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A B S T R A C T

This study recorded basic gait data from 656 healthy primary school-aged children (5–13 years) and 81

young adults (18–27 years) whilst walking over-ground across a level walkway at varying speed. It

investigated the effect of gait speed and re-examined the issue of gait maturation. Participants

completed 6–8 walks at self-selected slow, free and fast speed along a GAITRite walkway whilst wearing

athletic shoes. Outcome measures (non-normalized and normalized) were gait speed, cadence, step and

stride length, step and stride time, support base, single and double support (%), stance duration (%), foot

angle and associated symmetry measures. Compared to free speed, participants walked 24% slower for

the slow speed and 30% faster for the fast speed (p < 0.0001). Both normalized and non-normalized

measures of cadence, step and stride length increased with speed (p < 0.001) whereas step and stride

time reduced (p < 0.001). As a percentage of the gait cycle, single support and stance duration increased

with speed (p < 0.001) whereas double support reduced (p < 0.001). Foot angle was significantly less

(less toe-out) for the fast speed than the free and slow speeds (p < 0.001) whereas support base was

unaffected by speed. Symmetry measures were unaffected by age or speed. Step and stride symmetry

differentials (combining conditions) fell around 0.8 cm, whereas symmetry differentials for step and

stance time, single and double support fell around 0.7%. This information can be used by clinicians and

researchers to assess the gait of children.

� 2010 Elsevier B.V. All rights reserved.
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1. Introduction

There is limited knowledge about the basic spatiotemporal gait
parameters (i.e. step length, cadence, etc.) of healthy school-aged
children when walking over a range of gait speeds. In general, most
studies of children involving large samples have used self-selected
or free walking speeds to record basic gait parameters [1–3].
Moreover, little is known about the effect of walking speed on the
symmetry of a child’s gait pattern. This information is important
since it can be used by clinicians and researchers to assess gait. This
investigation recorded normative or reference gait data, including
measures of symmetry, from a large sample of healthy primary
school-aged children whilst walking over-ground across a level
walkway with shoes at varying speed (slow, free and fast). It also
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re-examined the issue of gait maturation by comparing the
children’s gait to young adults.

The majority of gait studies involving large samples of children
have generally used a free or self-selected walking speed to
investigate the basic parameters of gait. For example, Sutherland
et al. [2] recorded the gait of 309 children aged 1–7 years, Dusing
and Thorpe [3] recorded the gait of 438 children aged 1–10 years,
and more recently Lythgo et al. [1] recorded the gait of 898 children
aged 5–13 years whilst walking at self-selected speeds. Holm et al.
[4] did record the gait of 360 children aged 7–10 years for a range of
walking speeds classified as ‘‘slow’’, ‘‘a little faster’’, faster, but not
as fast as you can’’ and ‘‘as fast as you can, without running’’ but
only reported a few basic gait parameters for speeds ranging
between 1.4 and 1.6 m/s. This speed range is well above the speeds
of 1.1 m/s (SD = 0.2 m/s) and 1.26 m/s (95% CI = 2.9 m/s) reported
by Sutherland et al. [2] and Lythgo et al. [1], respectively, for
children aged 7 years. In a recent significant study, Schwartz et al.
[5] recorded the gait patterns (including 3D angular kinematics,
kinetics and EMG) of 83 typically developing children and
adolescents (aged 4–17 years) whilst walking at a range of speeds
classified as ‘‘very slow’’, ‘‘slow’’, ‘‘free’’, ‘‘fast’’ and ‘‘very fast’’
(dimensionless speed range: 0.039–0.915). This study, however,
only reported a limited number of basic gait parameters.

http://dx.doi.org/10.1016/j.gaitpost.2010.09.017
mailto:nlythgo@unimelb.edu.au
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In general, most studies of normative gait in children have not
reported measures of gait symmetry. Our group [1] found the gait
symmetry of children to be remarkably invariant when walking
over-ground across a level walkway at self-selected or free speed
(barefoot and shod). Step and stride differentials fell around 0.7 cm
and temporal differentials fell around 0.6%. Other work by
Rosengren et al. [6] has shown that children (age: 7.4 � 0.86 years,
n = 10) with conditions such as Developmental Coordination Disorder
(DCD) exhibit significant asymmetry when walking on a treadmill at
around 0.85 m/s. It is important therefore, to further investigate
measures of gait symmetry across a range of speeds, particularly for
over-ground walking, in a large group of healthy children. This
information can be used by clinicians and researchers to assess the
gait of children with pathology.

