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This study investigated the association between slip severity and pre-slip gait 
characteristics of younger and older subjects. Sixteen younger and eleven 
older healthy adults walked onto an unexpectedly slippery surface. Slip 
severity was categorized as either hazardous or non-hazardous using a 1.0 ms 
peak slip velocity threshold. The results showed that hazardous slips were 
associated with greater step lengths (normalized by leg length) (SLR), larger 
and more rapidly changing foot- floor angles (FF A) at heel strike, and 
increased cadence across the two subject groups. Older subjects were found to 
walk with shorter SLR and with smaller and more slowly changing FF A at 
heel strike compared to younger subjects. However, both younger and older 
subjects experienced hazardous slips at the same rate. A logistic regression 
model relating SLR and cadence to slip severity predicted that increased SLR 
and decreased cadence would result in increased probability of hazardous slip 
(R2 = 0.45, x2 = 15.30, p<0.01). A second logistic regression model relating 
FF A with slip severity predicted that increased FF A would result in increased 
probability of hazardous slip (R2 = 0.53, x2 = 16.55, p<0.01). These results 
suggest that gait characteristics prior to foot contact play an important role 
in the severity of an ensuing slip. The finding that older adults experienced 
hazardous slips at the same rate as young adults even though their SLR and 
FFA are smaller suggests that age is also playing a role in other aspects of 
postural control that impact slip severity. 
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1. Introduction 

Slips were found to be the most frequent event leading to fall and overexertion-related 
injuries in the Swedish labour force (Courtney et al. 2001) and were the most common 
fall-initiating event for employees in the UK (Gao and Abeysekera 2004). The US 
National Health Interview Survey questionnaire administered by the National Center for 
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Health Statistics in 1997 revealed that a clear majority (64%) of work-related falls were 
attributable to slipping, tripping or stumbling and indicated that 43% of occupational 
same-level fatal falls were most commonly triggered by a slip (Courtney et al. 2001). 
According to the Bureau of Labor Statistics (2003), nearly 30% (28. 7%) of workers who 
sustained injuries from slips and/or falls missed 31 d of work or more. Further, 14% of 
accidental deaths in the workplace were reportedly caused by falls (Bureau of Labor 
Statistics 2004a). In addition to the risk of fall-related injuries and fatalities, slip recovery 
efforts have been shown to contribute to high rates of overexertion injuries (Courtney and 
Webster 2001). De Laet and Pols (2000) estimated that the allllual direct cost of all fall­
related occupational injuries in the US alone was approximately six billion dollars. 

The risk of slip and fall accidents increases with age. A ten-fold increase in the 
incidence of falls was reported in the elderly (65 + years) compared to younger indivi­
duals (16-64 years) (Thomas and Brennan 2000) and Lloyd and Stevenson (1992) 
indicated that while slips and trips caused 32% of falls for young people, 67% of falls for 
the elderly were initiated by slips. Falls on the same level caused roughly 20% of all 
injuries to older workers as compared to around 10% for the general population with 
'floor and ground surfaces' listed as the most common source of non-fatal injuries among 
workers in the 55 year and older age group (Personick and Windau 1995). In 2004, over 
one-third (39%) of the occupational fatal fall victims were 55 years and older (Bureau of 
Labor Statistics 2004a), more than double that age group's share of the work force (16%) 
(Bureau of Labor Statistics 2004b). 

Just as the risk for slips and falls increases with age, so too does the severity of the 
outcome of these accidents. Falls are often listed among the leading causes of serious 
unintentional injuries, disability and death among older adults (King and Tinetti 1995, 
1996, Rivara et al. 1997, Luukinen et al. 1999, De Laet and Pols 2000). Approximately 
65% of all serious injuries (Injury Severity Score> 15) and 55% of deaths were attributed 
to falls for patients aged 65 years and over, compared to 11 % and 7.5% in the younger 
population, respectively (Sterling et al. 2001). Fatality rates from falls showed a 
significant increase for workers as young as 45 to 54 years old (Agnew and Suruda 1993). 
Specifically, nearly half of the fatal falls in the US workforce occur in adults aged 45 years 
and older (Tinetti and Williams 1997). Additionally, Personick and Windau (1995) 
suggested that older workers are at a greater risk of non-fatal injuries resulting from slips, 
even those not resulting in falls, due to overexertion during recovery attempts. 

