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1.0 ABSTRACT

Slip and fall accidents, caused by complex and interacting environmental and human factors,
are a major ergonomic concern. In order to address the long-term goal of reducing slip/fall
accidents, specific objectives were identified: 1) investigate changes in gait biomechanics when
anticipating slippery environments, 2) describe foot dynamics during slip events, 3) compare
center of pressure trajectory and joint biomechanics between no-slip and slip/fall events, 4)
investigate gait biomechanics related to slips when carrying a load and 5) describe and possibly
model the relationship among the probability of slip/fall, frictional requirements of walking and
available friction. Ground reaction forces and sagittal plane body/foot motion dynamics of 16
subjects walking under various slippery and non-slippery environmental conditions were
recorded at 350 Hz. Subjects were asked to walk as naturally as possible even without
knowledge of the floor’s contaminant condition. In spite of these instructions, subjects adopted
postural and temporal gait changes when uncertain of the contaminant condition. These changes
in gait patterns were associated with decreases (16 to 33%) in slip potential compared to
recordings on known dry surfaces. During slipping experiments, corrective biomechanical
reactions occurred from 25 to 45% of stance phase (about 190 - 350 ms after heel contact).
These corrective reactions included increased flexion moment at the knee and extensor activity at
the hip. The effects of this active knee/hip moment on body motion were reflected in the
kinematics in an attempt to bring the foot back under the body and thus recover from a slip
event. Load carrying experiments found decreased slip potential compared to free walking, with
decreased required friction and more controlled heel contact dynamics. Logistic regression
models proved to be useful in describing the relationship between the probability of falls and the
difference between required and available friction (COFg;). However, logistic regression
functions of COF ;¢ alone did not provide a satisfactory fit of the probability of slip. The
inaccurate assessment of the frictional characteristics of the shoe/floor interface is postulated to
be the dominant reason for this unsatisfactory fit. This project revealed important biomechanical
findings relevant to slips/falls prevention research. In addition, the research indicated that
current slip resistance testing devices might be inadequate to predict slips.



2.0 SIGNIFICANT FINDINGS
2.1 Changes in Gait when Anticipating Slippery Surfaces

In spite of instructions to walk as naturally as possible, anticipation dry trials, during which
subjects were uncertain of the contaminant condition (dry, water, soap or oil), produced peak
required coefficient of friction (RCOF.4x) values that were on average 16 to 33% significantly
lower than those collected onto known dry floors, thus reducing slip potential. RCOFpeqx
reductions were achieved by adopting postural and temporal gait changes resulting in ground
reaction forces decreases. Gait adaptations included reductions in stance duration and loading
speed on the supporting foot, shorter normalized stride length, reduced foot-ramp angle and
slower foot angular velocity at heel contact. As a result of these adaptations, anticipation of
slippery surfaces led to significant reductions in lower extremity joint moments, thus decreasing
the strength requirements of walking.

2.2 Foot Dynamics during Slip Events

Foot dynamics recorded on dry and oily floors were compared among no-slip (dry), slip-
recovery and slip-fall events. For all trials, the foot rotated to foot-flat, even during slip and fall
trials. Heel sliding patterns recorded upon and shortly after heel contact were similar for all
conditions. Slip distances, sliding velocities and heel acceleration profiles varied across trials.
During the fall trials, the slipping motion of the foot was found to decelerate around 200 to 300
ms into stance before accelerating again, eventually leading to the fall. This deceleration was
believed to be an attempt by the subject to recover from the slip. Recovery attempts on inclined
surfaces were less successful than on level floors. In general, the slip distance and peak forward
sliding velocity associated with fall trials were greater than or equal to 10 cm and 0.8 m/s,
respectively.

2.3  Center of Pressure (COP) and Joint Biomechanics during Slip Events

The onset of corrective actions taken by the body to recover from slips became evident at
about 25% into stance and continued until about 45% into stance, i.e. on average between 190
and 350 ms after heel contact. These included increased flexion moment at the knee and
extensor activity at the hip. By midstance, compensatory knee and hip reactive moments were
recorded. The ankle, on the other hand, acted as a passive joint during fall trials, with the COP
staying close to the heel/ankle indicating an incomplete body weight transfer to the supporting
foot. Joint kinematics showed increased knee flexion, allowing subjects to rotate the shank
forward in an attempt to bring the foot back near the body. Finally, only minimal changes in
torso orientation were recorded during slip-recovery events. During slip-fall outcomes, the
sliding foot eventually led to a loss of balance evident in the increasing rearward lean of the torso
in the second half of the stance.

2.4  Load carrying Effect on Gait Biomechanics Relevant to Slips

The effect of carrying relatively light loads (2-handed method) on gait biomechanics relevant
to slips/falls was examined on dry surfaces. Load carrying was associated with increases in the
peak normal force and in the rate of the normal loading phase. Shear forces were not affected by
load carrying. Changes in the ground reaction forces recorded during load carrying led to



reduced RCOFeqk values, a parameter used to rate slip potential. This RCOF , reduction is
partly due to postural adaptations such as increased knee and hip flexion adopted during load
carrying. Furthermore, load carrying was accompanied by slower heel contact heel velocity in
the direction of motion and faster rearward heel movements at or shortly after heel contact.
Finally, moments generated at the hip and knee joints were significantly biased towards the
extensor and flexor direction, respectively.

2.5  Predictive Logistic Regression Modeling of Slips and Falls

Logistic regression models proved to be useful in describing the nature of the relationship
between the probability of falls and the difference between biomechanical frictional
requirements and available friction (COFgir). However, logistic regression functions of COF ;g
alone did not provide a satisfactory fit of the probability of slip (r2 <0.50). This poor
performance of the model is believed to be due to the inaccurate assessment of the shoe/floor slip
resistance by the two tribometers included in this study, especially for wet and soapy
contaminant conditions. Thus, this modeling method is a potential tool to, not only evaluate the
overall ability of tribometers to predict slips, but also identify specific environmental conditions
under which slip resistance testers generate erroneous measurements.
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3.0 USEFULNESS OF FINDINGS
3.1  Changes in Gait when Anticipating Slippery Surfaces

The results related to effects of slippery floors anticipation have at least two possible applied
implications in future slip and fall experiments using human subjects. First, recruiting subjects
for such experiments involves making them aware of the possibility of slipping; as a result of this
expectation of potential floor contamination, subjects will walk “more carefully”, thus modifying
baseline gait characteristics to decrease slips/falls potentials; the extent of change in gait
biomechanics will depend on the a-priori description of the study and specific instructions to the
subject, thus emphasizing the need of being consistent throughout the trials. Second,
reproducing the unexpected conditions often encountered in real life slips and falls incidents has
proven to be very difficult, therefore the conclusions reported here underline the importance of
being conservative when 1) applying research findings from human subjects slip and fall
experiments to design criteria of “safe” floor-foot interfaces and 2) providing gait parameters as
input to slip resistance testers designed to reproduce foot motion.

3.2  Foot Dynamics during slip events

This study described the details of heel/foot dynamics during no-slip (dry floors) and slip
events, information that must be known to develop shoe/floor COF measurement systems that
produce biomechanically relevant slip resistance measurements based on the faithful simulation
of heel/foot movements. Research related to the prevention of slips and falls has indeed focused
on an environmental factor, the frictional or slip-resistant properties of the shoe/floor interface, a
risk factor that has been recognized to be a major predictor of slip events . A wide variety of
slip resistance testers are already being used in industry to rate slip potential (review chapter by
Gréngvist © '2)). Despite the fact that “friction” between two bodies (shoe/floor interface) seems
to be a physical property, slip resistance measurements vary across devices. Recently developed
slip resistance testers have attempted to simulate the velocities of the human foot during initial
heel contact, hoping to obtain biomechanically relevant measures of slip resistance %), These
devices do not yet fully simulate foot dynamics during actual slip events. The details of
heel/foot dynamics during no-slip (dry floors) and slip events are thus needed as input
parameters for these slip simulators. For example, an important parameter for the new
generation of tribometers is the foot-floor angle. The “dangerous” forward sliding motion of the
foot did not occur at heel contact but rather 60-80 ms after heel contact (on oily conditions), at
which time subjects had time to rotate their foot to an almost foot-flat position.

In addition, the results of this study suggest that, although forward slipping is initiated shortly
after heel contact, corrective reactions occurring later in the stance appear to be the primary
factors affecting the outcome of recovery attempts following slip events. These complex
motions at the shoe/floor interface during slipping should be taken into account for improving
slip resistance measurement systems. More human subject testing such as was done in this study
is needed to derive the temporal profiles of relevant gait variables to be used as input parameters
for these slip simulators.
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3.3  COP and Joint Biomechanics during Slip Events

The biomechanical analysis of responses elicited by slipping perturbations provided a better
understanding of the complex relationship between gait and slip-precipitated falls. Gait analyses
on contaminated surfaces revealed corrective actions generated by the body in attempt to recover
from slips. The strength and control demands experienced by the musculoskeletal system during
these corrective responses were reflected in the lower extremity joint moments, which were not
inyestigated on slippery surfaces prior to this project. This study identified the specific actions
taken by the body in attempt to arrest slip-precipitated falls. These actions recorded during slip
events are different than those previously found using standing perturbations protocols during
which ankle and hip moments dominate. The biomechanical analysis (magnitude and timing) of
corrective responses is important to further understand the factors that affect the success of a
recovery attempt.

3.4  Load carrying Effect on Gait Biomechanics Relevant to Slips

Epidemiological findings suggest that recovering from slip events is more challenging when
performing load carrying tasks compared to unloaded conditions. For example, Anderson and
Lagerlof ®® have reported that about 30% of load carrying-related injuries are related to
slips/trips events. The first step in investigating the effect of load carrying on the success of slip-
related recovery responses is understanding load-carrying effects on dry-surfaces. The findings
related to load carrying effects underscore the dependence of gait biomechanics on the specific
manual-handling task performed during locomotion. In general, the biomechanical
characteristics of gait during load carrying were different than those recorded under unloaded
conditions. This study identified different walking strategies when carrying a load. The
adoption of these strategies may be related to attempts taken by subjects to increase stability,
decrease strength and/or frictional requirements of walking tasks. Previous research has mostly
examined carrying effects on gait biomechanics with carriage methods used in the military.
However, the relationship between slip/fall biomechanics and the standard industrial
symmetrical 2-handed posture has rarely been investigated.

3.5  Predictive Logistic Regression Modeling of Slips and Falls

Efforts directed towards the development of predictive logistic regression models to estimate
the risk of slipping based on COF ;i (difference between required and available friction) resulted
in various degrees of success depending on the environmental condition tested. The inaccurate
assessment of the frictional characteristics of the environmental conditions is postulated to be the
dominant reason for the model’s inability to predict slips across all environmental/biomechanical
conditions. Although, in these experiments, logistic regression models did not provide a
satisfactory fit for the relationship between the probability of slip and COF sy, they proved to be
a potential method to evaluate the validity of slip resistance testers and predict falls.
Furthermore, particular environmental conditions under which a specific tester (e.g. PSRT and
Brungraber Mark IT) generates erroneous slip resistance measurements can be identified using
these regression models. Thus, the findings of this study based on the investigation of Hanson et
al, ®V address the need of developing scientific means to validate slip resistance measures via
the use of logistic regression models that relate the outcome of a walking trial to both gait
biomechanics (required friction) and environmental factors (available friction).

12



In summary, the findings of this thesis revealed important biomechanical findings relevant to
research aimed at preventing slips/falls accidents. These include 1) the ability of humans to
reduce slip probability on potentially contaminated floors via postural and temporal gait
adaptations, 2) the details of heel/foot dynamics during no-slip, slip-recovery and slip-fall events,
3) the specific corrective responses used by the body in an attempt to recover from slip accidents,
4) the postural and temporal gait adaptations associated with load carrying during locomotion on
dry surfaces and 5) a potential method to compare the slip prediction capability of slip testers
against actual slip probability provided by gait studies.
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4.0  SCIENTIFIC REPORT I
CHANGES IN GAIT WHEN ANTICIPATING SLIPPERY FLOORS

4.1 Abstract

Unexpected slippery floors are often the cause of fall accidents. The unexpected nature of
slipping accidents is challenging to reproduce during slip/fall biomechanical experiments. The
first goal of this study was to quantify changes (if any) in gait biomechanics when subjects
anticipate slippery environments. Foot ground reaction forces and body dynamics of 16 subjects
walking on three flooring surfaces of varying frictional properties and inclination were recorded.
Gait biomechanics were compared among three types of dry trials: 1) baseline (subjects knew the
floor was dry), 2) anticipation (subjects were uncertain of the contaminant condition: dry, water,
soap or oil) and 3) recovery trials recorded after a contaminated trial (subjects again knew the
floor was dry). Subjects were asked to walk as naturally as possible throughout testing.
Anticipation trials produced peak required coefficient of friction (RCOF k) values that were on
average 16 to 33% significantly lower than those collected during baseline trials, thus reducing
slip potential. During recovery trials, RCOF . values did not return to baseline characteristics
(5-12% lower). RCOFqk reductions were achieved by adopting postural and temporal gait
changes resulting in ground reaction forces decreases. Gait adaptations included reductions in
stance duration and loading speed on the supporting foot, shorter normalized stride length,
reduced foot-ramp angle and slower foot angular velocity at heel contact. As a result of these
adaptations, anticipation of slippery surfaces led to significant reductions in lower extremity joint
moments, thus decreasing the strength requirements of walking. Thus, this study suggests that
significant gait changes are made when there is a possibility of slipping even though subjects
were asked to walk as naturally as possible. Insights are also gained into the adaptations that are
used to reduce the potential of slips and falls.

