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Abstract: 

Falls from slips are the leading causes of occupational injuries. A novel 

technique is proposed in order to evaluate the tribological behavior of 

the slip-testing devices by comparing fluid pressures. The effect of the 

surface roughness, dynamic viscosity and sliding speed on fluid 

pressure created by hydrodynamic lubrication between footwear and 

floor is investigated. The experimental study showed that Portable Slip-

Simulator better mimicked the fluid pressures during slipping and had a 

better repeatability in fluid pressure measurements compared to 

Brungarber Mark II and English XL. One explanation for this finding 

may be that its normal force, sliding speeds and contact duration 

closely resemble an actual slip. Fluid pressure and coefficient of 

friction (COF) were affected by the surface roughness, dynamic 

viscosity and sliding speed. Fluid pressure increased when the dynamic 

viscosity and sliding speed increased whereas COF decreased.   
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1 Notations 

h Height of the fluid film 

p Fluid pressure 

η Dynamic viscosity 

vx Velocity in x-direction 

vy Velocity in y-direction 

vz Velocity in z-direction 

cm Centimeter 

m/s Meter per second 

mm Millimeter 

Psi Pound per square inch 

kPa Kilopascal 

Ff Friction force 

Fn Normal force   

ϕ Diameter 

cP 
Centipoise (Unit of dynamic viscosity; 1 cP = 0.001 Pascal 

second or Newton second per square meter) 

N.s/m
2
 Newton second per square meter 

λ 
Shore A Hardness (One of the common indentation hardness 

scales) 
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Rz 
Surface Roughness ( Average vertical distance between valleys 

and peaks across a horizontal surface) 

µm Micrometer 

F Force 

L Length 

N Newton 

ms Millisecond 

° Degree 

 

Abbreviations 

COF Coefficient of friction 

ASTM American Society for Testing and Materials 
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2  Introduction 

2.1 Falls, Slips and Trips 

Falls from slips are the foremost causes of fatal and non-fatal occupational 

injuries. The Swedish Work Environment authority reported that falls are 

the leading type of job accident for men and the second commonest for 

women, accounting for 22 % of occupational accidents in 1999 [1]. 

According to the U.S. Bureau of Labor Statistics, 666 workers lost their 

lives due to fatal falls in 2011 [2]. Falls are regarded as the second major 

cause of accidental deaths in U.S [3; 4]. Health and Safety Executive (HSE) 

stated that 95 % of major slips result in broken bones in the workplace and 

up to one in three major work-related accidents is the result of slip or trip 

[5; 6]. In Taiwan, falls are also a leading cause of work-related injuries [7].   

Preventing falls is of great interest in industry. Fall incidences are common 

in both the manufacturing and the service sectors [8]. The annual direct cost 

of injuries related to slips and falls in the work environment is about $5.7 

billion [9; 10]. Additionally, lost time due to falls negatively affect 

productivity and business [11]. Employers in industries are in need of 

solutions that overcome or prevent the unintentional injuries due to slips.  

 

2.2 Tribology of Shoe-Floor Interface 

Tribology is the science of friction, wear and lubrication. This field of 

science was defined in 1967 by a committee of the Organization for 

Economic Cooperation and Development. The term “tribology” is derived 

from the Greek word ‘tribes’, which means rubbing or sliding [12].  Its 

application is widely seen in bearing design, manufacturing processes and 

biomedical applications (e.g., artificial joints). This thesis applies 

tribological concepts to the shoe-floor interface in a slip incident.  
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2.2.1 Significance of Friction  

Friction is not considered an intrinsic material property but rather 

characteristic of the pertinent tribological system, that includes contacting 

surfaces, an interfacial medium, and environmental atmosphere.  Friction is 

a prominent reason of energy dissipation, and wear is the main cause of 

material wastage [13]. In contrast, the presence of friction at the shoe-floor 

interface up to some extent can be extremely useful to sustain walking. 

Otherwise, if there is little or no friction available between the shoe and 

the floor, then a slip incident is likely to take place. Increasing friction is 

desirable in preventing slipping accidents. A common way of assessing 

slipperiness is evaluating the friction or coefficient of friction (COF) 

between shoe-floor interface using a tribometer [14]. The minimum friction 

essential at the shoe-floor interface to sustain human locomotion is known 

as required COF. Slips usually occur when the COF between the shoe and 

floor surfaces (or available COF) is less than the required friction needed to 

continue walking [15; 16]. 

Friction phenomenon associated with shoe-floor interface is very complex 

and multifactorial. Therefore, extensive studies are required to understand 

this friction phenomenon. Once the underlying tribological mechanisms are 

identified, shoe manufacturers will be enabled to optimize the surfaces and 

designs for improved friction to avoid slips.  