There has been some disagreement in the literature regarding the characteristics of a 
recoverable slip. Perkins (1978) commented that longer slip distances (Sd) and slip 
velocities exceeding gait speed (GS) increased the likelihood for loss of balance. Perkins 
also characterized slips as full or 'macro-slips' if the slipping distance was greater than 
10cm. Leamon and Li (1990) used a 3cm threshold to differentiate full or macro-slips 
from smaller slips. Strandberg and Lanshammar (1981) suggested that Sd of greater than 
10 cm and slip velocities greater than 0.5 ms typically resulted in falls and reported a 
continuum of slip severity (mini-, midi- and maxi-slips) correlated to Sd and peak slip 
velocity (PSV). Research by Cham and Redfern (2002b) indicated that falls were typically 
associated with Sd greater than 10 cm and peak slip velocities greater than 0.8 ms. Other 
research results suggest that these velocity and distance thresholds may be too 
conservative; that is; individuals are able to avoid falls for slips with peak slip velocities 
far exceeding 1.0 ms (Brady et al. 2000), but still indicate that longer, faster slips are more 
likely to result in falls. Lockhart et al. (2003) reported slip severity thresholds of 1.44 and 
1.07 ms for younger and older adults respectively walking on a motor-oil-contaminated 
surface. Regardless of whether a Sd or slip velocity threshold is chosen, it seems 
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reasonable to define slip severity based on one of these slip magnitude measures in that 
longer, faster slips have been associated with an increased risk of falls. 

Why, given the same environmental conditions, are some slips unlikely to lead to 
falls ('non-hazardous slips (NH slips)', short slipping distance and slow slipping 
velocity), while other slips are much more likely to lead to falls ('hazardous slips 
(H slips)', greater slipping distances and faster slipping velocity)? Although there are 
clearly other contributors (environmental conditions, subject mindset, etc.), two 
general subjective factors (which are clearly not independent factors) likely contribute 
to slip severity are: (1) the state of the body and, perhaps more importantly, of the 
perturbed foot at slip initiation; (2) corrective reactions generated in response to 
slipping. 

This paper focuses on the first group of factors, specifically walking speed, step 
length, foot angle at heel strike (HS), heel velocity and cadence, as these have previously 
been implicated as affecting PSV (Strandberg and Lanshammar 1981) and thus 
influencing fall potential (Brady et al. 2000, Smeesters et al. 2001, Cham et al. 2002, 
Marigold and Patla 2002). However, these variables have not previously been studied in a 
systematic way. 

The goal of this research project was to investigate the relationship between slip 
severity and general gait characteristics, including initial conditions at HS onto an 
unexpectedly slippery floor. This relationship was evaluated for younger and older 
subjects. The underlying hypothesis of this study was that pre-slip parameters would 
differentiate H from NH slips classified using a peak slipping velocity threshold of I ms. 
Because these initial condition variables may be modified via training, a greater 
understanding of the impact of these variables on slip severity may help to reduce fall 
incidents precipitated by slips. 

2. Methods 

This study included 11 older individuals aged 55 to 67 years and 16 younger individuals 
aged 20 to 33 years (their details are shown in table 1). Written informed consent, 
approved by the University of Pittsburgh Institutional Review Board, was obtained prior 
to participation. Exclusion criteria included a clinically significant history of neurological, 
orthopaedic, cardiovascular 01: pulmonary abnormality as well as any other difficulties 
hindering normal gait. In addition, subjects were excluded if a clinical neurological 
examination revealed abnormalities that might affect balance. 

Subjects walked along an 8.5 m long vinyl-tiled walkway. An eight M2-camera Vicon(lll 
(Vicon Peak-UK) 612 motion measurement system recorded three-dimensional motion 
data at a sampling rate of 120 Hz from 79 reflective markers placed on the body and 
shoes. Ground reaction forces were measured on two Bertec<i.ii (Bertec Corporation, OH, 
USA) type 4060a force plates embedded into the walkway. The surface of the left/leading 
foot force plate was extended such that its dimensions were 0.75 x 0.4m. The forces were 

Table l. Subject details. 

Age (years) Height (cm) Weight (kg) 

Female Male Mean SD Mean SD Mean SD 

Young 9 7 23.5 3.2 171.2 8.9 67.6 10.5 
Old 7 4 60.9 4.0 166.2 8.1 78.2 10.9 
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recorded at a sampling rate of 1080 Hz and synchronized with the motion data. This 
paper describes a subset of the recorded data, including foot kinematics at HS and 
general gait biomechanical variables. Markers used in this analysis include those on the 
right and left hind foot segment (figure 1). 