4.2 Introduction

Injury investigations have often reported falling as being responsible for serious injuries and
even deaths, More than 20% of injury-related emergency department visits have been attributed
to falls, the single largest cause of such visits @1, The US economic cost of all falling accidents
ranks second *?. The cost of falling injuries is also substantial among occupational populations
for a number of reasons including the advancing age of the labor force “3) but also the severity
of the injuries, with more than 20% of the workers sustaining falling injuries missing 31 days or
more at work *¥. Ina comparative study on analysis of injury mortality data across industrial
countries, Fingerhut et al. frequently listed falling among the three leading generators of fatalities
@3 The loss of balance leading to falls is often the result of slipping events “6) In 1996, slips,
trips and falls accounted for 21% of all nonfatal occupational injuries @49 The incidence of slip
accidents varies with geographical location and external environmental conditions. For example,
it is particularly high among occupational populations (e.g. miners and mail deliverers) working
outside during cold winter months “748) In Sweden, Bjornstig et al. found the cost of medical
care inflicted by sligping accidents on ice and snow comparable to the cost of all traffic injuries
in that same area 7,

Causes of slips and falls are complex, including both human and environmental factors. Gait
biomechanics and the health of the sensory and neuromuscular systems are included in human
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factors. Among the most important environmental factors are the frictional and material
properties of the shoes and floors. Slips and falls biomechanics partially determine the outcome
of walking onto a contaminated floor. Indeed, findings of well-controlled gait experiments have
been used in an effort to understand and ultimately reduce slip and fall accidents “'**'. More
specifically, such findings have been useful in the investigation of human responses to slippery
floors, i.e., describing and understanding causes of slipping and the human reactions adopted in
an attempt to avoid a fall after a slip has occurred. Relevant gait parameters generated from
these studies have also been employed in the development of a new generation of slip resistance
testers that measure the frictional properties of the shoe/floor interface. These new devices
attempt to simulate foot movements during locomotion kg ds), Finally, slips and falls
experiments have attempted to determine whether a particular foot/floor interface can be
considered a “slip-safe” environment e

A challenge in slip/fall biomechanical studies has been to reproduce the unexpected nature of
real-life slipping accidents in laboratory settings. The effect of anticipating potentially slippery
surfaces on gait biomechanics has not been investigated. Andres et al. “'® have compared the
kinematic characteristics of steps prior to and onto a targeted known slippery area. However, the
subjects knew the surface was slippery. Examining possible gait adaptations arising from
anticipation effects will have implications on the findings of slip/fall experiments and provide
insights on “control mechanisms™ used to reduce slip and fall potentials.

The first goal of this study was to investigate whether subjects change gait biomechanics (on
both level and inclined surfaces) when there is a possibility of a slippery environment. Specific
changes in walking patterns (if any) adopted were quantified.

4.3 Methods
43.1 Subjects

Sixteen healthy subjects (8 male, 8 female) participated in this study with informed consent
approved by the Institutional Review Board of the University of Pittsburgh. Their ages ranged
from 19 to 30 years (mean 23 years, S.D. 4 years), mean weight from 62.6 to 82.4 kg (mean 68.7
kg, S.D. 6.8 kg) and height from 1.63 to 1.85 m (mean 1.73 m, S.D. 0.07 m). Exclusionary
criteria included a history of neurological or orthopedic disease and any difficulties impeding
walking up and down a ramp.

43.2 Experimental Set-Up

A specially designed ramp was used to conduct these experiments @11 (Figure 1). It consists
of a ramp attached on one end to an electro-mechanical platform that can be raised or lowered to
easily change ramp angle, and at the opposite end, this ramp is hinged to an extension of the
walkway. This extension is the same height as the lowest level of the platform to attain a 0°-
walkway. The ramp is 1.8 m long and 1.0 m wide with a 1.4 m extension at the bottom. A force
platform (Bertec, Inc.) is built into the ramp to record foot forces. This force plate is bolted to
the superstructure of the ramp and positioned such that the subjects’ left foot landed on the
platform during the second or third step of descending the ramp. The top surface of the ramp is
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and recovery trials, subjects were certain that the floor was dry and therefore not slippery. The
difference between these two types was that recovery trials occurred after a contaminated
condition (wet, soap or oil), whereas baseline trials were collected at the beginning of a testing
session before any slips occurred. In the anticipation trials, the subjects did not have a priori
knowledge of the contaminant condition, but were told that there could be a contaminant. All
subjects wore the same model of shoes with polyvinyl chloride (PVC) hard-soles for all trials.

434 Experimental Design

A full factorial design was used such that each subject was tested on all 27 conditions (3
ramp angles x 3 floors x 3 trial types). Subjects returned for a total of three visits, each time to
be tested on a randomly chosen floor. The order of the conditions for each testing day was as
follows: first, five baseline trials on each ramp angle were collected; then the ramp was set to the
first angle at which the subject was to be tested; each of the three contaminated conditions
(randomized) was “hidden” among one to three “anticipation dry” trials and followed by three
“recovery” trials. This protocol was then repeated for the other two angles. The order of the
presentation of the ramp angles was randomized.

43.5 Walking Protocol

First, an overview of the experiment (general goals, walking protocol, trial types,
contaminants and variables recorded) was verbally described to the subject and informed consent
obtained. LEDs were placed on the left side of the body and foot. After being equipped with the
safety hamess to prevent injury from falling should a slip occur, the subject was instructed to
walk at a comfortable pace throughout the experiment and as naturally as possible even though
there may be a slippery condition (the importance of these specific instructions was emphasized).
Subjects were also reassured that they would be caught in a case of a slip. Each subject was first
allowed to become familiar with the ramp set-up by walking across the force plate such that the
left foot hits the force plate area. For the baseline trials, the subject walked to the top of the
ramp, turned around and walked down the ramp. Foot forces and body/foot motion were
collected while walking down the ramp only. Prior to each anticipation trial, the subject was
asked to walk to the top of the ramp, and upon reaching the top, continue to face away from the
ramp and wait for about 1 minute while listening to loud music. During this waiting period, a
contaminant was applied to the surface of the force plate if required for that trial. (The lighting
in the room was dimmed throughout the experiment so that subjects could not perceive the
applied contaminant (if any).) At the end of the waiting period, the lights in the room were
turned on and off, a signal for the subject to stop the music, turn around and walk down the
ramp, while looking straight ahead at the wall on the opposite side of the room. Upon
completing the trial, if the floor surface was contaminated, the subject was seated and the
shoes/floor were either changed or cleaned. The trial was considered acceptable if the subject
stepped on the force plate during the trial. Subjects stepped on the force plate in over 90% of the
trials.

43.6 Data Processing

Time was normalized to stance duration, with 0% being heel contact and 100% representing
toe-off the force plate. Foot forces and body/foot motion data were used to calculate specific

17



gait measures used as the dependent variables (Table 1). Shear (anterior-posterior) and normal
ground reaction forces were normalized to the subject’s weight. The ratio of shear to normal
forces, (termed the required coefficient of friction (RCOF) ') was computed for each trial. Tn
addition, ankle, knee and hip moments were derived. Kinematic variables in the sagittal plane
included foot-ramp angle obtained from the heel and toe position data, and shank-ramp angle
computed from the knee and ankle position data. These variables were evaluated at heel contact.
Velocity information was calculated by numerically differentiating (using a 2-time step
differentiation routine) the position data provided by each LED. Velocity variables were heel
velocity in the direction of motion and foot angular velocity, both of which were evaluated at
heel contact. In addition, maximum heel velocity in both rearward and forward directions
recorded shortly after heel contact were considered. Position data were filtered (least square low
pass filter with cutoff frequency of 12 Hz) only to derive acceleration variables used in lower
extremity joint moments calculations. Finally, general gait variables such as normalized (to
shank length) stride length (defined as the distance traveled in two steps from heel contact to heel
contact) and stance duration were considered in the analysis.

43.7 Statistical Analysis

Due to the significantly different gait biomechanics on surfaces of varying inclinations *'",

the statistical analysis was repeated within each ramp angle condition and for each dependent
gait parameter listed in Table 1. A within-subject two-factor repeated measures design was used
to investigate the effect of the trial type and floor condition (interaction effect of these two
factors was included in the model) on specific dependent gait parameters (Table 1). Standard
ANOVA methods and tests associated with repeated measures models were used to investigate
the statistical significance of these factors. When the dependent variable was significantly
affected by the trial type or floor condition, pairwise Tukey multiple comparison tests were used
to further investigate differences among trial and floor types. A significance level of p <0.01
was used throughout the analysis.
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4.4.2 Anticipation Effect on Gait Measures

In general, foot force and motion data profiles for the anticipation trials were similar in shape
to those in the baseline trials. However, ANOVA revealed frial type significantly (p <0.01)
affected the magnitude and timing of gait, more specifically the foot forces values (RCOF e,
RCOFrpeak, Normpeak, Normrpeak, Shearyea, Shearpea), and lower extremity kinematics
(HeelVelXrearward, HeelVelXforward, HeelAccXpeak, FootAngVelyc, FootAnglyc and ShankAnglyc).
Other variables were significantly influenced by the trial type only on inclined floors (p £0.01)
but not when walking on horizontal surfaces (NSL and SD). Finally, Forcrais, HeelVelxye and
HeelAccxyc were not affected by trial type.

The foot force magnitude parameters (RCOF;eax, Shearpea and Normpeqi) were all
significantly reduced during anticipation conditions (as shown by the positive differences from
baseline values in Figure 4). The anticipation trials produced peak RCOFs that were on average
16 to 33% lower than those collected during the baseline trials, with more pronounced reductions
as ramp angle was increased (Figure 4a). The peak RCOFs on the recovery trials were greater
than the anticipation trials, but did not return to the levels of the baseline (5 to 12% lower than
baseline values). This trial type effect was found to be significant for all three ramp angles.
Similarly, significant differences in the peak shear forces were also found, with the anticipation
trials having significantly lower shears compared to the baseline (17 to 40% difference) (Figure
4b). The peaks of the normal forces were also reduced in the anticipation trials compared to the
baselines (2 to 13%), but to a lesser extent than shear forces when comparing relative changes to
baseline conditions (Figure 4c and Table 2).
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The anticipation and recovery trials were characterized by a significant decrease in the
FootAnglye and ShankAnglyc from baseline values for all ramp angle conditions (positive
differences plotted in Figures 6e and 6f). The foot orientation with respect to the floor was the
most affected variable between the two (11 to 27% decrease in FootAnglyc). Less pronounced,
but still statistically significant, reductions in the ShankAnglyc were recorded (1 to 3%).
Postural adaptations were also evident in the knee and hip flexion increases during early stance
of anticipation trials. In the recovery trials, these gait variables were closer to baseline
characteristics with a decrease of 3 to 13% in the FootAnglyc, less than 2% in the ShankAnglyec.

During the anticipation trials, the rate of loading on the supporting foot was significantly
slower than for baseline trials. This is evident in the peak shear and peak normal force that were
not recorded until 20-26% and 23-31% into stance for anticipation trials compared to 18-20%
and 19-25% for baseline trials, respectively (i.e., higher Sheartpeax and Normrypear in the
anticipation trials for all floor and ramp angle conditions). As a result, the peak RCOF also
occurred later in the step for the anticipation trials (RCOFpeax), with similar delays as the shear
forces. The differences in these timing variables (Sheartpear, Normrpeak, RCOFpeak) Were not
always significantly different when performing Tukey multiple comparison tests between
recovery and baseline trials.

The trial type effect on the phase relationship between the normal and shear forces was
mvestigated by examining the difference in timing between the peaks of the normal and shear
forces among the trial type conditions. This variable (Forcrgisr) was not statistically different
amonyg trial types (all ramp angles), with less than 2% absolute differences with the baseline
characteristics, indicating that the time relationship between the shear force and normal force did
not significantly change among trial types.

443 Floor Type Effect

Flooring condition had a small but statistically significant effect on the majority of the gait
measures, while the interaction of the floor and trial type was, in general, not significant. The
primary floor type influence on the kinetic parameters was a higher RCOFq for the rough
surface compared to the vinyl floor (0.01 to 0.04 overall difference) (Table 2 shows these
differences for baseline values). This slight increase on rough floors was also true for the
Shearpeqk (0.1 to 0.4 N/kg increase), whereas the Normye,x decreased on rough floors (0.1 to 0.4
N/kg decrease) for the majority of baseline and recovery conditions but increased for the
anticipation trials (less than 0.3 N/kg increase). Similarly, the kinematic variables were not
greatly affected by the floor type, however, the changes were statistically significant. On
average, subjects shortened their NSL when walking on rough floors compared to vinyl surfaces
(less than 0.16 decrease), while increasing their SD by 10 to 35 ms. On average, recordings of
the FootAnglyc were greater on rough floors compared to the vinyl surfaces for seven out of the
nine (ramp angle, trial type) conditions. However, these variations in the foot orientation
between the floor conditions were less than 2°. The findings related to the difference in the
shank orientation between floors were less consistent across conditions and small in magnitude
(less than 1°). HeelVelxyc was higher on vinyl surfaces compared to the rough floors
(differences ranging from 0.04 to 0.23 m/s for baseline and recovery trials and 0.18 to 0.34 m/s
for anticipation conditions), while the FootAngVelyc was greater on rough floors (differences
with vinyl surfaces ranged from 1 to 17%s for baseline trials and from 26 to 50°/s for anticipation






and 10°, respectively. After this time, the plantarflexion moment of the ankle increased to reach
a local maximum of 1.0-1.3 N.m/kg (lower peak on inclined surfaces) before rapidly decreasing
and returning to baseline levels (Figure 7a). The knee was especially affected by ramp angle,
with its maximum extension moment of 0.75 N.m/kg occurring later in the stance (21-24% into
stance), increasing by 50-65% on 5° and almost doubling when descending the 10° ramp. After
reaching this peak, the resulting knee moment decreased but stayed positive (extensor) during
most of the stance with higher magnitudes on inclined surfaces (Figure 7c¢), The hip moment
was affected by ramp angle mostly in the 20-40% time interval of stance (Figure 7e). Thus, it
was evaluated at 30% into stance and found to increase on inclined surfaces (0.6-0.8 N.m/kg)
from level walking characteristics (0.42 N.m/kg), with less pronounced differences (if any)
between the 5° and 10° ramp angles.

