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B.List of Terms and Abbreviations

A;: Contact area

COF.dnesion: Coefficient of friction due to adhesion

COF,,: Coefficient of friction between contacting asperities
COF.sympiote: Asymptotic coefficient of friction at high sliding speeds
COFg,: Boundary lubrication coefficient of friction

E’: Elastic modulus

Fneon: Total normal force across shoe-floor fluid interface
Fadnesion: Friction force due to adhesion

Fruiay: Friction force from the fluid

Fary: Friction force under dry conditions

Frysteresis: Friction force due to hysteresis

Fnasp): Normal force between contacting asperities.x
Fsag7sw-140: Friction force when SAE75W-140 fluid contaminant is present
G(t): Shear modulus as a function of time.

G.. Long-term shear modulus

Go: Short-term shear modulus

Hmin: Minimum film thickness

NFauiq: Normal force supported by the fluid

p: Hydrodynamic pressures

R’ Radius of curvature

Seq: Shear force between contacting asperities

v: sliding velocity

Ax: distance between fluid pressure scans

Ay: distance between fluid pressure samples

At: time between fluid pressure samples

Thyaro: Decay constant relating sliding speed and COF

n: Fluid viscosity



C.Abstract

Slip and fall accidents are among the leading and fastest growing sources of
occupational injuries. Slip and fall accidents typically occur when the available friction
between the shoe and the floor is less than the friction that is required during walking or
performing some task. Existing methods of evaluating shoe and floor slip-resistance are
limited to using tribometers to measure the coefficient of friction (COF). This approach is
limited because COF is a gross approximation of several tribological mechanisms and
cannot guide interventions. Over the past four years, our team has created shoe-floor
friction models and performed experimental studies to identify and quantify the underlying
tribological contributions to shoe-floor COF. These studies were performed at the
microscopic scale (Aim 1), the whole-shoe scale (Aim 2) and during laboratory studies of
human subjects (Aim 3). These studies revealed two mechanisms by which fluid
contaminants can cause a slip: hydrodynamic lubrication and boundary lubrication. Each
was explored from the microscopic level through to human biomechanical slip evaluations.

Hydrodynamic lubrication occurs when fluid between the shoe and the floor
becomes pressurized and reduces COF. This effect was confirmed by fluid modeling and
experimental studies at the microscopic scale, experimental studies at the whole shoe
scale, and by human slipping studies. Specifically, at the microscopic scale, shoe-floor COF
decreased with increasing sliding speed and fluid viscosity consistent with the film thickness
that were estimated by hydrodynamic models. At the whole-shoe scale, a novel method of
measuring under-shoe fluid pressures was implemented to evaluate the factors that
influence hydrodynamic lubrication. Shoe tread and fluid viscosity were identified as the
critical factors influencing under-shoe fluid pressures. The finding that shoe tread reduces
under-shoe fluid pressures and slipping risk was confirmed in human subject studies using
an unexpected slipping paradigm.

Boundary lubrication occurs when a fluid does not become pressurized but still
reduces the COF between the surfaces. The two main contributors to boundary lubrication
friction were identified as adhesion and hysteresis COF. High viscosity fluid contaminants
drastically reduced the adhesion COF and caused the shoe-floor interface to become
slippery. Adhesion in the presence of a fluid was modeled as a function of the fluid and the
amount of dry adhesion at the microscopic model. Furthermore, finite element analysis was
used to model the amount of dry adhesion and hysteresis friction at the microscopic scale.
This model showed strong correlation with experimental data. Furthermore, this model was
used to explain the independent effects of shoe hardness, roughness, floor roughness,
speed and vertical loading on coefficient of friction. Boundary lubrication COF values for
different shoe materials were found to predict slipping risk using a human-slipping
paradigm, confirming the relevance of this mechanism for shoe-floor friction.

The findings from this study can be applied to improve shoe design, selection and
maintenance. For example, shoes that maintain a rough outsole and that contain at least
1.5 mm of tread will reduce fluid pressures and maximize boundary lubrication COF for
environments that commonly experience greasy or oily contaminants (i.e., restaurant
kitchens).



Section 1 of the Final Progress Report

D.Significant (Key) Findings:

Key findings were made for each of the three proposed specific aims. Initially, the
tribological mechanisms that were relevant to shoe-floor friction were more precisely defined
and described. These initial experiments and models were then used to guide the modeling
process by focusing on modeling the most relevant mechanisms. Human studies were then
performed to validate the key findings related to the two relevant tribological mechanisms.

Key Finding 1: Boundary and mixed lubrication are relevant to shoe-floor coefficient of
friction (COF). Microscopic models (Aim 1) of the fluid were conducted to explain the response
of COF to fluid viscosity and sliding speed during pin-on-disk experiments [1]. This study
determined that mixed-lubrication was only relevant at high sliding speeds and with high
viscosity fluids (e.g., oil), while boundary lubrication was relevant at lower speeds and with lower
viscosity fluids (e.g., water). Macroscopic experiments (Aim 2) that measured under-shoe fluid
pressures (an indicator of mixed-lubrication) confirmed that mixed lubrication was only relevant
in the presence of high-viscosity fluids [2]. This study further found that boundary lubrication
was also the dominant friction mechanism regardless of fluid viscosity when considering treaded
shoes.

Key Finding 2: Worn shoe tread causes an increase in fluid pressure, which is associated
with increased slip risk. The impact of shoe tread wear was evaluated using a mechanical
slip-tester (Aim 2) [2] and an unexpected slipping paradigm using human subjects (Aim 3) [3]. In
both experiments, under-shoe fluid pressures were measured. The mechanical slip-testing
experiments revealed that fluid pressures were negligible in conditions where all or half of the
shoe tread was present; however, fluid pressure became significant when no shoe tread
remained. Human slip-testing experiments confirmed that fluid pressures were substantial for
shoes with completely worn tread and were negligible for shoes with full tread. This study also
found a relationship between the under-shoe fluid pressures and the slipping severity, indicating
that under-shoe fluid pressures are predictive of slip risk.

Key Finding 3: Microscopic modeling of shoe-floor asperity contact explains impact of
shoe materials and roughness on adhesion and hysteresis COF. We developed a
microscopic finite element analysis model that simulates the contact between shoe and floor
asperities and used this model to explain experimental findings (Aim 1) [4]. For example, shoe
roughness is a strong covariate with shoe hardness, which prevented experimental studies from
determining which factor explained the relationship between shoe material and COF. The
developed model was able to isolate the effects of material and roughness, and predict their
impacts on COF in the boundary lubrication regime, for both adhesion and hysteresis. The
model revealed that adhesion friction was positively correlated with shoe hardness and
negatively correlated with shoe roughness, while hysteresis friction was negatively correlated
with hardness and positively correlated with roughness. For example, softer shoe materials with
a rough surface have increased hysteresis friction because their increased roughness more
than offsets the impact of soft shoe materials. One implication is that to optimize hysteresis
friction, new shoe materials would need to be developed that are hard but maintain a high
roughness level.

Key Finding 4: Shoe materials with higher boundary lubrication reduce slip risk. The
impact of shoe material on slip risk in boundary lubrication was evaluated using a human
subject unexpected slipping protocol (Aim 3). Treaded shoes were made using three different
outsole shoe materials with different hardness levels. COF measurements confirmed that the
softest shoe material had the highest COF when contaminated with a 50% glycerol/50% water
solution (Aim 2). The unexpected slipping paradigm found that the softest shoe material led to
the fewest number of slips, consistent with the microscopic model (Aim 1) and the
measurements of macroscopic testing (Aim 2). We intend to expand these findings by



guantifying how well predicted friction from a macroscopic model that is currently being
completed (Aim 2) can predict these slipping outcomes. The development of the macroscopic
model was delayed by a change in modeling approach given that boundary lubrication was
highly relevant to slip-resistance, but should be completed within the next year.

Translation of Findings:

Replacing Worn Shoes: Our finding that worn shoes dramatically increase slipping risk in the
presence of viscous fluids is currently being translated to industry. This finding has been
incorporated into a training program (funded by the OSHA Susan Harwood program) that is
being disseminated through a train-the-trainer approach to electric utility, gas utility and power
plant employees. In addition, the Co-I (Beschorner) has disseminated these results to three
major footwear companies. The research team has submitted a new R0O1 study to build on these
findings in order to precisely identify replacement limits of shoes and identify the factors that
contribute to shoe wear to improve the specificity of industry recommendations.

Novel Testing Methods: The measurement of under-shoe fluid pressures is currently being
translated into a standard shoe testing method. We are working to commercialize this
technology through an SBIR grant from the National Institute of Health and to develop a
standard through the slip-testing standards committee (ANSI/NFSI B101.7). This technology
allows for the measurement of drainage capacity of new and used shoes.

Boundary Lubrication Model: The boundary lubrication model offers the potential as a tool for
improving the design of slip-resistant shoes. This tool has teased out the contributions of
hardness and roughness on COF and to examine how sliding speed and contact pressure each
independently contribute to COF. The following findings have been communicated to shoe
companies: hard and rough shoe and floor surfaces contribute to increased COF under oily
conditions; soft and smooth shoe and floor surfaces increase COF under dry and water-
contaminated conditions; rough floors increase COF under oily conditions; and better load
distribution increases both COF across all conditions. We continue to work with these
companies to translate these fundamental findings to impact shoe design.

Outcomes/ Impact:

Potential Outcomes:

¢ The findings about shoe wear have the potential to lead to improved safety practices.
Specifically, the finding that worn shoes increase slip risk can be used by employees to
check shoe tread and replace shoes once tread has been worn. This finding also has the
potential to modify administrative controls by guiding workplaces to check employees’
shoes and replace them once they become too worn.

e The findings from the boundary lubrication model can be used to guide development of
novel materials and tread designs. For example, new materials that are both rough and
hard are predicted to maximize oily coefficient of friction. Also, new tread designs that
enhance load distribution can also be used to enhance dry and oily coefficient of friction.

e Lastly, broad adaptation of the novel methods used evaluating under-shoe fluid
pressures in this grant has the potential to lead to improved shoe selection by shoe
users and more rigorous testing standards for shoe producers. Therefore, these
methods are expected to lead to improved slip-resistance of shoes that will reduce slip
and fall accidents.

Intermediate Outcomes

e The findings related to shoe wear have been integrated into safety training programs
that are currently being disseminated. A train-the-trainer paradigm is being utilized for
this dissemination to achieve broad impact.

End Outcomes

¢ No end outcomes are noted at this time. Future research is required to determine the

effectiveness of the intermediate outcomes on end outcomes.



Section 2 of the Final Progress Report: Scientific Report.
E. Background

E.1. Problem Statement and Significance

Falls continue to be among the leading generators of work-related injuries. Britain ranked slips,
trips and falls as the most frequent event leading to fatal and non-fatal major accidents,
accounting for 30% of all job-related injuries in 1997/1998 (Health and Safety Executive, 1998).
In Sweden, 22% of all occupational accidents were attributed to falls, once again the most
numerous type of job-related accidents (National Board of Occupational Safety and Health,
1998). The US Bureau of Labor Statistics (BLS) reported that falls accounted for an average
17% of non-fatal injuries and 12% of deaths (Department of Labor, 1998). Injuries from falls are
often severe. More than 25% of workers that sustain falling injuries miss 31 days at work or
more [5]. Falls are often listed as the cause of the most disabling conditions (e.g. fractures and
multiple injuries), affecting, in nearly 2/3 of the cases, the trunk (mostly back) and lower
extremities [5]. The severity of fall-related injuries is partly responsible for their high economical
costs. An estimated 24% of the direct cost of all claims filed during 1989/1990 was attributed to
falls [6].

Falls are often initiated by slip events. The US National Health Interview Survey
guestionnaire administered by the National Center for Health Statistics in 1997 revealed a clear
majority (64%) of the work-related falls attributed to slipping, tripping or stumbling.
Investigations of occupational falls occurring on the same level from 1992-1998 indicated that
slipping was the most common triggering event (43% of the cases), followed by tripping (18%)
and loss of balance (14%) (BLS, 1992-1998).

Existing approaches to reduce slips and falls are to: 1) control the environment to
eliminate hazards through aggressive housekeeping, 2) increase awareness of workers in high
risk areas, and 3) match shoes and floors to the environmental conditions and tasks that are
required. This proposal addresses the third approach; namely, designing appropriate shoes
and/or floors. Current methods include measuring the COF of the shoe-floor interface and
determining if that measure is sufficient to resist slips. While valuable, this approach is limited
by the fact that there is no consensus on the appropriate methods to measure slip resistance as
relates to human slipping. In addition, slip resistance measurement can only be accomplished
on existing shoes and floors. Thus, current methods cannot take a proactive approach to
developing safe environments through design. We propose to take a new approach by
developing a computational model that will predict the COF of a shoe-floor-contaminant. This
model can then be used in the development and evaluation of shoes and floors under various
conditions. In addition, the model will be able to evaluate the sensitivity of slip resistance to
parameters (such as tread, materials, flooring, contaminant properties) that impact slips and
falls. Thus, the significance of this project is the potential for reducing slip/fall injuries in the
workplace using computational modeling. We believe that the computational models developed
here will be used in the design and evaluation of work environments to reduce slip and fall
injuries. In addition, the models will contribute to the fundamental knowledge of shoe-floor
slipping that will then lead to improvements in slip testing and shoe design.

E.2. Current Methods and Models in Slip Resistance Evaluations
In this section, we briefly review current methods of evaluating the slip resistance of shoes and
floors, and indicate the strengths and limitations of each method.

E.2.1. Slips Testing Devices
Slip resistance testing is a common empirical method for evaluating the slip resistance of the
shoe-floor-contaminant interface. Given the theoretical complexity of the interface, slip
resistance testing provides a straight-forward way to evaluate the potential for slips and falls for



existing environments. These measurements can be useful in getting a general sense of slip
resistance of a particular environment; however, controversy exists regarding the quality of
measures from the various devices that are used. Measures among the testing devices often
disagree, depending upon the shoe, floor and contaminant involved. Experts have agreed that
these tests should be performed under conditions that closely resemble what occurs during a
human slip (ie biofidelic) [7]. Slip testers have used a variety of approaches to measure slip
resistance including small portable devices for use in the field and large laboratory devices
capable of exerting high loads and fast speeds. Many of the portable devices use a small
amount of shoe material, while stationary lab devices often use the entire shoe. Chang et al.
provides an overview of common used slipmeters [8].

The most common portable devices are the English XL and the Brungraber Mark II. Both
of these devices allow for a collision between a shoe material and the floor at varying angles
and the COF is determined by the maximum amount of angle that the shoe material is able to
stick to the floor and not slip. The difference between these devices is the English XL is
pneumatically driven and the Brungraber Mark Il is gravity driven [9]. One major limitation of this
method is that while studies have shown that the amount of tread has a significant effect on
COF, there is often little or no tread on the pads [10].

