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Abstract

This paper models minimum foot clearance (MFC) data during steady-state gait to investigate how the various descriptive statistics of the
MEC distribution differ in healthy young and elderly females. A minimum of 20 min of treadmill walking was analysed for 17 young and 16
elderly females using a Peak Motus motion analysis system. The results indicated that none of the 33 participants’ MFC data sets were
Normally distributed. The deviation from a Normal distribution was systematic (always skewness > 0 and kurtosis > 0). Skewness and
kurtosis in MFC data was highly correlated (young: r = 0.60, p = 0.01; elderly: r = 0.95, p < 0.01). MFC descriptive statistics provide useful
information about basic strategies used by individuals to minimize the likelihood of tripping. Possible strategies to minimize tripping include:
(a) increasing MFC height central tendency, (b) reducing MFC variability, and/or (c) increasing right skewness. A low median MFC was often
associated with a low IQR or high skewness to compensate. Further research is required to establish how, or if at all, these strategies are

modified in populations that are more at risk of falling.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Falls in the elderly are a major public health issue because
of their associated morbidity and mortality rates, social cost
and financial cost [1-3]. Most falls in older adults are
reported during locomotion and tripping while walking is a
commonly reported cause of falls [4,5] responsible for 53%
of falls in healthy older adults [6].

Researchers have documented ageing effects on gait with
the aim of identifying variables linked to falls. Some
research has looked at basic gait variables such as step
length, walking speed and stance/swing times [7,8] while
others have looked at joint moments/powers [9] to
investigate differences between young and old populations.
The literature is consistent in supporting the overall slow
down in walking performance in the elderly, including
reduced step length and walking speed, increased single/

* Corresponding author. Tel.: +61 3 9919 1116; fax: +61 3 9919 1110.
E-mail address: rezaul.begg@vu.edu.au (R. Begg).

0966-6362/$ — see front matter © 2006 Elsevier B.V. All rights reserved.
doi:10.1016/j.gaitpost.2006.03.008

double support time, reduced angular range of motion and
less propulsive joint power. These gait adaptations are
viewed as a safety strategy employed by the elderly during
walking [10].

Minimum foot clearance (MFC) is a critical event in the
gait cycle as the foot travels with maximum horizontal
velocity around this instant [11]. MFC has been reported to
be low in young adults (1.29 cm) and Winter [11] recorded a
reduced mean MFC = 1.12 cm in healthy elderly. Karst et al.
[12] reported a mean MFC = 1.29 cm in elderly participants.
Group standard deviation (SD) in MFC has been reported as
0.62 cm for young and 0.5 cm for elderly adults by Winter
[9] and 0.68 for elderly adults by Karst et al. [12]. A low
mean MFC combined with MFC variability could poten-
tially cause tripping during walking.

In the above studies [9,11,12] the low number of
participant trials (5-10) and varying placement of markers
may have contributed to the different results. Markers placed
on the shoe cannot themselves represent the part of the shoe
closest to the ground at MFC. Two- or three-dimensional
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foot/shoe modelling techniques are required to accurately
represent MFC [13,14].

Mean and group SD only give a basic representation of
MEC data and the literature does not report whether MFC
data is Normally distributed or not. Moreover, there is
neither literature on individual MFC distribution statistics
during walking, nor how ageing influences distribution
statistics. For a better understanding of MFC central
tendency in a sample distribution and MFC variability,
other descriptive statistics and longer data sets are required
to explore fully the implications of MFC data and how it is
controlled for each individual than the 5-10 gait cycles
frequently reported [11,12].

The objectives of this research were, firstly, to study MFC
variability and, secondly, to investigate ageing effects on
MEC statistics and the extent to which ageing affects the risk
of tripping. Only female participants were tested because
they are more prone to injurious falls [15] and to eliminate
gender effects.

2. Method
2.1. Participants

Seventeen young females (age 26.4 + 4.9 years) and 16
elderly females (age 72.1 £4.4 years) were studied.
Population demographics are presented in Table 1.
Participants were free of conditions impairing normal
locomotion, as determined from a self-reported health and
fitness questionnaire. Participants wore their own flat,
comfortable shoes suitable for walking. The study was
approved by Victoria University’s Human Research Ethics
Committee.