 

2.2.2 Measuring Slipperiness 

A slipmeter typically measures COF. The measured COF value quantified 

by a slipmeter indicates the maximum COF that can be supported without a 

slip at the shoe-floor interface and is referred to as available COF. The COF 

greatly depends on various factors such as footwear, flooring and fluid 

contaminants.  

The factors affecting measured COF can be broadly categorized as person-

specific and environmental factors. The choice of footwear is categorized as 

person-specific factors whereas flooring and the presence of a contaminant 

are considered as environmental factors. The environmental factors like 
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surface roughness of the floor significantly affect the COF. Another 

example of environmental factors which is noteworthy, is the change of 

viscosity in the fluid contaminant. The change of viscosity may increase or 

decrease the COF depending on the lubrication regime at the shoe-floor 

interface. The current study focuses on the environmental factors. 

Furthermore, sliding speed is taken into account for COF measurements. 

Some experts have set a threshold of maximum slipping velocity  between 

0.5-1.0 m/s for an actual slip [17-20]. 

In sum, measuring slipperiness deals with two important concepts: the 

factors affecting the COF and how the COF measurement is carried out. 

And the problems arising from COF measurement are more notable when it 

comes to slip-testing devices or slipmeters.  

 

2.2.3 Devices 

There are a numerous portable devices to quantify the friction between shoe 

and floor surfaces. An overview of all these devices can be found in [22]. 

Lab devices are sometimes capable of utilizing sliding velocities and shoe-

floor angle that are considered most pertinent to walking such as 

Programmable Slip Resistance Tester (PSRT) and Portable Slip-Simulator. 

Moreover, most of them are capable of applying large magnitude of force 

by the shoe during slip [17]. According to Aschan et al, the novel Portable 

Slip-Simulator enables biomechanically and tribophysically valid 

measurements of the slipperniness on outdoor walking surfaces and in work 

places.    

Two of the most common slip-testing devices are the Brungraber Mark II 

and the English XL. They have been shown to yield different result for the 

same test. They are also known as portable inclineable articulated strut slip 

tester (PIAST) and variable incidence tribometer (VIT), respectively. The 

Brungraber Mark II is gravity driven whereas English XL pneumatically 

driven device but both measure friction based on the slipping or sticking of 

the device at the moment when the shoe sample strikes the floor surface. 

Both of these slipmeters allow for a collision, or in other words impact 
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between a shoe material and the floor at variable angles and the COF is 

quantified by the angle that the shoe material transitions from sticking to 

the floor to slipping out [17; 23; 24] . Groknqvist et al, showed in their 

study of evaluation of portable floor slipperiness testers that the Brungraber 

Mark II possesses a highly variable normal force and an uncontrolled 

sliding velocity during the slip-testing [21]. Kim showed in his study of 

different slipmeters under various contaminated conditions that the English 

XL seems to handle the squeeze film-effect that arises from the delay 

between the moment of shoe contact with the surface and the initiation of 

horizontal motion under a wetted condition [25]. Moreover, the 

measurement characteristics of the slipmeters can be different [23]. The 

discrepancies between the measurements led to controversies between the 

quality of data recorded from the different slipmeters [17]. Another issue is 

the protocols for using slipmeters. Even though there are protocols provided 

by the ASTM International but the operation of the slipmeters are somehow 

subjective. The measurements might vary from one operator to another. 

This study focuses on how does the slipmeters mimic the underlying 

tribology mechanism at the shoe-floor interface by measuring the 

hydrodynamic pressure. 

 

2.2.4 Lubrication and Hydrodynamic Pressure  

When two surfaces move over each other, there will be resistance to 

movement due to friction forces. The friction mechanism discussed so far 

is based on the physical interactions between two surfaces moving 

relative to each other. Lubrication is a process which reduces the friction 

and wear between two solid surfaces in relative motion. One of the key 

role of lubrication is to separate the moving surfaces with lubricant film 

(of solid, liquid, or gaseous) of material that can be sheared easily with 

low resistance causing a minimum damage to the surfaces [13].   

Pressure in the lubricant film inhibits contact between solid surfaces. In 

hydrodynamic lubrication (HDL), elastohydrodynamic lubrication (EHDL), 

and squeeze film lubrication (SQFL), the relative motion automatically 
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creates the pressure in the lubricant, and this restrains contact between the 

solids [13]. Reynold’s equation (2.1), describes the fluid pressure across 

fluid film bearing, and is applicable to the pressure across the shoe-floor 

interface. 
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(2.1) 

 

Where h - height of the fluid film, p - fluid pressure, η – dynamic 

viscosity, vx,  vy  and vz – velocities in x, y and z-direction, respectively.  