Lab devices often test an entire shoe at higher loading levels under more controlled
loading conditions with increased flexibility in shoe angle, loading levels, and sliding velocity.
Numerous lab devices have been developed including the SATRA device (SATRA spec), the
slip simulator [11], and the High Payload Precision Slipmeter [12]. While it is well-known that
sliding velocity, shoe angle, and force are variable during a slip, none of these devices have
attempted to reproduce these conditions during testing.

E.2.2. Human Centered Approaches
Because the primary goal of measuring friction is to reduce injuries that result from slipping,
some human centered methods have been developed to evaluate shoes and floors. One
approach for quantifying COF was developed by Skiba et al. having subjects walk on a surface
with continuously increasing inclination until the subject fell or felt unsafe [13]. This angle is
then used to determine the maximum available friction. This method was adopted as a German
standard for determining slip resistance of a floor (DIN 51130, 1992). The use of inclination
angle, while allowing for simple quantification of the COF from subject-based data, probably
does not resemble a hazardous and dangerous slip precisely because of the anticipation factors
that can affect gait [14]. In addition, the method is restricted to laboratory investigation and
limited in its use for design.
Unexpected slips, which are more likely to lead to dangerous falls, can be produced in the
laboratory by concealing the condition of the floor from the subject and determining the severity
of the slip that incurs. The amount of friction required to prevent slipping is a relevant measure
described by Redfern and colleagues as the Required COF (RCOF), and defined as the amount
of shear force utilized per normal force. [15-17] This is often used as a threshold to determine
whether a condition is likely to lead to a fall (i.e. when Required COF is greater than COF, a slip
is likely). The difference between Required COF and measured COF has been used to
determine the probability of a slip [15]; briefly described in Section C.1 and manuscript included
in the Appendix). This method of evaluation has also been used by other with success [18].

E.2.3. Models of the Shoe-Floor-Contaminant Interface
The ability to model the shoe-floor-contaminant has been recognized by the research
community as having great potential to assist in reducing slips and falls in the workplace.
However, the problem is complex and requires collaborations across multiple fields. Shoe-floor-
contaminant friction can be represented with the following equation:



COF - COFasp * I:N(asp) + l:fr(ﬂuid) Eq (1)
N(tot)

Where COF,, is the friction coefficient of the contacting asperities, Fyasp) iS the normal load
supported by the contacting asperities, Fyuig) IS the friction force that occurs at the surface
between the shoe and the fluid and Fyqo, Which is the total normal force. Under the conditions
relevant to slip and fall accidents, the frictional forces that occur between the shoe surface and
the fluid are minimal and therefore the total friction coefficient is most dependent on the friction
coefficient of the contacting asperities and the proportion of the total normal load supported by
these asperities. Thus, maximizing the load supported by contacting asperities and minimizing
the load supported by the fluid is critical to ensuring a safe friction coefficient.

One major difficulty in modeling friction is understanding the interaction of the sole and
floor material with a fluid contaminant at the microscopic level. Most research that has been
conducted approaches the relationship between surface roughness and COF empirically.
Studies have shown that both floor surface roughness [19-21], floor surface waviness [21], and
contaminant condition [19-22] significantly contribute to COF. Chang et al. showed that when
viscosity is low, surface roughness affects friction coefficient but when viscosity is high, surface
waviness dominates [21]. While these studies demonstrate that a relationship exists between
roughness, waviness and wear on shoe-floor-contaminant friction, the mechanisms that cause
these phenomena are still unknown, which limits the findings to just the materials and conditions
that were tested. In addition, these purely experimental studies only provide information that is
relevant to the exact experiments (i.e. similar forces, contaminants and materials) and do not
contribute to a general understanding of shoe-floor-contaminant interface. Experimental results
coupled with modeling data would shed light on the major lubrication mechanisms affecting
shoe-floor-contaminant friction, which would be critical to designing slip resistant shoe and floor
surfaces.

Macroscopic features of the sole surface have been initially investigated using the finite
element method of modeling (FEM) with some success [23]. Sun et al. explored the effect of
tread design on traction when interacting with soil using FEM to model the sole and the soil
material. The results were promising, showing that certain tread designs were capable of
providing larger traction forces than others.

E.3. Theoretical Modeling of Friction
Friction as a theoretical concept is complex. This is particularly true for human gait, with two
disparate materials for shoes and floors, complex motions and forces of the shoe with respect to
the surface, and a variety of potential contaminant conditions. In order to investigate this
complex behavior, models will need to be developed initially from the microscopic level, building
to the macroscopic level. There are some theoretical methods and knowledge from other fields
that can be used as a starting point.

E.3.1. Microscopic Models of Friction
Very few studies of pedestrian slipping have attempted to investigate the nature of friction from
a microscopic tribological perspective. In most slip studies, the friction between the shoe and
floor has been characterized by a single value over the apparent shoe-floor contact area.
Fundamentally, this is a gross approximation to the more complex phenomenon. During
walking, contact between the shoe and floor actually occurs through the asperities (surface
peaks) of the mating shoe and floor surfaces (Figure 2). In addition, the surface characteristics
also have a significant effect on the lubricating fluid that separates the shoe and floor surface.
Specifically, the fluid is incapable of flowing through asperities and thus fluid flow is altered by
the shape and size of the asperities. Even though the shoe and floor surfaces appear to be flat
on a millimeter scale, they are inherently rough and consist of micro and nano sized peaks and
valleys. Therefore, when a shoe and a floor surface are brought into contact during walking,
only the asperity peaks actually touch, making the real area of contact much smaller than the




Direction of Siding apparent area. In essence, friction is a highly localized
e phenomenon that is based on the interaction of
individual asperities and the energy that is dissipation
between them. The fluid flow is similarly a localized
phenomenon such that there are regions where the
two surfaces converge as asperities come into contact,
, which results in a peak in fluid pressure, and regions
(a) General asperity contact . . .
s Surce HordrSuce S where the surfaces diverge, which results in a

m it T reduction in hydrodynamic pressure. Thus it is very
important to consider the role of the surface structure
modeling the friction during slip.

E.3.1.1.Microscopic Model for Dry Conditions

Shoe Asperities

Floor Asperities

Deformable Surface Deformable Surface Deformable Surface In the absence of a contaminant, the shoe-floor
(b) Adhesion of asperities interfacial friction is characterized by the action of
Figure 2: Diagram of Asperities softer shoe asperities sliding over harder floor

asperities in what is commonly referred to as the

Boundary Lubrication (BL) regime. As discussed by Sayles and Poon [24, 25], the overall
friction force in boundary lubrication can be attributed to the combined effects of adhesion,
deformation and plowing. In the pioneering work on asperity interaction, Bowden and Tabor
proposed that the interfacial friction between poorly lubricated surfaces is defined to be the
minimum force, F, required to shear the welded junctions formed by adhesion bonds between
contacting asperities [26]:

F = Seq A, Eq. (2)
where S is the equivalent shear strength of the shoe and floor materials and A is asperity
contact area. In these conditions, most of the walking load is undertaken by the asperities on
the interface and the interfacial friction is then controlled by the growth of the real contact areas.
The resulting equation for the friction coefficient, COF, relating to the normal force (N) is given
by:

F = COF* F(asp) Eqg. (3)
Closely examining the shear asperity model of Bowden and Tabor, the fracture of shoe
asperities appears to be too severe, as shoe treads tend to have a fairly long life. Although
some of the shoe asperities will weld to the floor asperities and be broken off during motion, it is
more likely that the majority of them will elastically deform under load and return to their original
shape.

E.3.1.2.Microscopic Model for Lubricated Surfaces

When analyzing the shoe-floor interface in the presence of a contaminant, it is critical to
identify the type of lubrication that is occurring. The lubrication regimes can be best described
by the Stribeck curve. The lubrication type of most interest for slips and fall is due to Mixed
Lubrication (ML), as this represents the transition between high friction safe conditions and low-
friction slippery conditions. Under non-slipping conditions, the total applied load between the
shoe and the floor is predominantly carried out by asperity contacts with a minor contribution
from the hydrodynamic action of the contaminant film, which is described by the boundary
lubrication regime. In this situation, the overall friction coefficient for the interface will be close to
dry conditions. As contaminant film begins to carry more of the load and there is less asperity
interaction, the total friction force will become a combination of viscous friction and asperity
interaction [27]. When the contaminant completely separates the shoe and floor asperities and
carries the entire load, known as the Elastohydrodynamic Lubrication (EHL) regime, the friction
coefficient will be extremely small and there will be substantial likelihood of slip.




Rheological properties of the contaminant (such as viscosity and extreme pressure) play
an important role in defining the nature of the asperity interaction and the likelihood of slipping.
Specifically, a contaminant with high viscosity can form a thicker film, enlarging the distance
between the interacting asperities and reducing the amount of force supported by the contacting
asperities, which results in a reduction of friction.

The role of the fluid in lubricating the shoe and floor surfaces can be evaluated at both
the micro-level where the flow of fluid around asperities due to the shoe and floor roughness
and material properties is evaluated and at the macro-level (i.e. whole shoe level) where the
role of tread pattern, shoe and floor material and walking style (e.g. normal force, shoe-floor
angle, heel velocity) can be evaluated. In each of these analyses, the hydrodynamics of the fluid
can typically be described by the Reynolds equation.

3 8 Vg +V Vo +V
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This equation describes the relationship between the hydrodynamic pressures, the film
thickness separating the fluids, the velocity of the shoe (a) and floor (b) surfaces, v, and vy, the
viscosity of the fluid, n. The film thickness, h, can be represented as a function of the geometry
of the shoe and floor surfaces (G(x,y)), the gap or overlap between the undeformed surfaces,
do, and the deformation due to hydrodynamic and contact pressures (u(x,y)) [28].
h(x,y)=G(x,y)+u(x,y)+d, Eq. (5)

The solution to this kind of equation requires numerical methods to be implemented such
as a finite method approach coupled with iterative methods. The Reynolds equation in this
general form (Eq. 7) can be applied at both the micro level to determine the hydrodynamic
pressures caused by fluid that is wedged between two converging asperities and also at the
macro level to demonstrate the effect of tread pattern on hydrodynamic pressures.

E.3.2. Macroscopic Models of the interface
Over the past several decades, the finite element method (FEM) has been used to provide
valuable insight into the contact behavior of mating surfaces. For example, a finite element
model of a tire contacting a road surface has been developed [29] where the tread pattern has
been modeled without incorporating the tire or road asperities. This example demonstrated that
FEM is capable of providing important information such as the interface contact pressure and
the apparent contact area.

Another example that involves a rough soft surface against a hard surface that is thus
applicable to shoe-floor-contaminant friction is chemical-mechanical polishing (CMP). CMP is a
process to smooth silicon wafers using a soft rough polyurethane pad with a fluid slurry
lubricating the surface. In order to better understand the hydrodynamics of the process,
researchers have performed simulations to solve this mixed-lubrication problem [30]. In these
simulations, the Reynolds equation with the flow factor adjustments is typically solved across
the surface of the silicon wafer (Eqg. 6). In order to adjust the film thickness for the roughness
effects, the average film thickness is calculated from a method originally developed by
Greenwood and Williamson which relates the average contact pressure (oy), distance between
the mean lines of the two surfaces (h) and the distribution (®(z)), material properties (E, v),
shape (R) and density (n) of the asperities [31].
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In this analysis, researchers measured the inputs: E, v and ® and calculated o, based on
theoretical contact mechanics to solve for the film thickness, h. The film thickness was used to




solve for Reynolds equation and the resulting hydrodynamic pressure distribution was similar to
experimentally recorded values

These simulations provide insight for how to model a soft material (polyurethane) against
a hard material (silicon), while also considering the role of roughness. The CMP modeling is
similar to the proposed shoe-floor models because each involves a soft material against a hard
material, a lubricating fluid and the importance of surface roughness.

Following an analogous premise, analyses recently have been undertaken by Sun, et al
to improve the understanding of how footwear performance is influenced by the tread pattern
[23]. In their work, they developed finite element models to determine the traction performance
of different macroscopic tread patterns in soil deformation around and below the boot. It is
important to note that despite being macroscopic in nature, microscopic interaction between the
contacting surfaces can be brought into FEM models through the definition of advanced friction
models. As has been done previously by the investigators, these friction models are based on
physical parameters that dominate the contact behavior such as interfacial velocity or material
yield behavior.

F. Specific Aims

Specific Aim #1: Develop and validate a micro-level tribological model of the shoe-floor-
contaminant interface based upon material properties, surface microstructure and contaminant
characteristics. This model will be developed using concepts of lubrication, adhesiveness
plowing, and deformation.

Specific Aim #2: Develop a macro-level model of the shoe-floor-contaminant interface that
incorporates the micro-level model and macro-level shape and asperities (i.e. tread). This
macro model will utilize the finite element method with critical input parameters derived from the
micro-level model. Comparisons of the macro-level model COF predictions with slip resistance
testing procedures will be made.

Specific Aim #3: Conduct human slipping experiments to validate the macro-model with actual
slip/fall events. Slip prediction capabilities with the COFyacro Will be evaluated using a technique
developed by the PI [15].

G.Methodology, Results and Discussion

G.1. Scientific Report #1: Micro-model of Shoe-Floor Friction (Aim 1)
(Confidential)

G.1.1. Methods

Finite Element Model

Three dimensional shoe and floor models were created using eight-node solid
hexahedron elements in explicit finite element analysis software (LS-Dyna®, Livermore
Software Technology Corporation, Livermore, California, USA). This type of element is
efficient and accurate in contact simulations and when exposed to severe deformations
[33]. The materials simulated in the model were modeled based on the topography and
material properties of two shoe materials and three ceramic tiles with different
roughness levels, which were physically measured to ensure that the model inputs were
relevant to actual shoe and floor samples. Roughness was applied to the interface side
of the shoe and floor surfaces by raising and lowering nodes to achieve a checkerboard
pattern (Figure 2). Asperity peaks and valleys were displaced from the mean line of the
surface by half of the desired average peak to valley distance roughness (R,) value.
The microscopic shoe sample models were 0.8 mm in length, 0.5 mm in width and 0.5




mm in height. The floor models were 2.125 mm in length, 1 mm in width and 0.135 mm
in height. The wavelengths of shoe and floor roughness patterns were 5 mm and 4 mm
respectively (Figure 2). These wavelengths were taken from scans of shoe and floor
surfaces. Mesh sizes for shoe samples elements ranged from 0.03125 mm to 0.125 mm
while mesh size for floor elements was 0.0625 mm (Figure 2). In the preliminary
modeling efforts, mesh refinement in the floor did not significantly impact the von mises
stresses developed in the shoe, so all simulations were performed without mesh
refinement of the floor elements. Shoe samples were meshed with a finer mesh for
regions near the contact area.