All participants wore the same brand/model of polyvinyl chloride hard-soled shoes. A 
harness system connected to an overhead trolley protected subjects from ground contact 
injuries. The harness caught the subject in the event of an irrecoverable balance loss, but 
did not impede walking or slipping. 

Participants were all exposed to the same protocol. Prior to actual data collection, 
subjects were allowed to practise walking along the gait path while the starting position 
was adjusted such that the participant appropriately hit each force plate with one, and 
only one, foot (right foot on first plate, left foot on second plate). The lights were then 
dimmed to prevent the subject from discerning the potential application of the slippery 
contaminant on the floor and additional practice trials were conducted. Participants were 
instructed to walk as naturally as possible at a self-selected comfortable pace throughout 
the experiment. 

Prior to each recorded trial, subjects walked to the start of the gait path, faced away 
from the walkway and listened to music via headphones for l min. The music was 
intended to disguise any audible hints of contaminant application. At the end of each 
1-min waiting period, subjects were asked to turn around, to verify their set starting 
point, to focus on a target placed at eye-level on the far wall and to wait for a researcher 
to signal them to start the trial. 

To ensure that participants walked as naturally as possible, they were informed that 
the first few trials would be non-slippery. Two or three dry trials were then collected 
('baseline dry'), ensuring that appropriate foot contact was maintained. Then, without 
the participant's knowledge, a diluted glycerol solution (75% glycerol, 25% water) was 
applied to the left/leading foot force and another gait trial was conducted ('unexpected 

Figure 1. Reflective marker placement. Filled circles (L_HEEL, L_HF _LAT, 
L_HF _MED, R_HEEL, R_HF _LAT, and R_HF _MED) represent markers that 
remained on shoes during dynamic trials and hollow circles (SL_HEEL and SR_HEEL) 
represent markers removed after static trials and virtually recreated from other markers 
during dynamic trials. 
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slip'). The coefficients of friction of the shoe - floor interface were 0.53 and 0.03 for 
the dry and slippery surfaces, respectively, as measured with the English XL VIT 
Slipmeter"'' (according to standard ASTM F1679; American Society for Testing and 
Materials 1996). 

Variables of interest were estimated from the force plate and marker data. HS and toe 
off were determined via analyses of changes in vertical ground reaction forces compared 
to no load levels. HS was identified as the first data point larger than the mean plus 1 SD 
as determined from a 1 s average unloaded measurement. This chosen point was accepted 
as HS if and only if the normal force remained larger than 1 SD and increased to 3 SD. 
HS determination was verified both by visual inspection of the normal force trace and 
through inspection of the heel marker vertical displacement. Toe off was determined 
using the same method but with the data reversed in time. 

Kinematic variables were calculated from the marker data using a customized routine 
in Vicon BodyBuilder(!!1 (Oxford Metrics, Oxford, UK). A heel marker was not used 
during gait trials because it was easily knocked off by contact with the floor. Instead, a 
rigid-body analysis technique using static calibration markers was used. The location of a 
heel marker in the local frame of the hind foot segment was recorded along with all other 
markers during a standing calibration trial. This information was used to reconstruct the 
trajectory of the heel marker during walking without attaching a physical marker to the 
heel. The foot-floor angle (FFA) and its derivative (the rate of change of FFA at HS; 
FFAS) were estimated as the angle between the hind-foot segment and the floor. Other 
variables of interest, calculated using the heel marker (SL_HEEL, figure 1), were cadence 
(steps/min), vertical and horizontal (square root of the sum of the squares of back-to­
front and side-to-side) velocity of the left heel at HS (V _ VEL and H_ VEL-ms), and step 
length normalized to leg length, i.e. 'step length ratio' (SLR-mm of left leg length). Sd 
(cm) describes the heel marker's travel distance along the floor from HS (Gronqvist et al. 
2001) to a stable zero velocity. For H slips, Sd was determined by accruing the heel's 
travel distance from HS to the time when the subject either slipped beyond the 
contaminated force plate or he/she relied on the harness to regain balance as determined 
by visu;il inspection of the videos. 