Sutherland et al. [2] found mature gait patterns to be well
established by the age of 3 years. More recent work [1,3,4] suggests
normalized basic gait parameters (e.g. step length, gait speed)
stabilize from 5 to 13 years with little change from the age of seven.
Other research, however, suggests it is not fully developed or
mature by the age of 7 years. Ganley and Powers [7] reported that
7-year-old children (n = 15) may lack the neuromuscular maturity
to generate a mature or adult-like gait pattern. More recently, we
found children [1], when compared to young adults (age:
19.6 � 1.6 years; n = 82), spend less time in single support (normal-
ized to the gait cycle) but more time in double support and stance
(p < 0.0001).

The aim of this investigation was twofold. First, to record
normative or reference gait data, including measures of symmetry,
from a large sample of healthy school-aged children whilst walking
over-ground across a level walkway at slow, free and fast walking
speeds. Second, to use this database to further investigate gait
development by comparing the children’s gait characteristics to
those of a young adult population.

2. Methods

2.1. Participants

A sample of 737 healthy able-bodied children and young adults
from Australia participated in this study in 2006–2007. Participant
demographics are listed in Table 1 as well as the average step count
for each age group. The latter data indicates the average step count
or number of steps from which gait data were extracted. The
children were recruited from schools located in the North, East,
South and Western Metropolitan Regions of a major Australian
city. Twenty-three percent of the children were recruited from
schools in the Northern Region, 38% from the Eastern, 24% from the
Southern and 15% from the Western Region. Ninety-five percent
were drawn from Government Schools with the remaining 5%
drawn from Non-Government Schools. The children were initially
informed about the study by school staff and were then given a
Table 1
Participant demographics by age group: mean (SD).

Age

(years)

N Female

(%)

Height (cm) Mass (kg) Ave.

lengt

(cm)

5.70 (0.21) 58 46.6 114.8 (4.2) 22.0 (2.7) 57.9

6.57 (0.27) 109 55.0 120.9 (5.6) 24.3 (4.3) 61.7

7.50 (0.31) 102 50.0 126.6 (6.0) 27.8 (5.6) 65.8

8.52 (0.30) 93 53.8 131.7 (6.9) 31.2 (8.9) 68.5

9.50 (0.28) 90 47.7 137.6 (5.4) 35.1 (7.0) 72.8

10.5 (0.29) 82 46.3 142.8 (6.5) 38.8 (7.9) 76.0

11.51 (0.29) 75 50.6 149.7 (6.5) 46.1 (10.0) 80.3

12.60 (0.50) 47 36.2 156.1 (7.8) 48.4 (9.9) 83.8

19.66 (1.65) 81 65.4 169.1 (9.9)* 63.6 (10.8)* 87.9

* Significant gender difference, p<0.05.
take-home participant information consent form and screening
questionnaire to be completed by a parent or guardian. Partici-
pants were excluded from the study if any neurological, musculo-
skeletal or other medical conditions were reported to affect their
gait.

Ethics approval to conduct this research was obtained from the
relevant University and Education Departments. Written informed
consent was obtained from all participants 18 years and older.
Written informed consent for the children was obtained from
parents or guardians.

2.2. Walking test

Testing took place in schools for the children, whereas it took
place in a laboratory for the young adults. In the schools, the test
venues were located in isolated areas such as the school hall.
Initially, the participants’ height, mass and leg lengths were
recorded by the methods described in previous work [1]. Two
GAITRite systems (4.3 m and 4.9 m) sampling at 80 Hz were used
to collect the gait data. Two systems were required in order to test
the large number of participants. The same assessors collected the
data and were overseen by the chief investigator. Participants were
brought to the test venues in groups of three or less so as to
minimize distraction. Each participant wore athletic shoes or
runners. For familiarization purposes, participants completed two
practice walks followed by a series of walks at self-selected free,
fast and slow gait speeds. The walking trials were blocked. Twenty-
four walks (8 per speed) were completed across the short GAITRite
walkway whereas 18 walks (6 per speed) were completed across
the long GAITRite walkway. The different trial numbers for the
short and long GAITRite systems were necessary in order to
capture a similar number of steps for each participant (n � 30). The
walkways were placed on a firm surface such as carpet tiles or
linoleum. In order to achieve steady state gait, an approach and
departure distance of at least 4 m was used [8,9]. Prior to each
block of trials, participants were given the following instructions:
‘‘Begin from the ‘start line’ and walk to the ‘finish line’’’, ‘‘Walk at
normal or comfortable speed’’, ‘‘Walk fast, as though you are
hurrying to catch a bus, but don’t run’’, ‘‘Walk slowly as though you
are enjoying the sunshine’’. Partial footfalls were removed from
any analysis.