Thus, the fluid pressure generated in the hydrodynamic lubrication limits 

the contact between solids. If the fluid film is greater than the roughness 

height, no significant contact occurs and the COF decreases [26]. Few 

studies have quantified the lubrication dynamics in the shoe-floor interface. 

The lubricating quality of the fluid contaminants causes the shoe and the 

floor to separate and results in a slip incident. Experts typically measure 

COF, but the aim of this study is to go beyond the COF measurement and 

measure the fluid pressure in order to understand the lubricating quality of 

the film layer. The fluid pressure measurement is carried out in other 

applications like measuring trapped slurry pressure in chemical-mechanical 

polishing [27]. From lubrication point of view, the interfacial fluid pressure 

may help to understand the nature of the contact. For instance, in chemical-

mechanical polishing, the interfacial fluid pressure may affect the slurry 

transportation. And it may also contribute to the contact stress that 

dominates the polishing process [28]. This study measured fluid pressure in 

the shoe-floor interface in order to empirically determine how shoe design, 

flooring and testing parameters influence the hydrodynamics of the shoe-

floor interface. 
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Figure 2.1. Shoe-floor interface. 
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2.3 Problem Statement 

A novel technique is proposed to measure the interfacial fluid pressures 

generated across the different shoe-floor friction testing apparatuses in 

order to understand the tribology mechanism of the slip-testing devices. 

The study aims to measure the hydrodynamic pressure across the available 

slipmeters and to quantify how the interfacial fluid pressure varies with 

respect to the sliding speed, flooring and fluid contaminants. 

Friction is a significant parameter controlling slips and falls. The COF is a 

complex multifactorial phenomenon and it is challenging to comprehend 

the effect of each factor on COF independently due to the discrepancies 

between the measurements from the different slipmeters. In order to 

evaluate shoe-floor slipperiness effectively, there is a need to relate the 

under-shoe conditions of friction measurements to actual slipping events. 

Accurately mimicking the under-shoe conditions is essential for achieving 

tribological fidelity during slip-testing. This study aims to go beyond the 

COF measurement and measure the fluid pressure across the slipmeters. 

Previous research by our research group suggested that a slip is initiated 

due to the pressurized fluid between the shoe and floor. The lubrication 

dynamics and its interaction at the shoe-floor interface are nebulous. For 

instance, the influence of squeeze film and lubrication effects on friction 

variability is not well understood. And there is a need to understand the 

effect of environmental factors such as flooring, fluid contaminants etc. on 

interfacial fluid pressure. The rationale for this study is that by quantifying 

the fluid interaction at the shoe-floor interface, investigators can more 

effectively understand and design slip-resistant footwear and flooring.  
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2.4 Objectives 

Therefore, the purpose of this study is:  

1.  To measure the hydrodynamic pressure across the available slipmeters. 

2. To investigate the effects of flooring (Surface roughness), fluid         

contaminants (Dynamic viscosity) and sliding speed on fluid-pressure. 
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3  Method 

3.1 Apparatus 

3.1.1 Brungraber Mark II 

The Brungraber Mark II, Figure 3.1, is an inclined-strut slipmeter designed 

to determine the slip resistance of footwear materials or flooring under 

different conditions such as laboratory, field, etc. so that their slip 

resistance quality is quantified. It is also known as portable inclinable 

articulated strut slip tester (PIAST). The test foot material is attached to the 

test foot clip, which is 7.62 by 7.62 cm. The test foot clip is affixed to the 

bottom of the strut and is connected to a weight of 4.5 kg. Testing can be 

performed by systematically impacting the test foot material or foot pad on 

the floor surface with series of strikes at angles inclined with the normal to 

the floor surface to look for an angle at which a non-slip is altered to a slip 

to complete one measurement. The gap between the foot pad and the floor 

surface is set 12-15 cm before each strike. Once the weight is released 

using the trigger, the footwear strut is accelerated by gravity, impacts the 

floor and simultaneously applies forces parallel and normal to the floor 

surface. The initial angle should be smaller than the angle at which a slip is 

expected and the angle is increased until a slip occurs. The COF reading 

graduated on the slipmeter is the tangent of the angle [29;30]. According to 

Chang [29], only a fast movement with a full stroke is considered as slip 

whereas any partial stroke or slow movement is considered as a non-slip.   
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Figure 3.1. Brungraber II. 

 

3.1.2 English XL 

The English XL, Figure 3.2, is an inclined-strut slipmeter. It is also known 

as variable incidence tribometer (VIT). Unlike Brungraber Mark II, it is 

driven by pneumatic pressure of 172 kPA (25 psi). The contact force should 

be applied to the footwear pad for a second or less than a second. When the 

strut kicks out in an arc with the pneumatic cylinder extending to its full 

stroke a slip occurs. The English XL is very similar to Brungraber Mark II 

in terms of operating principle. A small angle is selected with a non-slip 

and the angle is increased until a slip occurs. The COF is recorded once 

there is a transition from a non-slip to a slip [29].  
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Figure 3.2. English XL. 

