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Abstract. The present  study investigates the effect of the surface 

roughness of polymeric indoors floorings on the static friction of bare 

foot as well as foot wearing cotton and polymeric socks under dry, 

water, water + 5.0 vol. % soap, oil and water + 5.0 vol. % oil 

lubricated sliding conditions. Polymeric floor sheets of different 

roughness ranging from 0.05 and 11.0 µm were tested. The tested 

material is commonly used in entrance areas or corridors and in the 

sport halls. Cotton and polymeric socks as well as bare foot were 

frictionally tested. The results were compared to the friction caused by 

shoes as simulated by rubber test specimens of vee shape treads were 

prepared in the form of square sheets of 100 × 100 mm, 10.0 mm 

thickness. Experiments were carried out using a test rig designed and 

manufactured to measure the friction coefficient between the foot and 

the tested polymeric flooring materials. 

The experimental results showed that, at dry sliding, friction 

coefficient of rubber decreased with increasing surface roughness, 

while for bare foot and polymeric socks, friction coefficient decreased 

down to minimum then increased with increasing the surface 

roughness. Besides, friction coefficient decreased with increasing 

applied load. Minimum friction was observed at surface roughness 

ranging between 6-9 µm. In water lubricated sliding, friction 

coefficient of rubber increased up to maximum then decreased with 

increasing surface roughness. Maximum friction values were observed 

at surface roughness values ranging from 1.5 to 2.0 μm R
a
. Cotton 

socks showed the highest friction coefficient followed by rubber, bare 

foot then polymeric socks at 11 µm R
a
. Friction coefficient drastically 

decreased with increasing surface roughness at water and detergent 

lubricated sliding. For the tested flooring materials lubricated by oil, 

friction coefficient of rubber increased up to maximum values then 

decreased with increasing the surface roughness of the flooring 
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materials. The maximum friction values were noticed at 4.0 µm R
a
. 

Bare foot displayed drastic reduction in friction coefficient, while 

cotton socks showed the highest values. When water was diluted by 

5.0 wt. % oil, rubber smooth flooring surface displayed values of 

friction coefficient close to that observed for hydrodynamic 

lubrication where the two sliding surfaces are separated by the fluid 

film. As the roughness increased the fluid film was broken and friction 

increased. Cotton socks showed the highest friction compared to bare 

foot and polymeric socks. 

Keywords: Surface Roughness, Polymeric Friction Materials, Friction 

Coefficient, Flooring Materials, Rubber. 

1. Introduction 

The changes in the surface properties and frictional characteristics of 

flooring materials can be expected in daily use because they are subject 

to mechanical wear, ageing, soiling and maintenance
[1]

. In sport halls 

the flooring surfaces are usually changed mainly through mechanical 

wear, periodic cleaning processes and material transfer from shoe soles 

(Elastomer and dirt particles). Coefficients of friction were measured 

periodically over a period of 30 months on the surfaces of five types of 

floor coverings in a new sport complex
[2]

. Surface roughness is known to 

be a key factor in determining the slip resistanmce of the floors. Surface 

changes through mechanical wear ranged from smoothing to 

roughening
[3,

 

4]
, depending on flooring material and surface characteristics.  

The effect of surface roughness on the friction coefficient of ceramic 

rubbing against rubber and leather, was investigated
[5]

. Glazed floor tiles 

of different roughness ranging from 0.05 to 6.0 µm were tested. The test 

results showed that, friction coefficient decreased down to minimum then 

increased with increasing the surface roughness of the ceramic surface.  

Measurements of the static friction coefficient between rubber 

specimens and ceramic surfaces were carried out at dry, water lubricated, 

oil, oil diluted by water and sand contaminating the lubricating fluids
[6 - 8]

. It 

was observed that, dry sliding of the rubber test specimens displayed the 

highest value of friction coefficient. For water lubricated ceramics, the 

value of the friction coefficient decreased as compared to dry sliding. For 

oil lubricated ceramic, friction coefficient decreased with increasing 

grooves height on the surface of the rubber specimens. The decrease can 

be attributed to the well adherence of oil on the rubber surface, where a 

lubricating film was formed. Besides, diluting oil by water displayed 
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values of friction much lower than that observed for oil lubricated 

condition. As for ceramic lubricated by water and soap and contaminated 

by sand, friction coefficient increased significantly compared to the 

sliding conditions of water and soap only. In the presence of oil and sand 

on the sliding surface, the friction slightly increased. This is believed to 

be caused by sand embedment in rubber surface and consequently the 

contact took place between ceramic and embedded sand particles. At 

lubricated sliding of oil and water contaminated by sand, the friction 

presented higher value than that of oil and sand contaminated sliding 

conditions.  