Trial type effect: ANOVA confirmed that the changes in the ground reaction forces,
kinematic and temporal characteristics of gait induced by the anticipation trials led to statistically
significant (p < 0.01) decreases in the peak moments developed at the ankle and knee and in the
hip moment evaluated at 30% into stance. Knee and hip moments were most affected by the trial
type condition (Figure 7). Reductions in joint moments were more pronounced as ramp angle
was increased (Figure 8). More specifically, the mean baseline-anticipation difference in the
peak dorsiflexion ankle moment decreased about 27% during the anticipation conditions from
baseline levels. The peak extension knee moment was associated with more significant
differences between anticipation and baseline trials, leading to a relative reduction of 24% during
level walking and about 35% when descending ramps. The anticipation conditions produced
lower hip moment as well (evaluated of 30%) with relative reductions of 32, 49 and 59% on 0°,
5% and 10°, respectively. In addition to changes in its magnitude, the overall profile of the hip
moment was somewhat modified during the anticipation trials (Figures 7e - 7f). During the
recovery trials, joint moments were closer but still lower than baseline characteristics. Tukey
multiple comparison tests indicated statistically significant (p < 0.05) differences in all three joint
moment parameters among all trial types except between baseline and recovery trials on
horizontal surfaces (p <0.1).









Ultimately, the reaction forces at the shoe/floor interface are most important in determining
the potential for slips and falls. The RCOF is believed to best reflect the aspects of the foot
forces contribution to slip and fall potential. Thus, the method by which the RCOF is reduced is
important in determining how individuals control slip potential. How was a decrease in the peak
RCOF achieved by the subjects in these experiments? Reductions in the relative magnitude of
both the shear forces and, to a lesser extent, the normal forces, resulted in the overall effect of a
decrease in the peak RCOF. Another possible way of affecting the peak RCOF is to change the
time relationship between the shear and normal forces. However, interestingly, the phase
relationship between the profiles of the shear and normal ground reaction forces did not vary
among trial types. Thus the magnitude of the foot force components appear to be adjusted and
not the relative timing between the two. These magnitude changes in the kinetics of locomotion
appear to occur due to temporal and kinematic gait adaptations including reductions in the stance
duration and loading speed on the supporting foot, shorter normalized stride length, reduced
foot-ramp angle and slower foot angular velocity at heel contact. Thus, expectation of a
potentially slippery surface led to more “cautious” biomechanical gait patterns, which
successfully resulted in a decrease of slip probability.

The overall statistical significance of anticipation effects is also believed to be of practical
relevance to the reduction in slip potential. This is evident in the extent of the RCOF reduction
during anticipation conditions. For example, an approximate 0.09 reduction in RCOF ez was
recorded during the anticipation trials when descending the 10° ramp, resulting in an absolute
RCOFjeak value of about 0.23, which is comparable to baseline magnitudes observed when
descending the 5° ramp. Thus, the consequences of biomechanical human reactions on slip
potential during anticipation trials on the 10° ramp were equivalent to reducing the ramp angle
by 5°. It is important to note however, that the practical significance of anticipation was varied
across gait variables, with subtle changes in general gait variables (e.g. normalized stride length
and stance duration) and more pronounced effects on postural responses (foot orientation), which
are believed to be related to important consequences such as decreases in shear forces and thus
reduction in slip potential.

The results of this study concerning the floor effect are consistent with the hypothesis that
subjects were aware of the greater possibility of slipping on vinyl floors compared to rough
floors, and therefore adapted their gait to achieve once again a reduction in the peak RCOF on
the “more dangerous” surfaces. However, the possibility of a contaminated surface affected gait
patterns more than floor type. In general, floor effect on gait measures was significant but small,
while the interaction of floor type and trial type was not statistically significant.

The baseline results reported here are comparable with findings of earlier studies. In

articular, peak RCOFs were in close agreement with values reported by Redfern and Dipasquale
411 and Hanson et al. *'? on both horizontal and inclined surfaces, and by Perkins “'? and
Strandberg and Lanshammar “13) on Jevel floors. Similarly, the timing and magnitude of peak
ground reaction forces were in accordance with the same above-mentioned studies and results of
baseline gait experiments conducted by Winter “*" on level surfaces. In general, the overall
shape of the calculated joint moments were comparable and within the range of values reported
by Redfern and Dipasquale “'" and Winter “2", although some differences were noted in the
magnitudes. Potential reasons for these differences may include minor differences in marker
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placement and other experimental factors such as specific instructions given to subjects, Despite
these differences, the relative differences between the three trial types remain.

Baseline kinematic data were also comparable to previously published findings. For
example, joint angles during walking on level and inclined surfaces agreed with results of
Redfern and Dipasquale (on level and inclined surfaces) *'" and Winter (on level surfaces
The wide variation in heel contact heel velocity patterns observed among subjects was also
reported by Strandberg and Lanshammar “13) with velocity magnitudes ranging from 0.14 and
0.68 m/s and associated with standard deviations as large as 0.52 m/s, a finding that certainly
agrees with the results of this study. A final example related to the heel contact foot orientation
with respect to the floor published by Strandberg and Lanshammar “'? on horizontal surfaces
(22.0°+5.3°), which is also in agreement with values computed here. When comparing kinematic
characteristics of steps prior to and onto a knowingly slippery area, Andres et al. @18 have
reported similar gait adaptations than those reported here, including reduced foot angle and foot
angular velocity at heel contact.

) (4.21)

The findings of this study provide a better understanding of important aspects related to slips
and falls biomechanics. First, humans have the ability to reduce slip probability on potentially
contaminated floors. Second, in order to achieve this reduction, it appears that postural and
temporal gait adaptations were adopted to decrease ground reaction forces, resulting in smaller
RCOFs. Third, these adaptations did not lead to phase changes between the normal and shear
foot floor forces. Finally, as a result of changes in foot forces and postural adjustments during
walking, anticipation of slippery surfaces led to reductions in the lower extremity joint moments,
thus decreasing not only slip potential (RCOF) but also the strength requirement of the walking
task. In addition, the findings related to the moments at the lower extremity joints suggested that
the knee and hip appear to be used more than the ankle to control slip potential.

The results of this study have at least two possible applied implications in future slip and fall
experiments using human subjects. First, recruiting subjects for such experiments involves
making them aware of the possibility of slipping; as a result of this expectation of potential floor
contamination, subjects will walk “more carefully”, thus modifying baseline gait characteristics
to decrease slips/falls potentials; the extent of change in gait biomechanics will depend on the a-
priori description of the study and specific instructions to the subject, thus emphasizing the need
of being consistent throughout the trials. Second, reproducing the unexpected conditions often
encountered in real life slips and falls incidents has proven to be very difficult, therefore the
conclusions reported here underline the importance of being conservative when 1) applying
research findings from human subjects slip and fall experiments to design criteria of “safe” floor-
foot interfaces and 2) providing gait parameters as input to slip resistance testers designed to
reproduce foot motion.
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5.0 SCIENTIFIC REPORT II
HEEL CONTACT DYNAMICS DURING SLIP EVENTS

5.1 Abstract

This study describes heel contact dynamics during slip events, information that must be
known to develop biomechanically relevant shoe/floor COF measurement systems. Sixteen
subjects walked on a level, 5° and 10° ramp with 2 possible contaminants (dry, oil). Foot motion
recorded at 350 Hz and compared among no-slip, slip-recovery and slip-fall events. For all
trials, the foot rotated to foot-flat, even during slip and fall trials. Heel sliding patterns recorded
upon and shortly after heel contact were similar for all conditions. Slip distances, sliding
velocities and heel acceleration profiles varied across trials. During the fall trials, the slipping
motion of the foot was found to decelerate around 200 to 300 ms into stance before accelerating
again, eventually leading to the fall. This deceleration was believed to be an attempt by the
subject to recover from the slip. Recovery attempts on inclined surfaces were less successful
than on level floors. In general, the slip distance and peak forward sliding velocity associated
with fall trials were greater than or equal to 10 cm and 0.8 m/s, respectively. These complex
motions at the shoe/floor interface during slipping should be taken into account for improving
slip resistance measurement systems.

5.2 Introduction

Slips and falls accidents raise particular ergonomic concerns. In 1996, 21% of all reported
non-fatal work injuries (requiring days away from work) were attributed to slip, trip and fall
accidents . More than 20% of workers that sustain falling injuries miss 31 days at work or
more &Y, In addition, falling accidents account for a substantial cost of the total medical care.
Analyses of US workers compensation claims for the years 1989 and 1990 indicated a 24%
contribution of fall-related injuries to the direct cost of all claims filed during this time period
2) Knowledge regarding the specific contribution of slipping to falls-related injuries is sparse.
However, available information suggests that falling is often initiated by slipping. For example,
based on 1998 injury data analysis in Sweden, 55% and 23% of falls on the same level and to a
lower level were attributed to slips, respectively @2 Lloyd and Stevenson © 4 reported that slips
and trips cause 67% and 32% of falls sustained by the elderly and younger population,
respectively. Up to 25% of fall-related hip fractures in older adults have resulted from slips
particularly on contaminated surfaces .

(5.5)
2

Causes of slips and falls are complex and involve both human and environmental factors.
Research related to the prevention of slips and falls has focused on an environmental factor, the
frictional or slip-resistant properties of the shoe/floor interface, a risk factor that has been
recognized to be a major predictor of slip events G7, A wide variety of slip resistance testers are
already being used in industry to rate slip potential (review chapter by Gréngvist G:8)). Despite
the fact that “friction” between two bodies (shoe/floor interface) seems to be a physical property,
slip resistance measurements vary across devices, particularly under contaminant conditions.
Moreover, the lack of advanced scientific knowledge relating slip resistance measures to actual
slips and falls incidence puts into question the utility, reliability and accuracy of such coefficient
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of friction (COF) measurements. Recently developed slip resistance testers have attempted to
simulate the velocities of the human foot during initial heel contact, hoping to obtain
biomechanically relevant measures of slip resistance (5:9-511) * These devices do not yet fully
simulate foot dynamics during actual slip events. More human subject testing under varying
environmental and biomechanical conditions is needed to derive the temporal profiles of relevant
gait variables to be used as input parameters for these slip simulators. In addition to getting us
one step closer to the long-term goal of obtaining biomechanically relevant slip resistance
measures for a given environment and thus predicting slip potential for a given environment, this
information would also be useful in the design of safe industrial slip resistant shoe/floor
interfaces.

Thus, the second goal of this study was to provide a quantitative description of heel and foot
contact dynamics during slip events on oily surfaces of varying inclination. This information
was compared to the foot dynamics on dry floors. An additional goal was to determine
biomechanically relevant ranges of parameters needed for further development of slip resistance
testers.

5.3 Methods
5.3.1 Subjects

Sixteen healthy young adults (19-30 years old), divided equally by gender, participated in
this study. Their height ranged from 1.63 to 1.85 m (mean 1.73 m, S.D. 0.07 m) and mean
weight from 62.6 to 82.4 kg (mean 68.7 kg, S.D. 6.8 kg). Exclusionary criteria included a
history of neurological or orthopedic disease and any difficulties that would impede descending a
ramp.

532 Experimental Set-Up

A ramp instrumented with a force plate (Bertec, Inc., model 4060A) was used ®'?. The top
surface of the ramp is made of vinyl tile over 1.9 cm thick plywood that is bolted to the frame.
The force plate was positioned such that the subjects’ left foot landed on the platform during the
second or third step of descending the ramp. An Optotrak-3020 motion measurement system
was used to accurately (accuracy < 1 mm) record body movements. Seven Optotrak LEDs were
attached to the left shoulder (acromiom), hip (greater trochanter), knee (lateral femoral condyle),
ankle (lateral malleolus) and shoe (3 markers near the heel of the shoe and fifth metatarsal).
Motion and foot forces were synchronized and recorded at 350 Hz. The data describing heel and
foot dynamics are reported here. A harness system with an overhead trolley was used to catch
the subject in case of a fall, without impeding his/her movements.

533 Experimental Conditions

The independent variables included three ramp angles (0° 5°, 10°) and two contaminant
conditions (dry, oil). For the oily condition, motor oil (10W-40) was uniformly applied across
the entire surface of the vinyl tile floor sample that was fixed to the force plate (0.6 m x 0.4 m).
The same polyvinyl chloride (PVC) hard-soled shoes were used for all trials. The frictional
properties of the shoe-floor-contaminant conditions were assessed using the programmable slip
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resistance tester (PSRT) described by Redfern and Bidanda ®'". The mean (S.D.) dynamic COF
measurements for the dry and oily conditions were 1.41 (0.01) and 0.12 (0.01), respectively. In
order to minimize possible cross-contamination, a clean floor sample and a clean pair of shoes
were used after each oily condition.

534 Experimental Design

A full factorial repeated measures experimental design was used such that each subject was
tested on all conditions. The ramp was set to the first angle at which the subject was to be tested.
Subjects did not have a priori knowledge of the specific contaminant condition (dry or oil). In
order to conceal the contaminant condition to the subject, each oily condition was mixed among
a random number (1 to 3) of dry trials, during which the subject was unaware of the contaminant
condition. This protocol was then repeated for the other two ramp angles. The order of the
presentation of the ramp angles was randomized for each testing session.

5.3.5 Walking Protocol

First, informed consent approved by the Institutional Review Board of the University of
Pittsburgh was obtained prior to any testing. Next, LEDs were placed on the left side of the
subject’s body and foot and subjects were then equipped with the safety harness. The subject
was then allowed to practice walking down the ramp such that his/her foot hit the force plate.
While practicing, he/she was instructed to look straight ahead at the wall and walk as naturally as
possible at a comfortable pace throughout the experiment. The subject was instructed to walk to
the top of the ramp, stop, continue to face away from the walkway and wait for about 1 minute
while listening to loud music, during which time, a contaminant (dry or oil) was applied to the
surface of the force plate. The lights in the room were dimmed so the subject could not see the
applied contaminant (if any). At that moment, the subject turned and walked down the ramp,
while motion and force plate data were recorded.

53.6 Data Processing

The description of heel and foot kinematics was focused on a 450 ms time interval (-100 ms
to +350 ms, with heel contact time = 0). Heel contact time was determined based on force plate
data. For each trial, the LEDs provided position data that were processed in the sagittal plane to
derive kinematic variables describing the heel dynamics along the direction of motion and
normal to the floor surface. These variables included heel position, linear heel velocity and
linear heel acceleration. In addition, the information from the LED placed on the toe combined
with the heel’s position data was used to obtain the foot-floor angle and foot angular velocity.
The heel linear velocity and foot angular velocity information was calculated by numerically
differentiating (using a 2-time step differentiation routine) the heel position and foot-floor angle
data, respectively. Position data was filtered (least square low pass filter of order 110 and actual
cutoff frequency of 12 Hz) to derive acceleration variables.