 

3.1.3 Portable Slip-Simulator 

The slip simulator shown in Figure 3.3 is a biomechanically validated 

laboratory device and is similar to a design from the Finnish Institute of 

Occupational Health (FIOH) to measure slip resistance. Vertical and 

horizontal forces are generated by electro-magnetical directly driven linear 

servomotors (LinMot
®
).  Three parallel linear motors attached in a vertical 

position produce a constant vertical force in the range of 0-600 N. One 

linear motor unit is responsible for producing horizontal force in the range 

of 0-200 N, which is positioned horizontally. The horizontal velocity can be 

set between 0-1 m/s, approximately. However, the heel velocity can reach 

even 3 m/s. Unlike the Brungraber Mark II and the English XL, the Slip-

Simulator uses the whole footwear to measure slipperiness. The contact 

angle between the shoe heel and the floor surface can be adjusted. The 
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device is connected to a computer for data acquisition and the LinMot-Talk 

5 software can be used to configure the servo drives [31]. However, the 

Portable Slip-Simulator requires either a force transducer or a force plate to 

quantify the COF values during an experiment.  

Reflective markers are placed on the forefoot and the heel, as shown in 

Figure 3.3, to track the sliding speed of the Portable slip-simulator. The 

sliding speed is tracked on motion capture software (Cortex), as shown in 

Figure 3.4.  

 

Figure 3.3. Reflective markers are placed at the heel and the forefoot of the 

shoe to track the sliding speed of the Portable Slip-Simulator. The ceramic 

tile is placed on the forceplate to collect the shear and the normal force 

data at the shoe-floor interface. The tile is drilled near the center to insert 

the pressure sensor. 
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Figure 3.4. Reflective markers shown in Cortex software. The green marker 

shows the path that the forefoot travels during a slip by the Portable Slip-

Simulator.  

 

3.2 Pressure Sensor 

A pressure sensor was embedded 3 mm into the floor surface in order to 

measure fluid pressure during a slip incident simulated by a slipmeter, as 

shown in Figure 3.5. Sufficient fluid was spread over the floor surface and 

in the vicinity of pressure sensor to make sure the presence of 

hydrodynamic lubrication during the experiment. The pressure sensor was 

connected to a computer for the data acquisition. The fluid pressure data 

was recorded by Cortex software in Volts and later converted to Psi and 

kPa. 
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Figure 3.5. Pressure sensor embedded into the floor. 

 

3.3 Force Platform 

In order to calibrate and interpret the fluid pressure results measured by 

pressure sensor, there is need to calculate the COF. A force platform was 

placed beneath the floor surface and the experiments were repeated under 

same testing conditions in the case of Portable Slip-Simulator. The force 

platform (AMTI
®

) is a biomechanics platform which simultaneously 

measures the three force components along the XYZ axes and the three 

moment components about the XYZ axes [32]. This type of force platform 

is specifically designed for biomechanical applications. The force plate 
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measured the shear force (Ff) and normal force (Fn) during a slip incident to 

calculate the COF. The sampling rate was 1000 Hz. Similar to pressure 

sensor, the force plate was connected to the computer for the data 

acquisition and the shear and normal forces were recorded by Cortex 

software in Volts. The calibration matrix provided by the manufacturer of 

the force plate was defined in the Cortex to convert the shear and the 

normal forces to Newton. The COF was calculated using equation (3.1). 

 

       
  

  
 (3.1) 

 

 

3.4 Footwear Materials 

The footwear material used during the slip testing experiments was rubber 

(Shore A hardness 73). The footwear material was sanded by a fresh section 

of 3M PRO GRADE advanced sandpaper in the longitudinal direction for 5 

strokes. Each stroke consisted of one forward and one backward movement. 

The outer sole of the footwear possesses a diamond pattern tread design, as 

shown in Figure 3.6. The tread depth was 1.1 mm. 

In the case of Portable Slip-Simulator, the whole shoe was used whereas 

rectangular and circular footwear pads were used for the Brungraber II 

(7.62 by 7.62 cm) and English XL (ϕ= 3.175 cm), respectively.  
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Figure 3.6. Diamond pattern tread design of the outer sole. 