2.3. Data analysis

Basic spatio-temporal parameters of gait were extracted from
each walking trial. For each speed condition, average gait
parameter data were calculated for each participant. These data
were used in the statistical analyses. The gait parameters extracted
were gait speed, cadence, step length, stride length, support base,
foot angle (toe-out +8: toe-in�8), single support time (%GC), double
support time (%GC), stance time (%GC), step time and stride time.
leg

h

Leg length

difference R� L

(cm)

Step count

(slow)

Step count

(free)

Step count

(fast)

(2.9) 0.02 (0.37) 33.8 (16.8) 33.3 (11.2) 30.3 (10.2)

(4.0) �0.04 (0.52) 32.6 (11.2) 31.3 (10.5) 29.6 (9.3)

(4.8) 0.02 (0.51) 33.3 (11.9) 29.8 (8.8) 28.5 (7.8)

(4.8) �0.04 (0.39) 34.1 (12.1) 28.9 (10.5) 28.9 (9.7)

(5.1) �0.01 (0.46) 31.1 (8.9) 27.9 (10.4) 28.2 (9.6)

(4.9) �0.03 (0.54) 30.9 (8.0) 27.6 (6.6) 25.2 (5.7)

(4.5) 0.06 (0.53) 30.9 (7.0) 28.0 (6.2) 24.9 (5.8)

(4.5) 0.00 (0.23) 29.1 (6.8) 26.6 (10.9) 23.0 (5.6)

(6.8)* �0.03 (0.66) 25.0 (5.1) 22.2 (7.3) 18.5 (4.4)
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Spatial measures were normalized to leg length [10,11]. Single
support time, double support time and stance time were
normalized to the gait cycle (%GC) whereas step time and stance
time were normalized by the method described by Hof [10].
Symmetry measures were calculated by the following equation:
Symmetry = jRight Measure � Left Measurej. Descriptive statistics
were calculated for all gait parameters. These statistics were used
in conjunction with box and scatter plots to assess outliers. The
normality of the age-group symmetry data sets was assessed by
the Kolmogorov–Smirnoff test of normality. Confidence intervals
were calculated for data sets that exhibited normality and non-
normality. The method described by Conover [12] was used to
calculate confidence intervals for non-normal data sets. Pearson’s
product moment correlation was used to examine the relationship
between age and gait parameters. Spearman’s rho rank order
correlation was used to examine the relationship between age and
gait symmetry parameters; these measures were found to be non-
normal. A multiple discriminant analysis was conducted in order to
reinforce differences already found by a between groups MANOVA
analysis, and to determine which of the outcome variables, or
combination of, accounted for most of the differences in the
average score profiles of the age groups. A repeated measure
MANOVA with contrast testing was used to assess the effect of
speed. All statistics were calculated with SPSS (version 17).

3. Results

On average, participants took 31.4 steps in the slow speed
condition, 28.5 in the free speed condition, and 26.4 steps in the
fast speed condition (Table 1). For the children, no significant
gender differences were found for height, mass or leg length,
whereas significant gender differences were found in the young
adult group (p < 0.05); mean (SD), height (male: 178.5 (8.1) cm;
female: 164.2 (6.6) cm), mass (male: 72.5 (9.6) kg; female:
59.4 (8.2) kg) and leg length (male: 93.3 (5.4) cm; female:
85.3 (5.6) cm).

