in a decrease in 

COF. This reduction in COF with increasing contaminant 
particle size has also been reported by other authors, using 
various elastomers on both rough and smooth floor surfaces 
[13, 17, 39].

4.1.2.5  Floor Wear  To better understand the phenomena 
occurring at the interface between the outsole and the floor 
contaminated with solid particles, the worn surfaces of the 
epoxy floor were analysed after the COF measurements were 
performed. All COF measurements were carried out with 
the same mass of solid particles in the contact. As particle 
size decreases, the number of particles applied increases, 
which leads to the formation of more contact points between 
the particles and the floor surface. At the same time, con-
tact pressure is distributed more evenly across these contact 
points, which in turn reduces the depth of surface grooves at 
individual contact points, as this depth is dependent on the 
applied normal load [31].

A comparison of floor surface wear for identical parti-
cle size fractions of the contaminant shows that the COF 
increases proportionally with surface wear (Fig. 10a–d). 
Almost no longitudinal grooves are observed on the epoxy 
surface after sliding with hard smooth rubber (Fig. 10c). 
Most of the wear appears as dents, indicating that particle 
rolling plays a dominant role in the contact between the rub-
ber and the floor. On the epoxy surface after sliding with soft 
smooth rubber (Fig. 10a), generally higher wear is observed, 
with a greater proportion of longitudinal grooves.

High surface roughness of the rubber pin facilitates 
embedding of particles into surface valleys. This may 
enhance the shear strength at the p–e interface, causing par-
ticles to be dragged along with the elastomer during slid-
ing. As a result, a large number of longitudinal grooves are 
formed on the epoxy surface, even when hard rubber is used 
(Fig. 10d). Nevertheless, localized rolling of particles may 
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still occur. After sliding with soft rubber of high surface 
roughness, the worn epoxy surface displays a clear domi-
nance of long scratches (Fig. 10b), indicating that most of 
the particles in contact were firmly entrapped in the rubber 
surface.

Most of the variability in COF values measured in con-
tacts between rubber pins of different hardness and surface 
roughness and the smooth epoxy floor can be explained by 
the nature of the floor surface wear. Higher COF values that 
are disproportionate to the extent of epoxy surface wear can 
be explained by direct contact between the rubber and the 
epoxy. For the particle size fraction of 40–50 µm, the highest 

COF value was observed with the hard rubber pin with high 
surface roughness (H = 84.0 ShA, Ra = 52.1 µm). The asperi-
ties on the rough surface of the hard rubber may displace 
the layer of small particles and establish direct contact with 
the epoxy floor right after the initial contact. A portion of 
the load is then transmitted through direct contact between 
the rubber and the floor, leading to an increase in the COF 
without an associated increase in epoxy surface wear.

Fig. 10   Schematic illustrations 
(left), based on friction trends 
and surface wear analysis, 
proposing possible contact 
configurations between rubber 
specimens of varied hardness 
and surface roughness sliding 
over a particle-contaminated 
epoxy floor. The corresponding 
wear tracks (right) on the epoxy 
floor after experiments using: a 
soft smooth rubber, b soft rough 
rubber, c hard smooth rubber, 
and d hard rough rubber. Parti-
cle size fraction: 280–315 µm. 
Direction of sliding indicated by 
arrows. COF values represent 
the average coefficient of fric-
tion measured during the test
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5 � Limitations and Future Outlook

Although the present study provides valuable insights into 
the influence of elastomer hardness and surface roughness 
on friction in particle-contaminated shoe–floor contacts, 
several limitations should be acknowledged.

The effects of rubber hardness and surface roughness 
were investigated using a laboratory tribometer (pin-on-
plate configuration), which allows precise control of nor-
mal force, sliding velocity, and surface conditions. The 
COF measurement protocol was designed to approximate 
conditions at heel-strike during normal walking. How-
ever, it does not fully capture the complex biomechanics 
of human gait or the geometry of real footwear. Future 
studies should validate the observed frictional mechanisms 
using full-scale tests with whole-shoe tribometers to incor-
porate the effects of footwear geometry, loading patterns, 
and gait dynamics in realistic slip scenarios.