 

3.5 Floors 

The floor used in the current study included ceramic tile. This type of 

flooring is widely used in the work environment. The ceramic tiles were 

sandblasted by abrasive blast cabinet (WESTWARD
®
), as shown in Figures 

3.7 and 3.8, with different pressure and duration to obtain different 

roughnesses, which are listed in Table 3.1. The surface roughnesses of the 

ceramic tiles were measured using Taylor Hobson Precisison 

(SURTRONIC 25) profilomter, as shown in Figure 3.9. 
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Figure 3.7. Abrasive blast cabinet (WESTWARD®). 

 

Figure 3.8. Inside view of abrasive blast cabinet (WESTWARD®). 
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Figure 3.9. Measuring the surface roughness of a ceramic tile using a 

profilometer. 

 

3.6 Surface Conditions 

The fluid pressure and COF were measured under different surface 

conditions. The fluid contaminants used were glycerol solutions. Glycerol-

water mixtures with different percentages were prepared in order to test 

fluid contaminants with different dynamic viscosities. It is noteworthy to 

mention that the fluid contaminants were replenished in the footwear 

striking area after each strike to make sure the fluid pressure is transmitted 

to the pressure sensor. The amount of fluid contaminants for each 

replenishment was 10 ml. The unit used for the dynamic viscosity through 

the rest of the report is centipoise (cP) for the convenience, where 1 cP is 

equal to 0.001 N.s/m
2
. 
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3.7 Experimental Design 

A study was conducted to measure the hydrodynamic pressure across the 

different slipmeters. The testing conditions are listed in Table 3.1. Each 

measurement was repeated for 5 cycles and the fluid pressure and COF data 

obtained were averaged. Due to the enormous amount of data collected 

during the experiments, scripts (MATLAB) were developed to carry out the 

necessary calculations and to plot the graphs. 

 

Table 3.1. Testing conditions. 

Set 

No. 

Shoe 

Type 

Shoe Sole Flooring Fluid Contaminant 

1 Casual Rubber 

[λ=73 Shore 

A] 

Ceramic  

Rz1=37.80µm 

Rz2=26.38µm 

Rz3=9.27µm 

 

Glycerol90% + Water10%  

[η1=0.216 Ns/m
2
] 

2 Casual Rubber 

[λ=73 Shore 

A] 

Ceramic 

[Rz1=37.80µm] 

Glycerol90% + Water10% 

  [η1=0.216 Ns/m
2
] 

Glycerol75% + Water25%  

 [ η2=0.043Ns/m
2
] 

 

The effects of sliding speed, flooring and fluid contaminants on fluid 

pressure were investigated using the Portable Slip-Simulator. This device 

was selected because the normal force and sliding speed was adjustable for 

this device. Reflective markers were placed on the shoe heel and the 

forefoot in order to track the exact sliding speed. Marker velocity was 

tracked with a 13 camera motion capture system (Cortex 3.6.0.1312). The 

testing conditions were increased which are listed in Table 3.2. 
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Table 3.2. Testing conditions (Extended version, only for Portable Slip-

Simulator). 

Set 

No. 

Shoe 

Type 

Shoe Sole Flooring    Fluid Contaminant Sliding 

Speed 

1 Casual Rubber 

[λ=73 

Shore A] 

Ceramic  

Rz1=37.80µm 

Rz2=28.98µm  

Rz3=26.38µm 

Rz4=18.30µm 

Rz5=9.27µm  

Glycerol90% + Water10%  

[η1=0.216 Ns/m
2
] 

0.3 m/s 

2 Casual Rubber 

[λ=73 

Shore A] 

Ceramic 

[Rz1=37.80µm] 

Glycerol90% + Water10% 

  [η1=0.216 Ns/m
2
] 

Glycerol87.5% + Water12.5%  

 [η2=0.1584 Ns/m
2
] 

Glycerol83% + Water17%  

 [η3=0.0945 Ns/m
2
] 

Glycerol75% + Water25%  

 [η4=0.043 Ns/m
2
] 

0.3 m/s 

3 Casual Rubber 

[λ=73 

Shore A] 

Ceramic 

[Rz1=37.80µm] 

Glycerol90% + Water10% 

  [η1=0.216 Ns/m
2
] 

 

0.1, 0.3, 

0.5, 0.7 

& 1 m/s 
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3.8 Data Analysis 

For each operating parameter the peak pressure, average pressure and force 

per unit length, assuming a one-dimensional model, will be quantified from 

the fluid pressure. In addition, COF for each operating parameter will be 

calculated to interpret the results.  

Assuming one-dimensional model, the force per unit length is calculated 

using equation (3.2) [33]: 

   
 

 
 ∫    

(3.2) 

 

Where p: fluid pressure, F: force and L: length. 

The criterion to define the fluid pressure onset was the first moment that 

fluid pressures exceeded 20 standard deviations of baseline levels and 

offset was the first moment when fluid pressures dropped below 20 

standard deviations. Typical baseline standard deviations were 0.0584 kPa. 