Slip resistance of flooring materials is one of the major 

environmental factors affecting walking and materials handling 

behaviors. Floor slipperiness may be quantified using the static and 

dynamic friction coefficient
[9]

. Certain values of friction coefficient were 

recommended as the slip-resistant standard for unloaded, normal walking 

conditions
[10, 11]

. Relatively higher static and dynamic friction coefficient 

values may be required for safe walking when handling loads.  

Researches revealed significant correlations between surface 

roughness of shoes and friction coefficient for a given floor surface
[12 - 15]

. 

Abrasion of rubber solings in steps with increasingly coarse grit 

gradually raised the roughness in parallel with a rise in the friction 

coefficient on water wet surfaces. Dense rubbers never developed the 

same order of roughness, and they became smooth and polished when 

worn on ordinary floors or with mechanical polishing.  

Friction between the insole, sock and foot has significant impact on 

the perception of comfort and the risk of injury of the wearers. Low 

friction allows the foot to move easily in the shoe. However, excessive 

movement can result in feeling of insecurity and may generate pressure 

and rubbing between the top and upper part of the foot and the shoe
[16]

. 

Rubbing in shoe includes friction between the foot and the inner surface 

of sock, and that between the outer surface of sock and shoe. Too low 

friction in both interfaces may lead to excessive movement of foot in 

shoe and induces discomfort feeling of insecurity. It was found that the 

difference of friction coefficient among interfaces provide insight into 

where slip occurs
[17]

. It was predicted that slip would be expected at the 
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interface of lower friction coefficient rather than the interface of higher 

friction coefficient. It was recommended to set low friction on one side to 

allow foot sliding, and high friction on the other side to provide 

appropriate level of resistance to avoid excessive movement.  

It was found that wearing sock of low friction against the insole to 

allow more relative sliding between the plantar foot and footwear was 

found to reduce the shear force significantly
[18]

. Socks change the 

frictional properties between the foot-shoe interface. Abrasion of the foot 

skin can be avoided by reducing the shear at the contact interfaces by 

using socks made from textile fibers of low frictional coefficients
[19]

. The 

mechanical effect of sock with different frictional properties on foot was 

investigated by finite element models
[20]

. Wearing sock can reduce 

friction and allow the foot to slip on the insole, hence to reducing the 

shear. It was found that,
[21]

, the shear stresses for objects wearing nylon 

hose were significantly lower than the values for hose-free objects. It was 

reported that by using the teflon fiber to the sock soles to impart an 

extremely low friction value, the socks reduced the occurrences of blister 

by around 90% in athletes
[22]

. Shear is possibly a main mechanical risk 

factor of blister development. Therefore, reduction of shear is crucial in 

preventing the foot lesion development. 

In the present work, the effect of the surface roughness of polymeric 

floor sheets of different roughness on the static friction coefficient 

displayed by rubber, bare foot as well as foot wearing cotton and 

polymeric socks under dry, water, water + 5.0 vol. % soap, oil and water 

+ 5.0 vol. % oil lubricated sliding conditions was investigated. 

2. Experimental 

Experiments were carried out using a test rig designed and 

manufactured to measure the friction coefficient between the foot and the 

floorings through measuring both the friction and normal forces. The 

tested flooring materials are placed in a base supported by two load cells. 

The first measures the horizontal force (friction force) and the second 

measures the vertical force (applied load). Friction coefficient is 

determined by the ratio between the friction force and the normal load. 
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The arrangement of the test rig is shown in Fig. 1. The flooring materials 

were thoroughly cleaned with soap water to eliminate any dirt and dust 

and carefully dried before the tests. Bare foot, cotton and polymeric 

socks (polyester) were loaded against dry, water, water + 5.0 vol. % soap, 

oil (sun flower oil), water + 5.0 vol. % oil lubricated polymeric flooring 

materials. The tested flooring materials of Vinyl were in the form of a 

quadratic sheet of 0.4 m × 0.4 m and 3.0 mm thick. The surface 

roughness of the flooring materials was measured using a Mitutoyo 

Surftest 301 profilometer. The roughness measurements were taken in 

the same direction as the friction coefficient measurements. The travel 

distance of the profilometer was 12.5 mm with a cut-off length of 2.5 

mm. Eight measurements were taken for each sheet. The surface 

roughness ranged from 0.5 to 11 µm Ra, (the center line average of 

surface heights, CLA). Friction test was carried out at different values of 

normal load exerted by foot which ranged between 10 to 850 N. Rubber 

test specimens were prepared in the form of square sheets of 100 × 100 

mm and 10.0 mm thick. Vee shape treads, of 2.0 mm height, 4.0 mm 

width and 2.0 mm depth, were introduced in rubber test specimens, Fig. 