The mechanisms of sliding between the rubber sole and 
the floor in the presence of particles were inferred from COF 
values and surface wear patterns. However, particle motion 
within the contact zone was not directly observed. In situ 
monitoring of the real contact area, or the use of contact 
visualization techniques, could provide a more detailed 
understanding of interfacial behaviour under particle-con-
taminated conditions.

Furthermore, the study focused on a smooth floor sur-
face uniformly covered with hard particles. In contrast, real-
world environments often involve partial contamination and 
a broader range of particulate types, including soft or adhe-
sive materials such as sand or clay. Extending the scope to 
include different contaminant properties and coverage levels 
would enhance the generalizability of the findings.

Lastly, the study did not address the adherence of par-
ticles to the shoe sole, which may influence friction even 
after the contaminated surface has been left. Future research 
should explore how material hardness and roughness affect 
particle retention and transport on the outsole.

Despite these limitations, the results offer a robust foun-
dation for optimizing elastomer properties in the design 
of footwear intended for use in particle-contaminated 
environments.

6 � Conclusion

This study investigated the influence of elastomer hardness 
and surface roughness on the frictional behaviour of shoe 
soles sliding over smooth floor surfaces contaminated with 
solid particles. Experiments were conducted using a pin-
on-plate tribometer simulating heel-strike conditions during 

walking. The COF was measured for various combinations 
of rubber hardness, rubber surface roughness, and particle 
size. The primary objective was to understand how sole 
material properties affect interaction with particle-contam-
inated floors. The key findings are summarized as follows:

•	 On a clean epoxy surface, an increase in both rubber 
hardness and surface roughness resulted in a decrease 
in COF, primarily due to a reduction in real contact area 
and adhesive interactions. The reduction in COF associ-
ated with changes in rubber properties was substantially 
greater on clean surfaces than on contaminated ones, as 
the majority of slip in the latter occurs at the particle–
floor interface, which is primarily governed by the prop-
erties of the particles and floor material. In such cases, 
sole material properties play only a secondary role.

•	 Under particle-contaminated conditions, the opposite 
trend was observed: COF increased with increasing rub-
ber roughness, particularly for harder elastomers. Higher 
rubber surface roughness was associated with increased 
epoxy wear and the formation of longitudinal grooves, 
suggesting that rough rubber promotes particle entrap-
ment and dragging, whereas smooth rubber enables par-
ticles to roll within the contact, leading to lower COF.

•	 Increased roughness also resulted in a steeper COF slope 
during sliding, indicating a more dynamic evolution of 
friction. This was attributed to the formation of direct 
contact between rubber asperities and the floor as parti-
cles were displaced from the interface.

•	 On particle-contaminated surfaces, increasing rubber 
hardness led to a reduction in COF.

•	 Particle shape and size also had a significant effect on the 
COF between rubber and a particle-contaminated sur-
face (p < 0.0001). COF decreased with increasing particle 
size, with the most pronounced reduction observed for 
the size fraction 280–315 µm, which also exhibited the 
highest roundness.

In summary, this study confirms that both elastomer 
hardness and surface roughness play important roles in 
determining frictional behaviour on both clean and parti-
cle-contaminated surfaces. On smooth flooring materials 
such as epoxy-coated floor, slip predominantly occurs at 
the particle–floor interface. In contaminated contacts, the 
frictional response is governed by the competition between 
particle rolling, sliding, and direct rubber–floor contact. 
Based on post-test observations of wear patterns and analy-
sis of COF, we infer that rubber hardness and surface rough-
ness primarily influence the strength of the particle–elasto-
mer interface. A stronger p–e interface suppresses particle 
rolling, which in turn leads to higher COF values.

These findings are relevant for optimizing outsole design 
in footwear intended for use in particle-contaminated 
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environments, including industrial workplaces, construction 
sites, and outdoor settings.
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