Figure 2. Shoe sample and floor with microscopic asperities created in LS-Dyna. (High
shoe roughness and- medium floor roughness)

A viscoelastic material model was applied to the shoe elements (See Section 2.2
for material properties of the modeled materials) while a rigid material model was
applied to the floor elements. A rigid material model was used for the floor because the
modulus of ceramic floor material model was more than 20 times larger than the shoe
materials’ moduli. Initial models which applied linear elastic material properties to the
flooring material with a modulus of elasticity of 20 times the shear modulus of the shoe
material revealed highly similar results to simulations that used a rigid flooring material
model. The viscoelastic material used for the shoe was chosen because time-
dependent material properties are needed for simulating adhesion and hysteresis
friction since both components are directly related to the viscoelastic properties of
rubber [23]. The viscoelastic model describes shear stress relaxation of the material
using a exponentially decaying function [34] (Equation 7).

G(t) = Go + (G — Goo)e Pt
Eq. 7



Boundary conditions were set to achieve pressures and sliding speeds relevant
to walking and slipping. The contact pressure was controlled using the vertical
displacement of the nodes on the top surface of the shoe. This downward movement
occurred during the first 0.001 seconds of the simulation until an average normal
contact pressure of 160 kPa was achieved. The contact pressure was set to this value
to match the experimental conditions that were used in the validation (See Section 2.2).
This pressure is of the same order of magnitude of under-shoe contact pressures during
walking [35]. The second loading step moved the nodes on the top surface of the shoe
to achieve the desired speed. Sliding speeds between 0.1 and 1 m/s were simulated to
maintain consistency with the experimental validation research and because these
speeds are relevant to slipping [36]. In all of the simulations, the bottom surface of the
floor was constrained from both translation and rotation.

A segment based automatic surface to surface contact was used to achieve
stability in the modeling efforts as recommended by Tokura to overcome the instabilities
in simulating contact of rubberlike materials with rigid surfaces [32]. During model
development, this contact algorithm was the only method capable of handling the large
deformations of the soft rubber material and avoiding ‘hourglassing’ and
‘checkerboarding' problems. The coefficient of friction for the contact was set to zero in
order to isolate hysteresis friction from adhesion friction (i.e., the friction forces would
only come from hysteresis friction and not due to friction from the contact algorithm).
Lastly, the shoe sample was considered the slave material since it is softer and the floor
sample was considered the master since it is harder.

Hysteresis coefficient of friction (COFuysteresis) Was calculated by dividing average
shear force due to hysteresis by the average normal force between the two surfaces
(Equation 8). COFnysteresis Was averaged across the second loading step time period
during sliding (Figure 3).

COFyysteresis = —FHyS;ereSls
N
Eg. 8

The ratio of real contact area to normal force was used as a measure of the
adhesion coefficient of friction. Adhesion frictional force is commonly calculated as the
product between the real area of contact, A;, and the interfacial true shearing stress
required to break the contact junctions, os, [37] (Equation 9). Since the adhesion
coefficient of friction (COFagnesion) iS the ratio of adhesion friction force and the normal
force (Equation 10), the ratio of real contact area to normal force (A./Fyn) should be
proportional to the adhesion friction (Equations 9-11.). The AJ/Fy was averaged across
the second loading step to determine its average during sliding (Figure 3). This
approach for quantifying adhesion friction is inappropriate for comparing adhesion
across different materials since both the interfacial shearing strength and the real area
of contact vary across material properties. Therefore, this ratio was only used to assess
the effects of sliding speed, shoe roughness and floor roughness on adhesion friction.

Faanesion = SeqFAc ' Eqg. 9

COFpanesion = W Eqg. 11
IX(aSP)

COFAdhesion x : Eq- 12

FN(asp)



0.4 0.08

= Real
0.3 0.06 Area of
Contac

A (mm?) 0.2 0.04 Force(N) t

Normal

0.1 0.02 Force

0 e o
0 0.5 1 1.5 2 2.5

Time (Milliseconds)

Figure 3. Real area of contact, normal and shear force generated between shoe
sample and floor sample model with respect to time (Rubber material. High floor
roughness. High shoe roughness.)

Experimental Validation

Two shoe materials (neolite and rubber) were modeled and tested
experimentally. Neolite had a Shore A hardness of 95 measured using a durometer and
it is considered a standard raw material in shoe-floor friction research [8]. The rubber
sample, removed from a work shoe, had a Shore A hardness value of 50. Roughness
parameters were measured using a two-dimensional contact type stylus profilometer.
Eight roughness measurements were collected on each of the shoe samples and
floorings using a scan length of 12.5 mm and a cutoff length of 0.80 mm. The roughness
was described with the average peak-to-valley distance (R,) averaged across the eight
scans (Table 1) since this parameter has been reported to have a strong positive
correlation with coefficient of friction [38]. Because the materials that were used in this
study had different material properties and different roughness levels, simulations were
conducted using both shoe roughness levels and both shoe material properties in order
to isolate roughness vs. material effects. The wavelength that was used to define the
spacing between asperity peaks was calculated from profilometer scans as length of the
scan divided by the number of peaks.

Table 1. Average peak to valley distance parameter (R;) for shoe samples and floors
Shoe/Floor Materials Average peak to valley distance (R;)
Shoe Neolite (Low) 12.1 um
Samples Rubber (High) 35.1 um
Low Roughness 16.6 pm
Floors Medium Roughness 24.3 um
High Roughness 35.1 pm




The material parameters for the shoe material were defined by experimentally-
measured values when possible or from reference data. Density of the shoe samples
was measured based on the volume and mass of the samples. The two shear moduli,
bulk modulus and the exponential decay constant were measured with compression
stress relaxation tests using MTS machine (MTS Systems Corporation, Eden Prairie,
Minnesota, USA), according to the methods recommended for testing of elastomeric
bearings [39]. Two rectangular blocks of neolite (average thickness of 5.5 mm, average
area of 612 mm?) and rubber (average thickness of 6.1 mm, average area of 552 mm?)
shoe samples with approximately equal and uniform thickness were adhered to two
steel plates. For each of the shoe materials, the compression test was done three times
and the results were averaged. The testing method compresses the materials by 10% of
the total thickness of elastomers, then applies this constant displacement level for 240
seconds and finally unloads the samples.

Typical plot of force curve with respect to time is shown in Figure 4. According to
[39], the slope of the loading portion of the force-displacement curve between
compression of 2 percent of thickness (Fo.02 in Figure 4) and the maximum force (Fo in
Figure 4) can be used for calculating the short time compressive modulus, Ky
(Equations 13 and 14).The slope of the straight line connecting the force in 2 percent of
thickness (Fo.02 in Figure 3.) and the asymptotic force (F. in Figure 4) can also be used
for calculating long time compressive modulus, K. (Equations 15 and 16).

FO - FO 02
Ka=— "%
0 0.18T
Eqg. 13
2T
EO - K()T
Eq. 14
Fo — Fyo2
Ko :
0.18T
Eg. 15
2T
E. Koo?
Eq. 16

Poisson's ratio was set to 0.499 for the shoe sample since rubber is usually
categorized as a nearly incompressible material and is reported to have a Poisson's
ratio of 0.49-0.499 [40].

Table 2. Viscoelastic material parameters used for modeling neolite and rubber
Material | Go (MPa) | G.. (MPa) | K (MPa) | B (1/s)

Neolite 30.24 18.66 9324 | 0.013
Rubber 0.59 0.44 2180 | 0.025
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Figure 4. Variation of force with respect to time in stress relaxation test for Neolite

Model output was compared with experimental data collected with a pin-on-disk
tribometer on ceramic tiles with three different roughness levels using the same two
materials (neolite and rubber) at six sliding speeds [42]. The simulated speeds included
0.1, 0.25, 0.5, 0.75, and 1 m/s to match speeds used in the experimental study. The
experimental study, quantified hysteresis using a lubricant (SAE 75W140) that blocks
adhesion for both shoe and floor materials at each of the speeds. The study also
quantified fluid lubricated adhesion friction at each of the speeds by subtracting the
hysteresis friction (measured with SAE 75W140) from the wet coefficient of friction
when using different lubricants. Dry adhesion from the experimental study (at speed of
0.01 m/s) was compared with lowest simulated speed (0.1 m/s) to assess validity of the
model in simulating the effects of shoe and floor roughness on dry adhesion because
the experimental study did not measure dry adhesion for higher speeds. To examine the
effects of speed on adhesion, the wet adhesion data from the lowest viscosity fluid, 25%
glycerol/75% water lubricant were compared with the model output as part of the
validation for the effects of speed on adhesion.



G.1.2. Results

Hysteresis

Increased shoe and floor roughness generated large increases in COFyysteresis for
both materials (Figure 5). A 161-169% increase in hysteresis coefficient of friction was
observed with increasing neolite shoe roughness and a 10-35% increase in hysteresis
coefficient of friction was observed with increasing rubber shoe roughness. Increasing
floor roughness caused a 42-45% increase in hysteresis coefficient of friction of the
neolite material and a 164-170% increase in hysteresis coefficient of friction of the
rubber material. The connection between hysteresis friction and shoe roughness was
stronger for the neolite shoe material, while the connection between hysteresis friction
and floor roughness was stronger for the rubber material.

W ShoeRz=12.1 um Shoe Rz=35.1 um
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Figure 5: Variation of COFpysteresis With shoe/floor roughness for 0.1 m/s speed.

Sliding speed had a minor and inconsistent effect on hysteresis friction
depending on the shoe material and shoe/floor roughness levels (Figure 6). The
majority of shoe/floor combinations showed a slight increase (7-27 %) in hysteresis
friction with sliding speed although the high roughness neolite demonstrated a negative
(18% decrease) trend when sliding against low roughness flooring.
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Adhesion

The model indicated that sliding speed had a strong effect on A¢/Fy, indicating
that the adhesion friction is highly dependent on sliding speed. With increasing sliding
speed from 0.1 m/s to 1 m/s, a decrease in ratio of real contact area to normal force
was observed in both materials at all shoe and floor roughness levels (Figure 7). Neolite
simulations showed a 16-29% decrease in ratio of real area of contact to normal force
with increasing sliding speed from 0.1 to 1 m/s for different combinations of shoe-floor
roughnesses and rubber simulations had a 12-25% decrease in adhesion friction with
increasing sliding speed for different models with different shoe-floor roughness levels.
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speeds and combinations of shoe-floor roughness

Increasing shoe or floor roughness led to a reduced A/Fy (Figure 8). A 26-36%
reduction in AJ/Fy was observed with increasing neolite shoe roughness while
increasing rubber shoe roughness caused a 14-18% decrease in ratio of real area of
contact to normal force. Increasing floor roughness caused a 39-47% reduction in ratio
of real area of contact to normal load in the neolite material and a 17-21% decrease in
adhesion was observed in rubber with increasing floor roughness.
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Experimental Validation of Model

The effects of shoe material and floor roughness on hysteresis friction were
consistent between the model and the experimental studies (Figure 9). Increasing floor
roughness led to larger hysteresis friction values in both studies. Also, the rougher but
softer rubber material had greater hysteresis friction in both the experimental and
modeling study. Speed had an opposite effect on the finite element model than the
experimental study. The model predicted an increase in hysteresis friction with
increasing sliding speed while the experimental studies demonstrated a reduction in
hysteresis friction with increasing sliding speeds (Figure 6).
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Figure 9. Variation of COFpysteresis for the two shoe materials with different floor
roughness in different sliding speeds from model (A) and experimental study (B)

The model and experiments were consistent in reproducing the effects of speed
on adhesion but were only moderately consistent in reproducing the effects of
roughness on adhesion. Both the model and experiments demonstrated an exponential
decay trend in adhesion friction as sliding speed increased (Figure 10). The reduction in
adhesion friction due to increasing sliding speed ranged from 30% to 76% in the
experiments, while the model predicted a reduction of 12% to 29%. The model
consistently demonstrated a reduction in adhesion friction with increasing roughness
although this trend was only observed experimentally for the rubber material (Figure
11).
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G.1.3. Discussion

The finite element model reproduced the effects of shoe material and floor
roughness on hysteresis friction and the effects of speed on adhesion friction. Increased
shoe/floor roughness resulted in elevated hysteresis coefficient of friction for both of the
materials. Increasing the shear moduli of the shoe material led to an increase in
hysteresis friction. The model was not particularly effective at predicting the effects of
speed on lubricated hysteresis friction as hysteresis friction in the model was not
sensitive to sliding speed and the experiments showed a negative correlation between
speed and friction. The model predicted a negative correlation between floor roughness

A./Fy(mm?/N)
Rubber



and adhesion friction, consistent with the experimental results for one material but not
for the other material. Increased sliding speed led to a lower ratio of real area of contact
to normal force, which was consistent with the experimental data.

The predicted effects of shoe and floor roughness on adhesion and hysteresis
friction are consistent with previous modeling studies and tribological theory. The model
predicted a consistent positive correlation between roughness of the shoe or floor
material and hysteresis friction. Typically, higher levels of roughness will result in higher
deformation in contacting asperities [23-25], which results in additional energy lost in the
viscoelastic material as it was observed in finite element model of Bui et al. [43] ,
experimental study of [23] and theoretical studies of [24,25]. The model predicted a
lower adhesion friction with increasing shoe/floor roughness due to a reduction in the
real area of contact. The decrease in the ratio of real contact area to normal force with
increasing shoe/floor roughness suggests that increased asperity height reduces the
amount that the soft shoe material conforms around the floor surface asperities in
agreement with tribological theory [27,44] and experimental study of [13].

The model predictions for the effects of sliding speed on adhesion are largely
supported by tribological theory, while the validity of the model's ability to predict the
effects of speed on hysteresis friction cannot be confirmed. The model, in agreement
with the experimental studies on wet adhesion, demonstrated a reduction in real area of
contact with increasing sliding speed. At higher sliding velocities, asperities of the soft
shoe surface will have less time to viscoelastically conform around the harder floor
asperities to form adhesional bonds, which reduces the real area of contact and
decreases adhesion. [36,45]. The results of the simulations indicated that speed does
not have a dramatic effect on the hysteresis friction and that the trend between sliding
speed and hysteresis friction changes with different materials and roughness levels,
while the experimental studies indicate that increasing sliding speed consistently
reduced the hysteresis coefficient of friction. The lack of agreement between the
simulations and experimental results may be due to limitations in the experimental
studies to isolate hysteresis from hydrodynamic effects. Those experiments used a high
viscosity oil to block adhesion and isolate hysteresis friction. However, these high
viscosity fluids also increase hydrodynamic pressures and reduce interaction by causing
separation between the surfaces [46,47]. To conclusively test the ability of the model to
simulate the effects of speed on hysteresis friction, novel experiments that isolate
hysteresis friction without viscous fluid would need to be developed. Alternatively, the
model developed in this paper would need to simulate the hydrodynamic effects of the
fluid [22]

One strength of the model is its ability to evaluate the net change in hysteresis
friction across shoe materials that have different material properties and roughness.
Nosonovsky et al. [48] explained that materials self-organize to different steady-state
roughness values dependent on their material properties and the counter surface that is
causing the wear. Previous work has attempted to describe the effects of shoe material
properties on shoe-floor friction, which has led to conclusions that softer shoe materials
lead to larger lubricated or hysteresis friction [13,49-51]. The model used in this study
reveals that the increased hysteresis friction for softer shoe materials is likely due to the
fact that softer shoe materials experience more adhesional wear [48,52-54], which
increases their roughness. Thus, the increased lubricated friction that has been



observed with the soft shoe is not directly caused by the softer material but rather its
higher roughness. The model used in this study was able to successfully determine that
the soft rougher shoe material had a net increase in the hysteresis friction. Therefore,
this model may have benefits in identifying shoe materials with high hysteresis friction
by considering both their material properties and steady-state roughness.