GS (ms) was defined as the average whole body centre of mass velocity along the 
direction of travel prior to slip initiation. The centre of mass was determined, using scaled 
anthropometry based on Chandler et al. (1975) and regression equations from Chaffin 
and Anderson (1991) to determine masses and centres of masses for the segments head, 
upper and lower arms, trunk, pelvis, thighs, shanks and feet. Segment locations and 
orientations were determined using at least three non-collinear reflective markers per 
segment. 

Trial slip severity was categorized as either non-hazardous or hazardous using the peak 
velocity of the slipping heel virtual marker. Typical plots of the position and velocity of 
the left heel, as well as FF A, for both NH and H slip trials are illustrated in figure 2. At 
HS, horizontal heel velocity was often higher than the eventual peak slipping velocity 
(figure 2B); for that reason and to accommodate transients occurring at HS, PSV was 
identified as the local maximum horizontal heel velocity occurring after 50 ms from HS. 
H slips were defined as having a PSV greater than 1.0 ms. This PSV threshold was chosen 
to agree with slip velocities for larger slips as reported in previous studies (Strandberg 
1983, Lockhart et al. 2003). PSV was chosen rather than Sd both to allow the inclusion 
of trials with indeterminate results (recoveries or falls) although, as illustrated in figure 3, 
an alternative Sd severity threshold of 10 cm would have generated approximately 
equivalent slip severity classification results. 
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Figure 2. Typical plots for time dependent variables from two slip trials, hazardous and 
non-hazardous. Heel strike occurs at time 0 . .A. indicates slip distance locations; 'Y 
indicates peak slip velocity. - and - - - from the same non-hazardous/hazardous trials 
respectively. A) Horizontal position of the left heel, relative to heel strike location -
positive values in the direction of travel. - - - illustrates a potential severity threshold for 
slip distance at 100mm. B) Left heel horizontal velocity. - - - illustrates the severity 
threshold for peak slip velocity of 1 ms. C) Foot-floor angle. 

3. Results 

None of the slip events classified as non-hazardous based on the 1 ms PSV threshold 
resulted in falls (although some of the NH slips did elicit post-slip responses), while H 
slips resulted in recoveries, falls, slips completely off the force plate or harness-assisted 
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recoveries. Younger and older subjects experienced H slips at about the same rate: 64% 
(seven of 11) for older subjects and 69% (11 of 16) for younger subjects. 

Many of the pre-slip baseline-dry gait characterization parameters were strongly 
correlated (magnitude ofr>0.5) as shown by the correlation coefficients summarizing the 
strength of the linear relationships between each pair of variables in table 2. PSV was 
highly correlated with Sd (r = 0.89 overall) both for younger (r = 0.87) and older subjects 
(r = 0.98) (figure 3). All trials categorized as hazardous, except one, also had a Sd greater 
than 100 mm. There was only weak correlation (r < 0.3, p = 0.36) between cadence and 
SLR for these experiments, suggesting that in this study cadence and step length were 
independently controlled. GS was strongly correlated with SLR and cadence (r = 0.51, 
p<Q.01 for each) and FFA at HS was also strongly correlated with SLR (r=0.67, 
p<0.01). 
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Figure 3. Relationship between peak slip velocity (PSV) and slip distance (SD). I indicates 
a potential SD slip severity threshold of 100mm proposed in the literature. -- illustrates 
the actual PSV slip severity threshold of I.Oms used for this report. Note similar results in 
categorization between the two criteria. 

Table 2. Correlations among variables of interest. 

PSV 0.89* 
SD 

-0.32 
-0.36 
CAD 

0.49* 
0.58* 

-0.18 
SLR 

*Significant correlations (p<0.05). 

0.17 
0.32 
0.51 * 
0.51* 
GS 

0.48* -0.44* 
0.45* -0.46* 

-0.38* 0.13 
0.67* -0.70* 
0.17 -0.43* 

FFA -0.73* 
FFAS 

-0.24 -0.47 
-0.08 -0.35 

0.50* 0.34* 
-0.26 -0.54 

0.24* -0.27 
-0.13 -0.54 

0.33 0.68* 
H_VEL 0.29 

V_VEL 

PSV = peak slip velocity; SD = slip distance; CAD= cadence; SLR= step length ratio; GS= gait speed; 
FF A = foot - floor angle; FF AS = rate of change of FF A at heel strike; H _ VEL = horizontal velocity of 
the left heel at heel strike; V _ VEL = vertical velocity of the left heel at heel strike. 
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Two-factor ANOV A were conducted to determine the asso"ciations between the pre­
slip gait characterization parameters and the independent variables slip severity 
(hazardous or non-hazardous), age group and their interaction (table 3). Age did not 
have a significant effect on cadence, H_ VEL, or V _ VEL (p = 0.49, 0.50 and 0.19 
respectively). A trend for older subjects to walk more slowly (GS) than younger subjects 
did not reach statistical significance (p = 0.09). Significant age effects were seen fo r SLR, 
FFA at HS, and FFAS at HS. Specifically, older subjects walked with shorter step lengths 
relative to their leg length (SLR) (p=0.03), with smaller FFA (closer to flat foot) at HS 
(FFA) (p<0.01), and with slower FFA rate of change (FFAS) at HS (p =0.02). 