The overall slip distance (SlipDist in Table 4), defined as the total heel movement that
occurred along the floor between the time of heel contact and when the heel stopped moving
(Timexeeisiop in Table 4), was used to categorize the outcome of a walking trial into 3 possible
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events: no-slip (slip distance <1 cm, NS), slip-recovery (slip distance > 1 cm but came to a stop,
SR), and slip-fall (foot never stops, SF).

5.3.7 Statistical Analysis

Specific kinematic and timing parameters were derived and used as the dependent variable in
a single-factor within-subject repeated measures design with the independent variable being the
outcome of the trial (dry-NS, oily-SR and oily-SF). This statistical analysis was repeated within
each ramp angle condition and for each dependent gait parameter listed in Table 4. Standard
ANOV A methods associated with repeated measures models were used to investigate whether
biomechanical gait parameters were significantly different among dry-NS, oily-SR and oily-SF
trials. In addition, Tukey multiple pairwise comparison tests were conducted (when the F-test p
<0.01).
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5.4 Results
54.1 QOutcome Distribution

A minimum 70 to a maximum of 80 dry trials per ramp angle condition were included in the
analysis. For level walking on oily floors, 8 out of thel6 trials were categorized as SRs, 4 were
SFs and the last 4 were NS, i.e., overall slip distance was less than 1 cm (oily-NS trials were not
further considered in the analysis). When descending the 5° oily ramp, 7 subjects slipped and
recovered while 9 lost balance and fell. On the 10° oily ramp, recovering became more difficult:
all trials resulted in falls.

542 Heel Sliding Patterns and Velocities Recorded Upon Heel Contact

5.4.2.1. Dry Conditions. Profiles of heel movements and velocities were similar
for all ramp angle conditions. Typical position data indicated that at the end of the swing phase,
the heel was moving in the forward direction and gently brought down onto the floor, at which
time it came to a stop (Figure 9). A closer examination of the velocity information showed that
at the end of the swing phase, the heel indeed rapidly decelerated, however, upon heel contact a
slight sliding motion of the heel occurred along the ramp surface (Figure 10). In the majority of
the dry trials, the heel contact heel velocity was positive as noted in Table 5 (HeelVelXye
decreasing on inclined surfaces), indicating a forward motion of the foot as it hit the floor. Then,
the heel slid in the rearward direction, and slid forward again (forward slippage started between
15 and 30 ms after heel contact (Timegorysiip in Table 5)) before coming to a stop between 40 and
60 ms after heel contact (Timeeeisiop in Table 5). During this sliding motion of the heel, peak
velacities in the rearward (MinHeelVelX in Table 5) and forward (MaxHeelVelX in Table 5)
directions did not exceed 0.2 m/s and occurred typically within 5 to 20 ms and 25 to 40 ms after
heel contact (Timepminueerverx and Timepaxueerverx i Table 5), respectively. These velocity peaks
occurred sooner on inclined surfaces due to the shorter stance duration compared to walking on
level surfaces. Thus, in general a forward-rearward-forward sliding pattern of the heel was
observed upon heel contact (Figure 10). However, there were also a significant number of trials
(20% and 50% of all dry trials for level walking and inclined surfaces, respectively) where the
heel’s velocity at heel contact was negative, i.e. the foot was moving in the rearward direction,
especially on inclined surfaces. In these trials, the initial forward sliding phase of the heel was
missing, and upon heel contact, the heel continued to slide in the rearward direction, then in the
forward direction before coming to a stop. On dry conditions, the overall slip distance was on
average less than 3 mm (SlipDist in Figure 11a), with a rearward travel distance of about the
same magnitude (TravDist esrwara in Figure 11b) and a typical total travel distance of 5 mm
(TravDist in Figure 11c).
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TimeminHeeverx, TravDistrearward and Timerorysiip values recorded during SR and SF outcomes
were comparable.

5.42.3. Oily Conditions (Recoveries only). In these experiments, subjects were
able to recover (SR) from mean peak forward sliding velocities of about 0.3 and 0.5 m/s
(MaxHeelVelX in Table 5) and maximum recorded values of 0.74 and 0.80 m/s on 0° and 5°,
respectively (trials “SR1” in Figures 12a and 12b). Typically, MaxHeelVelX occurred between
100 and 150 ms after heel contact (Timepmaxueelverx in Table 5). Oily conditions produced mean
SlipDist (and TravDist) values of about 4 (5) cm and 6 (8) cm on 0° and 5° (Figure 11),
respectively. The maximum recorded slip distance (and corresponding travel distance) that
subjects were able to recover from was about 6 (7) cm and 14 (15) cm during level walking and
when descending the 5° ramp, respectively i.e., recovering from slip distances greater than 14 cm
or sliding velocities above 0.7-0.8 m/s was unlikely, Typical heel position and velocity profiles
during oily-SR trials (Figures 9 and 10) indicated recovery by about 200 to 250 ms and 250 to
300 ms after heel contact (Timepeeisiop in Table 5) for level walking and when descending the 5°
ramp, respectively. Occasionally, the heel did not stop slipping until after 300 ms into stance (as
depicted in examples “SR2” of Figures 12a - 12b): the slipping motion occurred over a relatively
longer period of time, thus resulting in slip distances greater than the 1 cm cutoff value.
However, in these occasional trials, the heel was slipping relatively slowly, thus making recovery
still possible.
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able to slow down the heel’s slipping movements, achieving a heel velocity local minimum
recorded between 200 to 300 ms after heel contact (Figure 10). As ramp angle increased
however, it became more difficult for subjects to reach low-level velocities (Figures 9 and 10).

In one third of the fall trials on the 0° and 5° ramp, subjects were even able to reverse heel
motion (negative HeelVelX values as depicted in the fall trials of Figures 10a and 12b) compared
to only 15% when descending the 10° ramp. At the end of this recovery attempt
(Timegndrecanempt it Table 5), the foot accelerated again, eventually leading to a fall (Figures 9
and 10). Before the effects of this corrective reaction, mean peak forward sliding velocities of
about 0.8 to 1.1 m/s (MaxHeelVelX (Table 5) increased on inclined surfaces) were typically
recorded between 100 and 200 ms after heel contact (Timemaxueeiveix in Table 5). As expected,
the MaxHeelVelX values recorded during fall trials were the greatest among all outcomes and
often exceeded normal walking velocity (1-2 m/s), as depicted in the examples of Figure 12. The
mean overall slip distance (calculated only up to Timegndrecauempt 101 the case of fall trials) was
greater than 10-14 cm, with a corresponding total travel distance of 11-16 cm (SlipDist and
TravDist in Figure 11).

543 Heel Acceleration

On the dry conditions, the overall profile of heel acceleration along the direction of motion
(HeelAccX) and normal to the floor surface (HeelAccY) was similar across ramp angle
conditions (Figure 13). On average, the absolute value of the heel’s acceleration along the floor
surface at heel contact (Heel AccXyc negative indicating deceleration) decreased from an average
of -33.6 (SE 1.9) m/s” for level walking to -24.5 (SE 2.2) m/s” on the 10° ramp. In the direction
normal to the floor surface, the heel dynamics were more controlled with mean heel contact heel
acceleration (HeelAccYyc) of only 5.2 (SE 0.3), 7.6 (SE 0.5) and 9.2 (SE 0.6) m/s” for level
walking and when descending the 5° and 10° ramp angle, respectively. In general, there was no
significant difference in HeelAccXyyc and HeelAccYye among outcomes. One exception is on
the steepest ramp, on which oily trials produced significantly greater HeelAccXyc values (mean
of 33.2 (SE 5.3) m/s”) compared to dry conditions.

During the first 50 ms into stance on dry conditions, mean peak heel accelerations of about
4.510 5.0 (SE 0.3) m/s (all ramp angles) were recorded the first 50 ms into stance
(HeelAccXjear). On oily conditions however, the mean Heel AccXpeak, recorded between 50 to
100 ms after heel contact, increased significantly to about 11.8 (SE 1.4), 16.0 (SE 1.6) and 24.1
(SE 2.9) m/s’, reaching values as high as 20, 26 and 45 m/s* (fall cases) on level surfaces, 5° and
10° ramps, respectively (examples are shown in Figure 13).
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across greater slip distances and durations. This similarity in the heel contact dynamics between
dry and oily conditions suggests that, during the first 100 to 150 ms, “learned” or “programmed”
walking patterns of subjects coupled to the environmental conditions (lack of retarding frictional
forces) led to the similar shape but more pronounced sliding patterns observed on the oily
conditions compared to the dry conditions. Another interpretation of these findings is that
corrective reactions to maintain balance did not occur prior to (at least) the first 100 to 150 ms
into stance.

Humans usually adopt more cautious gait patterns to decrease slip potential when
anticipating slippery surfaces, even when asked to walk as naturally as possible (Chapter 3).
These gait adaptations include changes in heel contact dynamics such as a significant decrease in
the foot-ramp angle and reduction in the foot angular velocity at heel contact when anticipating
slippery surfaces. In the results presented here, special precautions in the protocol were taken to
ensure that heel contact dynamics for both dry and contaminated surfaces were compared in the
same setting: subjects did not know whether the surface was dry or oily. Therefore, the
anticipation effect was a constant factor across all trials. In real-life slip incidents occur often
unexpectedly and reproducing the unexpected nature of such slipping accidents in laboratory
settings has proven to be difficult. Thus, findings reported here (and all other slip and fall
investigations using human subjects) should be applied conservatively in the research directed
towards the design criteria of “safe” shoe/floor interfaces and the development of slip resistance
testers designed to reproduce foot movements during locomotion.

Previously published studies reported some parameters related to heel contact dynamics
during slip events on level surfaces (inclined surfaces were not investigated). In general, the
results reported here on level surfaces were in agreement with findings of earlier studies. For
example, on dry conditions, the heel sliding motion recorded upon heel contact was also
observed in previous investigations ©'*>'*, The description of typical slip events (sliding
patterns and heel velocity profiles) seems consistent across these same studies, although specific
magnitude and timing parameters of heel contact dynamics were not always reported.
Strandberg and Lanshammar 54 reported a wide range of heel contact patterns, especially for
the heel velocity, with velocity magnitudes ranging from 0.14 and 0.68 m/s and associated with
standard deviations as large as 0.52 m/s. This wide range in heel contact strategies was also
noticed across trials conducted in this study.

Another gait parameter that was the subject of previous investi %ations is the foot angle with
respect to the floor. At heel contact, Strandberg and Lanshammar ©'¥) published similar results
(~21-22°(SD 5°)) to the ones computed here, which were, however, smaller than foot-floor
angle values reported by Leamon and Son @13 (~30°). The timing of the forward slipping phase
(Timerorwsiip here} was in accordance to findings of Perkins ©'* and Strandberg and
Lanshammar ®1* (about 50-100 ms after heel contact). At that time, in this study, the foot was
almost flat (mean FootAnglgorwsiip of 1 to 3°), while Strandberg and Lanshammar G4 reported a
mean value of 5.5° associated however with a standard deviation of 5.9°. Finally, in these
experiments, all subjects were able to rotate their foot flat onto the floor even in the trials that
resulted in fall outcomes. Perkins (5"3), on the other hand, discussed occasional fall trials
(associated with large impact foot-ramp angles) during which the heel started forward slipping
right at heel contact, did not slow down and the foot never reached foot flat position.
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As expected, recovering from slip events becomes more challenging as slip distances and peak
forward sliding velocity increase. All trials conducted by Perkins ©'* and characterized by with
slip distances greater than 10 to 15 cm resulted in falls, a result that was later confirmed by
Strandberg and Lanshammar ®'* who suggested that a slip is likely to result in a fall if the slip
distance is in excess of 10 cm or the peak heel sliding velocity is greater than 0.5 m/s. In order
to compare these values to findings of this study, the slip distance and peak forward sliding
velocity distributions of the slip-recovery cases were more closely examined: 90% and 75% of
all recovery trials (all ramp angles) were associated with a slip distance and a peak forward heel
sliding velocity less than or equal to 9.4 cm and 0.5 m/s, respectively. Thus, the 10 cm slip
distance and 0.5 m/s sliding velocity “limits” put forward by Perkins ®'* and Strandberg and
Lanshammar ®'* are consistent with the characteristics of slip events recorded here. However,
it is important to note that falls can also result from slip distances and sliding velocities below
those levels. In fact, the data distribution of fall events indicated that 25% of the fall cases were
characterized by slip distances less than or equal to 7.4 cm and sliding velocities below or equal
to 0.55 m/s.

In conclusion, this study provided a detailed description of normal heel contact dynamics
during locomotion on level and inclined vinyl flooring surfaces, which were then compared to
those recorded on relatively slippery conditions. This information, valuable for the development
of slip resistance testers, is however specific to the environmental conditions (material and
frictional properties of the shoe/floor interface) and task performed by the subjects (e.g. pushing
or load carrying). Thus, further research under a variety of conditions and activities is needed to
obtain the complete biomechanically achievable range of gait parameters relevant to slips and
falls. The recently developed slip resistance testers aim at reproducing heel velocity and foot
orientation profiles during slip events. This study underlined the importance of other variables
such as heel acceleration, which will improve slip resistance measures if incorporated in the heel
dynamics of the robots. Finally, in addition to providing input parameters for these testers, the
results of this investigation offer the potential of comparing the slip prediction capability of slip
testers (using COF measures) against real slip events (for a given environmental condition).
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6.0  SCIENTIFIC REPORT III
BIOMECHANICS OF SLIPS

6.1 Abstract

A substantial fraction of injuries in the workplace is attributed to slips and falls. Research
efforts directed towards the prevention of slip-precipitated falls are challenged by the complex
causes of such accidents, including environmental and human factors. In particular,
biomechanical corrective responses to slip events have not been investigated yet. The third goal
of this research was to quantitatively describe ground reaction forces and joint biomechanics
(movements and moments) during actual slips, including strategies evoked by these perturbations
to avoid a fall. Sixteen subjects walked onto a possibly oily vinyl tile floor, while ground
reaction forces and body motion were recorded at 350 Hz. The onset of corrective actions taken
by the body to recover from slips became evident at about 25% into stance and continued until
about 45% into stance, i.e. on average between 190 and 350 ms after heel contact. These
included increased flexion moment at the knee and extensor activity at the hip. By midstance,
compensatory knee and hip reactive moments were recorded. The ankle, on the other hand,
acted as a passive joint during fall trials. Joint kinematics showed increased knee flexion,
allowing subjects to rotate the shank forward in an attempt to bring the foot back near the body.
Finally, only minimal changes in torso orientation were recorded during slip-recovery events.
During slip-fall outcomes, the sliding foot eventually led to a loss of balance evident in the
increasing rearward lean of the torso in the second half of the stance. Thus, this study indicates
that humans generate corrective reactions to slips. The timing and magnitude of the responses
are critical to the success of arresting an impending fall.