Then the fluid pressures were plotted against distance. And using equation 

(3.2) the force per unit length was calculated. 

The operating parameters of the portable slip-simulator were as follows: 

- Normal force : 500-550 N 

- Sliding velocity: 0.1-1 m/s 

- COF Measurement: The COF were evaluated between 100-300 ms 

after the heel contact or in other words when achieving the full 

normal force profile. The result was the average value during the 

measurement period of 200 ms. 

- Contact angle: 5
o
  



29 

 

3.9 Portable Slip-Simulator: Normal Force, Shear 

Force and COF 

 

A general normal force profile, shear force profile and COF recorded by the 

forceplate are shown in Figures 3.10, 3.11 and 3.12, respectively.  

 

Figure 3.10. Vertical force generated by linear servomotors. 
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Figure 3.11. Shear force profile. 

 

Figure 3.12. COF vs. time. 
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4 Results and Discussions 

4.1 Fluid Pressure and COF Across Different 

Slipmeters 

The fluid pressures across the three slipmeters are shown in Figure 4.1 (a)-

(c). The fluid pressure is characterized by a distinct peak in case of 

Brungraber II and English XL, whereas for Portable Slip-Simulator the 

fluid pressure increases and decreases for several times which produces 

more than one distinct peak. This is due to the effect of diamond pattern 

tread design which acts as an asperity on the surface that projects down into 

the fluid flow and creates a step bearing. Once the flow approaches the 

asperity, pressure increases; on the symmetrical side, the pressure decreases 

however not to the ideal antisymmetrical value as cavitation occurs on this 

side, as shown in Figure 4.2 [34]. In Figure 4.6, where the fluid pressure is 

plotted against distance, this effect is conspicuous. The fluid pressure will 

be maximum at the step-land interface, for instance Rayleigh step bearing. 

Thus, the quality of the slipmeters is questionable from tribology point of 

view because the impact of the tread on fluid pressure was only observed in 

the case of Portable Slip-Simulator. This suggests that the Brungraber II 

and the English XL may not perfectly mimic the underlying tribology 

mechanism at the shoe-floor interface. 
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Figure 4.1. (a) Fluid pressure measured by Portable Slip-Simulator. 

 

Figure 4.1(b) Fluid pressure measured by Brungraber II. 
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Figure 4.1(c) Fluid pressure measured by English XL. 

 

Figure 4.2. The hydrodynamic effect: The yellow star indicates the step-

land interface where the pressure is maximum and the red star shows the 

cavitation pressure. 
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According to Figure 4.3, the magnitude of fluid pressure is relatively low 

for Brungraber II and English XL compare to the Portable Slip-Simulator. 

One possible reason for this effect is due to the normal forces applied by 

the different slip-testers. The Portable Slip-Simulator used normal forces of 

500 N while the Brungraber II and the English XL used a normal force of 

less than 50 N. The low pressures have a negative impact on the testing 

outcomes. Therefore, the slipmeters with low fluid pressures may not be 

suitable in terms of tribological fidelity because they do not replicate fluid 

dynamics during slipping. 

 

 

Figure 4.3. Fluid pressures across different slipmeters with varying surface 

roughness. 

 

The trend between COF and surface roughness varied across slip-testers. 

The COF increases when the roughness increases for Portable Slip-

Simulator and Brungraber II, whereas the COF does not follow the same 

trend for English XL, as shown in Figure 4.4. The COF normally increases 
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with increase in surface roughness [35]. The Portable Slip-Similator and the 

Brungraber II are more consistent with the theory compare to English XL. 

 

 

Figure 4.4. COF measured using different slipmeters with varying surface 

roughness. 

 

The coefficient of variation graph is plotted to check the repeatability of the 

fluid pressure measurements by each slipmeter. “Repeatability is defined as 

precision under repeatable conditions that include the same operator, 

equipment, and sample within a short interval” [22]. According to Figure 

4.5, the Portable Slip-Simulator shows a good repeatability in fluid pressure 

measurements. However, the Brungraber II and the English XL have 

relatively low repeatability compare to Portable Slip-Simulator. One reason 

may be due to the fact that the Portable Slip-Simulator is operated using a 

computer system whereas the Brungraber II and the English XL are 

completely operated by an operator. The way the operator use the device 
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for measurements is subjective. The low repeatability of the Brungraber II 

and the English XL affects the results since under same testing conditions 

the outcome significantly varies. Portable Slip-Simulator is a better slip-

testing device in terms of repeatability over Brungraber II and English XL. 

However, there are other criteria that the slip-testing devices or slipmeters 

should be examined such as reproducibility and usability. 