3.1. Age

For each speed condition, the non-normalized measures of gait
speed, step length, stride length, support base, foot angle, step
time, and stride time increased with age whereas cadence reduced
with age (refer to Table 2). The equivalent normalized measures
were unaffected by age (refer to Tables 3 and 4). This is supported
by the low correlation values (ranging from �0.29 to 0.16) found
between these measures and age. When normalized to the gait
cycle, stance duration, double and single support were unaffected
by age (correlations ranged from �0.38 to 0.49). Compared to the
children as a group, the young adults exhibited a significant
reduction in single support coupled with significant increases in
double support and stance duration (p < 0.0001). On average, the
young adults (across speed conditions) exhibited a 2.6% reduction
in single support coupled with a 5.5% increase in double support
and a 2.6% increase in stance duration (p < 0.0001). These findings
are supported by the results of a multiple discriminant analysis
(p < 0.001) that showed these measures account the most for the
differences in the average score profiles of the normalized data of
the children and young adults (Fig. 1).

3.2. Speed

Compared to the free speed condition (136.6 � 17.7 cm s�1),
participants walked 24% slower in the slow condition
(103.7� 15.2 cm s�1) and 30% faster in the fast condition
(178.0� 23.3 cm s�1). These speeds were significantly different
(p < 0.0001). Both normalized and non-normalized measures (Tables
2 and 3) of cadence, step and stride length increased with speed
(p < 0.001) whereas step and stride time reduced (p < 0.001). As a
percentage of the gait cycle, single support and stance duration
increased with speed (p < 0.001) whereas double support reduced
(p < 0.001). For the fast speed, foot angle was significantly less (less toe-
out) than the free and slow speeds (p < 0.001). Support base was
unaffected by speed (refer to Table 2).

3.3. Symmetry

Symmetry was unaffected by age with correlation values
ranging from �0.11 to 0.10 (supplementary Table). On average
(combining conditions), symmetry measures for step and stride
lengths were 0.9 cm and 0.7 cm respectively. The average
symmetry measures for step time, swing time, stance time, single
and double support fell around 0.7%.

4. Discussion

Reference or normative gait data are important to assess gait
dysfunction and development in children. Information about the
typical walking speeds of children is also important for the
regulation of pedestrian crossing times on signalized road cross-
ings by road traffic authorities. The specific aims of this
investigation were to record normative or reference gait data
from a large sample of healthy primary school-aged children whilst
walking over-ground across a level walkway at slow, free and fast
walking speeds, and to use this information to ascertain whether
these parameters can be used to assess gait maturation or
development.

The GAITRite system has been shown to be a valid and reliable
instrument for recording basic gait parameters [13–15]. Support
base and foot angle (toe in/out), however, are measures that should
be treated with caution as these have been shown to exhibit low
accuracy and reliability [13,14]. A further limitation was the
inability to supply the same footwear to each participant.
Participants wore their own athletic shoes or runners that they
commonly used for walking. The different test locations should not
have affected the data since the GAITRite mats were placed on
carpet tiles, linoleum or polished floor boards. Steady state gait was
achieved by allowing an approach and departure distance of at
least 4 m [1,8,9].

For each gait speed, the non-normalized measures of gait speed,
step length, stride length, step time and stride time increased with
age whereas cadence reduced with age. Support base and foot
angle (toe in/out) increased with age but the trends were not as
robust. The equivalent normalized gait parameters were unaffect-
ed by age but showed significant increases with speed (p < 0.001).
This shows that when normalized, gait is relatively stable across a
range of speeds from the age of 5–13 years. This finding is partly
supported by other studies [3,4] that found normalized measures
of step length to be relatively stable from 7 years of age.

When normalized to the gait cycle, the children’s stance
duration, double and single support were unaffected by age. The
young adults, however, exhibited a significant reduction in single
support coupled with significant increases in double support and
stance duration (p < 0.0001). On average (combining speeds), the
young adults single support, stance duration and double support
were 40%, 60% and 20%, respectively, whereas the children’s were
43%, 57% and 15%, respectively. These outcomes are consistent
with previous work [1] and further support the premise that gait
may not be mature by 12–13 years of age.

At initial foot-ground contact during gait, children have been
reported to exhibit 2–38 of ankle plantar flexion and about 5–88 of
knee flexion [5], whereas young adults have been reported to
make initial contact with the ankle in about 58 of dorsiflexion and



Table 2
Non-normalized spatial and temporal data; mean�95% CI (SD). Slow speed (top panel), free speed (middle panel), and fast speed (bottom panel).