Future developments of the model may improve its utility in enhancing slip-
resistant shoe and floor designs. To improve the ability of the model to reproduce
experimental trends between hysteresis friction and sliding speed, a hybrid model
capable of considering the effects of both fluid and solid may need to be developed. The
fluid component of this model would need to model the hydrodynamic effects of the
model and its impact on the separation and deformation of the shoe material similar to
[22]. Findings of this study suggests that shoe and floor roughness, sliding speed and
material properties are the most important parameters for understanding the hysteresis
and adhesion friction in shoe-floor slip events and controlling these parameters can be
useful in designing slip-resistant shoe and flooring surfaces. The modeling study
presented in this paper could be used as a basic framework for more advanced models
of complex multi-factorial shoe-floor-contaminant friction by also considering the
macroscopic features of shoes such as tread.

G.2. Scientific Report #2: Microscopic models of fluid hydrodynamics and its
impact on COF [32] (Aim 1)

G.2.1. Methods

Experiments were conducted using a pin-on-disk type tribometer, the photograph and
schematic views of which are shown in Fig. 12(a) and 1(b), respectively. The pin-on-disk type
tribometer was custom developed by instrumenting a rate table (disk) on which the floor material
is mounted. A normal load is applied to the shaft directly above the shoe material (pin). When
the rate table rotates relative to the fixed shoe material the frictional (or shear) force is recorded
by load cells. The coefficient of friction was measured as the ratio between the measured shear
(frictional) force and the applied normal force.
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Figure 12. Custom pin-on-disk tribometer used to measure shoe-floor-contaminant coefficient of
friction (a) photograph, (b) schematic showing floor material (disk), shoe material (pin), and
direction of shear and normal forces used to calculate the coefficient of friction.

A pin-on-disk tribometer was used in this study because of its flexibility to easily modify
testing conditions and to understand fundamentally the interactions of the shoe and floor
surfaces. It is expected that shoe tread pattern and loading conditions that exist during actual
slipping accidents may affect the exact coefficient of friction measurements. Yet, because



previous research by one of the present authors [33] has shown a similar Stribeck effect with
entire shoes, it is anticipated that the general trends that are identified in this study are
applicable to whole-shoe testing. Using the pin-on-disk type apparatus, the sliding speed can be
varied over a range of speeds that are relevant to walking. Previously publications have
described the requirements for biomechanically relevant, ‘biofidelic’, slip resistance testing and
recommended a sliding velocity at the shoe-floor interface between 0-1.0 m sec™ [22]. In the
present study, experiments were conducted for 11 defined, biologically relevant sliding speeds,
namely 0.05, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9 and 1.0 m sec™. In addition, all tests were
carried out for a constant normal load of 20.9 N in ambient conditions, resulting in a contact
pressure of approximately 266.1 kPa. The normal load was selected to achieve a contact
pressure between 200 and 1000 kPa, which has been identified as a biomechanically-relevant
range of pressures [22]. In order to isolate boundary lubrication and wedge term effects specific
to the shoe and floor materials rather than the performance of a whole shoe design against a
floor surface, other biologically relevant parameters (i.e. shoe angle, tread, normal force build-
up rate) were not incorporated into the experimental design. A typical variation in the coefficient
of friction values recorded over a 10 second period is presented in Figure 13. As part of the
protocol, five experiments were recorded for each testing condition. The order of each set of
experiments was randomized.
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Figure 13. Typical time-history of coefficient of friction

In the presented experiments, materials and contaminants relevant to shoe-floor friction
were examined. The pins were made of untreaded polyurethane and the counterpart, floor
material, was made of commercially available vinyl tile. The pins were 10 mm in diameter with a
reduced radius of curvature of approximately 23.3 um. The floor material for all experiments was
standard 305 mm x 305 mm, 35 mm thick vinyl floor tiles with a track radius of 80 mm. The
surface roughness parameter, RMS of roughness (R,), of the shoe and floor materials was
measured using a 2D contact type stylus profilometer with a cutoff filter length of 0.8 mm. A
single floor material was used for all testing with a roughness value of Ry = 1.34 + 0.2 pym. The
roughness of the polyurethane shoe material was controlled by abrading the shoe material with
220 grit silicon carbide paper for each experiment, resulting in a roughness of approximately
8.2um. The fluid contaminants examined are water, 1.5% detergent, 25% water-75% glycerol
concentration, 50% water-50% glycerol concentration, 75 % water-25% glycerol concentration,
and canola oil with corresponding viscosities of 0.52 cP, 1.8 cP, 1.9 cP, 5.54 cP, 41 cP, and
74.6 cP, respectively. The viscosity of the fluids was measured at ambient conditions
(approximately 20-25°C) using a viscometer. The detergent-water concentration was selected to
follow the manufacturer’s instructions of approximately 1.5% detergent for normal cleaning.



Canola oil was selected since it is commonly present in a restaurant setting. Glycerol was
chosen because the fluid concentrations and viscosity can be easily varied to study the viscosity
effects.

In another set of experiments, the ability to vary frictional effects by varying shoe
roughness was explored. To vary the polyurethane shoe roughness, the shoe material was
abraded with varying grades of silicon carbide paper which resulted in a limited range of
achievable variation in RMS roughness, 9.3 um, 8.2 um, and 7.3 um corresponding to 100 grit,
220 grit, and 400 grit silicon carbide paper, respectively. For these experiments, three
combinations of glycerol and water, namely 25% water - 75% glycerol, 50% water - 50%
glycerol, and 75% water - 25% glycerol that were used in the previously described set of
experiments were applied to the shoe-floor contact.

Consistent with previous research, lubricated shoe-floor friction decayed with increasing
speed following the Stribeck effect [33, 34]. An exponential decay fit was used to quantify the
change (resistance to decay) in the coefficient of friction with increasing speed. A regression
analysis was performed using the following equation calculating variables relevant to quantifying
boundary lubrication friction and friction decay with speed.

COF = COFasymptote + (COFBL - COFasymptote) e_v/rhydro (17)

Equation (17) tracks the change in the coefficient of friction with speed and quantifies
boundary lubrication and hydrodynamic effects. COFg,_ is indicative of the coefficient of friction
under boundary lubrication, which occurs at very low speeds before hydrodynamic effects cause
a dramatic decrease in friction, and was calculated for the coefficient of friction value as velocity
approaches zero. The variable Thq, represents the resistance to decay of the coefficient of
friction due to fluid pressure or hydrodynamic lubrication effects which cause the coefficient of
friction to decrease. Thyaro IS @ measure most closely related to the hydrodynamic fluid effects
which causes the coefficient of friction to decay under the mixed-lubrication regime. As velocity
increases to high sliding speeds, the coefficient of friction approaches an asymptote which is
quantified by the variable COFasymptote.

An optimization method, the Nelder-Mead Simplex method [35], was used to fit the
above model, i.e. Equation (17), to the collected coefficient of friction data. Figure 14 shows an
example dataset fit with the regression equation, Eq. (17), resulting in a calculated boundary
coefficient of friction (COFg ) of 0.83, calculated hydrodynamic effect (Thyar) Of 0.18, and an
asymptote (COFasympiore) Of 0.16. The Nelder-Mead Simplex method is a direct search method of
nonlinear, unconstrained optimization and was applied to minimize the Euclidean distance
between the predictive exponential function and the collected coefficient of friction data,
resulting in a best fit equation [35, 36]. COFssympoe @nd COFg_ were bounded using MATLAB
[37] so that the resulting best fit does not include coefficient of friction values less than zero.
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Figure 14. Variation of coefficient of friction with speed (triangles) for 25% glycerol-75%
water lubrication and 8.2um shoe roughness; the solid line represents the exponential
regression fit. The values obtained for the variables of Equation (1) are COFg = 0.839,
Thydro = 0.184, and COFASYMPTOTE:O-164-

In addition to quantifying the boundary and hydrodynamic effects of empirical data, the
theoretical non-dimensional film thickness of each shoe-floor-contaminant combination was
calculated. Based on maps of lubrication regimes developed by Esfahanian and Hamrock [38],
shoe-floor-lubricant contact was identified to function under the isoviscous-elastic regime, also
known as soft-EHL. In the isoviscous-elastic regime, the fluid pressures are relatively low and
elastic deformation of material relative to the film thickness is relatively high [39]. This regime is
commonly encountered in scenarios such as seals and tires [39]. Hamrock and Dowson
developed the non-dimensional film thickness equation under soft-EHL by least-square fitting
data based on soft-EHL conditions [33]. Under soft-EHL contact the non-dimensional film
thickness is calculated from the following equation [39].

He,min = 7_4_3U0-65w—0.21(1 _ 0.856_0'31k) (18)
where
- o
He,min glm
_nv
" E'R'
w= 2
~ E'R

The parameters (velocity (v), reduced radius of curvature (R’), viscosity (1), effective
elastic modulus (E"), and normal load (w)) which were used to calculate the film thickness were
measured or calculated. The velocity, viscosity, and normal load were measured as testing
parameters. The effective elastic modulus was assumed to be approximately equivalent to the



elastic modulus of the much softer material, polyurethane, and measured to be approximately
2.0MPa [34]. Table 3 summarizes all relevant parameters used to calculate the non-dimensional
film thickness. The reduced radius of curvature was calculated by measuring the 2D surface
profile of the shoe pin and fitting a second-order polynomial, Eq. (3) [34], to the profile of the
shoe material to determine the curvature of the material.
h(r) = B x7r? (19)

Table 3. Results of regression variables (COFg., Thyaro, @Nd COFasympiote) fOr varying shoe
material roughness

Viscosity(composition) Roughness COFg, Thydro [M sec] COFsymptote
9.3um 0.817 (0.049) 0.235(0.086)  0.134 (0.033)
1.9¢P (25%-75% glycerol-
8.2um 0.656 (0.049)  0.500 (0.086)  0.099 (0.033)
water)
7.3um 0.648 (0.049)  0.467 (0.086)  0.112 (0.033)
9.3um 0.431(0.049) 0.260 (0.086) 0.128 (0.033)
5.54c¢P (50%-50% glycerol-
8.2um 0.470(0.049) 0.193 (0.086) 0.111 (0.033)
water)
7.3um 0.485 (0.054) 0.252 (0.097) 0.098 (0.037)

The reduced radius of curvature is then calculated from Equation (20). Figure 15 shows
an example of a surface profile fit with the second-order polynomial. The regression variable
indicative of curvature, B, was determined by regression fitting.

R' = (20)
2*B

The assumption that the shoe sample was symmetric was made based on similar profile

scans in perpendicular directions, resulting in k=1. The ratio of the film thickness to roughness

(A) is related to the transition between boundary lubrication, mixed lubrication, and full-film

lubrication. The ratio relates to asperity contact available. When A is less than 1, the contact is

defined to be in the boundary lubrication regime. When A is between 1 an 3, the contact is

defined to be within the mixed lubrication regime. When A is greater than 3, the contact is

defined to be in the full-film lubrication regime. The variable is calculated from the following
equation [39]

== (21)
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Figure 15. Example of surface profile fit with a second-order polynomial to calculate the reduced
radius of curvature (R'); the dotted line shows the measured surface profile and the solid line is

the second-order polynomial regression fit to the data
Statistical Analysis

ANOVA analyses were conducted to determine the effects of fluid composition and fluid
viscosity on the lubrication parameters, COFg, Thyao and COFasympwote. IN the study, fluid
composition was treated as a nominal variable, while fluid viscosity was treated as a continuous
variable. The effect of common liquid contaminants on boundary lubrication was evaluated with
liquid contaminant composition (viscosity) as the fixed-effect independent variable and COFg_
Thydro, @N0d COF4symptote @S the dependent variables. An alpha (a) value of 0.05 was used for all
analyses, based on a 95% confidence interval. Statistical analysis software, JMP 8 (SAS ®,
Cary, NC), was used for all statistical analysis. Only data sets with good regression fits (R*>0.8,
n=29) or moderately good fits (R?>>0.5, n=6) were used in this study.

G.2.2. Results & Discussion
Figure 16 shows the results of all data collection. All coefficient of friction values were found
to compress to a single master curve when the coefficient of friction was plotted with respect to
viscosity*speed. While not all testing conditions resulted in a decaying COF with speed over the
range of 0.05-1.0 m sec™, it is expected that over a greater range of speeds all conditions tested
in this study would follow the trend since all data was found to compress onto a single master
curve. The testing speed range of 0.05-1.0 m sec™ was selected to follow recommendations for

biofidelic testing conditions [22].
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Figure 16. Master curve of all COF data collected across all experiments plotted with respect to
viscosity*speed.

Figure 17 shows the variation of the regression fit of the coefficient of friction with varying
speed for various lubricants. Good exponential fits (R*>0.8) were achieved for the fluids: 25%
glycerol - 75% water, detergent, and 50% glycerol -50% water. A moderately good fit (R*>0.5)
was achieved for water. Good exponential regression fits could not be made for experimental
conditions lubricated with 75% glycerol — 25% water and canola oil (R°<0.5). The COFg_ for
canola oil and 75% glycerol - 25% water was estimated by the mean coefficient of friction for the
experiment. Since both lubricants’ coefficient of friction values did not vary considerably with
speed (i.e. standard deviation is less than 0.05), COFg_ was set to the average coefficient of
friction. However, since the experiments collected under 75% glycerol — 25% water and canola
oil lubricated conditions could not be fit with an exponential regression Thygo and COFasymptote
could not be calculated.
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Figure 17. Average exponential regression fits of average COF data under water, detergent ,
25% glycerol — 75% water, and 50% glycerol — 50% water lubrication.

Boundary Lubrication Effects

Figure 18 shows the variation of COFg, for varying lubricants. COFg_ was found to be
significantly affected by varying fluid lubrication as indicated by ANOVA analysis (Psuic<0.01).
The mean boundary lubrication coefficient of friction, COFg, was highest for water
(COF.=0.69(0.04)), followed by 25% glycerol - 75% water (COFg =0.65(0.03)), 1.5% detergent
(COFg, =0.58(0.03)), 50% glycerol - 50% water (0.47(0.03)), 75% glycerol - 25% water
(COFg.=0.16(0.05)), and then canola oil (COFg =0.10(0.02)), Fig. 7. Post-hoc analysis
revealed a significant difference between COFsL under water and 50% glycerol- 50% water
lubricated conditions. COFg, under 25% glycerol — 75% water lubrication was significantly
higher than COFg_ under 50%-50% glycerol-water lubrication. The COFg_ under canola oll
and the COFg_ under 75% glycerol — 25% water lubrication were not significantly different
between the two lubrication conditions. However, the COFg_ of canola oil and 75% glycerol
— 25% water lubricated conditions were both significantly lower when compared to water,
25% glycerol — 75% water, 1.5% detergent, and 50% glycerol — 50% water lubricated
conditions.
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Figure 18. Average COFg_ with standard deviations for water, detergent, 25% glycerol — 75%
water, 50% glycerol — 50% water, 75% glycerol — 25% water, and canola oil.