6.2 Introduction

Falling is often listed among the leading causes of unintentional fatal injuries in industrial
countries ", and accounts for the largest fraction (20.6%) of injury-related emergency
departments visits ®2. In the workplace, slips and falls raise particular ergonomic concerns. In
1996, 21% of all reported non-fatal work injuries were attributed to slip, trip and fall accidents
63 Moreover, analyses of US workers compensation claims for the years 1989 and 1990
indicated a substantial 24% contribution of fall-related injuries to the direct cost of all claims
filed during this time period 5, Knowledge regarding the specific contribution of slipping to
fall-related injuries is sparse, However, available information suggests that slipping is indeed
often the underlying mechanism of equilibrium loss and ultimately falling. Lloyd and Stevenson
©3) reported that slips and trips cause 67% and 32% of falls sustained by the elderly and younger
population, respectively. Up to 25% of fall-related hip fractures in older adults have resulted
from slips ©®, particularly on wet and slippery surfaces "),

Causes of slip events are complex and involve the interaction of human factors, such as gait
biomechanics, and environmental factors including the frictional properties of the shoe/floor
interface. Gait studies play an important role in the research directed towards the prevention of
slip and fall accidents for two major reasons. First, in order to obtain biomechanically relevant
slip resistance measures of the shoe/floor interface, researchers have recognized the necessity to
develop tribometers that faithfully simulate heel and foot dynamics during actual slip events e
810 Second, biomechanics of human reactions to slippery surfaces partially determine the



outcome of a slipping perturbation and are therefore important in understanding the complex
relationship between gait and falls. Prior studies have examined specific biomechanical
parameters and their relevance to slip/fall potential. Such parameters include ground reaction
forces, foot contact angle, heel velocity and stride length ©1'*?%, Redfern and Dipasquale (18
have also described lower extremity joint moments on both level and inclined dry surfaces. In
order to avoid a slip accident on a contaminated surface, the body must generate a quick and
effective response to re-establish balance and maintain an upright posture, while continuing with
the locomotion task. The strength and control demands experienced by the musculoskeletal
system during this corrective response are reflected in the joint moments (ankle, knee and hip).
To our knowledge, such corrective responses (postural adjustment and moments) have not been
investigated on real slippery surfaces. Instead, reactions to “simulated slip perturbations” or
translation of the supporting surface ®?'"5?% have been examined.

Thus, the third main goal of this research project was to provide a quantitative description of
ground reaction forces and joint biomechanics (movements and moments) during slip and fall
events on level surfaces, including a description of the corrective reactions elicited by these
slipping perturbations.

6.3  Methods
6.3.1 Subjects

Sixteen healthy (no history of neurological or orthopedic disease) subjects divided equally by
gender were voluntary recruited for these gait experiments. Their ages ranged from 19 to 30
years (mean 23 years, S.D. 4 years) and weight from 62.6 to 82.4 kg (mean 68.7 kg, S.D. 6.8 kg).

6.3.2 Experimental Set-Up

A force plate (Bertec, Inc, model 4060A) instrumented walkway built, as part of previous
gait experiments ©18) \as used in this project. The floor’s top surface is made of vinyl tile over
1.9 em thick plywood. An Optotrak-3020 motion measurement system tracked LEDs (accuracy
< 1lmm) attached to the left shoulder (acromiom), hip (greater trochanter), knee (lateral femoral
condyle), ankle (lateral malleolus) and shoe (3 markers near the heel of the shoe and toe fifth
metatarsal) of the subject. LABVIEW was used to synchronize and collect ground reaction
forces and foot/body motion data at 350 Hz. A hamness system with an overhead trolley caught
the subject in case of a fall.

6.3.3 Experimental Conditions and Experimental Design

Two possible contaminant conditions (dry and oil) were used. For the oily condition, 10W-
40 motor oil was applied such that there was a uniform application across the entire surface of a
vinyl tile floor sample (0.6 m x 0.4 m) that was fixed to the force plate. The same
polyvinylchloride (PVC) hard-soled shoes were worn for all trials. The frictional properties of
the shoe-floor-contaminant conditions were measured using the Programmable Slip Resistance
Tester developed by Redfern and Bidanda 610 The mean (S.D.) dynamic COF measurements
for the dry and oily conditions were 1.41 (0.01) and 0.12 (0.01), respectively. Each subject was
tested on all conditions. In order to conceal the contaminant condition to the subject, the oily
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condition was mixed among a random number (1 to 3) of dry trials, during which the subject was
unaware of the contaminant condition.

6.3.4 Walking Protocol

First, informed consent approved by the Institutional Review Board of the University of
Pittsburgh was obtained prior to any testing. After attaching the LEDs, subjects donned the
harness and were instructed to walk as naturally as possible at a comfortable pace. Then, they
were allowed to practice walking such that their left foot hit the force plate. Prior to each trial,
the subject walked to the top of the ramp and, upon reaching the platform, continued to face
away from the walkway and waited for about 1 minute while listening to loud music. During
this waiting period, a contaminant was applied (if required) to the surface at the force plate. (The
lights in the room were dimmed throughout experiment so that subjects could not perceive the
applied contaminant.) At the end of the waiting period, the subject turned around and started
walking while looking straight ahead at the wall on the opposite side of the room. Upon
completing the trial, if the floor surface was contaminated, the shoes and floor sample were
changed.

6.3.5 Data Processing

Ground reaction forces and motion data were processed to retrieve specific gait measures
(Table 7). Shear (anterior-posterior) and normal ground reaction forces were normalized to the
subject’s body weight. The required coefficient of friction (RCOF) on dry surfaces or the
achieved coefficient of friction (ACOF) on oily surfaces was calculated by dividing the shear
ground reaction force by the normal ground reaction force for each trial ©!®. Ankle, knee and
hip moment were calculated based on ground reaction forces, body dynamics and body
segmental properties derived using Plagenhoef’s formulas 629) with general anthropometrical
subject characteristics. Stance duration of dry trials was used to normalize time, with 0% being
heel contact and 100% representing toe-off the force plate. The mean (S.D.) stance duration was
776 (108) ms.
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6.4 Results
6.4.1 Ground Reaction Forces and RCOF/ACOF

6.4.1.1.  Dry conditions. The typical biphasic shear ground reaction force reached
its maximum of 1.2 N/kg at about 20% into stance (Shearpeax and Shearrpeax in Table 8), while the
end of the loading phase marked by the first peak of the normal ground reaction force happened
later in the stance (Normypeax and Normrpeax in Table 8, Figure 15a). As the non-supporting leg
completed its swing phase and prepared for heel contact, the shear ground reaction force
reversed direction to reach its minimum at about 80-85% into stance, and the second local
maximum in the normal ground reaction force was recorded (Figure 15a). During the last 10-
15% of stance (double-leg support) characterized by heel contact of the other foot, ground
reaction forces under the rearward supporting fool returned (o near-0 levels, As a result of these
ground reaction force profiles, the peak RCOF occurred before the end of the loading phase
(RCOFpeak and RCOFpeqi in Table 8), after which time, it closely followed the shape of the
shears during most of the stance (Figure 15b).
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values across outcomes (Shearyesk, Shearryeak, Normpeax and Normrpeak in Table 8). As expected,
the lack of shoe/floor friction during slip events prevented “normal” levels of shear to be
generated, thus decreasing ACOF values compared to dry frictional requirements, findings
confirmed with ANOVA tests (RCOFpea/ ACOF eax in Table 8). Due to the delay in Shearrpeak,
the peak shear-to-normal force ratio occurred significantly later on oily floors

(RCOF 1peak/ ACOF 1peax in Table 8). Finally, after a slip developed, a decrease in the shear
ground reaction force (25-40% into stance, Figure 16b), sometimes even reversing direction was
observed. This reduction is believed to be related to a corrective response or attempt of bringing
the foot back near the body (decelerating slipping motion of the heel reported in Section 5). The
extent of this decrease in the shears varied across slip trials.
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6.4.2 Center of Pressure (COP)

When walking on dry surfaces, the continuous forward transfer of body weight moved the
COP in the same direction along the supporting foot (Figure 15¢). During 0il/SF trials, the swing
phase of the non-supporting leg and the transfer of body weight over the base of support did not
seem to be completed. This is evident in the shape of the normal ground reaction force (Figure
16a) and in the progression of the COP, which stayed close to the heel in fall cases (Figure 16¢,
COP_Heelsg and COP_Heelsg in Table 8). During 0il/SR trials, the COP-heel distance along the
floor was significantly reduced during the loading phase, however by midstance, COP_Heelsg
values were comparable to dry conditions indicating signs of recovery (Figure 16c, COP_Heelsq
and COP_Heelsq in Table 8).

6.4.3 Lower Extremity Joint Moments

6.43.1. Dry conditions. After the loading phase, muscle moments generated at the
ankle, knee and hip joints revealed plantarflexor, extensor and flexor patterns during most of the
stance, respectively (Figures 15d - 15f).

6.4.3.2.  Oily surfaces. In general, the plantarflexion muscle moment generated at
the ankle significantly decreased with the severity of the slip (Figure 16d, AnkIMoms, and
AnklMomsg in Table 8). In the most severe slips leading to fall outcomes, the ankle moment
profile remained at very low levels throughout stance due to the COP’s proximity to the ankle
joint. By midstance, post-hoc tests revealed comparable values between dry and o0il/SR trials,
once again indicating signs of recovery (AnklMomsg in Table 8).

The knee and hip moments appeared to be responsible for corrective reactions attempted
between 25 and 45% into stance during slip events. A significant bias (compared to dry
recordings) towards flexor patterns was observed at the knee during slip outcomes, especially
during SFs (Figure 16e, KneeMomysp in Table 8). By midstance, the majority of slip trials were
associated with a compensatory reaction (extensor bias shown in Figure 16e and KneeMomsg in
Table 8). Since the ankle acted almost as a passive joint during SF events, the ground reaction
forces, especially the shears (acting at a larger moment arm than the normal ground reaction
force (COP close to ankle)), largely affected the profile of the knee moment. A significant
extensor bias in the hip moment, more pronounced during trials resulting in falls, was recorded
during slip events (Figure 16f). Tukey multiple comparison tests on HipMomj revealed
significant differences among dry and SR/SF outcomes (Table 8). By midstance, just as for the
knee moment, a compensatory reaction is evident in the motor patterns of the hip, with no
significant differences between SR and dry trials (HipMomsy in Table 8).

6.4.4 Joint Kinematics and Torso Orientation

6.44.1. Dryconditions. At heel contact, the ankle was slightly flexed but quickly
reached its peak extension angle (around 10%, Figure 17a) as the foot rotated down on the floor,
achieving flat position at about 15% into stance. Consequently, the continuous flexion of the
ankle until about 80% into stance was attributed to the forward rotation of the shank. At that
time, the preparation for toe-off phase started sending the ankle into extension.

61















Slipping perturbations elicited an ensemble of postural corrective reactions different than the
set reported in response to active BOS translation applied during standing on flat support
surfaces. The postural strategies used to generate these corrective movements can be partially
identified with an analysis of the lower extremity joint moments. For example, Runge et al. ‘“2"
investigated ankle and hip moments in response to rearward BOS translation at speeds varying
from 5 cm/s to 55 cm/s and found that 1) ankle strategy was present at all perturbation speeds
and 2) ankle strategy was coupled with increased hip strategy at faster BOS translations. The
presence of ankle reaction seems to be in contrast to findings of this study in which, after the
occurrence of a severe slip, corrective reactions included mostly moments generated at the hip
and knee with minimal (if any) ankle strategy. Another study by Horak and Nashner B2
examined the effect of the support surface’s length (relative to foot length) on postural strategies
during a given BOS translation. In this investigation, the authors reported that, on short support
surfaces, hip strategy dominated the reactions with “generally unresponsive” ankle joints, while
on normal length support surfaces, significant levels of ankle muscle work were observed. Thus,
from this comparison across studies, it appears that subjects have the ability of adopting a wide
spectrum of corrective strategies varying from pure ankle to pure hip reactions including
complex combinations of lower extremity joint moments. Many factors could affect the type of
corrective reactions used by the subjects including initial postural conditions at the onset of the
perturbation and dynamics of the task performed during the perturbation (e.g. during locomotion,
slips begin before body weight is fully transferred to the supporting foot). However, the
importance of the knee in corrective responses in slips reported here is not found or underplayed
in standing postural control studics.

Reaction time as measured by the occurrence of corrective moments generated at the knee
and hip during slip events is comparable to the timing of responses reported by Runge et al. ¢**
during active rearward BOS translation. During the first 150 ms following the applied
perturbation, Runge et al. > reported only passive joint movements resulting from the
rearward translation of the BOS, However, active moments at the lower extremity joints became
evident at about 150 to 200 ms after the applied perturbation. This is certainly in accordance to
findings of this study conducted during slipping perturbations initiated at heel contact: the onset
of corrective actions taken by the body to recover from slips was recorded at about 25% into
stance and continued until about 45% into stance, i.e. on average between 190 and 350 ms after
heel contact.

The results of this study suggest that heel contact might not be the only time during stance
important to tribology research, recently focused on obtaining biomechanically relevant slip
resistance measures by simulating heel and foot dynamics occurring at heel contact. Although
forward slipping is certainly initiated shortly after heel contact (e.g. 60-80 ms on oily surfaces as
reported in Section 5), corrective reactions occurring later in the stance appear to be the primary
factors affecting the outcome of recovery attempts after the occurrence of a slip.