H_ VEL and V _ VEL were not found to be significantly related to slip severity (p = 0.34 
and p = 0.06) although a trend linking higher vertical velocity to H slips is possible. 
Significance was found relating slip severity to cadence, SLR, FFA and FFAS (p = 0.03, 
p<0.01, p<0.01, and p<0.01 respectively). Decreased cadence, longer SLR, higher FFA 
at HS and faster FF AS at HS occurred during H slips. There were no significant 
interaction effects of slip severity across age for any of the variables (all p>0.2). The 
relationships among these variables, age group, and slip severity are illustrated in figure 4. 

A stepwise logistic regression analysis was performed in an attempt to relate common 
initial conditions and gait characteristics to slip severity (hazardous or non-hazardous) for 
younger and older subjects combined. The variables that were included initially were 
cadence, SLR, GS and age group (young/old). FFA was not included due to high correla­
tions with the other variables. The stepwise regression found two variables (cadence 
(p = 0.05) and SLR (p = 0.02)) to be associated with slip severity. The overall model resulted 
in a R2 =0.45 with a likelihood x2= 15.30 (p<0.01). Parameters of the logistic regression 
model for SLR and cadence were 28.2 and -0.16, respectively. This model resulted in the 
probability plot shown in figure 5. Increasing SLR (longer steps) and decreasing cadence 
(slower steps/min) resulted in increasing probability of a H slip. Cadence and SLR were not 
highly correlated with each other (r = - 0.18, p = 0.36) and therefore supplied relatively 
independent contributions to the model. GS and age group were not good predictors of slip 
severity, either alone or in combination with the other variables. 

An alternative logistic regression analysis was conducted using a single initial 
condition variable, FF A and age group, since FF A was well correlated with SLR, 
cadence and FFAS (table 2), all of which were statistically related to slip severity 
(table 3). This analysis showed a strong logistic relationship for FFA and no age group 
significance (R2 = 0.53, x2 = 16.55; p<O.Ol). The probability model is given in figure 6. 

Table 3. Results of ANOVA (p values) for the variables of interest. 

Variable Age effect (Y /0) Slip severity effect (H/NH) In teraction effect (Y /0 x H/NH) 

CAD 0.49 0.03* 0.64 
SLR 0.03* <0.01* 0.46 
GS 0.09 0.80 0.93 
FFA <0.01 * <0.01* 0.48 
FFAS 0.021 * <0.01 * 0.42 
H_VEL 0.50 0.34 0.97 
V_VEL 0.19 0.06 0.20 

*Significant correlations (p<0.05). 
Y/0 = young/old; HJNH = hazardous/non-hazardous; CAD= cadence; SLR= step length ratio; GS= 
gait speed; FFA = foot-floor angle; FFAS '= rate of change of FFA at heel strike; H_ VEL = horizontal 
velocity of the left heel at heel strike; V _ VEL = vertical velocity of the left heel at heel strike. 
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Figure 6. Logistic relationship between hazardous slip event and foot-floor angle (FF A) 
at heel strike. 

Increasing FFA resulted in increasing probability of a H slip (logistic regression 
parameter of 0.43). 

4. Discussion 

The findings of this study suggest that initial conditions contribute to the severity of slips. 
In particular, cadence, normalized step length and the angle of the foot relative to the 
floor were found to be important. Decreased cadence, longer step lengths normalized to 
leg length, higher foot-floor angle at HS, and faster foot-floor angular velocity at HS 
were found during H slips. Older subjects were found to have gait that was generally less 
hazardous as characterized by smaller step length ratios, smaller FF A at HS and slower 
rates of change of the FF A at HS as compared to younger subjects, even though older 
subjects had equivalent numbers of H slips. 