 

 

Figure 4.5. Coefficient of variance for different slipmeters. 
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4.2 Effect of Surface Roughness on Fluid Pressure 

and COF 

Fluid pressures collected during the experiment with varying surface 

roughness and constant dynamic viscosity and sliding speed are shown in 

Figure 4.6. 

 

 

Figure 4.6. Fluid pressure vs. distance with varying surface roughness. 

 

The peak fluid pressure decreases with increase in surface roughness and 

further increase in the surface roughness results in the increase of the peak 

fluid pressure, as shown in Figure 4.7. The average fluid pressure and force 

per unit length follow the same pattern as the peak fluid pressure, as shown 

in Figures 4.8 and 4.9, respectively. The fluid pressure is also dependent on 

other surface roughness parameters such as skewness and kurtosis, which 

may have contributed to this pattern. In a mixed lubrication model, the 

maximum pressure increases with the increase of skewness and kurtosis 

[36; 37]. Moreover, the surface texture plays a key role in generating 
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additional hydrodynamic pressure which may explains why at low surface 

roughness the fluid pressure is very high [38]. For instance, the transverse 

type roughness increases the fluid pressure and film thickness compared to 

the longitudinal type roughness in elastohydrodyanmic lubrication of 

circular contacts [39]. Surface roughness and waviness of interfacial 

surfaces are among the factors that contribute to the generation of 

hydrodynamic pressure [34]. Thus, increase in surface roughness may 

increase the lubrication performance [37]. However, in chemical-

mechanical polishing applications the magnitude of sub-ambient pressure 

increases with the increase of pad surface roughness [28].  

 

 

Figure 4.7. Peak pressure vs. surface roughness. 
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Figure 4.8. Average pressure vs. surface roughness. 

 

Figure 4.9. Force per unit length vs. surface roughness. 
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The COF increases significantly as the surface roughness increases, as 

shown in Figure 4.10. This behavior is consistent with the theory that the 

roughened surface has an advantageous effect in increasing COF values 

notably between any shoe heel and floor surface under contaminated 

surface condition [40; 41]. Similar behavior of COF with respect to surface 

roughness is seen in other studies such as frictional behavior of TiC/a-C 

Nanocomposite coatings and effect of surface roughness on mixed 

elastohydrodynamic lubrication [35; 42]. 

 

 

Figure 4.10. COF vs. surface roughness. 

 

The theory of fluid film lubrication is based on the assumption that the 

sliding surfaces are rigid. In reality, during sliding processes the finite 

elasticity of the materials must be taken into account in some cases. For 

instance, rubber is a soft elastic material and local elastic deformation due 

to high pressures cannot be neglected. The local elastic deformation 

encourages fluid-film lubrication by extending the area in which 

hydrodynamic pressure can be generated [43]. This may be the reason when 
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the surface roughness increases, both the COF and the fluid pressure 

increase.  

 

4.3 Effect of Dynamic Viscosity on Fluid Pressure 

and COF 

Fluid pressures collected during the experiment with varying dynamic 

viscosity and constant sliding speed and surface roughness are shown in 

Figure 4.11.  

 

 

Figure 4.11. Fluid pressure vs. distance with varying dynamic viscosity. 

 

The fluid peak pressure, fluid average pressure and the force per unit length 

increase when the dynamic viscosity increases, as shown in Figures 4.12, 

4.13 and 4.14, respectively. As the dynamic viscosity increases, thus the 

minimum film thickness and the fluid pressure increase [44]. The increase 

in fluid pressure with increase in dynamic viscosity is consistent with the 
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theory that the higher viscosity, the larger the magnitude of fluid pressure 

[28]. 

 

 

Figure 4.12. Peak pressure vs. dynamic viscosity. 

 

Figure 4.13. Average pressure vs. dynamic viscosity. 
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Figure 4.14. Force per unit length vs. dynamic viscosity. 

 

The hydrodynamic forces are viscosity-dependent, increasing the dynamic 

viscosity results in an additional decrease in COF (within mixed lubrication 

regime) [45]. According to Figure 4.15, the COF decreases as the dynamic 

viscosity increases. The high viscous glycerol-water mixture separates the 

shoe and the floor due to hydrodynamic forces and reduces the interfacial 

friction between the contacting surfaces [45].  
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Figure 4.15. COF vs. dynamic viscosity. 

 

4.4 Effect of Sliding Speed on Fluid Pressure and 

COF 

Fluid pressures collected during the experiment with varying sliding speed 

and constant dynamic viscosity and surface roughness are shown in Figure 

4.16.  
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Figure 4.16. Fluid pressure vs. distance with varying sliding speed. The 

speeds in the parenthesis are the actual speed recorded by the motion 

capture software, i.e. Cortex. 