2.2. Experimental set-up and procedure

Each participant’s foot clearance data was collected
using the Peak Motus system (Peak Technologies, USA)
after at least 20 min of steady-state walking at a self-
selected speed on an Austradex 683M treadmill (Austradex,
Australia). Standard principles for 2D filming were
followed [16]. A 50 Hz Panasonic F15 video camera

Fig. 1. Geometric model of the foot used to calculate the y coordinate of the
lowest point of the shoe (PTP) from great toe (P1) and metatarsal head (P2)
markers using constant triangle geometry.

(shutter speed 1/1000 s) positioned 9 m from the treadmill,
perpendicular to the plane of treadmill belt motion,
recorded unobstructed treadmill walking. Three spotlights
were arranged behind the video camera to illuminate
reflective markers. Two, 2.5 cm spherical markers were
attached to the left shoe at the great toe and fifth
metatarsal head (P1 and P2 in Fig. 1). Two markers were
also attached to the treadmill (1.6 m apart) as a distance
calibration.

Digital conversion of the location of reflective markers
and calculation of 2D marker trajectories were performed
using Peak Motus. Raw data was smoothed using a
Butterworth filter (cut-off frequency 4-8 Hz).

2.3. Geometric model

Marker positions and shoe dimensions were used to
predict the lowest point on the shoe (PTP) using a geometric
model (Fig. 1; PTP is a virtual point, the most distal and
inferior edge of the shoe at MFC).

The following equations demonstrate how y(PTP) was
calculated from the constant geometry triangle in Fig. 1.
Mean distances for d; (P1-P2), d, (P2-PTP) and d;
(P1-PTP) were calculated for each individual before the
main data analysis using Pythagoras and manually digitized

Table 1

Comparison of young and elderly participant demographics, walking speed and relative walking speed

Variables All (N = 33), Young (N =17), Elderly (N = 16), p-Value
mean (SD) mean (SD) mean (SD)

Age (years) 49.7 (23.0) 26.36 (4.89) 72.10 (4.42) 0.00"

Body mass (kg) 65.39 (8.59) 65.11 (9.91) 65.71 (7.12) 0.84

Stature/height (m) 1.63 (0.07) 1.66 (0.06) 1.59 (0.06) 0.00"

Walking speed (m/s) 1.01 (0.25) 1.15 (0.21) 0.88 (0.19) 0.00"

RWS (statures/s) 0.62 (0.15) 0.69 (0.14) 0.54 (0.13) 0.00"

Strides measured 1295 (581) 1480 (708) 1065 (246) 0.03"

RWS, relative walking speed.
* p<0.05.
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x, y coordinates of P1, P2 and PTP at MFC:

dy = \/(xl %)’ + (i =)’ (1
dy = /(2 = x2)* + (32 = 33’ @
d3 = \/(xl —x)’ 4+ (i —y3)’ 3)

The angle 6, is constant and calculated using the cosine
rule:

“)

&+ d3—d3
91 — C0571 {M]

2d,d3

During the main trial, the angle 8, varies with the motion
of the foot:

6 =tan~! (221 5)
X2 — X1

The vertical distance, d, also varies with the motion of the
foot:

d= d3 sin (91 — 92) (6)
The vertical coordinate of PTP, y(PTP), is then given by
y(PTP) = y(P1) —d ©)

During the swing phase of gait, the position y(PTP)
reaches a minima at MFC, at about mid swing (Fig. 2):

= y(PTP)mm — Yground (8)

where ygroung 18 the vertical coordinate of the ground refer-
ence.

MFC(swing phase)

2.4. Data analysis

MEC distribution statistics were determined, including
mean, median, mode, standard deviation (SD), interquartile
range (IQR), skewness (S) and kurtosis (K). S > 0 means

204
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Fig. 2. Vertical displacement (y) of great toe (TM) and PTP markers for one
gait cycle.

skew to the right and K > 0 means a leptokurtic/peaked
distribution. As MFC data were not Normally distributed, a
non-parametric test (Mann—Whitney U-test) was used to test
the effect of age on descriptive statistics. Associations
between descriptive statistics were determined using
Pearson’s r.