Age group

(years)

Gait speed

(cm s�1)

Cadence

(steps min�1)

Step length

(cm)

Stride length

(cm)

Support base

(cm)

Toe in/

out (�/+)8
Step time

(ms)

Stride time

(ms)

Slow

5.7 97.0�4.1 (16.1) 122.0�3.6 (13.9) 47.7�1.3 (5.0) 95.6�2.6 (10.1) 7.9�0.4 (1.6) 0.3�1.3 (5.1) 496�14 (56) 996�30 (116)

6.6 100.4�2.7 (14.3) 117.9�2.3 (12.0) 51.0�1.0 (5.4) 102.1�2.1 (11.0) 7.9�0.3 (1.7) 1.0�1.1 (5.6) 513�10 (53) 1027�20 (107)

7.5 100.9�2.7 (13.8) 114.4�2.2 (11.2) 52.8�1.0 (5.4) 105.5�2.1 (11.0) 8.4�0.4 (2.1) 1.6�1.2 (6.1) 528�10 (54) 1059�21 (109)

8.5 101.9�2.8 (14.0) 112.0�2.3 (11.4) 54.2�1.0 (5.2) 108.3�2.1 (10.1) 8.5�0.4 (2.1) 1.1�1.0 (4.8) 542�12 (59) 1086�24 (120)

9.5 102.0�3.3 (15.8) 108.3�2.2 (10.6) 56.3�1.3 (6.2) 112.6�2.5 (12.3) 9.3�0.4 (2.1) 2.9�1.1 (5.5) 558�12 (56) 1118�24 (114)

10.5 103.5�3.0 (13.8) 105.9�2.3 (10.7) 58.7�1.4 (6.3) 117.5�2.7 (12.7) 8.9�0.4 (1.9) 2.0�1.2 (5.6) 572�13 (62) 1149�27 (125)

11.5 104.9�2.7 (12.0) 104.5�1.6 (7.2) 60.1�1.2 (5.3) 120.3�2.4 (10.6) 9.0�0.5 (2.2) 3.1�1.4 (6.2) 578�9 (41) 1158�19 (85)

12.6 106.7�3.5 (12.2) 100.9�2.4 (8.2) 63.4�1.7 (6.0) 126.7�3.4 (11.9) 9.1�0.6 (2.1) 2.7�1.3 (4.4) 598�14 (49) 1197�28 (98)

19.7 117.8�3.4 (15.4) 103.1�1.8 (8.4) 68.5�1.4 (6.6) 136.8�2.8 (13.0) 8.8�0.5 (2.5) 6.2� 0.9 (4.2) 588�11 (50) 1176�22 (100)

Free

5.7 127.0�4.1 (16.1) 140.0�3.3 (12.9) 54.5�1.3 (5.1) 109.2�2.6 (10.1) 7.8�0.5 (1.8) 0.7�1.2 (4.5) 431�10 (40) 863�21 (81)

6.6 132.5�3.1 (16.6) 136.6�2.3 (12.1) 58.1�1.0 (5.3) 116.3�2.0 (10.8) 7.8�0.3 (1.6) 1.2� 0.9 (5.1) 443�8 (40) 887�15 (80)

7.5 132.5�3.3 (16.9) 133.1�2.4 (12.6) 59.7�1.1 (5.9) 119.6�2.3 (11.7) 8.5�0.4 (2.1) 1.6�1.1 (5.5) 455�8 (42) 910�16 (84)

8.5 137.1�3.5 (17.4) 130.8�2.4 (11.7) 63.1�1.1 (5.6) 125.9�2.3 (11.2) 8.0�0.5 (2.2) 1.4� 0.9 (4.3) 463�9 (42) 925�17 (85)

9.5 134.5�3.9 (18.7) 125.8�2.2 (10.9) 63.1�1.2 (6.0) 128.4�2.4 (11.7) 8.9�0.4 (1.9) 2.5�1.0 (5.0) 482�8 (40) 965�17 (81)

10.5 138.8�3.6 (16.5) 123.4�2.1 (9.8) 67.4�1.4 (6.3) 134.9�2.7 (12.5) 9.1�0.4 (2.0) 1.9�1.2 (5.4) 490�8 (38) 983�17 (76)

11.5 137.3�3.4 (14.9) 119.9�1.7 (7.4) 68.7�1.3 (5.7) 137.4�2.6 (11.6) 9.0�0.5 (2.3) 2.7�1.2 (5.4) 504�7 (31) 1008�14 (62)