It is unclear whether active anterior translation of the base of support (BOS), used in recent
investigations to simulate naturally occurring slip events “*'*?%) evoke similar motor muscle
patterns, corrective movements and strategies comparable to those recorded during real slipping
events. Although, intuitively, both types of perturbation are similar, i.e. the foot is suddenly
moved in front of the body’s COG, the full effects of these balance perturbations have not
specifically been compared yet. Active anterior BOS translation experiments designed to
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simulate slips can be divided into two major groups: 1) anterior translation of the supporting
surface occurs while a subject is standing still (e.g. Hsaio and Robinovitch ©2"), and 2) anterior
translation of the supporting surface occurs during locomotion (e.g. Tang and colleagues ¢**
3249 In the first group, Hsaio and Robinovitch ¢! acknowledged the lack of body dynamics
simulation in their experiment, a factor that will obviously affect corrective reactions. In the
investigations conducted by Tang and colleagues ©?2%*%) the supporting surface is translated at a
constant velocity of 40 cm/s. However, during real slip events, decreased friction of the
shoe/floor interface was correlated with increasing heel acceleration recorded shortly after heel
contact (Section 5). Thus, this aspect of heel dynamics was not taken into consideration in
experiments performed with a BOS moving at a constant velocity. Another aspect differing
between naturally occurring slip events and active anterior BOS translation relates to stability
concerns. Pai and Iqbal “*% compared the region of stability of both scenarios using a computer
simulation. (The region of stability was defined as the “feasible range of COM velocities that be
reduced to zero with respect to the BOS while still allowing the COM to traverse within the BOS
limits”.) The authors have reported a substantial overlap between regions of stability of active
anterior BOS translation and real slipping perturbations, however a significant difference in the
shape of these regions was also discussed. Thus, using active anterior BOS translation to
specifically reproduce heel and body dynamics during naturally occurring slip events has not
been proven to be an accurate method yet.

In conclusion, the responses to slips found in this study suggest that the primary postural
reaction includes knee flexion and hip extension of the sliding leg. This reaction occurs
approximately 190 to 350 ms after heel contact. The success of this strategy will obviously
depend on the magnitude and timing of these responses. This study identified postural strategies
that are different than those previously found using standing perturbations protocols where ankle
and hip moments dominate. This underscores the task specificity of postural reactions to
maintain balance.
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7.0  SCIENTIFIC REPORT IV
LOAD CARRYING AND GAIT AFFECTING SLIP POTENTIAL

7.1 Abstract

The complex human processes involved in balance maintenance and fall prevention during
normal locomotion are further complicated by load carrying and/or in the presence of slippery
floors. The fourth goal of this study was to investigate the effect of carrying loads (2-handed
method) on gait biomechanics relevant to slips/falls. Ten subjects walked down surfaces of
varying inclinations (0°, 5% and 10°), while ground reaction forces and body/foot motion were
recorded. Three load conditions (no load, 2.3 and 6.8 kg) were included. Load carrying was
associated with increases in the peak normal force and in the rate of the normal loading phase.
Shear forces were not affected by load carrying. Changes in the ground reaction forces recorded
during load carrying led to reduced required coefficient of friction (RCOF) values, a parameter
used to rate slip potential. This RCOF reduction is partly due to postural adaptations such as
increased knee and hip flexion adopted during load carrying. Furthermore, load carrying was
accompanied by slower heel contact heel velocity in the direction of motion and faster rearward
heel movements at or shortly after heel contact. Finally, moments generated at the hip and knee
joints were significantly biased towards the extensor and flexor direction, respectively.

7.2 Introduction

Walking necessitates the performance of a combination of complex human processes related
to gait biomechanics, sensory information processing and neuromuscular mechanisms involved
in maintaining postural balance and preventing falls. This goal is further complicated when
performing manual handling tasks or/and in the presence of environmental hazards such as
slippery floors. Over the years, lifting and holding loads have been shown to be potentially
hazardous occupational tasks. Thus, much of the work in the prevention of manual handling-
related injuries has been focused on the effect of load levels on stability parameters .0
musculoskeletal stresses particularly forces at the L5/S1 disk (7274) and physiological strain
parameters such as oxygen uptake and heart rate ) while lifting and/or holding loads. Such
studies have led to recommendations and legislation on safe load levels to lift based on based on
epidemiological, physiological, psychophysical and biomechanical criteria (e.g. NIOSH, 1981,
1993). Load carrying on the other hand, which is part of the routine requirements of the job in
many occupational settings, has less often been investigated. For load carrying, researchers have
concentrated mostly on muscle activity patterns *7'% and physiological strain parameters
(7:9.1117113) 1nformation regarding load carrying effects on gait biomechanics and stability
parameters is sparse.

Another serious ergonomic concern in industry is slips and falls accidents, which have been
recognized to be a major cause of injuries and source of high economic costs in the US and a
number of other industrialized countries. In the US, a total of 390,241 non-fatal work injuries
(requiring days away from work) representing 21% of all reported cases were attributed to slips,
trips and falls (STF) accidents (Bureau of Labor Statistics (7"4)). In Britain, STFs were ranked as
the most frequent type of accidents causing major injuries, with STFs accidents on the same level
and from height being responsible for 29.8% and 18.4% of all reported accidents in 1997/1998,
respectively (Health and Safety Executive (7-13)) - Similarly, the Swedish Information System



Occupational Injuries and Disease 7'? attributed 22% of all occupational accidents to falls, once
again the most numerous type of occupational accidents. Analyses of US workers compensation
claims for the years 1989 and 1990 indicated a 24% contribution of fall-related injuries to the
direct cost of all claims filed during this time period '”’. Based on the demographic trends of
the US population including the advancing age of the labor force, Englander et al. H:15 projected
the total number of fall injuries and their cost to increase by 25.8% and 32.5% between 1995 and
2020, respectively.

Falls are often precipitated by slipping events, as recently reported by the Information
System Occupational Injuries and Disease % in Sweden: slipping contributed to 55% and 23%
of falls on the same level and to a lower level, respectively. Causes of slip/fall accidents are
complex and multidimensional as they relate to environmental factors (e.g., floor slipperiness,
lighting), human factors (e.g., gait biomechanics, postural control, aging, drug effects) and the
interaction of these two types of risk factors (e.g. corrective reactions after the occurrence of a
slip) (review of risk factors in Grongvist '%). Research focused on the prevention of slip/fall
accidents has been directed towards the “accurate” and “reliable” measurement of slip resistance
(7207-22) and on gait biomechanics durin_; slip events 72*729 or “simulated slip perturbations” i.e.
translation of the supporting surface "*"7*"). Findings of gait studies have been useful in
determining the frictional and strength requirements of walking, and investigating biomechanical
human reactions to slippery environments. Unfortunately this information is task-specific. Gait
biomechanics have rarely been investigated during load carrying, despite the fact that the risk of
injury from load carrying is dramatically increased when walking on slippery floors, possibly
decreasing the chances of recovery compared to the unloaded conditions. In fact Anderson and
Lagerlof "*? found that more than 30% of injuries occurring while load carrying had aslipora
trip as a contributing factor. Therefore, understanding load carrying effects on gait biomechanics
relevant to slips and falls is the first step toward the long-term goal of preventing such accidents.

The majority of the small group of researchers that examined carrying effect on gait
biomechanics have not considered the standard industrial symmetrical 2-handed load carrying
posture, but instead have used back ;Jacks, front packs and doublepacks simulating carrying tasks
mostly performed in the military >*73%), The effect of load carrying on gait biomechanics and
stability measures will depend not only on the load level but also on the load position and body
posture used to handle the load. Thus, it is important to specifically investigate the effect of load
carrying using the 2-handed symmetrical posture. Others have incorporated in their experiments
the more common 2-handed method of handling a load, but their findings are limited to specific
gait parameters such as stride length and heel velocity 7% or force plate data 7). All of these
gait experiments have been conducted only on horizontal surfaces, however tasks such as
loading/unloading boxes from trucks using ramps for example are common in industry. In
summary, there is a need for a greater understanding of workers’ reactions to load carrying
during normal locomotive tasks in both safe and slippery environments.

The primary fourth goal of this research is to investigate the effect of carrying relatively light
loads (2-handed method) on gait biomechanics during normal locomotion on both horizontal and
inclined surfaces that could influence slips and falls. Also, the changes in gait patterns (if any)
adopted by subjects to alter slip potential while carrying load are identified. Finally, ankle, knee
and hip moments will be compared between normal locomotion and load carrying. This study is
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A standard 42.5 cm (length) x 34.9 cm (width) x 26.7 cm (depth) plastic office file crate was
used to hold the load, which was evenly distributed in the crate. Handle holes (16.5 x 7.0 cm)
located midway on each side of the crate were used. For the load conditions, subjects were
instructed to carry the loaded crate at about waist level, using the 2-handed symmetric posture
without supporting the crate against the body (self-chosen horizontal distance of the crate from
the torso). In general, the elbows were flexed slightly more than 90°.

733 Experimental Conditions

The nine experimental conditions included three ramp angles (0°, 5%, 10°) and three load
conditions (no external load, 2.3 kg and 6.8 kg). The order of presentation of the load conditions
was randomized. All subjects wore the same type and model of poly-vinyl-chloride (PVC) hard
sole shoes.

7.3.4 Walking Protocol

After informed consent was given, subjects donned a safety harness and LEDs were attached.
Specific instructions included walking as naturally as possible at a self-chosen speed while
looking straight ahead at the opposite wall of the laboratory. Subjects were allowed to practice
walking before data collection. Subjects were handed the appropriate load to carry (if any) prior
to each trial. Kinematic and kinetic data were recorded as the subject walked across the force
platform. A minimum of three to a maximum of five trials per (ramp angle, load) condition were
collected.

7.3.5 Data Processing

For each trial, time was normalized to stance duration with 0% being heel contact and 100%
representing toe-off the force plate. Shear (anterior-posterior) and normal ground reaction forces
were normalized to the subject’s weight. The ratio of shear to normal forces (also termed
required coefficient of friction or RCOF % was calculated over time. In addition, the phase
relationship between the shear and normal forces was quantified by the time difference between
the peaks of the normal and shear forces. Kinematic variables (in the sagittal plane) were
derived from position data provided by the LEDs, including foot-ramp angle, included joint
angles (ankle, knee and hip), torso orientation (with respect to horizontal), heel velocity in the
direction of motion and foot angular velocity. Velocity information was calculated by
numerically differentiating (using a 2-time step differentiation routine) the position data. Sagittal
plane joint moments generated at the hip, knee and ankle were computed using approximate
lower extremity segmental properties defined by Plagenhoef (738) " These kinetic and kinematic
variables were evaluated at specific time during stance (e.g. heel contact, 20% or time of peak
values) and used as the dependent variables to be compared among load conditions (Table 11).
Finally, general gait variables such as stride length (defined as the distance traveled by one foot
from heel contact to heel contact) and stance duration were also considered in the analysis.
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73.6 Statistical Analysis

All statistical analyses were repeated within each ramp angle condition. A single-factor
repeated measures design was used for each dependent variable listed in Table 11, with the
independent variable being the load level (no-carrying, 2.3 kg and 6.8 kg). Standard within-
subject ANOVA tests associated with repeated measures models were performed to determine
the statistical significance of the load level on gait biomechanics. Differences among load levels
were further investigated (Tukey multiple pairwise comparisons tests) for all dependent variables
for which the load effect was found significant, i.e. p-value associated with ANOVA F-test was
less than or equal to 0.05).

7.4 Results
7.4.1 Overview

ANOVA findings revealed the significant effect of load carrying on more than half of the
gait parameters on all ramp angles (Table 12). The kinetic variables included in these parameters
were RCOFpeak, Normpeak, Forcrairr, KneeTorgpex and HipTorqsg. The kinematics affected by
load carrying for all ramp angles were reflected in postural parameters (KneeAnglyc,
TorsAnglye, AnklAnglyg, KneeAnglyo, Torsanglyg), velocity variables (HeelVelxyc,
HeelVelXrearward, FootAngVelyc) and general timing gait characteristics (SD). Other variables
were significantly affected by the load only on specific ramp angles (e.g., Normrpeax,
AnklAnglyc, HipAnglye and HipAnglyg). Finally, load carrying did not alter responses such as
peak shear forces (Shearpeq) and normalized stride length (NSL).
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7.4.3 Kinematics

7.4.3.1.  General Gait Variables. On average, subjects did not change normalized
stride length (on any ramp angle) when carrying a load. In these experiments, mean stance
duration was about 743, 698 and 649 ms for the control condition during level walking and when
descending the 5° and 10° ramp, respectively. Small, but significant, decreases (2 to 8%) in the
stance duration were recorded when subjects carried loads, with the greatest relative changes
found during level walking and the smallest changes observed when walking down the 10° ramp.
Tukey multiple pairwise comparison tests indicated significant differences only between the
control and load conditions, not between the different load levels.

7.43.2, Posture. The overall profile of the included lower extremity joint angles
indicated that the ankle was the least affected joint and that increased knee and hip flexion were
recorded during load carrying (Figure 23). At heel contact, differences in posture parameters
among load levels were small and somewhat variable across ramp angles (Figures 24a, 24c, 24e,
24g and Table 12). However, by 20% into stance, these differences became, in general, more
pronounced and consistent across ramp angles (Figures 24b, 24d, 24f, 24g and Table 12).
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Foot-ramp angle at heel contact (FootAnglyc) was significantly increased with load carrying
for level walking and when descending the 10° ramp. Despite the statistical significance of these
findings, the changes in foot orientation were small on these surfaces (less than 3°) and not
significant at all on 5°. Similarly small but statistically significant changes in the shank-ramp
angle at heel contact (ShankAnglyc) were recorded only the 10° ramp, with an increase of less
than 2° when carrying the 6.8 kg load. As expected, these small and inconsistent (across ramp
angle conditions) changes in FootAnglyc and ShankAnglyc among load levels were also
reflected in the findings of the included ankle angle, with small significant differences only
between the control and loaded conditions during level walking (AnklAnglyc in Figure 24a,
Table 12). By 20% into stance, the ankle joint was more extended during load carrying than the
unloaded condition (significant differences on all ramp angles), especially when descending the
10° ramp (Figure 24b).