3. Results

Table 1 shows self-selected walking speed of young
participants was significantly higher than the elderly
(p < 0.01). This remained significant (p < 0.01) when
walking speed was normalised to body height (RWS). Fig. 2
shows the vertical displacement of the great toe marker (P1)
was always greater than PTP throughout the gait stride.

Fig. 3 shows MFC histograms for young and elderly
populations as a whole. The histograms share some common
characteristics with participants’ individual histograms. For
example, MFC-values close to zero were rare, and the
histograms deviate from a normal distribution; i.e., more
data further from the median on the right side than normal
and/or more data closer to the median on the left side than
normal (S > 0; right skewed). The group histograms also
indicate that there are 2-3 sub-groups or ‘styles’ in each

group.
Young Group

Min  0.002
Max 3.671
Range 3.668
Q1 0.944
Median 1.292
Q3 1.904
IQR  0.960
Mean 1.42
SD 0.615
S 0.439
K -0.65

% Frequency
o = N
(S I S I CR |

T LT T LT T T T LT

15 2 25 3 354 45 5 55 6
(a) MFC (cm)

o

Elderly Group Min 0.001

Max 5.238
Range 5.237
Q1 0.862
Medin 1.397
Q3 1.988

IQR  1.126

Mean 1.48

SD 0.785
‘ S 0.648
‘ ' K 0155
‘ Hh”“lllllln i
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= ] w
o N W, w w» N
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Fig. 3. MFC histogram of the (a) young group (N = 25,633), and (b) elderly
group (N =17,102).
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Fig. 4. Representative MFC histogram plots of: (a)—(b) young, and (c)—(e) elderly participants. Y = young; E = elderly.

Fig. 4 shows some individual MFC histograms to
illustrate the considerable variation among individuals.

Table 2 presents MFC descriptive statistics for all 33
participants. Results show all but one participant had
positive/right skew (S > 0) and all had positive/peaked/
leptokurtic kurtosis (K > 0). One young participant recorded
a minimum MFC-value less than 1.2 mm compared to five
elderly. One young and one elderly participant recorded an
MEFC-value of 0.00 cm (the foot touching the ground) which,
at >1000 strides measured per individual, corresponds to a
<1 in 1000 occurrence. Table 2 shows there were
considerable individual variations in walking style.

MEFC descriptive statistics for young and elderly groups
are presented in Table 3. Elderly mean MFC was lower but
not significantly different to the young group (1.48 cm
versus 1.56cm; p=0.64). No significant differences
between groups were found for any central tendency
measures (mean, median, mode; p > 0.54). Significantly
higher MFC variance in the elderly is evident via both SD

and IQR (p =0.04). Analysis of the spread of individual
MEC distributions shows the range of values in the fourth
quartile (right) was significantly larger in the elderly group
(p=0.05) but the first quartile range (left) was not
significantly different between groups (p = 0.71). Skewness
indicated a trend to higher values in the elderly group
(p =0.07). Kurtosis was also higher for the elderly group,
however, no trend was evident (p=0.82); the large
difference between groups was caused by participant E7’s
K=12.60 (Table 2). Because histograms are skewed, the
coefficient of variation (CV) statistic was adapted by using
IQR normalised by the median (denoted as CV’). CV’
showed a trend to higher values for the elderly group
(p =0.09). The elderly had higher maximum MFC (MAX)
and lower minimum MFC (MIN) but the differences were
not statistically significant (p > 0.25).