 

The force per unit length increases with increase in sliding speed, as shown 

in Figure 4.19. The peak and the average fluid pressures increase as the 

sliding speed increases up to 0.77 m/s, as shown in Figures 4.17 and 4.18, 

respectively. The force per unit length behavior with respect to sliding 

speed is consistent with the theory that the fluid pressure increases as the 

sliding speed increases [28]. However, the peak and the average fluid 

pressures are inconsistent. One reason might be when the sliding speed is 

more than 0.77 m/s, there is not an enough time for the pressure build-up to 

reach higher pressure values. 
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Figure 4.17. Peak pressure vs. sliding speed. 

 

According to Figures 4.14 and 4.19, the force per unit length is increased 

when the dynamic viscosity and sliding speed increase. But, the patterns are 

different. This might be due to the reason that at the right hand side of the 

Reynold’s equation (2.1), the third term contains a velocity component and 

no viscosity component.  
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Figure 4.18. Average pressure vs. sliding speed. 

 

Figure 4.19. Force per unit length vs. sliding speed. 
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Based on Stribeck curve shown in Figure 4.20 [43; 46], in mixed 

lubrication regime the COF decreases as the sliding velocity increases. 

According to Figure 4.21, the COF decreases as sliding velocity increases, 

which may suggest that the shoe-floor interface has entered a mixed 

lubrication regime [45]. Moreover, the magnitude of COF obtained 

suggests a mixed lubrication regime and due to the existence of fluid 

pressure, the shoe-floor interface has not entered a boundary lubrication 

regime [13]. 

 

Figure 4.20. Stribeck curve. 
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Figure 4.21. COF vs. sliding speed. 
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5 Conclusions 

 The hydrodynamic effect of the diamond pattern tread design of the 

shoe (outer sole) acting as a step-bearing was only observed while 

using Portable Slip-Simulator.  One explanation for this finding may 

be that its normal force, sliding speeds and contact duration closely 

resemble an actual slip. This suggests that the Brungraber II and the 

English XL may not perfectly mimic the underlying tribology 

mechanism at the shoe-floor interface.  

  The magnitude of fluid pressures is relatively low for Brungraber II 

and English XL compare to the Portable Slip-Simulator. The 

slipmeters with low fluid pressures may not be suitable in terms of 

tribological fidelity because they do not replicate fluid dynamics 

during slipping. 

 The Portable Slip-Simulator and the Brungraber II are more 

consistent with the theory that the COF normally increases with 

increase in surface roughness compare to English XL. 

 The Portable Slip-Simulator showed a better repeatability in fluid 

pressure measurements over the Brungraber II and the English XL.  

 Fluid pressure showed a parabolic trend as the surface roughness 

increased. The roughness pattern also plays a key role in enhancing 

the generation of hydrodynamic pressure. Furthermore, surface 

texture and waviness contribute to the generation of additional 

hydrodynamic pressure. The COF increases linearly as the surface 
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roughness increases which is consistent with the theory that the 

roughened surface has an advantageous effect in increasing COF 

values notably between any shoe heel and floor surface under 

contaminated surface condition.   

 The fluid pressure increases as the dynamic viscosity increases. This 

behavior is consistent with the theory that the higher viscosity, the 

larger the magnitude of fluid pressure. The COF decreases as the 

dynamic viscosity increases and this may suggest that the presence 

of mixed lubrication during the slip incident mimicked by the 

Portable Slip-Simulator. The high viscous glycerol-water mixture 

separates the shoe and the floor due to hydrodynamic forces and 

reduces the interfacial friction between the contacting surfaces. The 

hydrodynamic forces are viscosity-dependent, increasing the 

dynamic viscosity results in an additional decrease in COF (within 

mixed lubrication regime). 

 The force per unit length behavior with respect to sliding speed is 

consistent with the theory that the fluid pressure increases as the 

sliding speed increases. However, the peak and the average fluid 

pressures are inconsistent. The COF decreases as the sliding speed 

increases which implies there is a mixed lubrication regime at the 

shoe-floor interface. Moreover, the magnitude of COF suggests a 

mixed lubrication. Due to existence of high magnitude fluid 

pressure at shoe-floor interface, the lubrication is not in a boundary 

lubrication regime.  
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6 Future Work 

Further studies can be carried out to enhance the knowledge of shoe-floor 

interface during a slip incident: 

 

 The fluid pressure generated across the slipmeters should be 

compared to fluid pressure occurs during an actual slip in order to 

determine the reliability of the available slipmeters. 

 The effect of other surface parameters on fluid pressure such as 

roughness patterns, surface texturing, waviness, etc. should be 

investigated. They play a pivotal role in generating additional 

hydrodynamic pressure.  
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