Boundary lubrication friction is significantly affected by the molecular structure of the
liquid lubricant, with long chains and polar molecules providing the best liquid lubrication [40].
These long polar chains form bonds with materials creating a molecular-scale lubricating film
between asperities [41]. These results are consistent with boundary lubrication theory since
water is composed of the shortest molecules used in this experiment with a chemical formula of
H,0O, followed by glycerol with a chemical formula of CsHs(OH)3, and canola oil has the longest
chain composed of a glycerin group with long carbon chains bonded to the glycerin’s hydroxyl
groups [42]. It is noteworthy that as the ratio of glycerol to water molecules increased, which
would subsequently increase the average chain length, the coefficient of friction consistently
decreased. The effect of chain length of detergent is unclear since the full composition of the
industrially available detergent was not available. However, most detergents are composed of
multiple components including surfactants [43] which can be used as wetting agents. Surfaces
that are wetted more easily typically result in better boundary lubrication [41].

Non-dimensional film thickness calculations provided insight into the lubrication regimes
in which each testing shoe-floor-lubricant condition operated. Figure (19) shows the calculated



non-dimensional film thickness for each testing condition. The calculated non-dimensional film
thickness of water is lowest throughout all conditions, corresponding to the highest level of
material contact and therefore presumably the highest coefficient of friction under boundary
conditions, COFg,. As predicted by the film thickness, the water lubricated contacts should
never transition out of boundary lubrication under the conditions tested. Contacts lubricated with
detergent and 25% glycerol - 75% water are also predicted to function only under boundary
lubrication. Under 75% glycerol - 25% water lubrication and canola oil lubrication the contacts
are predicted to transition into mixed lubrication with increased speed. It is important to note that
the non-dimensional film thickness parameter lambda (A) calculated in the present investigation
is contradictory with other shoe-floor-contaminant friction results, which report shoe-floor-
contaminant friction functioning heavily in mixed lubrication [33, 34]. The lubrication regimes
were previously [33, 34] identified by visual inspection. However, the calculation of non-
dimensional film thickness suggests that the contact is primarily in boundary lubrication (A<1),
transitioning into mixed lubrication at relatively high speeds. These results suggest a speed
effect within boundary lubrication.

CHANGE IN NON-DIMENSIONAL FILM THICKNESS WITH SPEED
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Figure 19. Calculated non-dimensional film thickness with increasing speed for water,
detergent, 25% glycerol — 75% water, 50% glycerol — 50% water, 75% glycerol — 25% water,
and canola oil lubricants (NOTE: the non-dimensional film thickness of detergent and 25%
glycerol — 75% water are very close and therefore appear merged)

Additional testing was performed to determine the effect of changes in shoe material
roughness on the coefficient of friction. Within the achievable range the polyurethane shoe
material roughness (R,) was 7.3um, 8.2um, and 9.3um. Roughness (p=0.3951) and roughness-
viscosity (p=0.0677) interaction did not have a significant effect on COFg, . Table 3 summarizes
the results of curve fitting the collected coefficient of friction data to calculate the regression
variables indicative of boundary lubrication and hydrodynamic effects. Previous researchers
have found that roughness (Rmw=4.4um-51.9um) across different shoe materials is correlated
with coefficient of friction [37, 38]. Yet it is unclear if the shoe roughness or the shoe material
properties cause the improved friction performance. Compared to the wide range of shoe
material roughnesses that typically occur across different shoe surfaces, the range examined in
this study was limited which may explain the lack of a roughness effect. Additionally, the
roughness of the less elastic material of a tribo-couple tends to have a significant influence on
friction, whereas the asperities of the softer material tend to deform resulting in minimal
influence on friction [39]. Moreover, using silicon carbide paper may not be an effective way to



modify shoe roughness to achieve improved slip-performance. In this study, there was no
significant difference or trend observed in COFg_ due to order.
Hydrodynamic Effects

Figure 20 shows the variation of Thy4o With viscosity for various lubricants. Varying fluid
contaminant significantly affected 7,4, as indicated by ANOVA analysis (p,ig<0.001). The fluid
viscosity had a prominent affect on the hydrodynamic lubrication variable, Tnyq. Higher fluid
viscosity resulted in less resistance to coefficient of friction decay with increasing speed. Mean
Thyaro Was 2.09(0.27), 0.68(0.17), 0.50(0.17), and 0.19(0.17) m sec™ for water (0.52cP), 1.5%
detergent (1.8cP), 25% glycerol - 75% water (1.9cP), and 50% glycerol — 50% water (5.54cP),
respectively. When lubricated with water, the value of T4, Was very high indicating a low
sensitivity of the coefficient of friction to increasing speed, whereas Ty Was low for 50%
glycerol -50% water lubrication indicating low resistance of coefficient of friction to decay with
increasing speed. The effect of fluid viscosity on hydrodynamic lubrication is consistent with
previous research [33, 34, 44, 45]. Higher fluid viscosity resulted in a high rate of coefficient of
friction decay with increasing speed as a result of fluid pressure build-up due to the wedge
effect [34, 45].
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Figure 20. Average Thyqro With standard deviations for water, detergent, 25% glycerol — 75%
water, and 50% glycerol — 50% water lubrication.

COF.symptote Was  significantly affected by fluid contaminant composition (p<0.05).
COFasymptote Was 0.001(0.000), 0.001(0.000), 0.099(0.027), and 0.111(0.027) when the shoe-
floor material was lubricated with water, 1.5% detergent, 25% glycerol -75% water, and 50%
glycerol -50% water, respectively. It should be noted that the two lowest viscosity fluids (water
and 1.5% detergent), which never fully achieved their lower asymptote, had the lowest values of
COF.sympiote- Because these fluids did not approach an asymptote in the tested range of speeds,
the estimate of COFasympiote IS NOt as reliable for water and detergent as it would be for the other
fluids. Lubricated engineering materials typically have a coefficient of friction that approaches
values as low as 0.001 with increasing speed [41]. In this study, as well as other studies that
have looked at lubricated shoe-floor friction over speed [33, 34], it has been found that values of
shoe-floor-contaminant coefficient of friction often have much higher asymptotic values closer to
0.1 under the examined conditions. The calculations of non-dimensional film thickness suggest
that the shoe-floor-lubricant contact never reaches full hydrodynamic lubrication which may
explain the higher than expected asymptote. With increased speed, the contact may transition
into full hydrodynamic lubrication, however it is predicted that these speeds would be outside of
the range expected for human ambulation.

Additional measurements examining the effect of achievable variations in shoe
roughness under varying concentrations of glycerol identified no roughness effect (Table 3).
Thyaro Was not significantly affected by roughness (p=0.395) or viscosity-roughness (p=0.167)
interaction and no trends were observed. The asymptote that COF approaches, COFasymptote,



was not found to be significantly affected by fluid viscosity (p=0.919), shoe material roughness
(p=0.673), or the combined viscosity-roughness effect (p=0.925). In this study, there was no
significant difference or trend observed in Tyygro, OF COF asympiote due to order.

The purpose of this study was to evaluate the effects of varying liquid lubricant and
achievable shoe material roughness on the coefficient of friction between a single shoe
(polyurethane) and a single floor material (vinyl tile). Understanding the lubrication regime that is
relevant to a fluid might be critical to identifying shoe and floor surfaces that should be used in
environments where specific fluids are present. A combination of understanding the boundary
lubrication and hydrodynamic effects may allow for improved selection of shoe-floor
combinations in expectation of the presence of a lubricant. For example, when a relatively good
boundary lubricant is present, shoe and floor materials should be selected that are able to
penetrate the boundary lubrication layer and make material contact. Whereas when a fluid is
present that produces significant hydrodynamic effects, improved shoe tread might be
additionally necessary to reduce hydrodynamic pressures and subsequently improve frictional
properties.

Limitations

A limitation of the regression model is that it did not effectively describe all experimental
conditions. Not all testing conditions resulted in a decaying COF within the examined range of
speeds, 0.05-1.0 m sec™. It is expected that if the testing speeds were extended, the model
would have fit the water and 1.5% detergent, which is supported by the fact that all data was
found to compress onto a master curve (Fig. 16) when COF was plotted with respect to
viscosity*speed. The model may be less appropriate for long molecular length, high viscous
fluids including canola oil and high concentration glycerol.

Lubrication regimes were identified quantitatively by employing Hamrock and Dowson’s
dimensionless film thickness equation for soft-EHL. In this study, the equation was used to
approximate the film thickness and identify lubrication regime. However, a limitation of the
equation is that it was derived from limited testing and therefore was only used to approximate
shoe-floor-lubricant lubrication regimes.

G.3. Scientific Report #3: Microscopic models of fluid in boundary lubrication
and its impact on COF [46] (Aim 1)

G.3.1. Methods
Apparatus and Materials:

Experiments were conducted using a custom developed pin-on-disk type tribometer as
presented in Fig. 12 (a) and 1(b). The floor material (disk) was mounted on a rate table and the
shoe material (pin) was mounted on a shaft and bearing couple. A normal load is applied to a
shaft directly above the pin. When the rate table rotates relative to the fixed shoe material (pin)
the frictional force is recorded by load cells.

Three shoe materials, polyurethane (40 Shore A hardness) and two rubber materials (60
and 70 Shore A hardness) were examined. Shoe material specimens were all 10 mm diameter
circular samples and untreaded. Commercially available vinyl tile (99 Shore A hardness) and
marble tile (>>100 Shore A hardness) samples (304.8mm x 304.8mm x 35 mm in dimensions)
were tested. A durometer was used to measure the hardness of each shoe and floor sample on
a Shore A scale of 1 to 100. The hardness of the marble sample greatly exceeded the Shore A
scale. Therefore, the effect of varying the ratio of shoe to floor hardness is discussed
gualitatively. The ratio of shoe hardness to floor hardness would be greatest for 70 Shore A
hardness rubber to vinyl tile contact and smallest for polyurethane to marble tile contact.

In addition to material hardness, the roughness of the shoe and floor material samples
was measured. Preliminary experiments revealed that material properties and surface structure
could not be varied independently and the harder shoe materials tended to be less rough than
the softer shoe materials. In order to quantify material roughness, a 2D contact type stylus



profilometer was used to measure surface roughness parameters of all materials. The variables
presented are the arithmetic mean (R,), the maximum peak to valley height (R,), the maximum
profile peak height (R,), and the total height of the profile (R;) using a cutoff length of 0.8 mm.

Eight lubrication conditions were examined: dry (unlubricated), water (0.52 cP), 1.5%
diluted detergent (1.8 cP), 25% glycerol-75% water (1.9 cP), 50% glycerol-50% water (5.54
cP), 75% glycerol-25% water (41 cP), canola oil (74.6 cP) and SAE 75W-140 gear oil (376.5
cP). Some lubricants were selected based on their relevance to a slip and fall accident (water,
detergent, vegetable oil). Other lubricants were chosen so that their fluid properties could be
easily controlled (diluted glycerol concentrations). The dry and SAE gear oil were used to
guantify the amount of friction due to hysteresis and adhesion as described in Section 3.3 (Data
Analysis).

Experiments:

Tests were carried out under a normal load of 20.9 N in ambient conditions, resulting in a
biofidelic contact pressure of approximately 266.1 kPa [8], and at a single sliding speed of 0.01
m sec™ selected to be low enough to ensure boundary lubrication. Shoes were conditioned with
220 grit sand paper between each measurement to ensure that the shoe roughness was
consistent across trials. Each trial consisted of 10 seconds and the frictional force was recorded
once steady state friction force was achieved (Fig. 21). Between trials, fluids were completely
cleaned from the surface with detergent and water and then were rinsed with water. Under the
testing conditions, the soft-EHL equations for determining film thickness were found to be most
appropriate [38]. These soft-EHL equations were applied to estimate the film thickness in order
to verify the lubrication regime [47]. The equivalent modulus was assumed to be equal to the
softer shoe materials, which were polyurethane and rubber (approximate elastic modulus of 10-
50 MPa [48, 49]). These equations indicated that the film thickness was much less than the
RMS roughness for all conditions, thus confirming the boundary lubrication assumption.
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Fig. 21. Typical time-history of friction force during experiment.

Data Analysis:

The contributions of adhesion and hysteresis to the overall dry friction were quantified by
considering both dry conditions and conditions where an excellent boundary lubricant was
assumed to block all adhesion. This method has been used to isolate the relative contributions
of adhesion and ploughing during metal friction [50, 51]. The dry friction force (F) was assumed
to include friction due to the adhesion and hysteresis contributions, Eq. (22).

Fdry = Fadhesion +F hysteresis (22)



The lubricant, SAE 75W-140 gear oil (376.5 cP), was used to block most of the
adhesion and to isolate the friction due to hysteresis [52]. The difference between the dry and
SAE 75W-140 lubricated, Fsae 75w-140, friction represents the friction due to adhesion, Eq. (24)
[52].

Fuysteresis = Fsag 7sw—140 (23)
Fadhesion = Fdry —-F hysteresis (24’)

The amount of boundary lubrication adhesion in the presence of fluid contaminants was
then quantified. The friction force due to adhesion was calculated for each lubricant by
subtracting the hysteresis friction (Eq. 25) from the friction for a given lubricant.

Fadhesion(lubricated) = Fubricatea = thsteresis (25)
Statistical Analysis:

Statistical analyses were performed to identify significant effects of shoe material and
flooring on dry adhesion and hysteresis friction and to identify significant effects of shoe
material, flooring and fluid on the lubricated adhesion. An ANOVA analysis was conducted with
Fadnhesion and Frysieresis @S the dependent variables and shoe material and flooring as the
independent variables. The lubricated friction due to adhesion (Fagnesion(ubricated)) Was analyzed
using two ANOVA models. The first model was meant to determine the contributions from the
shoe, flooring and lubricant on adhesion friction. Independent variables for this analysis included
the shoe material, floor material, lubricant and all interaction effects. The second model was a
simplified model to determine the predictive ability of just the fluid and dry adhesion friction
based on the principle that a fluid blocks a portion but not all adhesion friction. Fagnesionqubricated)
was the dependent variable and the fluid, Fagnesion(ryy @and their interaction were the independent
variables. If these variables were found to be statistically significant, a regression model using
the parameter estimates would be generated (Eq. (26)) with a and B as fluid properties and
Fadnesion(ary) D€ING @ property of the combined shoe and floor combination. The fluid parameter, q,
represents how much adhesion friction the fluid has while the parameter, B, represents the
dependence of the adhesion friction on the dry friction.