Carrying a load on all ramp angles resulted in increased knee flexion (significant decrease in
KneeAnglyc and KneeAnglyg in Figures 24c, 24d), bringing the body’s center of gravity (COG)
closer to the ground. This was done mostly by changing the upper leg’s orientation with respect
to the floor since, as previously mentioned, the shank’s orientation did not significantly change
among load levels (this was also verified independently: on average, the upper leg — ramp angle
increased by 1 to 6° when carrying a load compared to the no-load condition). Once again, in
general no significant differences in the included knee angle were detected between the two load
levels.

In order to compensate for the weight of the load carried in front of the body, subjects
extended the torso angle (Figures 24g, 24h) except at heel contact on the 10° ramp. These
significant differences from the no-load condition ranged from about 1° to 4°, Despite these
apparently small torso angle differences, it is important to note that the torso does not usually
experience high changes in orientation and such numbers make a difference on gait
biomechanics "), The largest differences in the torso orientation were recorded for level
walking and were less pronounced (not significant) on the 10° ramp angle (Figures 24g, 24h).

Finally, at heel contact, the combination of greater knee flexion (or increasing upper leg
angle with respect to the floor) and increasing backward torso lean resulted, in general, in non-
significant differences in included hip angles among load levels, except on the 10° ramp where
HipAnglyc was reduced when carrying the 6.8 kg load (Figure 24¢). By 20% into stance, similar
decreases in the included hip angle were observed when descending inclined surfaces (Figure
24f).

7.43.3.  Velocity. The overall profile of the heel velocity in the direction of the
support surface showed significantly slower forward velocity and often even backward heel
movements when carrying a load (Figures 25a, 25b). These changes in heel dynamics were
more pronounced as ramp angle was increased (Figure 25b). For level walking for example,
similar heel contact heel velocities were recorded for both the no-load condition and the 2.3 kg
load level (Figure 25¢c). However for the same load level on inclined surfaces, heel contact heel
velocity dropped significantly from a forward velocity of 0.24 m/s (5°) and 0.10 m/s (10°) in the
no-load condition to 0.08 m/s (5°) and -0.18 m/s (rearward heel movements on 10°). The
decreases in heel contact heel velocity when carrying a 6.8 kg load were significant on all ramp
angles. Tukey tests indicated no differences between the two load conditions on both 5° and 10°.
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7.5 Discussion

Carrying relatively light loads was associated with small but significant differences in gait
biomechanics during both level walking and when descending ramps. In particular, load
carrying was associated with increases in the peak normal force, but also interestingly, in the rate
of the normal loading phase, thus changing the timing characteristics of the normal ground
reaction force. In general, shear forces were not affected by load carrying, The findings related’
to the ground reaction force’s timing resulted in the reduction of the time gap between the peak
shear and normal ground reaction forces, which together with the decrease in the magnitude of
the normal ground reaction forces, led to reduced RCOFyeqk values, an important parameter used
to rate slip potential. This reduction in the RCOF was partly due to postural adaptations such as
increased knee and hip flexion adopted during load carrying. Furthermore, load carrying was
accompanied with more “controlled” heel contact dynamics such as slower heel velocity at heel
contact and a significantly greater tendency of generating rearward heel movements at or shortly
after heel contact. Finally, external moments generated at the hip moment and knee moment
were significantly biased towards the extensor and flexor direction, respectively.

The paucity of data relating load carrying (using a symmetrical 2-handed posture) to gait
biomechanics makes the comparison of findings across studies challenging. The method of
carrying, load level and walking speed are all factors affecting gait parameters 72*7**737)
addition, the load and body center of gravity location affect stability measures 1) which will
undoubtedly be associated with postural adaptations. The reduction in the peak RCOF found
during load carrying (in front of the body) has been previously qualitatively reported by Love
and Bloswick 7). Myung and Smith @39 who investigated a similar carrying posture as in this
study, reported a significant decrease of stride length with increasing load levels, which ranged
however from the no-load condition to 40% of body weight, a far (greater load level than the ones
investigated in this study. Kinoshita (733) and Martin and Nelson “**), on the other hand,
investigated considerably heavier backpacks and doublepacks (up to 40% of body weight) and
reported no statistically significant relationship between stride length and load level. However,
Martin and Nelson % reported tendencies of subjects, especially female subjects, to decrease
stride length with increasing load levels. Thus, the relationship between stride length and load
levels is still the subject of some disagreement among researchers. Interestingly, Kinoshita
e ”reported increased knee flexion via a reduction of the upper leg’s vertical orientation while
load carrying, a result that is in accordance to our conclusions. Another parameter was heel
contact heel velocity. Myung and Smith 7% concluded that heel velocity at heel contact was not
affected by load carrying levels on dry floors, a finding that apparently is in disagreement with
our findings. However, it should be noted that at least two experimental/analysis procedures
could be responsible for this apparent disagreement in the results: 1) in Myung and Smith 79,
walking speed was fixed and 2) the resultant heel velocity (direction of motion and lateral
direction) was considered not the individual component along the direction of motion as was
done in this experiment.

The statistically significant load carrying effects on postural variables (knee and hip flexion,
increased torso-horizontal angle), which are small in magnitude due possibly to the relatively
light load levels, are believed to be of practical importance to slip potential reduction. The
relevance of such postural adaptations is evident in their effects on ground reaction forces and
thus on the RCOF and slip potential. More specifically, these postural adjustments during loaded
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gait are speculated to be partly responsible for the increases in the normal forces and thus the
reduction in the peak RCOF. The increase in the normal forces was also partly due to the
addition of the load’s static weight during the carrying conditions. For example, during level
walking, an external load of 6.8 kg carried by a subject of average body mass 68.7 kg will
produce an increase of about 1 N/kg in the amplitude of the normal forces. The recorded mean
increase was about 1.6 N/kg. The difference between these two values may be attributed to
changes in the orientation of the torso with respect to the floor: load carrying was associated with
increases in torso angle, which in turn will produce a greater normal component of the ground
reaction force. In addition, the earlier occurrence of the peak normal force during load carrying
is certainly not due to the simple addition of an external load, but rather appeared to be possibly
related to the observed increases in knee/hip flexion, which would indeed move the body closer
to the base of support, thus allowing for a more rapid transfer of body weight to the supporting
foot. Thus, it is believed that postural adaptations play an important role in the increase of the
normal forces and therefore in slip prevention.

The reasons for postural adaptations during load carrying remain to be investigated. During
static standing, Holbein and Redfern 7 confirmed the importance of the location of the COG of
the body-load system on stability measures. For example, lowering the COG to the ground
increased stability ranges. Similarly, during load carrying, subjects might have adopted postures
that increased their stability. Another possible explanation for the postural adaptations recorded
during load carrying is that postural adjustments facilitate such energy exchange. Kinoshita 7
has, for example, put forward the hypothesis that greater knee flexion is necessary “to allow in
part the smooth transfer” of the body/load weight to the supporting limb, characterizing the
“knee joint and the muscular system of the thigh” as a “shock absorber to reduce the impact
force”.

Load carrying significantly affected hip and knee moments. The moment generated at the hip
has been referred to as a “balancing moment™ and known to largely vary across subjects as it
compensates for external “unbalancing” moments arising from, for example, walking patterns
such as rearward/forward torso lean 7%, Load carrying introduces an additional unbalancing
moment component: during level walking, a 6.8 kg load carried at a horizontal distance of 30 to
40 cm from the hip will result in 2 moment of about 20 to 27 N.m (6.8 x 9.81 x 30 x 10% =20
N.m) or 0.26 to 0.35 N.m/kg (if normalized to average body-load mass), “pulling” the torso in
the direction of gravity. In order to maintain balance, an increased activity of the back/hip
extensor muscles is necessary and evident in the bias of the hip moment towards the extensor
direction recorded during load carrying (Figure 26). This bias is of the same order of magnitude
as the unbalancing moment resulting from load carrying (roughly estimated). The flexor bias
recorded for the knee moment can be attributed to the high correlation between hip and knee
moments "%, Thus, an extensor bias of the hip moment will be associated with a flexor bias of
the knee moment (as found in this study). In conclusion, load carrying affected joint moments
more than body posture (small but significant changes). Thus, the findings of this study seem to
indicate that walking is so well controlled by balancing activities of the lower extremity joints
that deviation from the normal unloaded body posture is largely prevented even when disturbed
by relatively light load carrying.
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8.0 SCIENTIFIC REPORT V
PREDICTIVE LOGISTIC REGRESSION MODELING OF SLIPS AND FALLS

8.1 Abstract

Occupational related slips and falls accidents are among the leading causes of severe injuries
and deaths. Accurate assessment of the slip resistance of the shoe/floor interface is critical to
determine slip and fall potentials. Unfortunately, slip resistance measurements from currently
available tribometers do not agree with one another and there are no valid criteria to evaluate
these devices. The fifth of this project was to use the biomechanical model put forward by
Hanson et al. ®" in an attempt to evaluate the ability of two tribometers (PSRT and Brungraber
Mark II) to predict slips. More specifically, this method used logistic regression modeling to
predict the slips and/or falls based on the difference between the frictional requirements of
walking (RCOF) and available friction (i.e. slip resistance). Sixteen subjects walked on level
surfaces and ramps of varying inclination (5°, 10°), while ground reaction forces were collected
at 350 Hz. This study varied slip resistance through changing the environmental conditions
(floor-contaminant combinations), while increasing the walkway’s ramp angle was chosen as a
method to increase RCOF. Logistic regression models proved to be useful in describing the
nature of the relationship between the probability of falls and the difference between
biomechanical frictional requirements and available friction (COFgi). However, logistic
regression functions of COF ;s alone did not provide a satisfactory fit of the probability of slip
(r* <0.50). This poor performance of the model is believed to be due to the inaccurate
assessment of the shoe/floor slip resistance by the two tribometers included in the study,
especially for wet and soapy contaminant conditions.

8.2 Introduction

Falling accidents have often been listed among leading causes of serious non-fatal
occupational injuries, generators of fatalities and sources of high economical costs ®#*%, Falls
are in turn often the result of slipping. An estimated 55% of all reported falls in Sweden have
been related to preceding slipping events @9 Thus, reducing occupational slip-related accidents
has been identified among long-term goals of governmental agencies such as NIOSH and many
scientific investigations supported by industrial funding. Unfortunately, despite research efforts
to achieve this goal, slips and falls continue to raise particular ergonomic concerns. The trends
of these slip-induced injuries reported in epidemiological studies have been attributed to a
multitude of complex environmental and human factors. Among the environmental factors are
the properties of the shoe/floor interface (e.g. frictional and material properties), room lighting
characteristics and floor contrast levels. Human factors on the other hand include gait
biomechanics (e.g. corrective reactions during slips, anticipation), sensory and neuromuscular
processes involved in the initiation and dynamic task of walking while maintaining an upright
posture.

In an effort to control slip incidence, researchers have attempted to develop predictive
models to estimate the risk of slipping. Very simple univariate model structures, i.e. based on
single independent variable such as COF measurements obtained with slip testers or slip distance
8-3) ag well as more elaborate models including neural network computational tools @9 have
been developed. Other approaches have been comprehensive frictional models @7



multivariate slip-prediction models based on ratiometric and dimensionless independent
variables ®®, Although these models are undoubtedly useful to understand the causes of slips
and falls, their direct practical industrial applications (e.g. design of fall-safe walking surfaces
and assessment of slipping risks) is less clear due to the difficulty of obtaining some of the
necessary predictor variables for a specific environments and tasks to be performed. Hanson et
al, ®') have reco gnized these limitations and used relatively simple logistic regression modeling
to investigate the relationship between the probability of slips/falls and the difference between
frictional requirements of walking (required coefficient of friction (termed RCOF) and measured
slip resistance of shoe/floor interface (COF). This study provided a potential tool to 1) determine
whether an environment is a slip-safe environment and 2) test the efficiency and validity of slip
testing devices.

Strong scientific evidence needed to validate and standardize slip resistance measures is
lacking. In spite of the fact that slip resistance seems to be a purely physical phenomenon,
measurements from the different types of devices do not agree. However, in industry,
measurements from these devices are the most widely and routinely used criteria for rating slip
potential of various flooring conditions. The major problems associated with current COF
measures are: 1) slip resistance measures depend upon the tester used, i1) attempted COF safety
guidelines associated with specific devices have been put forward based on consensus and not on
actual data from slips and falls and iii) slip resistance measures do not take into consideration the
biomechanical requirements for the task (e.g. walking on a ramp versus walking on a level floor).
Thus, there is a need fo develop a method and data set that can be used to evaluate the utility of
testers currently available under various environmental and biomechanical conditions. Hanson et
al, &1 attempted to meet these research needs by conducting a small human gait study on
inclined and level surfaces of differing frictional properties. The study by Hanson and al. ®" is
the basis of this investigation with increased number of subjects and environmental conditions.

The fifth goal of this research is to describe the relationship among the probability of
slips/falls, the slip resistance (measured by two testers) and frictional requirements of the tasks
%)erformed by subjects. Logistic regression models, similar to those published in Hanson et al.
1) were developed to describe this relationship and used to evaluate the validity of slip
resistance testers and their ability of predicting slips in specific environments.

8.3 Methods
8.3.1 Subjects

Sixteen healthy subjects voluntarily participated in this study. Exclusionary criteria included
a history of neurological or orthopedic disease and any difficulties impeding walking down a
ramp. The subjects’ population was young with ages varying from 19 to 30 years old and
divided equally by gender. Anthropometrical characteristics were not considered variables in
this study.

8.3.2 Experimental Conditions

The independent variables were four contaminant conditions, three floor types and three
ramp angles for a total of 36 experimental conditions. Contaminant and floor conditions varied
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the environmental frictional properties of the shoe/floor interface, while ramp angle affected the
biomechanical frictional requirements of the walking task. In addition to the dry conditions,
three other contaminants were included in the study (wet, soap, oil). The detergent condition
consisted of a solution of dish soap (Ajax) and water mixed to a ratio of three parts water to one
part detergent. Motor oil (10W-40 Penzoil) was used for the oily condition. The contaminants
were uniformly applied onto the floor sample attached to the force plate (0.6 m x 0.4 m), The
same polyvinyl chloride (PVC) hard-soled shoes were used for all walking trials and slip
resistance testing. In order to minimize possible cross-contamination, a clean floor sample and a
clean pair of shoes were used after each oily trial, and special cleaning precautions were taken
after each wet and soapy condition (all contaminated rough painted plywood floors were
changed due to the longer time needed to clean them).