Table 4(a) and (b) show correlations among descriptive
statistics within each group. Mean, median and mode were
strongly correlated (» > 0.99) for both groups. In the young
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Table 2 group, skewness had a significant negative correlation with

Major descriptive statistics of individual participants median (Q2), Q1 and Q3 (r=—0.64, p=0.01) and with

Participant Min MFC Median IQR S K MIN (r=—0.54, p=0.03). This indicates for the young

(cm) (cm) (cm) group that a low median MFC was associated with high

Yl L7 2.05 0.39 0.57 1.32 positive skewness. For the elderly, correlations between

22 iii‘ ; gz 8;2 8; (1) ?§§ skewness and median, Q1, Q3 and MIN were also negative

- 184 2:39 027 o011 0.01 but not significant (r < —0.23, p > 0.39). For the elderly,

Y5 1.24 259 031 021 1.97 there was a trend towards a positive correlation between IQR

Y6 0.16 0.94 0.39 0.44 0.53 and median (r=0.45, p=0.08), with low median MFC-

Y7 1.20 2.04 0.27 0.71 2.04 values associated with a low IQR. This trend was not present

Y8 117 1.72 0.25 0.27 051 for the young group. Within both the young and elderly

Y9 0.25 0.91 0.31 1.04 2.06 . .

Y10 0.47 130 036 0.46 103 groups, skewness and kurtosis was significantly correlated

Y11 033 1.00 031 0.30 0.43 (Fyoung = 0.60, p = 0.01; rejgeny = 0.95, p < 0.01).

Y12 0.16 0.59 0.29 1.13 1.83

Y13 0.00 0.65 0.37 0.37 0.05

Y14 1.28 1.89 0.27 0.37 0.67 4. Discussion

Y15 0.62 1.43 0.42 0.72 1.91

Y16 0.62 1.14 0.26 1.07 2.84

Y17 0.70 1.30 0.36 0.90 1.32 All walking speeds were within the normal range

El 1.11 1.58 0.25 0.92 2.68 reported by Whittle [10] but older adults walked signifi-

E2 1.44 2.00 0.33 1.25 2.53 cantly slower than their young counterparts. This finding is

E3 0.95 172 0.41 0.62 0.78 in agreement with other studies documenting ageing effects

E4 0.34 1.13 0.50 0.69 0.45 . . .

E5 0.07 061 041 072 0.44 on walking speed [8]. A slower gait speed might be a safety

E6 1.83 3.02 0.69 0.79 0.90 mechanism adopted by the elderly.

E7 0.12 0.56 0.33 2.81 12.60 The geometric model used in this study (Fig. 1) gives a

E8 0.11 0.72 0.30 0.32 0.24 more precise representation of the lowest point of the foot at

E9 0.03 0.93 0.54 0.81 0.78 MFC. A comparison of different methods used to calculate

E10 0.00 0.42 0.22 0.85 1.56 . .

Ell 105 2.09 0.43 107 )84 MFC (including the method of Startzell and Cavanagh [14]),

E12 1.01 201 0.55 0.43 0.19 both in terms of their objectivity and feasibility, would be an

El3 1.92 2.59 0.28 0.21 0.39 important future study.

El4 0.69 1.46 0.43 1.04 4.28

Eif’) 8ii (1)?3 8;2 8;’3 gg; 4.1. Descriptive statistics

Y, young; E, elderly. MEFC descriptive statistics give an insight into the control
process occurring at MFC. An important finding from this
study is that MFC skewness and kurtosis are non-zero for all
participants, and MFC skewness, with one exception, and

Table 3

Comparison of young and elderly group MFC descriptive statistics

Variables All (N =33), Young (Y) (N=17), Elderly (E) (N =16), p-value

mean (SD) mean (SD) mean (SD)

Mean MFC (cm) 1.52 (0.68) 1.56 (0.62) 1.48 (0.76) 0.64

Median (Q2) (cm) 1.49 (0.69) 1.55 (0.63) 1.43 (0.76) 0.54

Mode (cm) 1.46 (0.69) 1.50 (0.62) 1.41 (0.78) 0.58

SD (cm) 0.28 (0.08) 0.25 (0.05) 0.32 (0.10) 0.04"

IQR (Q3 — Q1) (cm) 0.35 (0.10) 0.31 (0.06) 0.40 (0.12) 0.04"

Skewness (S) 0.66 (0.52) 0.50 (0.38) 0.84 (0.60) 0.07

Kurtosis (K) 1.58 (2.22) 1.18 (0.83) 2.01 (3.06) 0.82

CV (%) 29.7 (15.5) 25.1 (14.0) 36.1 (17.2) 0.09

Q1 (cm) 1.33 (0.68) 1.39 (0.64) 1.26 (0.74) 0.47

Q3 (cm) 1.68 (0.70) 1.71 (0.62) 1.65 (0.79) 0.75

Upper quartile range (cm) 1.25 (0.54) 1.06 (0.38) 1.46 (0.70) 0.05"