Fadhesion(lubricated) =a+ ﬁ * Fadhesion(dry) (26)

G.3.2. Results & Discussion
Adhesion
Dry adhesion friction was significantly affected by the shoe material and shoe-material-
flooring interaction (p<0.01). For both flooring conditions, adhesion was highest with the hardest
rubber shoe material and lowest for the relatively soft polyurethane shoe material (Fig. 22). The
marble flooring was found to have higher adhesion than the vinyl flooring with the hard rubber
shoe surface but this effect was reversed for the soft rubber and polyurethane shoe materials.
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Fig. 22. Change in adhesion friction (FFadhesion) with respect to varying shoe and floor
materials

The result that harder materials resulted in higher adhesion friction initially seems to
contradict adhesion theory. Typically, softer and more compliant materials are associated with
higher adhesion due to an increase in the real area of contact between materials [41]. The
results of this study, however, may be explained by the inverse relationship between shoe
hardness and roughness (Table 4). Material properties and roughness are both contributing
factors to the real area of contact [53]. Thus the low roughness of the hard material may have
actually resulted in a higher real area of contact than the soft but high roughness polyurethane.
Another explanation for this effect may be that the hard material formed stronger adhesional
junctions with the floor surface that may have required higher shear forces to break due to an
increased level of fracture toughness [54].

Table 4: Surface profile parameters for all shoe and floor samples, average of 5 measurements
* standard deviation

Material Ra(um) Rz(um) Rp(pm) Rr(um)

polyurethane (40 Shore A) | 6.46 +0.78 31.32+4.95 16.74+3.00 36.22+6.60
Rubber (60 Shore A) 5.23+0.50 29.26+2.59 13.66+1.11 35.10+4.95
Rubber (70 Shore A) 3.39+0.38 19.98+2.77 8.94+1.09 23.98+4.46
Vinyl (99 Shore A) 1.89+0.19 12.42+2.00 4.92+0.66 30.54+9.84
Marble (>100 Shore A) 0.17+0.05 1.86+0.48 0.40+0.25 11.50+3.18

Hysteresis:

Hysteresis friction was found to be affected by both the shoe and the floor materials (Fig.
23). Hysteresis friction tended to be highest for the softest material and lowest for the hardest
material. In addition, the greatest hysteresis occurred when the hard marble was combined with
the soft polyurethane while the smallest hysteresis was found when the hard rubber was



combined with the softer floor material, vinyl. These results are consistent with hysteresis theory
that states hysteresis friction is proportional to the penetration depth of the hard asperity into the
softer elastomer [55]. A softer shoe material would allow the floor asperities to achieve greater
penetration depth.
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Fig. 23 Change in hysteresis friction (FFhysteresis) with respect to varying shoe and floor
materials

Effect of Lubricants on Adhesion

The FFaanesion Was found to be significantly affected by shoe material (p<0.001), lubricant
(p<0.001), shoe-floor interaction (p<0.05), shoe-lubricant interaction (p<0.001), and floor-
lubricant interaction (p<0.001). Adhesion in the presence of a fluid, therefore, is a complex and
multifactorial parameter that is influenced by the shoe material, floor material and fluid. For the
case of polyurethane, the amount of adhesion was highest for the water, followed by a statistical
tie between the 25% and 50% diluted glycerol, then detergent and 75% glycerol and then
canola oil (Fig. 5). The soft rubber shoe material had, on average, more adhesion friction than
the polyurethane and hard rubber, which were similar (Fig. 5). The addition of a liquid lubricant
typically results in decreased surface energy and thereby decreased adhesion [41]. Adhesion
was blocked least in the water and most in the high-viscous canola oil. While there were not
significant differences across the different concentrations of glycerol, the boundary lubrication
friction force tended to have an inverse relationship with both the viscosity of the fluid or the
length of the molecules [41]. Water is composed of the shortest chain molecules and therefore
only formed a small monolayer, whereas canola oil is composed of the longest chain molecules
and therefore was able to block more adhesion by generating a larger monolayer.

Further exploration of the lubricant-shoe material interaction revealed that the friction
variation across the fluids was just 0.89N (range from 1.87 to 2.76N) for polyurethane shoe
material but was 4.61N (range from 0.45 to 5.06N) and 3.88N (1.25 to 5.02N) for the hard
rubber and soft rubber, respectively (Fig. 24). The shoe-lubricant effect may be explained by
elastomer tribology theory that has examined the friction and wear of elastomers in the
presences of fluids. Polyurethane materials have been shown to resist polishing [56], have a
higher friction coefficient in the presence of oil contaminants [57] and wear at a slower rate than
rubber during sliding in the presence of a fluid [58]. Therefore, rubber is more prone to react
with lubricants during sliding. This may explain why the variation in frictional force across the
different fluids was so much higher for rubber than it was for the polyurethane material. These



results identify that some shoe materials (i.e. polyurethane) have adhesion friction that is largely
independent of the fluid that is present. This may provide guidance to identify the best shoes for
resisting low boundary lubrication friction in environments where excellent lubricants (i.e. oils)
are found.
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Fig. 24: Adhesion friction force (FFadhesion(lubricated)) with respect to varying
lubricants and shoe materials

Further exploration of the shoe-floor interaction indicated that the vinyl flooring had more
friction than the marble flooring although this relationship was reversed when tested against the
soft rubber shoe material (Fig. 25). The floor-lubricant interaction was driven by the lower
marble adhesion friction than vinyl adhesion friction for all fluids except the low-concentration
glycerol fluids. The R? of the ANOVA model considering shoe, flooring, lubricant and first order
interactions was 0.66 indicating that 66% of the friction variation could be explained by
considering the primary and first interaction effects.

7
6
55
2 M Polyurethane
24
H m 70 Shore A
3 Rubber
52 160 Shore A
Rubber
1
0

Marble Vinyl

Fig. 25: Adhesion friction force (FFagnesiongubricatea)) @Cross the different shoe and floor
surfaces



The second model (Eq. 5) revealed that the lubricant (p<0.001), dry adhesion friction
(p<0.001) and their interaction (p<0.01) were statistically significant. This model had an R? of
0.49 indicating that fluid and dry adhesion friction alone were capable of predicting 49% of the
total adhesion friction. The a fluid estimate, which indicates adhesion friction independent of the
shoe-floor combination, was found to be highest for water, lowest for canola oil and similar for
detergent and glycerol combinations. The B parameter, which indicates the dependence of
lubricated adhesion friction on dry adhesion friction, was found to be highest among the glycerol
fluids, moderate for the water and detergent contaminants and low for the canola oil
contaminant (Table 5). Therefore, some fluids (i.e. water) have high adhesion friction but are not
strongly linked with the dry adhesion friction, while the glycerol contaminants have lower
adhesion friction intercept but the lubricated adhesion has strong dependence on dry adhesion
friction. Canola oil has low adhesion friction and the lubricated adhesion has a low dependence
on the dry adhesion. The average error between the predicted values and the actual friction
values was 1.05N, which was only slightly higher than the average standard deviation for each
shoe-floor-fluid combination (0.82N). These experimental results demonstrate the potential for
an adhesion friction model, which is based on just two fluid parameters and the dry adhesion
friction, to predict lubricated adhesion friction. This regression model may be incorporated to
improve existing shoe-floor-contaminant friction models that have considered the
hydrodynamics between shoe and floor materials but have not considered the boundary
lubrication effects [59].

Table 5: Parameter estimates (a and ) for predicting lubricated adhesion

Fluid a (N) B
Water 4.3263 0.0531
1.5% Detergent 2.6125 0.0399
25% Glycerol 2.5707 0.0822
50% Glycerol 2.8006 0.1027
75% Glycerol 2.3826 0.0927
Canola oll 1.7556 0.0106

Limitations/Assumptions

1. This study only considered a single normal load and sliding speed. Coefficient of friction for
shoe and floor materials has been shown to have some dependence on the normal force [60].
Therefore, the friction values and the trends observed in this study may vary with normal force.
The adhesion friction regression equation also may have minimal relevance as the normal
loading approaches 0 [61]. The normal force was selected so that it resulted in contact
pressures similar to walking (See Section 3.2), to ensure relevance to human slipping events. In
addition, sliding speeds were relatively low (0.01 m sec™) compared to slipping events (up to 1
m) [62] in order to isolate the effects of boundary lubrication. Slipping events occurring at higher
speeds may include hydrodynamic effects due to the wedge term [59, 60]. Friction
measurements were conducted at steady state, which may ignore transitional squeeze film
effects [63].

2. While adhesion was assumed to be mostly blocked by SAE 75W-140 ail, it is likely that a very
small amount of adhesion could have still occurred at the interface, which was included in the
hysteresis portion of friction.



3. Experiments were conducted using a pin-on-disk apparatus, which did not include many of
the dynamic effects of slipping or the hydrodynamic effects in the shoe-floor surface during
slipping. These results, however, are expected to be relevant to slips that occur in the absence
of hydrodynamic effects. The fact that boundary lubrication friction forces were frequently under
20% of the normal load (i.e. under an available coefficient of friction value of 0.20) threshold
needed to support ambulation [64] indicates that slips may occur in the absence of
hydrodynamic effects.

G.4. Scientific Report #4: Under-Shoe Fluid Pressures During Slip-Testing:
Effects of Fluid and Shoe Tread [65] (Aim 2)

G.4.1. Methods

Apparatus, Experiments and Materials

The experimental apparatus consisted of a robotic device that reproduced forces and
sliding speeds similar to a human slip, a force plate and a fluid pressure sensor embedded in
the floor that measured hydrodynamic pressures. The robotic device was similar to the Portable
Slip Simulator, which is a portable adaptation of the Slip Simulator and was developed by
researchers at the Finnish Institute of Occupational Health [66]. The device consists of three
linear motors installed vertically to generate vertical forces and a horizontal motor that moved
the shoe anteriorly during the slip (Figure 26). Vertical forces of approximately 250 or 500 N
were built up over a 30 ms time period with higher forces being used for lower friction values
[66] (Figure 27). The lower vertical forces were used when the coefficient of friction exceeded
0.11 because of a limited force production capacity in the horizontal motor. The selection of the
vertical force level has previously been shown to not affect results of this device between 250 or
500 N [66]. The magnitude of the vertical force was selected so that it produces about 40-85%
of the body weight for a 60 kg adult, which is in the approximate range of the peak force
typically generated during unexpected slips [64]. The sliding velocity was held at approximately
0.7 m/s during the simulated slip similar to sliding velocities that have been previously
demonstrated in human slipping studies (Figure 27) [14]. Shoe angle was set to 10 degrees,
which is similar to shoe angles that are observed during slipping [67, 68]. These testing
conditions were consistent with a set of testing recommendations that have been set by a group
of slip-testing experts [8]. All data was collected at room temperature (20°C) and the fluid
contaminants were given adequate time to reach room temperature before tests were
conducted. The robotic device was operated over a force platform in order to ensure the correct
normal forces during the simulated slip were achieved (Figure 27). A fluid pressure sensor
(Setra 209, inlet diameter: 10 mm) was embedded into the floor surface to measure
hydrodynamic pressures in the shoe-floor interface. The top of the pressure sensor was slightly
recessed below the top of the floor surface to prevent it from interfering with the shoe. This
method has been used in other tribological applications such as chemical mechanical polishing
to measure thin-film fluid pressures [69]. Pressure data were sampled at 1000 Hz.
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Figure 26: Slip-testiné apparatus including the device and the pressure sensor.
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Figure 27: Representative forces and sliding speeds from a slip test. In the top graph, Fz is the
normal force, Fy is the shear force in the slipping direction, and Fx is the shear force
perpendicular to the slipping direction.

For each shoe-floor-fluid condition, seven trials were collected to characterize the fluid
pressures across the shoe surface. The shoe was placed in a different location relative to the
pressure sensor for each of the seven fluid pressure trials so that a different part of the shoe
was measured with each trial. Between each of the fluid pressure trials, the shoe was moved 10
mm laterally. A reflective marker was attached to the shoe and tracked with motion capture
system (Motion Analysis Corporation, Santa Rosa, CA) in order to determine the position of the
shoe relative to the pressure sensor. Floor surfaces were flooded with the fluid contaminant to
the point where adding additional liquid did not increase the thickness of the fluid film. The inlet
of the pressure sensor was fully filled with the fluid to prevent air, which is compressible, from
affecting the measurements. Fluid contaminants were reapplied to the floor surfaces between
each trial. The shoe surface was pre-wetted with the contaminant before the start of data
collection and the shoe surface was thoroughly cleaned before a new fluid was tested to ensure
no contamination across fluids.

The testing materials included two shoe types, which were abraded to three different
tread depth levels, one floor material and two fluid contaminants. The shoe designs included an



athletic shoe and a work shoe (Figure 28), the flooring was a vinyl tile and the fluids included a
diluted glycerol solution (90% glycerol and 10% water by volume, 219 cP) and a detergent
solution (Pledge Commercial Line Multi Surface Floor Cleaner ®) (1.5% detergent, 98.5% water
by volume, 1.89 cP). Shoe heels were abraded in order to systematically remove tread, similar
to methods developed by the International Standards Organization for evaluating the abrasion
resistance of shoe materials [70]. The three different tread depth levels included full tread,
where the shoes were just lightly abraded to remove the outermost layer; half tread, where tread
was removed until the tread depth was approximately half of its original level; and no tread,
where most of the tread was removed (Figure 28). During the abrading process, the material
removal process was periodically paused to ensure that heat generation was not causing a
chemical change in the shoe material. Because of the complex shape of the athletic shoe’s
tread, some minor tread features were not fully removed in order to prevent exposing the
midsole material. Shoe hardness was measured using Shore A hardness scale, tread was
measured using calipers and shoe roughness was measured using a 2D profilometer (see
Table 6 for measurements). Hardness, tread and roughness measurements were taken from
the back section of the heel. The floor hardness was measured to be 99 on a Shore A scale.
The floor roughness had an average roughness (Ra) of 0.33 ym, an RMS roughness of 0.45 pm
and an average peak to valley height (Rz) of 1.00 ym. Roughness and waviness quantities were
measured at 4 different orientations over an evaluation length of 8mm with a stylus profilometer
(Taylor Hobson Surtronic 25), calculated using a cutoff length of 0.8 mm and averaged.

Figure 28: Shoeé tested in this study from left to right are: full tread athletic, half tread athletic,
no tread athletic, full tread work, half tread work, and no tread work shoe. Tread was only
removed from the heel of the shoe as that was the contact region during slipping.

Table 6: Tread width, tread depth, shoe hardness, and shoe roughness for all of the shoes
considered in this study.