8.3.3 Slip Resistance Measurements

Coefficient of friction measurements of the shoe-floor-contaminant combinations were made
with two devices: the Programmable Slip Resistance Tester (PSRT) of Redfern and Bidanda @
and the Brungraber Mark II tester. The PSRT provides a measure of the dynamic coefficient of
friction (DCOF). It applies a known vertical force on a robotic resin foot, which, under the
influence of forward shear forces, slides a size 10 PVC shoe (used in the gait experiment) across
a horizontal sample floor at a constant velocity. For this experiment, the PSRT was operating at
a forward travel velocity of 3cm/s and a vertical force of 14.5 kg. The shear forces necessary to
sustain the sliding motion of the robotic foot were recorded at a sampling frequency of 1000 Hz.
The DCOF was then calculated by dividing those shear forces by the applied vertical force. Four
trials per environmental condition were collected and the results were averaged.

The Brungraber Mark II tester, often used in industry to rate the slipperiness of a floor, is part
of the articulated strut testers family, which measure the shoe/floor static coefficient of friction
(SCOF). This tester consists of a weight mounted on the top end of an articulated arm and a
sample of the PVC shoe sole (used in the gait experiments) is attached to the other end, the pivot
point. The arm is dropped onto a sample floor at a known angle from the vertical. The specific
angle at which the sole material slips is noted and directly related to the SCOF
(trigonometrically). Thus, the vertical and horizontal forces are applied at the same time. Just as
for the PSRT, four trials for each environmental condition were collected and the results were
averaged.

8.3.4 Walkway Set-Up and Data Acquisition System

The same specially designed walkway used in Hanson et al. &1 and described in detail in
Redfern and DiPasquale ®.19) was used to conduct these experiments. The walkway consisted of
a ramp that can be easily raised or lowered on one side to vary ramp angle from 0° to 20° and at
the opposite end, the ramp is hinged to a horizontal extension. The ramp is 1.8 m long and 1.0 m
wide with a 1.4 m extension at the bottom. The top surface of the ramp is made of 1.9 cm
plywood covered with the appropriate flooring surface to be tested. A harness system with an
overhead trolley is used to catch the subject and prevent injury should a fall occur.

Ground reaction forces during gait were recorded using a force plate (Bertec, Inc - Model
4060A) embedded into the rampway floor such that the subjects’ left foot landed on the platform
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during the second or third step of descending the ramp. An Optotrak-3020 motion measurement
system was used to record body and foot movements, with LEDs placed on the subject’s left
shoulder (acromiom), hip (greater trochanter), knee (lateral femoral condyle), ankle (lateral
malleolus) and shoe (three LEDs near the heel of the shoe and toe fifth metatarsal). Collection of
ground reaction forces and three-dimensional body motion was synchronized and sampled at 350
Hz.

8.3.5 Experimental Design and Gait Protocol

A full factorial within-subject, repeated measures experimental design was used such that
each subject was tested on all conditions. Subjects came back for 3 visits, each time to be tested
on a randomly chosen flooring surface. The same walking protocol was used for each visit. The
ramp was sel Lo the [irst angle at which the subject was to be tested. In order to maintain
constant changes in gait biomechanics due fo anticipation of slippery surfaces, each
contaminated condition (wet, soap or oil) was “hidden” or mixed among a random number (1 to
3) of dry trials, during which the subject did not know whether the surface was contaminated or
not. Thus, throughout testing, subjects did not have a priori knowledge of the specific
contaminant on the floor. The order of the contaminants was randomized. This protocol was
then repeated for angles 2 and 3. The order of the presentation of the ramp angles was also
randomized for each testing session.

Informed consent approved by the Institutional Review Board of the University of Pittsburgh
was obtained prior to any testing. After attaching the LEDs, the subject donned the harness and
was instructed to walk as naturally as possible at a comfortable pace. Then, he/she was allowed
to practice walking such that his/her left foot hit the force plate. Prior to each trial, the subject
walked to the top of the ramp and, upon reaching the platform, continued to face away from the
walkway and waited for about 1 minute while listening to loud music. During this waiting
period, a contaminant was applied (if required) to the surface at the force plate. (The lights in the
room were dimmed so that subjects could not perceive the applied contaminant.) At the end of
the waiting period, the subject turned around and started walking while looking straight ahead at
the wall on the opposite side of the room.

8.3.6 Data Processing

Ground reaction forces measured from the force plate were used to retrieve the required
coefficient of friction (RCOF) on dry surfaces. More specifically, the RCOF was calculated by
dividing the anterior-posterior shear ground reaction force by the normal ground reaction force
for each trial "', The peak RCOF (RCOF peak) Tepresented the frictional requirements for gait
without slips.

The heel’s motion data were processed in the sagittal plane to derive the overall slip distance
of the foot, defined as the total heel movement that occurred along the floor between the time of
heel contact and when the heel stopped moving. This slip distance was used to categorize the
outcome of a contaminated walking trial into 3 possible events: no-slip (slip distance < 1 cm,
NS), slip-with-recovery (slip distance > 1 cm but heel came to a stop, SR), and slip-and-fall (heel
never stopped or subject lost balance and sat in the harness, SF). This cutoff value of 1 cm was
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Standard logistic regression diagnostic methods were used to examine the appropriateness of
the fitted model. In particular, the log-likelihood of the reduced model was compared to the log-
likelihood of the full model. Likelihood ratio tests were performed to determine the statistical
significance of COF gy on the probability of slip/fall for this simple one-factor logistic regression
design. In addition, r*-values were reported. Maximum likelihood point estimates and
confidence intervals [upper 95% - lower 95%] of fo and /) were derived along with standard
errors assoclated with each parameter.

In addition to standard goodness of fit measures, other performance indices specifically
developed for this project were used to evaluate the ability of the fitted response to predict
slips/falls. Figure 27 graphically depicts these performance indices. The first index is X50 and
is defined as the value of COFg;sr at which the estimated probability of a slip/fall event is 0.50.
Another parameter is the accuracy of prediction (AOP), which is the range of COF ;s values
between the 5™ and 95" probability estimates. Thus, X50 measures how far COF measurements
are shifted, while AOP measures the COFg;’s range where most of the slips/falls occur. An
ideal slip tester would have an X50 and AOP index equal to 0. A “poor” slip tester would have a
large AOP. A tester with a non-zero X50 is not necessarily “poor”, but the COF measurements
must be biased i.e., the scale is shifted.

This statistical analysis was repeated for four data sets:

» PSRT tester used, probability of slip (recoveries and falls) considered

e PSRT tester used, probability of fall considered

e Brungraber Mark II tester used, probability of slip (recoveries and falls) considered
e Brungraber Mark IT tester used, probability of fall considered

8.4  Results

8.4.1 Slip Resistance Measurements

The floor-contaminant conditions used in this experiment produced a wide range of
slipperiness conditions with DCOF and SCOF measurements ranging from a maximum of about
1.4 and 0.8 on dry floors to a minimum of 0.08 and 0.03 recorded under oily conditions,
respectively (Table 13). The PSRT and Brungraber Mark II devices provided different absolute
slip resistance measures for the majority of the environmental conditions (Table 13). However,
both testers indicated coefficient of friction recordings on vinyl tile and smooth painted plywood
floors being more affected by the contaminant condition than those measured on rough painted
plywood floors. For example, the DCOF and SCOF on dry conditions decreased by more than
50% when soap was applied to the vinyl tile and smooth painted plywood floors, compared to
less than 25% on rough painted plywood floors. In general, the low standard deviations
associated with the mean DCOF measurements and the majority of the SCOF recordings
indicated repeatable measurements across the four frials recorded for each condition.
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logistic regression model. For an ideal relationship between COFgjr and slip/fall probability,
negative values of COFg;r (i.e. less friction is available than required on dry surfaces) would
theoretically be predictive of a slip and fall, while positive values (more friction is available than
the requirement set by RCOF) would be associated with no slip/fall accidents. This ideal
relationship assumes 1) slip resistance assessments are accurate and 2) the logistic regression
model is an appropriate method to represent slip and fall data.

Increases in COF ;s certainly led to a decrease in the slip and fall probability (Figures 30 and
31). In addition, a slip or a fall probability greater than 0.5 was, in general, associated with
negative COFg;r values. However, the relationship was not ideal: for a number of
environmental conditions, slips still occurred even when COF ;¢ was positive (Figures 30a-b).
These slips that occurred at positive COF g did not result in falls (Figures 31a-b).
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8.5 Discussion

Logistic regression models proved to be useful in describing the nature of the relationship
between the probability of falls and the difference between biomechanical frictional
requirements and available friction (COFgirr). However, logistic regression functions of COF ;¢
alone did not provide a satisfactory fit of the probability of slip (> < 0.50). Three possible
factors are speculated to be the reasons of this high variability in the slip modeling: 1) the
hypothesized probabilistic relationship between slip/fall probability and COF ;¢ is not
appropriate to predict slips, 2) large RCOF variability within and across subjects and 3)
inaccurate assessment of slip resistance measures (DCOF and SCOF). Based on previous
research ®"*1% and on the standard deviation bars associated with the RCOF ey in this
experiment, the first two factors were concluded not to be probable reasons for this
unsatisfactory fit. Thus, problems in slip measurement are believed to be the primary reason
with the poor fit of the data.

There are numerous possible reasons for poor slip resistance performance. The forward
velocity at which the PSRT was operating (3 cm/s) is believed to be too low (i.e. does not
represent heel dynamics), thus overestimating the DCOF values, especially under contaminated
conditions. This was also supported by the frictional characteristics of similar surfaces reported
by Hanson et al. @ also using the PSRT operating however at a forward velocity of 10 cm/s.
For example, under wet-vinyl tile contaminant-floor conditions, a DCOF of 0.64 was recorded
by Hanson et al. ®!) compared to 1.25 here. While the shoe materials were different, it is
believed that velocity played a significant role. The validity of the tractive properties of the
shoe/floor interface measured with the Brungraber Mark II device can also be debated. A major
limitation noticed during the slip resistance testing using this device was the adhesion of the
PVC shoe sole on the following environments: vinyl and smooth painted plywood floors, dry and
wet. Under these conditions, the horizontal shear forces must overcome these adhesive forces
for the shoe sole to slip, a phenomenon that does not happen during normal walking. Thus,
adhesion-related problems will result, once again, in the overestimation of SCOF readings.
Flynn (333 reported similar adhesion-related problems and modified the surface of the floor
sample by inserting groves and ridges in an attempt to reduce these effects. While these non-
standardized preparation procedures may improve the accuracy of slip resistance readings, they
also could modify the frictional characteristics of the shoe/floor interface due to the reduction in
the contact area that occur with the insertion of groves and ridges.

The probability models proposed here for the PSRT device did not perform as well as the
ones developed by Hanson et al. @1 who used the same tester. Many factors could have
contributed to the differences in the overall model’s performance between the two studies: 1) the
tester’s parameters of operation such vertical force and velocity effects (mentioned previously)
were not the same, 2) the environmental (floor and contaminant) conditions were different and
the accuracy of the DCOF measurements could vary across conditions, and 3) RCOF cax
differences were noted between the two studies and are believed to result from the fact that, in
Hanson et al. (S'”, the RCOFpeax Was computed during “baseline conditions”, i.e. the subject was
aware of the dry conditions, thus resulting in greater RCOF .k values (see section 3 on
anticipation effects).
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The testers used in this study may be effective in predicting slips/falls only in extreme
conditions, i.e. under very slippery or slip-resistant shoe-floor interfaces with coefficient of
friction measures being greater than 0.7 or less than 0.2. Indeed, specific non-extreme
contaminant-floor conditions are believed to be among the contributing factors to the
disagreement between the hypothesized probability of slips and falls (logistic regression model)
and experimental findings. Thus, in spite of their overall poor performance, the logistic
regression models were useful in identifying specific environmental conditions under which
inaccurate coefficient of friction recordings were obtained using a particular tribometer.

8.6 Future Research

Further investigation is needed to verify that the estimation of the shoe/floor frictional
characteristics is indeed the reason for the logistic regression model’s inability to satisfactorily
capture the relationship between slip incidence and COFgi. First, the frictional properties of the
shoe/floor interface used in this study need to be tested with other devices. A number of
tribometers should be used to measure the tractive characteristics of the same shoe-floor-
contaminant conditions used in this study. In addition to the Brungraber Mark I and PSRT
devices, at least three other testers are suggested: 1) the Horizontal Pull Slip Meter, commonly
used in industry, measures a SCOF by applying a horizontal force until a weighted sled begins to
move; 2) the Ergodyne, otherwise known as English XL, is another articulated strut device that,
unlike the Brungraber Mark II, is not gravity dependent but rather pneumatically actuated to
produce a normal force; and 3) a portable test device recently developed by Grénqvist et al. Wi,
Mean and reproducibility of slip resistance measurements should be compared among devices
within each environmental condition by performing standard correlation analyses.

In addition to evaluating each testers’ performance individually as was done here, differences
in the ability of predicting slips among the five slip resistance testers could be analyzed
simultaneously by including indicator variables representing the different devices in the logistic
regression model (four dummy binary variables are needed to describe the five devices). Thus,
in this two-factor analysis the COFy;¢r and device variables represent the independent variables,
while the dependent variable is the outcome of the contaminated trial. Using this general model,
the differences in the ability of predicting slips/falls among devices are revealed by simply
performing multiple pairwise comparison Tukey tests between devices.

In summary, the primary goal of this ongoing project is to determine the relationship among
measured slip resistance, RCOF ..k and slip/fall events. The development of logistic regression
models describing this relationship is believed to be a potential method to characterize slip
resistance testers and their ability to predict slips and falls. The overall and specific
characteristics of each tester under particular conditions should be examined individually and
compared across devices. Performance indices should be used to evaluate the ability of each
device in predicting slips and falls.
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