2. The rubber specimens were adhered on wood blocks. The hardness of 

the rubber was 45 on a Shore-A hardness meter. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 1.  Arrangement of the test rig. 
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Fig. 2. Rubber test specimen. 

The sliding conditions were dry, water, water-detergent mixture, oil, 

and water-oil mixture. Water was replenished on the tested flooring 

materials, where the amount of water for each replenishment was 10 ml 

to form consistent water film covering the sliding surface. In the water-

detergent condition, a 5.0 vol. % detergent solution was applied to the 

flooring. In the oily condition, 2 ml of vegetable oil (sun flower oil) was 

spread on the flooring using a paintbrush. After each measurement, all 

contaminants were removed from the flooring materials using absorbent 

papers. The flooring materials were then rinsed using water. In the oily 

condition, the sliding surfaces were cleaned using a detergent solution to 

remove the oil, rinsed using tap water and air blown using hair dryer after 

the cleaning process. 

3. Results and Discussion 

Tests were carried out at different values of normal load exerted by 

foot of the operator. The tested socks were worn by the foot of the 

operator during the test so that they were kept stretched. The operator 

pressed his foot on the flooring materials pushing forward until slip 

occurred. Then the maximum friction and normal forces were measured. 

The ratio of the two forces indicated the static friction coefficient. In the 

present work, the results of the two values of load of 100 and 800 N are 

illustrated. At dry sliding condition, friction coefficient displayed by 

rubber, bare foot as well as cotton and polymeric socks is shown in Fig. 3 

and 4 at applied loads of 100 and 800 N respectively. Friction coefficient 

decreased with increasing surface roughness. For smooth surfaces, the 

maximum adhesion was attained, the interfacial area had a maximum 
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value, the mechanism of molecular stick-slip process is responsible for 

the increased adhesion component of friction and consequently friction 

coefficient displayed relatively higher values. The increase of surface 

roughness decreased friction coefficient due to the decrease of the 

contact area as well as adhesion. It is clearly shown that there was a 

drastic decrease in the friction values with increasing normal load due to 

saturation of the rubber asperities and rubber filling the gaps between the 

track asperities, where the rubber in the contact area deformed in such a 

manner as to completely follow the short-wavelength surface roughness 

profile of the counterface. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 3. Dry sliding friction coefficient at 100 N load. 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 4. Dry sliding friction coefficient at 800 N load. 
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At 11.0 µm surface roughness, bare foot displayed the highest 

friction coefficient followed by cotton and polymeric socks, Fig. 3. 

Generally, friction coefficient decreased down to minimum then 

increased with increasing the surface roughness of the flooring materials. 

The friction coefficient-surface roughness relationship can be divided 

into three stages. The first stage shows relatively high friction for smooth 

tested flooring materials, where they exhibited relatively high friction 

coefficient due to the maximum adhesion attained since the contact area 

had a maximum value. Thus a dissipative stick-slip process on a 

molecular level is fundamentally responsible for the increased adhesion 

and consequently the increase of friction coefficient. The second stage 

of friction coefficient, where its value decreased down to minimum, can 

be explained on the basis that, as the surface roughness increased the 

area of contact between foot and the tested flooring materials decreased. 

As a result of this, the adhesion between the sliding surfaces decreased 

causing significant decrease in friction coefficient. Further increase of 

the surface roughness of the tested flooring materials caused friction 

increase (the third stage). The adhesive interaction between the foot and 

the tested flooring materials induced additional visco-elastic 

deformations of the foot in such a manner that the foot completely 

deformed to fill-out the short-wavelength surface roughness profile. This 

gives an additional contribution to the friction force and consequently, 

friction coefficient increases. The minimum friction values observed 

were 0.44, 0.42 and 0.2 displayed by bare foot, cotton and polymeric 

socks respectively, while the minimum friction displayed by rubber was 

0.32. 