Work Shoe Athletic Shoe
Full Half No Tread Full Half No Tread
Tread Tread Tread Tread
Tread channel
width (mm) 25 2.4 N/A 55 3.5 N/A
Tread depth 3.0 15 0 40 2.0 0.0
(mm)




Shoe Hardness
(Shore A) 58 71 68 85 83 79

Roughness (Ra)

(um) 7.24 5.74 4.44 5.05 5.24 4.43

Data Analysis

A map of the fluid pressures across the shoe surface was developed by combining
multiple fluid pressure scans. The location of the shoe relative to the pressure sensor was
calculated for each time point for each of the seven scans in order to generate a 2D map of
hydrodynamic pressures. The total load supported by the fluid was calculated by integrating the
fluid pressures over the shoe sole surface. A numerical integration technique was applied to
calculate the load supported by the fluid. Specifically, each pressure value was multiplied by the
distance between scans, Ax (10 mm), and the displacement between each time series sample,
Ay (Eq. 27). The displacement between each time series sample is the product of the sliding
velocity (0.7 m/s) and the time between samples (0.001s). This analysis relied on the
assumption that the fluid pressures were in steady state since the different time points were
used to calculate fluid pressures at different locations. High load support by the fluid is indicative
that a fluid film is separating the surfaces [59]. The effects of tread depth and fluid viscosity on
the fluid pressure support were tested using an ANOVA where the total load supported by the
fluid was the dependent variable. Fluid, tread depth and their interaction were the independent
variables.

NFguig =D PAXAY = > pAX* VAL Eq. (27)

G.4.2. Results
Substantial hydrodynamic pressures were observed in conditions where the high viscosity fluid
was combined with untreaded shoes (Figure 29). Peak hydrodynamic pressures were located
centrally on the posterior portion of the heel for the work shoe and were distributed across the
posterior portion of the untreaded athletic shoe. The fluid pressures of the athletic shoe were
divided into two regions on either side of a tread channel that ran in an arc across the posterior
portion shoe (Figure 28). The largest fluid pressures were identified on the medial side of the
shoe just anterior to this tread channel (Figure 29). The peak hydrodynamic pressure was 234
kPa and 214 kPa for the work shoe and athletic shoe, respectively. Tread depth (p<0.01), fluid
(p<0.01) and the interaction between fluid and tread depth (p<0.01) all significantly influenced
the load supported by the fluid. The load supported by the fluid was 201 N of the 500 N vertical
force for the untreaded work shoe and 83 N of the 500 N vertical force for the untreaded athletic
shoe when the glycerol was present (Figure 30). The load supported by the fluid was negligible
(i.e., was less than 5N or 1% of the total normal load) with medium or full tread shoes or with a
low viscosity fluids.
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Figure 29: Hydrodynamic pressure profile of the work shoe (left) and the athletic shoe (right).
The axis on the left represents the position relative to the center of the heel (lateral is positive)
and the axis on the right represents the anterior position from the heel.
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Figure 30: Effects of tread depth on the load supported by the fluid for the work shoe (left) and
the athletic shoe (right) in the presence of glycerol (black bars) and detergent (gray bars).

G.4.3. Discussion

This study aimed to introduce an approach for measuring fluid pressures in the shoe-
floor interface and demonstrate its utility by evaluating different tread depths and fluids for two
different shoes. The methodology successfully measured hydrodynamic pressures, which were
mapped across the shoe surface. Hydrodynamic pressures were observed when a high
viscosity fluid was combined with an untreaded shoe. Hydrodynamic pressures were not
present for treaded shoes and when a low viscosity fluid was present.

The empirical relationships between fluid pressures, tread depth and fluid are consistent
with tribological theory and human-based slipping studies. The absence of shoe tread led to the
development of fluid pressures as has been hypothesized by other researchers [71-74] and
confirmed in unexpected slips of human subjects [3]. Since the film thickness (h), a function of
the shoe geometry [59], has an inverse relationship with fluid pressures (p) according to the
Reynolds equation (Eq. 1a), the finding that tread channels reduce fluid pressures is consistent
with this theory. Also, the absence of hydrodynamic pressures for the low-viscosity fluid is
consistent with the Reynolds equation. Since viscosity, n, is in the denominator of the left-hand
terms that include pressure, p, as a numerator; a positive association between fluid pressure
and fluid viscosity is expected.

Measuring hydrodynamic pressures may serve as a tool for designing shoe tread and
developing shoe replacement guidelines. For example, the peak pressures were found near the
centerline of the shoe approximately 20 mm anterior of the heel, suggesting that tread is most
critical in this region of the shoe. Furthermore, a tread depth of 1.5 mm and 2.0 mm was
sufficient to eliminate fluid pressures in the work and athletic shoes, respectively. Interestingly,
the relationship between fluid pressures and tread depth were not linear. Fluid pressures
dramatically decreased from no tread to half tread and then did not change between half tread
and full tread. This suggests that shoe wear may have little effect on the slip-resistance of shoe



tread until a threshold is reached. Once the wear threshold is reached, a dramatic reduction in
slip-resistance can be expected when stepping on high viscosity fluids. The threshold at which
fluid pressures begin to develop may provide a basis for developing shoe replacement
guidelines. Lastly, the finding that fluid pressures were only observed for the high viscosity fluid
suggests that tread becomes particularly important in environments where high viscosity fluids
(i.e., vegetable oils, machining oils, etc.) are common.

Future experimental studies should focus on expanding the number of conditions that
were considered including additional tread designs, flooring and fluids. In addition, the effects of
testing parameters such as shoe angle, slipping speed and vertical forces on hydrodynamic
effects are not yet known. The method of artificially wearing the shoes using abrasion should be
validated by comparing the results of this study with fluid pressures from naturally worn shoes.
Since shoe roughness changed as the shoe wore down, additional studies should be conducted
to determine if fluid pressures are more dependent on the macroscopic-scale features (tread) or
the microscopic-scale features (roughness) of the shoe outsole. Lastly, a sensitivity study
should be conducted to determine whether the load supported by the fluid is sensitive to the
distance between scans and to determine if a gap of 10 mm is accurate for characterizing fluid
pressures across the entire shoe surface.

G.5. Scientific Report #5: Under-Shoe Fluid Pressures During Unexpected
Slipping [75] (Aims 2 and 3)

G.5.1. Methods

Eighteen subjects between the ages of 20 and 33 years old were recruited to participate
in the study (10 female, mean + standard deviation: age 23.5 + 4.0 years, height 1.71 + 0.072m,
weight 70.0 + 11.8 kg), which was approved by the University of Pittsburgh Institutional Review
Board. Only healthy subjects without significant musculoskeletal or neurological disorders were
included. All subjects provided informed consent prior to data collection.

Participants performed two sets of walking trials, both of which concluded with an
unexpected slip. Participants wore fully treaded shoes during one slip and untreaded shoes
during the other slip. The shoes were made of a rubber compound (Shore A Hardness: 58) and
were advertised as being slip-resistant (Figure 31). The treaded shoes had a tread depth of 2.4
mm, a tread width of 5 mm and a tread channel width of 2.4 mm, while the untreaded shoes had
the tread completely removed from the shoe sole (Figure 31). An abrasion process was used to
remove the tread using 80 grit sand paper similar to standard testing methods for shoe wear
[70]. The order in which the shoes were introduced was randomized. Slips were induced with a
90%:10% glycerol:water solution (viscosity: 219 cP) that was spread evenly across a
610x610mm floor surface. Prior to each slip, participants performed 5-8 baseline dry trials.
During the baseline dry trials, the participants’ starting position was adjusted so that their heel
hit directly behind an array of fluid pressure sensors. Participants listened to music and faced
the wall between each trial to reduce their awareness that a fluid contaminant had been placed
on the floor, similar to previous studies that have achieved unexpected slips [76-79]. The lights
were dimmed to obscure the condition of the floor. Subjects were made aware during the
informed consent process that they might experience a slippery floor at some point but were not
informed of the location, nature or timing of the slippery surface. Subjects’ pressure data were
analyzed only if they either stepped directly on the fluid pressure sensor array or if they slipped
across the array. A subject was considered to have stepped or slid on a fluid pressure sensor if
a marker placed on the subject’s heel passed within the boundaries of the sensor array during
the slip. The heel marker was used instead of other foot markers because previous studies have
indicated that the foot is inclined at the start of an unexpected slip and that the heel portion of
the shoe is in contact with the floor throughout the slip [14, 67]. Eleven of eighteen slips with
untreaded shoes and six of eighteen slips with treaded shoes met these qualifications and were



included in the analysis. Peak slipping speed was only calculated when the subject stepped
cleanly on the glycerol-covered area.

Figure 31: Picture of the fully treaded shoes (left) and the untreaded shoes that had the tread
fully removed (right)

The instrumentation included an array of fluid pressure sensors and a reflective marker
placed posteriorly and inferiorly on the heel. A 3x3 array of fluid pressure sensors were
embedded beneath the floor surface to measure hydrodynamic pressures as the participants
slipped across the floor surface (Figure 32). The fluid pressure sensors were spaced 30 mm
apart from each other in both directions. The pressure sensors (Gems ® 3100-R-150PG-08-F-
X-3) had an inlet diameter of 4 mm, accuracy of 2.5 kPa and range of 1000 kPa. When the fluid
contaminant was applied to the floor, the inlet of each pressure sensor was filled completely
with fluid to ensure continuous fluid from the transducer to the top of the floor surface. Similar
methods have been used to evaluate shoes using a slip-tester [80] and in evaluating the
tribology of chemical mechanical polishing [69]. A marker was place on the inferior portion of the
heel in order to track the slipping kinematics. Marker position was tracked with a 14 camera
motion capture system (Vicon MX). The system was calibrated to achieve an accuracy of within
Imm.
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Figure 32: Representative heel trajectory (left) and time-series fluid pressures (right) during a
single subject’'s unexpected slip with untreaded shoes. The thick solid line represents the heel
trajectory, the circle is the location of the heel at heel contact and each of the fluid pressure
sensors is marked with an X. The fluid pressure graphs are positioned according to their
location in the pressure sensor array (i.e., the top left graph corresponds to the top left sensor).

The fluid pressures were characterized using the magnitude of the fluid pressures and
the duration in which the pressures exceeded baseline levels. Fluid pressures were typically
characterized by a single peak (Figure 32) and the maximum of that peak was identified. Fluid
pressure duration was defined as the time between the first and last moment that fluid
pressures exceeded 5 standard deviations of baseline levels. Typical baseline standard
deviation pressures were around 0.24 kPa. The severity of the slip was characterized using
peak slipping speed (PSS), which was defined as the peak resultant speed during the slip [79].
In order to accomplish the secondary objective of determining the effects of the instantaneous
slipping speed and the medial/lateral position relative to the shoe, the spatiotemporal variables
of the foot relative to each individual fluid sensor were calculated. The instantaneous resultant
slipping speed (IRSS) was calculated at the time that the heel passed each of the fluid pressure
sensors. IRSS was used for this analysis instead of the peak sliding speed because IRSS
relates to the state of the shoe when the heel was over the sensor and is therefore more
relevant to how shoe kinematics influence the fluid pressures observed in a given sensor. The
medial-lateral distance between the heel marker and the fluid pressure sensor was also
calculated at the time when the heel marker passed by the pressure sensor in the anterior-
posterior direction to determine if hydrodynamic pressures varied across the shoe surface. In
addition to IRSS and the medial-lateral position, the sensor position relative to walking direction
(SPRWD) was analyzed to determine how fluid pressures varied as the slip progressed.
SPRWD was an ordinal variable with three different levels based on their location relative to the
direction of walking (i.e., the foot slipped over the first row, second row and third row of sensors
sequentially).

ANOVA methods were used to test the effects of shoe tread on fluid pressures and peak
slipping speed (PSS) as well as to determine the effects of the instantaneous resultant slipping
speed (IRSS), medial-lateral position and sensor position relative to walking direction (SPRWD)
on fluid pressures. The fluid pressures were characterized using the peak pressure across the
entire fluid pressure sensor array and the pressure duration time. Differences in the peak fluid



pressure, fluid pressure distance and peak slipping speed (PSS) across the two tread conditions
were analyzed using a t-test. A regression analysis was performed between PSS and maximum
hydrodynamic pressures across all of the sensors to determine if fluid pressures were predictive
of the slip severity. An ANOVA procedure was performed to determine the effects of foot
position, IRSS and SPRWD on peak hydrodynamic pressures for each individual sensor. Peak
hydrodynamic pressure for each fluid sensor was the dependent variable; while IRSS
(continuous), medial-lateral distance from the heel to the pressure sensor (continuous) and the
sensor’s anterior/posterior position in the array (ordinal) as the independent variables.

G.5.2. Results

The subjects’ heel landed on or slipped across the fluid pressure sensors in eleven of
the untreaded conditions (61%) and six of the treaded conditions (33%). Maximum fluid
pressures (p<0.01) and peak slip velocities (p<0.01) were higher in the untreaded condition
compared with the treaded condition. The mean (standard deviation) maximum fluid pressures
across all of the sensors were 124 kPa (75 kPa) for the untreaded shoe condition and 1.1 kPa
(0.29 kPa) for the treaded shoes. In the trials where subjects cleanly hit the contaminant, peak
slipping speeds were 2.03 m/s (1.09 m/s) for untreaded shoes and 0.08 m/s (0.02 m/s) for
treaded shoes. In the trials where subjects slipped over the fluid pressure sensors, peak slipping
speeds (PSS) were 1.57 m/s (0.80 m/s) for the untreaded shoes and 0.063 (0.017 m/s) for the
treaded shoes. PSS was significantly positively correlated with the maximum fluid pressure
measurements (r=.87) (Figure 33).
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Figure 33: Peak slipping speed for each subject plotted against the peak hydrodynamic fluid
pressures.

The effects of the sensor position relative to walking direction (SPRWD), medial-lateral
position and instantaneous resultant slipping speed (IRSS) on fluid pressures were only
analyzed using the untreaded conditions since fluid pressures exceeded baseline levels for just
one of the treaded condition trials. The peak fluid pressures for the individual pressure sensors
were dependent on the SPRWD (p<0.01), on the IRSS (p<0.001) during slipping, and the
medial-lateral distance (p<0.001) of the sensor relative to the heel (Figure 34). Fluid pressures



were highest at the first row of sensors and progressively decreased for the second and third
row (Figure 34C). IRSS was positively correlated with fluid pressures (Figure 34A). Fluid
pressures were highest at the center of the heel and decreased toward the sides of the heel
(Figure 34B). The mean (standard deviation) pressure duration was 75 ms (50 ms) and was not
significantly affected by any of the examined variables.
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Figure 34: Effects of instantaneous resultant slipping speed (A), medial-lateral position of the
sensor relative to the heel (B) and the sensor position relative to walking direction (C) on the
peak fluid pressure for each individual sensor.

IRSS, the medial-lateral distance between the heel and the sensor, and the SPRWD
seemed to all contribute independently to the overall fluid pressure values (Table 7). When
regressed by themselves, each of the variables was only able to describe between 5% and 14%



of the total variability. When two of the three variables were considered, between 20% and 26%
of the variability was described. When all three variables were included in the regression
analysis, 41% of the variability was described.