This research was based upon a classification of slips into two categories, hazardous 
and non-hazardous, rather than differentiating falls from recoveries. This has two major 
implications on the interpretation of the results. From a practical point of view, it avoids 
the issue of recovery efforts that are potentially assisted through reliance on the safety 
harness, slipping completely off the contaminated force plate or other indeterminate 
ground contact. From a theoretical point of view, the results must be interpreted 
differently from those based on a recovery/fall criterion. The hazardous criterion in the 
present study, based upon PSV, relies on biomechanical events that occur within 250 ms 
of heel contact, and thus does not capture the influences of a longer latency aspect of the 
postural control system in any recovery. Therefore, the focus is on the effects of initial 
conditions on slip severity independent of reactive postural responses during recovery 
efforts . Using a recovery/fall criterion, the results would be due to a mixture of initial 
condition factors and reactive postural control factors . This difference is important in the 
interpretation of the similarities and differences between the young and older subjects, 
which are discussed later. 
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H slips were associated with longer steps (SLR) compared to NH slips. This agrees 
with the previously reported relationship between step length and slip risk (Andres et al. 
1992, Llewellyn and Nevola 1992, McVay and Redfern 1994, Myung and Smith 1997, 
Brady et al. 2000, Cham and Redfern 2002a, Lockhart et al. 2003). The effect of longer 
step length on slip severity may be due to increases in the ratio of required shear to 
normal force at HS for longer steps (Gronqvist et al. 2001, Cham and Redfern 2002a). 
Additionally, longer steps imply greater excursions of the foot with regard to the centre of 
mass, causing the foot to accelerate faster than it would for shorter steps and suggesting 
an increase in the magnitude of any required action needed to arrest a resulting sliding 
motion of the foot. Finally, taking long steps modifies the tension of lower extremity . 
muscles (e.g. stretching the hamstrings), which may impact the ability to generate faster 
reflexive torque responses of appropriate magnitude in the face of external perturbations. 

Increasing FF A at HS was a contributor to slip severity as well, a finding in support of 
previously published reports (Strandberg and Lanshammar 1981, Redfern and Bidanda 
1992, Brady et al. 2000, Cham and Redfern 2002b, Chambers et al. 2003, Marigold et al. 
2003). This finding may be due to a number of factors. First, decreased FFA at HS 
increases the shoe-floor contact area at landing. Also, foot-flat gait reduces the braking 
impulse at HS. Finally, decreased FFA, along with faster cadences and shorter step length 
ratios, impacts the dynamics of the centre of mass excursions, increasing the centre of mass 
to base of support safety margin, decreasing inertial loading on the foot at HS and thus 
reducing the frictional requirements needed to prevent a slip (Gronqvist et al. 2001). 

GS did not appear to differentiate between H and NH slips. However, several 
researchers have previously reported that PSV exceeding GS increased the likelihood of 
falls (Perkins 1978, Strandberg and Lanshammar 1981, Gronqvist et al. 2001, You et al. 
2001, Cham and Redfern 2002b, Lockhart et al. 2003). For the present study, subjects 
walked at self-selected GS ranging from 1.2 to 1.8 ms for both H and NH slips classified 
based on a PSV threshold of 1.0 ms. Thus, the range of speeds was not great and it is 
therefore understandable that a significant relationship between severity and GS was not 
found. Perhaps this relationship would be a more valuable differentiator of recoveries 
and falls. 

While the correlation analysis confirmed a number of suspected relationships among 
gait variables, it also revealed interesting interactions that appear to be in disagreement 
with previously published literature. For example, in the present study cadence and SLR 
were not well correlated with each other (r= -0.18, p=0.36), which is in contrast to 
significant positive correlations reported in the literature (i.e. Winter 1983). The lack of 
correlation is probably due to the limited range of GS induced by the self-paced constraint. 
Thus, within the self-paced limits, it appears that cadence and SLR are independently 
controlled . Some effects were similar to those reported in the gait literature (Brady et al. 
2000) such as larger FFA (more vertical orientation of the foot) occurring as longer steps 
are taken (r = 0.67,p<O.OI) and a slower cadence is adopted (r= -0.38,p=0.048). 