Wearing cotton socks showed the same trend in friction coefficient 

but the values were lower than bare foot, where maximum and minimum 

friction coefficient values were 0.65 and 0.45 respectively. Polymeric 

socks displayed the lowest friction coefficient, where the maximum 

friction coefficient did not exceed 0.3. The surface roughness slightly 

influenced the friction displayed by polymeric socks, Fig. 4. Drastic 

reduction in friction coefficient was observed at 800 N load. The 

maximum values displayed by bare foot (0.40) followed by cotton (0.31) 

and polymeric socks (0.20). The minimum values of friction coefficient 

were 0.22, 0.19 and 0.14 displayed by bare foot, cotton and polymeric 

socks respectively.  
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Significant friction decrease was observed for sliding against water 

lubricated flooring materials, Fig. 5 and 6. The friction coefficient caused 

by sliding of rubber against the tested flooring is divided into two stages. In 

the first stage, where the surface roughness ranges from 0.5-2.0 µm, friction 

coefficient increased with increasing surface roughness and it effectively 

suppressed intermolecular bonding at the surfaces thus the adhesion fell to 

a very low value compared to dry sliding. As the surface roughness 

increased the water film was broken and consequently a significant increase 

in friction coefficient was observed. In the second stage, where friction 

coefficient decreased with increasing surface roughness, the flooring 

surface could store more water in the valleys between asperities, where they 

acted as reservoirs for the water, and the pressure distribution at each 

asperity summit promoted local drainage effects. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5.  Friction coefficient of water lubricated flooring at 100 N load. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 6.  Friction coefficient of water lubricated flooring at 800 N load. 
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At 100 N load, bare foot displayed the highest friction values 

followed by cotton socks, while polymeric socks showed relatively 

lower friction, Fig. 6. The enhancement of the frictional behaviour of 

cotton socks may be attributed to their ability to absorb water from the 

sliding surface and reduce the hydrodynamic effect of the water film. 

This behaviour may be attributed to the ability of cotton to absorb water 

from the flooring surface, where this ability increased with increasing 

load. As the load increased to 800 N, the cotton socks showed the 

highest friction coefficient as compared with bare foot, where the 

friction increased with increasing the surface roughness, Fig. 5. The 

minimum friction values were displayed by polymeric socks, (0.15). At 

relatively higher values of surface roughness (6.0-11.0 μm), friction 

coefficient for cotton socks increased. This effect may be attributed to 

the ability of cotton to absorb water from the valleys of the surface 

roughness and change the contact from mixed into dry one, where the 

effect of increasing the roughness was clear. Polymeric socks did not 

absorb the water film covering the sliding surface and consequently 

friction coefficient significantly decreased. Further increase of surface 

roughness did not affect friction coefficient.  

Mixing water by 5.0 wt. % detergent like soap caused significant 

decrease of friction coefficient, Fig. 7, 8. For smooth surfaces (0.5-2.0 

µm), friction coefficient of rubber drastically decreased with increasing 

surface roughness. The friction decrease might be attributed to the 

enhanced adhesion of water film to the sliding surfaces due to the effect 

of the detergent. As the surface roughness increased, the surface area of 

the adhering water film increased and consequently friction decreased. 

For surface roughness values ranging from 2.0 to 11 µm, friction 

coefficient slightly decreases. It is noted that friction coefficient for water 

and detergent lubricated surfaces represented lower values than that 

displayed by water lubricated surface. 

Bare foot displayed the highest friction coefficient followed by 

cotton and polymeric socks at 11.0 µm surface roughness, Fig. 7. 

Compared to water lubrication, friction coefficient displayed by bare 

foot increased up to 0.57. Friction increased also for cotton socks, while 

drastically decreased for polymeric socks due to the strong adhesion of 

water and detergent to the polymeric fibres as a result of the electric 

static charge generated from friction. As the load increased to 800 N, 

friction coefficient decreased to relatively lower values than that 
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displayed by water. Cotton socks showed higher friction than bare foot, 

Fig. 8, while the polymeric socks showed relatively lower friction. This 

behaviour recommends the use of cotton socks instead of bare foot and 

polymeric socks. The friction reduction may be attributed to the strong 

adhesion of the fluid into the sliding surfaces. Minimum friction 

coefficient was 0.22, 0.19 and 0.12 for cotton socks, bare foot and 

polymeric socks. 