Table 7: Adjusted R2 values to describe the amount of fluid pressure variability that was
described by sensor position relative to walking distance (SPRWD), medial-lateral distance (ML
Distance) and instantaneous resultant slipping speed (IRSS).

Variables R2
SPRWD 0.11
ML Distance 0.14
IRSS 0.05
SPRWD & ML Distance 0.24
SPRWD & IRSS 0.20
ML Distance & IRSS 0.26
SPRWD, ML Distance & IRSS 0.41

G.5.3. Discussion

The primary finding in this study was the dramatic effect tread had on the reduction of
hydrodynamic pressures during a slip. This effect, in turn, was shown to significantly reduce the
slip severity (Figure 33). It was also found that hydrodynamic pressures were affected by the
instantaneous resultant slipping speed (IRSS) (Figure 34A), the medial-lateral location relative
to the heel (Figure 34B) and were reduced later in the slip (Figure 34C). Finally, the results were
consistent with tribology theory, particularly the wedge and squeeze film effects of the Reynolds
equation.

The findings are consistent with fundamental tribological theory, and suggest the
existence of wedge and squeeze-film effects during slipping (Figure 35). The correlations found
between fluid pressures and slipping speed, fluid pressure positioning relative to the walking
direction and medial/lateral position are also consistent with this view. The squeeze film effect is
influenced by dwell time, fluid viscosity, distance from the center of the shoe, while the wedge
effect is influenced by fluid viscosity, distance from the center of the shoe and and slipping
speed [47] (Figure 35). For example, increased slipping speed is known to increase fluid
pressures [59]and decrease available friction due to the wedge term effect [22, 59, 81]. The
positive correlation identified between peak fluid pressure and IRSS (Figure 34A) indicates that
the increased slipping speed causes an increase in hydrodynamic pressures during real slip
events, again predicted by the wedge term. The wedge term effect acts as a positive feedback
system where IRSS leads to higher fluid pressures (Figure 34A); those higher fluid pressures
reduce the available friction; and the resulting lower friction values allow the foot to accelerate,
which could lead to further increases in the instantaneous slipping speed and eventually a
higher peak slipping speed (Figure 33). The reduction in hydrodynamic pressures as the heel
slips across the fluid pressure sensor array indicates that squeeze-film effects are also present
during human slipping events. According to squeeze film theory, the lubricating ability of the
fluid decreases over time [47]. Fluid pressures were reduced by approximately 50% when the
foot reached the third row of sensors compared with the first row of sensors (Figure 34C). This
reduction in fluid pressures during the progression of the slip indicates that dwell time had a
decreasing effect. The finding that fluid pressures are largest near the center of the shoe and
decrease towards the edges is consistent with previous studies that modeled the wedge effect
[59]. Up to 41% of the variability in fluid pressures was described when including all three of
these effects, indicating that fluid pressure has a dependence on location, time and IRSS (Table



7). Lastly, this study confirmed that the drainage channels provided by tread are capable of
reducing hydrodynamic effects, which is consistent with a previous study by our group that
showed this effect using a mechanical slip-tester [80]. For the conditions tested in this study, 2.5
mm of tread was sufficient for eliminating fluid pressure and reducing the severity of slips.
Because only two tread depths were tested in this experiment, additional experiments would be
needed to identify the minimum amount of tread that is required to prevent under-shoe fluid
pressures.
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Figure 35: Conceptual model for the effects of dwell time, fluid viscosity, medial/lateral (M/L)
distance from the center of the shoe and sliding speed on the wedge and squeeze-film effects of
the Reynolds equation [47]. Solid lines represent factors that would increase fluid pressures
while dashed lines represent factors that would decrease fluid pressures. Viscosity values from
water, detergent, canola oil [32] and 90% glycerol [80] viscosity values were taken by previous
tribology research. The plot within the “Sliding Speed” box is a representative time-series
slipping speed profile where 0% time is heel contact.

The measurement of hydrodynamic pressures may be appropriate for evaluating the
ability of mechanical slip-testers to mimic the under-shoe tribology of human slips. In 2001, a
panel of slip-testing experts determined that slip-testing devices should be tribologically fidelic
(i.e., mimic the tribological interaction of a human slip) [82]. The results from this study can be
used as reference data to evaluate the ability of slip-testing devices to mimic a real slip. Our
previous research using a slip-tester had identified peak fluid pressures of 240 kPa when testing
the same untreaded shoes with the same fluid and similar vinyl composition flooring [80], which
is similar to the maximum fluid pressure observed in this study (220 kPa) and was on the same
order of magnitude for the average peak fluid pressure (124 kPa). Future research could
systematically modify the slip-testing parameters of this device (vertical force, slipping speed
and shoe angle) to achieve fluid pressures similar to the fluid pressures observed during actual
slip events.

The technique introduced in this manuscript has potential for evaluating shoe tread
design and wear. The shoe that was used in this study was advertised as slip-resistant and
appeared to be effective when the tread was present. Other shoe tread designs may be less
effective at eliminating hydrodynamic pressures and slip severity. Repeating these experiments
across different tread patterns may provide insight into how the design of the tread affects both
the hydrodynamics in the shoe-floor interface and the slip outcomes. Our testing revealed that
a loss of tread can negatively affect the slip-resistance of the shoe. Testing shoes with varying



levels of wear may provide additional insights into the amount of tread required to sustain slip-
resistance. Knowing the tread thresholds required to sustain slip resistance will be beneficial
for developing shoe-replacement guidelines.

G.6. Scientific Report #4: Impact of Boundary Lubrication COF on Slip Risk (Aim
3) (Confidential)

G.6.1. Methods

Subjects

Thirty-one subjects were recruited to participate in the study including 13 female
subjects (mean age: 23.9 +/- 5.02 years; mean height: 171 +/-5.68 cm; mean mass: 77.2 +/-
23.2 kg; mean shoe size: 7.5 +/- 0.78 US Men’s Shoe Size) and 17 male subjects (age: 24.0 +/-
4.19 years; height: 177 cm +/- 7.89 cm; mean mass: 76.3 +/- 17.1 kg; mean shoe size: 9.6 +/-
1.2 US Men’s Shoe Size). Subjects were screened to ensure that they did not have any
musculoskeletal or neurological problem that would negatively impact their gait. Two subjects
were removed from the analysis because they were frequently looking down and it was
determined that they were anticipating a slip throughout testing.
Materials

Three different shoe materials were tested against a vinyl tile floor with a 50%
glycerol/50% water contaminant. The three shoe materials were selected with a high hardness
level, a medium hardness level and a low hardness level. All of the shoes had an identical tread
pattern, which included a non-treaded slight bevel on the posterior/lateral and then 10 lugs
across the heel section. The outsole also had a cross-hatch texturing to it on the heel region.
The fluid contaminant was selected based on preliminary research that identified that the
available coefficient of friction for the shoe-floor-fluid interface was between 0.15 and 0.2 for all
of the shoes when using this fluid and floor.
Slip-Testing Approach

The coefficient of friction and the under-shoe fluid pressures were measured, while a
slip-testing device applied a normal force to each of the shoe and traversed it across the floor
surface. The slip-testing device consists of three vertical motors that apply the vertical force and
one horizontal motor that applies the horizontal force to overcome friction similar to the Portable
Slip Simulator [66]. The vertical force used during testing was 250 N, the horizontal sliding
speed was 0.3 m/s and the shoe-floor angle was seven degrees. Coefficient of friction values
measured using a 250 N vertical force has previously been shown to provide very close results
to those measured using a 500 N vertical force for this device [66]. These testing conditions
were selected because they are similar to those specified in whole shoe testing standards [83,
84]. The 250 N force was reached in approximately 200 ms. Four repeated trials of each shoe
material (for a Men US Size 9 shoe) were performed. Forces were measured using a 6DOF
force plate. In addition to the COF testing, a fluid pressure scan was collected for each of the
boots similar to methods outlined in Singh and Beschorner [65].
Human Slipping Approach

Participants performed four blocks of walking trials and the final two blocks of walking
trials concluded with a slip event. For each of the three first blocks of trials, the subjects wore
shoes with a different outsole material in randomized order. The fourth block of trials was
performed using the same pair of shoes as the second block of trials. The baseline trials during



the first three blocks of trials were intended to determine if differences in RCOF existed across
the different shoe outsoles during baseline walking, while the unexpected slip in the third and
fourth block of trials were intended to determine the risk of slipping from each of the shoe
materials. After the first slip, subjects performed an additional 5-20 unperturbed walking trials to
allow them to return to baseline walking before the second slip was induced. During the
unexpected slipping trial, 150 ml was spread evenly across the 0.4 m x 0.6 m force plate to
achieve a fluid thickness of 0.6 mm. Both subjects and the research team that was interacting
with the subjects were blinded to the shoe outsole materials making this a double-blind study.
Data Analysis

Force plate data was used to calculate the available and required coefficient of friction,
while foot kinematic data was used to calculate slip severity. The slip-resistance of each shoe
outsole material was assessed based on the average coefficient of friction. Coefficient of friction
was calculated as the average ratio of resultant shear force to normal force over the 200 ms
immediately following when the vertical force reached 250N. Required coefficient of friction
(RCOF) was calculated from the five trials immediately preceding the slip where the subject
cleanly hit the force plate with the same foot that experienced the slip. RCOF was measured as
the peak ratio of shear to vertical force once the vertical force was over 100 N, the RCOF was
increasing and in the anterior direction [85]. The ground reaction forces were filtered using a
fourth-order low-pass Butterworth filter with a cutoff frequency of 36 Hz [85]. The occurrence of
a slip was categorized based on the peak slipping speed after the subject’s foot came in contact
with the fluid contaminant. The peak resultant speed of a virtual marker placed at the base of
the subject’s heel was determined by identifying the peak slipping speed between the first and
second local minimum after heel contact or when the subject’s foot slipped off of the force plate.
Subjects were considered to have experienced a slip if the peak resultant slipping speed
exceeded 0.2 m/s. Slipping trials where the subjects did not hit cleanly on the force plate (n=6)
were excluded from the analysis.

Statistical analyses were implemented to determine whether the risk of slipping varied
across the outsole materials, whether the available and required coefficient of friction was
different across the outsole materials and whether required coefficient of friction, available
coefficient of friction or the difference between the two predicted slip risk. To determine whether
slipping rate varied across the outsole materials, a Fisher's Exact test was performed with a
binary variable denoting slip outcome as the dependent variable and the shoe outsole material
as the dependent variable. To determine if the available and required coefficient of friction
varied across shoe material, an ANOVA was performed with coefficient of friction as the
dependent variable, the shoe material, slip order (first or second) and the interaction as the
independent variables. A post-hoc Tukey HSD test was used in case shoe material was found
to be significant to determine which shoe materials were different than the other shoe materials.
Lastly, three logistic regression models were tested where slip outcome was the dependent
variable and the independent variable was available coefficient of friction (model 1), required
coefficient of friction (model 2) or the difference between available and required coefficient of
friction (model 3).

G.6.2. Results
Twenty-nine percent of slip trials resulted in a slip. The outsole shoe material
significantly influenced the risk of slipping (p<0.05) with fewer slips observed for the soft outsole



material than the medium or hard outsole materials (Figure 36). The slip risk was not
distinguishable between the medium hardness and hardest materials. Also, fewer slips were
observed during the second slip (p<0.05) than the first slip. The available friction was
significantly higher for the soft outsole material than the medium and hard outsole materials,
which were statistically indistinguishable (Figure 37). Under-shoe fluid pressures (<10 kPa)
were very small for all of the shoe materials when measured for the slip-tester and when
measured during human slips. Neither the outsole material nor the slip order influenced the
amount of required coefficient of friction.
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Figure 36: Effect of shoe material on slip risk (left) and available coefficient of friction (right).
Error bars on the right figure are standard deviations. Color codes refer to the hardness of
materials (orange is the hardest, yellow is the medium hardness and white is the least hard.
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The dependent variable was statistically significant in all three logistic regression models.
Specifically, larger available coefficient of friction was found to reduce slip risk (p<0.01),



increased required coefficient of friction was found to increase slip risk (p<0.01), and a larger
difference between required coefficient of friction and available coefficient of friction was found
to increase slip risk (p<0.001). The predicted risk for the three materials was 54% for the
hardest material, 42% for the medium hardness and 7.7% for the softest. The model predicted
that the subject with the lowest RCOF had just a 3% chance of slipping, while the subject with
the highest RCOF had a 83% chance of slipping. The subject with the median RCOF had just a
26% risk of slipping. The subject-outsole material pair with the lowest RCOF-ACOF had a
projected slip risk of just 0.6%, while the subject-outsole material pair with the highest RCOF-
ACOF had a projected slip risk of 92.5%. The projected slip risk for the RCOF-ACOF was 21%.

G.6.3. Discussion

This study demonstrated that even modest changes in available coefficient of friction can
result in dramatic changes in slip risk. Specifically an increase in friction from 0.159 to 0.182
changed the slip rate from 41% to 6%. Furthermore, a wide range of slip risk between 3% and
83% is predicted by an individual’'s required coefficient of friction. A slip-resistant outsole
material combined with low required friction generated a slip risk of less than 1%, whereas when
a slippery outsole material is combined with a high required coefficient of friction, the risk
increases to 92%.

This study confirms that modest changes in the boundary lubrication coefficient of
friction caused by different outsole materials can dramatically alter slip risk. Finite element
models of shoe-floor friction reveal that softer shoe materials allow for better conformance of the
shoe asperities to the floor topography, which increases adhesion friction. Softer shoe materials
also were found to slightly reduce the amount of hysteresis friction. Since this study used a
relatively low viscosity fluid (50% glycerol), which only blocks about 50% of 60% of dry adhesion
in boundary lubrication [86], it is likely that the hardest material experienced increases in
adhesion friction due to increased contact area that exceeded the losses in hysteresis friction
due to reduced energy loss during load cycling.

The findings that ACOF and the difference between RCOF and ACOF predicted slip risk
were largely consistent with other research. Increases in ACOF and the difference between
ACOF and RCOF were found to increase slip risk as suggested in previous research [15, 87-
89]. The model that considered both RCOF and ACOF also predicted slips with more certainty
than either variable on its own given that it had a larger 31 coefficient. The ACOF-RCOF value
that predicted a 50% slip rate was -0.06, which is within the range suggested by other studies
that used full-shoe slip-testers (0.16 [15] and -0.11 [89]). Furthermore, the B1 for the ACOF-
RCOF model (-49.2) was similar to other studies (-41.2 to -45.1 [88]; -54.7 [87]).

The findings that individual RCOF is predictive of slip risk supports the relevance of a
large body of research that has assumed that individual RCOF is related to slip risk. For
example, Burnfield and Powers concluded that center of mass dynamics influenced slip risk
based on the finding that center of mass dynamics influenced slipping risk [18]. The finding that
RCOF on its own was predictive of slip risk supports the underlying assumption of this paper
that RCOF was related to slip risk. The wide range in predicted slip risk across the subjects in
this study (3-83%) suggests that interventions that reduce RCOF may have potential for
reducing individual slip risk.
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