Lower quartile range (cm) 0.56 (0.20) 0.57 (0.21) 0.55 (0.18) 0.71

Min. MFC (cm) 0.77 (0.59) 0.82 (0.55) 0.71 (0.64) 0.35

Max. MFC (cm) 2.94 (0.87) 2.77 (0.59) 3.11 (1.09) 0.25

Q1, 25th percentile; Q2, median or 50th percentile; Q3, 75th percentile; Q3 — Q1 = IQR, inter-quartile range; SD, standard deviation; CV’, modified coefficient
of _variation (IQR/Q2 x 100).
© p<0.05.
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Table 4
Correlations (r-values) for (a) young group and (b) elderly group (p-values in bracket)
MIN MAX Ql Median (Q2) Q3 IQR N K Lower QR

(a) Young group

MAX 0.63 (0.01)

Ql 0.95 (0.00) 0.76 (0.00)

Median (Q2) 0.94 (0.00) 0.78 (0.00) 1.00 (0.00)

Q3 0.93 (0.00) 0.80 (0.00) 1.00 (0.00) 1.00 (0.00)

IQR —0.49 (0.04) 0.19 (0.46) —0.37 (0.15) —0.33 (0.20) —0.29 (0.27)

S —0.54 (0.03) —0.33 (0.20) —0.64 (0.01) —0.64 (0.01) —0.64 (0.01) 0.16 (0.54)

K —0.14 (0.60) 0.28 (0.28) —0.04 (0.89) —0.04 (0.87) —0.04 (0.88) 0.03 (0.92) 0.60 (0.01)

Lower QR —0.55 (0.02) 0.24 (0.36) —0.45(0.07) —0.42 (0.09) —0.39 (0.12) 0.76 (0.00) 0.54 (0.03) 0.49 (0.05)

Upper QR 0.29 (0.26) 0.68 (0.00) 0.57 (0.02) 0.59 (0.01) 0.60 (0.01) 0.17 (0.51) —0.54 (0.03) 0.24 (0.35) 0.06 (0.83)
(b) Elderly group

MAX 0.67 (0.00)

Ql 0.98 (0.00) 0.73 (0.00)

Median (Q2) 0.96 (0.00) 0.75 (0.00) 1.00 (0.00)

Q3 0.94 (0.00) 0.77 (0.00) 1.00 (0.00) 1.00 (0.00)

IQR 0.23 (0.39) 0.58 (0.02) 0.39 (0.13) 0.45 (0.08) 0.52 (0.04)

S —0.17 (0.52) 0.35(0.19) —-0.23(0.39) —0.23 (0.39) —0.22 (0.41) —0.07 (0.79)

K —0.16 (0.56) 0.35 (0.19) —0.23 (0.40) —0.23 (0.38) —0.24 (0.37) —0.19 (0.48) 0.95 (0.00)

Lower QR —0.02 (0.95) 0.69 (0.00) 0.02 (0.96) 0.03 (0.90) 0.06 (0.82) 0.31 (0.24) 0.80 (0.00) 0.81 (0.00)

Upper QR 0.42 (0.11) 0.58 (0.02) 0.61 (0.01) 0.64 (0.01) 0.69 (0.00) 0.79 (0.00) —0.32 (0.23) —0.35 (0.18) 0.12 (0.65)

Abbreviations represent: MIN, minimum MFC; MAX, maximum MFC; QI, 25th percentile; Q2, median or 50th percentile; Q3, 75th percentile; IQR, inter-
quartile range; S, skewness; K, kurtosis; lower QR, lower quartile range = range of MFC-values from MIN to Q1; upper QR, upper quartile range = range of

MEFC-values from Q3 to MAX.

kurtosis were always positive. This means MFC data was not
Normally distributed and there was a systematic deviation
from the Normal distribution. This then questions the
appropriateness of the descriptive statistics commonly used
in the literature to describe central tendency and variance in
MEC data, namely mean and SD.