 

 

 

 

 

 

 

 

 

 
Fig. 7.  Friction coefficient of water + detergent lubricated flooring at 100 N. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 8.  Friction coefficient of water + detergent lubricated flooring at 800 N. 
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coefficient increased up to maximum values then decreased with 

increasing the surface roughness of the flooring materials. The maximum 

friction values were noticed at 4.0 µm Ra surface roughness. It seems 

that, for smooth surfaces, the oil film formed on the sliding surface was 

responsible for the friction decrease. The increase of roughness permitted 

the oil to escape from the contact area into the valleys of the surface 

roughness. This trend caused significant friction increase. For roughness 

higher than 4.0 µm Ra, slight friction decrease was noticed. This trend 

was attributed to storing more within the valleys of increased roughness, 

where the oil could go up to the sliding surface as the rubber pressed the 

flooring materials. Friction coefficient decreased with increasing applied 

load due to the increase of the deformation of rubber and displaced the 

oil up to the contact surface.  

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 9.  Friction coefficient of oil lubricated flooring at 100 N. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 10.  Friction coefficient of oil lubricated flooring at 800 N. 
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A drastic reduction in friction coefficient was displayed by bare foot, 

while cotton socks showed relatively higher friction, Fig. 9. The relative 

friction increase observed for cotton socks was attributed to the ability of 

cotton to absorb oil. In condition of the bare foot and polymeric socks, the 

oil film was thick enough to decrease the friction. The friction values 

displayed by bare foot were ranging between 0.1 and 0.16. This condition of 

sliding can be classified as mixed lubrication, where the contact area was 

partially separated by the fluid film. The high oil absorption of cotton 

enabled the socks to displace the oil film out of the contact area and make 

the contact between cotton fibres and floorings. The drastic reduction in 

friction displayed by bare foot may be attributed to the storage of oil in the 

skin waviness of the foot which feeds oil to the sliding surface. As the load 

was increased to 800 N, the friction coefficient drastically decreased to 0.06 

for bare foot, Fig. 10, while the minimum value of friction coefficient 

observed for cotton sock was 0.2. 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 11.  Friction coefficient of oil + water lubricated flooring at 100 N. 
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completely deformed and filled-out the short-wavelength surface 
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roughness profile of the flooring material. This behaviour gave an 

additional contribution to the friction force and consequently, friction 

coefficient increased.  

The values of the friction coefficient were higher than that observed 

for oil. Cotton socks displayed the highest values followed by bare foot 

and polymeric socks, Fig. 11, at 100 N load. Friction coefficient 

increased with increasing surface roughness of the flooring materials for 

cotton socks and bare foot. Increasing surface roughness had no effect 

on the frictional behaviour of polymeric socks. The same trend was 

observed at 800 N load with relatively lower friction values, Fig. 12. 

The highest and lowest friction coefficients were 0.23 and 0.12 showed 

by cotton and polymeric socks respectively. Cotton socks showed a 

significant increase in friction coefficient with increasing surface 

roughness, while polymeric socks showed consistent trend of friction.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 12.  Friction coefficient of oil + water lubricated flooring at 100 N. 

4. Conclusions 

1. At dry sliding, friction coefficient of rubber decreased with 

increasing surface roughness. Friction coefficient decreased with 

increasing applied load. As for bare foot and polymeric socks, friction 

coefficient decreased down to minimum then increased with increasing 

the surface roughness. Minimum friction was observed at surface 

roughness ranging between 6-9 µm. 
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2. At water lubricated sliding, friction coefficient of rubber increased 

up to maximum then decreased with increasing surface roughness. 

Maximum friction values were observed at surface roughness values 

ranging from 1.5 and 2.0 μm. Cotton socks showed the highest friction 

coefficient followed by rubber, bare foot then polymeric socks at 11 µm 

surface roughness.  

3. At water and detergent lubricated sliding, friction coefficient 

drastically decreased with increasing surface roughness. 

4. At oil lubricated sliding, friction coefficient of rubber increased up 

to maximum values then decreased with increasing the surface roughness 

of the flooring materials. The maximum friction values were noticed at 

4.0 µm. Bare foot displayed drastic reduction in friction coefficient, 

while cotton socks showed the highest values.  

5. At water diluted by 5.0 wt. % oil, rubber smooth flooring surface 

displayed values of friction coefficient close to that observed for 

hydrodynamic lubrication where the two sliding surfaces are separated by 

the fluid film. As the roughness increased the fluid film was broken and 

friction increased. Cotton socks showed the highest friction compared to 

bare foot and polymeric socks. 
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