H_ VEL was not found to have a significant effect on slip severity. In contrast, other 
studies have shown that greater H_ VEL results in a greater number of slips and falls 
(Winter 1991, Lockhart 1997, Brady et al. 2000, Lockhart et al. 2000). However, there 
tends to be variability in H_ VEL during gait, with the heel slipping forward, backward or 
matching ground speed (Winter 1991). This variability is probably a function of the 
instructions given to the subject in the experiment and the subject's mindset (i.e. 
anticipation of the environmental conditions). Measurements of the coefficient of friction 
have been shown to be impacted by the velocity of the tests, with greater velocities 
resulting in lower coefficients of friction (see Chang et al. 2001 for a review); thus, one 
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would anticipate that H_ VEL would have an effect on the available coefficient of friction 
with higher H_ VEL more likely to result in H slips. However, the expectation that 
H_ VEL would predict slip severity was not verified in the experiments. 

Two logistic regression models were considered to predict slip hazardousness. The 
choice of predictor variables was based on three factors. First, the explanatory variables 
were general gait variables that are conventionally thought of as affecting slip potential 
and/or outcome. Second, significant differences in the predictor variables were found 
between H and NH slips. Third, independent variables included in the same model were 
only weakly correlated with each other. The first logistic model included cadence and 
SLR, both of which are widely used in gait research. These variables were also found to 
be predictive of slip severity and they were not strongly correlated with each other in this 
investigation (r = - 0.18, p = 0.36); therefore, SLR and cadence were deemed to be good 
choices for the first logistic regression model (figure 5). The second model considered only 
FF A as an explanatory variable predicting slip hazardousness. Because FF A was 
correlated with both SLR and cadence, and because significant differences in FFA were 
(ound between H and NH slips, it seemed a reasonable choice to use FF A as a single 
predictor of slip severity (figure 6). 

Age group was not found to be primarily associated with the classification of the slip. 
Thus, gait characteristics dominated the association with slip classification. However, 
even though younger and older subjects experienced H slips at about the same rate (64% 
(seven of 11) for older subjects and 69% (11 of 16) for younger subjects), older subjects 
appeared to adopt 'safer' gait styles, with shorter SLR, shallower FF A at HS and slower 
FF AS. Thus, there may be some influence of age that is counteracted by the changes in 
gait characteristics seen in older adults. Some possibilities include other unmeasured gait 
characteristics, psychophysical differences related to concern about slipping that could 
affect the mental set in this experiment, biomechanical differences, or possible reflexive 
response differences. In addition, the older subjects were (as a group) slightly heavier than 
the younger subjects (with increased BMI), which could be a covariate for future 
investigation. Deficiencies in reactive responses to slips have been cited as explanations 
for slips resulting in falls (Lockhart et al. 2000); however, as PSV occurs within the first 
200 ms after HS, it is unlikely that non-reflexive responses would influence slip hazard as 
defined in this research. Further research is needed to understand the interplay among 
initial gait characteristics, postural control responses, H slips and ageing. 

This study's results were limited by the relatively small number of slips analysed, one 
per subject, which was a necessity to avoid anticipation and learning effects (Cham and 
Redfern, 2002a). Although study participants were requested to walk naturally and were· 
given ample unperturbed practice trials, it is not possible to determine the effect of the 
laboratory environment and experimental conditions on the subjects' responses to slips. 
Although no significant kinematic differences at HS were found between the slippery trial 
and preceding known dry trials, slip anticipation may have influenced all gait trials 
included in the testing session. Additionally, the older subject group was arguably not 
sufficiently old to impact general gait variables. 

One of the potential long-term benefits of this study is its contribution to the 
understanding of the interplay among fundamental gait parameters, slip potential, and 
age. The 'human factors' involved in slipping are an important component that deserves 
increased attention. The results of this study suggest that H slip potential can be reduced 
by modifying specific gait parameters. This finding may influence training regimens to 
reduce H slips. Importantly, it appears that adjusting gait may be equally useful across 
the age groups tested here, although future research is needed to determine if the same 
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associations hold for very old adults. This research will also significantly contribute to 
definitions of important human factors that may some day be incorporated into new 
methods of slip resistance testing. There is general agreement within the slip testing 
community that increasing the 'biofidelity' of slip resistance testing will improve the test's 
ability to define useful slip measures towards preventing falls. Further understanding of 
the relation of human gait parameters to slip hazard could be useful in this regard. 
Finally, the concept of using H vs. NH slips instead of falls and recoveries could benefit 
future studies investigating interactions of floors and human locomotion. Other human 
slip studies may want to include this concept in defining the impact of floor condition, 
age, etc. on the potential for slip-related injuries, not only due to falls but also due to the 
larger responses required to recover from H slips. 
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