4.1.1. Measures of central tendency (intention of the
locomotor system)

Since MFC histograms are not Normally distributed, mean
MEFC may not be the best statistical descriptor of central
tendency and, more importantly, the mean may not represent
the intention of the locomotor system. Mode, median and
mean occurred in ascending order (Table 3) with the
histograms being sufficiently skewed to produce significantly
higher mean values compared to median and mode in both age
groups (p < 0.05). Median was also significantly higher than
the mode in the young group (p = 0.02). All three measures
were, however, highly correlated (» > 0.99, p < 0.01) and the
maximum within-group difference between the three
measures was functionally small (<1 mm).

Mean is the most commonly used central tendency
measure. Its advantage, and disadvantage, is that all data are
used in its calculation. The mode and median are better
descriptors of central tendency in skewed distributions
where a constraint affects one end of the distribution. In this
case, the ground constraint affects the locomotor system’s
intention in performing MFC.

Mode represents the most frequently occurring, or most
often achieved, MFC height and is theoretically the best
central tendency measure for this study’s, non-Normal,

unimodal distributions. However, mode is not a robust
measure and its value can vary considerably depending on N
and the bin size used in its calculation. From a statistical
perspective, mode should only be used when a rough
estimate of central tendency is required, or if the robustness
of the measure is demonstrated.

The median (50th percentile or Q2) could also be argued
as the intention of the locomotor system because it
represents 50% of MFC-values above and 50% below this
point. The median, like the mode, is not affected by the
magnitude of outliers. When data is skewed and when mode
is not robust enough, median is often used as the best
estimate of central tendency. This is partly because the
median is closer to the mode than the mean in a skewed,
unimodal distribution. We conclude, for MFC data, that the
mode best represented the intention of the locomotor system
but, since the mode is not sufficiently robust, median is the
most appropriate central tendency measure.

4.1.2. Measures of MFC variance

The group variance (the SD of the group mean in brackets
in the first row of Table 3) is frequently presented in the
literature and the individual’s variance (the mean of the
individuals’ SD in the fourth row of Table 3) has not been
presented previously.

The systematically positive-skewed individual MFC
histograms and the use of median as a measure of the
individual’s MFC central tendency means IQR is arguably a
better estimate of the MFC variance about an individual’s
planned MFC height, rather than the SD which is affected by
extreme/outlier values (i.e., IQR is a better variance measure
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than SD for systematically skewed distributions). As with
the central tendency measures, IQR and SD were highly
correlated (r > 0.9; p < 0.01) but SD gives an overestimate
of the variance on the left side and/or an underestimate of the
variance on the right side of positively skewed MFC
distributions.

4.1.3. Ageing effects

The elderly had lower median MFC-values compared to
young adults (elderly, 1.43 cm; young, 1.55 cm; differen-
ce=0.12cm) but this difference was not significant
(p =0.54). Previous studies report group means and group
SD only. Winter [9] reported lower mean MFC-values in the
elderly (E, 1.12 cm; Y, 1.29 cm; difference = 0.17 cm) and
also found no significant difference between the groups.
Although the group SD values were similar between this and
previous studies [9,12] and the difference between young
and elderly mean MFC-values were similar in this, and
Winter’s study [9]. The mean MFC-values in the present
study were generally higher than those reported by Karst
et al. [12] and Winter [9]. This could be due to differences in
methods between studies, overground versus treadmill.

An important finding from this study is the significantly
higher MFC variance in the elderly group (p =0.04). An
increase in variance in the locomotor system due to ageing
has also been found for temporal parameters of the gait cycle
and has been recognized as a predictor of falls in elderly
populations [15,17].

The spread of MFC-values within the lower quartile
range (lower QR; Q1—MIN) was not significantly different
between the young and elderly groups (p =0.71). This
suggests that the elderly were able to display a similar
degree of control in the critical lower quartile of the MFC
distribution. Furthermore, upper quartile range (upper QR;
MAX—Q3) was significantly higher in the elderly group
(p =0.05) suggesting that the significant difference in IQR
between groups was a result of upper QR differences.

4.2. Strategies for minimizing tripping risks
Possible strategies to minimize tripping risk include:

(1) Increasing median MFC height. This, by itself, should
result in a higher energy cost of gait. The results
suggest that the elderly did not use this strategy since
the median MFC was less for the elderly group
compared to the young group. The lower median (and
lower Q1 and MIN) in the elderly group would suggest
an increased likelihood of tripping.

(i1) Reducing MFC variability. This strategy effectively
exerts greater ‘control’ on MFC by reducing variability.
This strategy would seem inefficient since it would
exert unnecessarily excessive ‘control’ on the relatively
unimportant right side of the distribution. The group
data suggest that the elderly do not use this strategy to
minimize the likelihood of tripping as the elderly group

had a significantly higher IQR (p = 0.04). This suggests
that they exerted less control on MFC than the young
group. The significantly higher IQR in the elderly group
suggests an increased likelihood of tripping.

(iii) Increasing skewness and kurtosis. This is perhaps the
most logical since it does not necessarily exert ‘control’
on the relatively unimportant right side of the
distribution. There was a high correlation between
skewness and kurtosis values both in the young
(r=0.60, p=0.01) and elderly (r=0.95, p < 0.01),
suggesting they may relate to the same strategy. The
locomotor system errs on the side of safety by reducing
the spread of values in the lower quartile range (lower
QR is significantly less than upper QR for both groups;
p < 0.01) to reduce the risk of ground contact at MFC.
Skewness in the elderly was higher (p = 0.07) which
would, by itself, suggest a reduced likelihood of
tripping compared to young adults.

(iv) Combined strategies. This involves individual-specific
interactions between the former three strategies to
reduce the likelihood of tripping. For example, for the
young group, skewness had a significant negative
correlation with Q2 (and MIN and Q1), which
demonstrates a combined strategy (low median
compensated by a high skewness; S/median strategy).
There was no significant correlation between skewness
and median for the elderly group but, alternatively,
there was a positive trend between median and IQR
(p =0.08), which demonstrates a different strategy in
the elderly group (low median compensated by a low
IQR; IQR/median strategy).

(v) Other strategies. There are many other strategies that
can be used to avoid the possibility of a trip and
consequent fall, e.g., careful foot placement before/
after obstacles [18], obstacle avoidance strategies [19]
or walking more slowly.

4.3. Gait is a constrained optimisation problem

Gait can be described as an optimisation problem with the
overall goal of reaching a destination with minimum energy
cost [20,21]. Gait is actually a constrained optimisation
problem with penalties associated with violating the
constraint. One constraint is the ground (MFC =0 cm),
and the penalty for violating the ground constraint is tripping
and, potentially, falling. The systematic positive skewness
and significantly smaller lower QR compared to upper QR in
the MFC distribution indicates that the trip constraint is
operational at MFC for the swinging foot, i.e., the ground
was actively being avoided.

5. Conclusions

An individual’s MFC data is not Normally distributed.
The deviations from a Normal distribution are systematic
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(almost always skewness > 0 and always kurtosis > 0) and
describe a real strategy to minimise the likelihood of the foot
hitting the ground. Median MFC is a better indicator of the
‘intention of the locomotor system’ than the mean, whereas
IQR is better than SD as a variability measure for the
systematically non-Normal MFC distributions. Based on
MFC data alone, there are three possible strategies for
avoiding tripping: (a) increase median MFC; (b) reduce
MFC variability; (c) increase skewness. Individuals with a
low median MFC appear to compensate by having either a
low IQR or a high positive skewness. Furthermore, a
median/S strategy was dominant in the young group whereas
a median/IQR strategy was dominant in the elderly group.
The elderly seemed to be more prone to tripping with, for
example, lower median MFC-values (not significantly
lower) and significantly higher MFC variability. The results
show that important information is lost in group-based
analysis and only an individual-based approach will show
which individuals are at risk of tripping. Future research
could focus on MFC strategies used to minimise the
likelihood of tripping while walking. Group histograms
suggest there may be two or three sub-groups or ‘walking
styles” within each group and cluster analysis on a larger
sample size may yield further information.
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