12.6 138.6�4.4 ()15.3 114.6�2.2 (7.7) 72.6�2.3 (7.9) 145.0�4.5 (15.7) 8.7�0.6 (1.9) 2.4�1.2 (4.2) 526�10 (36) 1053�20 (71)

19.7 152.4�3.3 (15.3) 117.6�1.6 (7.1) 77.8�1.4 (6.6) 155.7�2.9 (13.3) 9.0�0.5 (2.3) 4.9� 0.9 (4.2) 513�7 (33) 1027�14 (66)

Fast

5.7 171.3�4.4 (17.1) 170.0�3.8 (14.6) 60.7�1.2 (4.5) 121.7�2.4 (9.2) 7.9�0.6 (2.2) �0.6�1.3 (4.9) 357�9 (34) 714�17 (68)

6.6 176.5�4.1 (21.8) 167.0�3.1 (16.4) 63.6�1.1 (5.8) 127.2�2.2 (11.6) 7.6�0.3 (1.6) 0.1� 0.9 (4.7) 364�7 (36) 727�13 (71)

7.5 175.9�5.2 (26.7) 162.3�4.0 (20.8) 65.2�1.2 (6.1) 130.4�2.4 (12.2) 8.2�0.4 (2.1) 0.5�1.0 (5.3) 376�9 (45) 752�17 (89)

8.5 174.1�4.3 ()21.3 152.9�3.4 (16.9) 68.6�1.1 (5.6) 137.2�2.3 (11.1) 8.2�0.4 (2.1) 0.2� 0.8 (3.9) 399�9 (42) 797�17 (83)

9.5 174.7�5.2 (25.1) 146.0�2.9 (13.9) 71.7�1.3 (6.3) 143.3�2.6 (12.6) 8.8�0.3 (1.7) 1.4�1.0 (4.6) 417�8 (39) 832�16 (79)

10.5 182.3�4.8 (22.4) 146.6�3.4 (15.6) 75.2�1.4 (6.7) 150.1�3.0 (13.7) 8.9�0.4 (1.9) 0.4�1.0 (4.7) 418�9 (41) 833�18 (83)

11.5 177.4�5.7 (25.2) 137.3�3.0 (13.5) 77.7�1.8 (7.9) 155.5�3.6 (15.9) 9.0�0.5 (2.1) 1.4�1.2 (5.4) 443�9 (41) 886�19 (83)

12.6 172.9�6.4 (22.4) 129.3�3.1 (10.8) 80.2�2.4 (8.5) 160.8�5.0 (17.5) 8.9�0.6 (2.0) 1.4�1.2 (4.0) 468�11 (38) 935�22 (78)

19.7 195.0�3.7 (17.2) 133.9�2.2 (10.3) 88.0�1.4 (6.6) 175.8�3.0 (13.8) 9.6�0.5 (2.4) 3.6� 0.8 (3.6) 453�7 (34) 905�15 (69)
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Table 4
Normalized temporal data; mean�95% CI (SD). Slow speed (top panel), free speed (middle panel), and fast speed (bottom panel).

Mean age (years) Step Time Stride Time Single Support (%) Double Support (%) Stance Time (%)

Slow

5.7 2.041�0.059 (0.231) 4.100� 0.123 (0.478) 41.9� 0.5 (1.9) 16.1�1.0 (3.7) 58.0�0.6 (2.2)

6.6 2.041�0.041 (0.221) 4.098� 0.083 (0.440) 42.4� 0.3 (1.6) 14.9� 0.7 (3.5) 57.6�0.3 (1.8)

7.5 1.999�0.039 (0.199) 3.999� 0.078 (0.404) 42.3� 0.4 (2.0) 14.9� 0.8 (4.1) 57.4�0.4 (2.1)

8.5 2.053�0.045 (0.220) 4.047� 0.090 (0.445) 42.1� 0.4 (2.0) 15.3� 0.8 (4.1) 57.9�0.5 (2.4)

9.5 2.008�0.023 (0.216) 4.031� 0.090 (0.436) 41.5� 0.4 (1.9) 15.8� 0.8 (3.8) 58.0�0.4 (1.9)

10.5 2.058�0.046 (0.212) 4.129� 0.093 (0.431) 41.7� 0.4 (1.8) 16.1� 0.8 (3.9) 58.2�0.4 (2.0)

11.5 2.024�0.033 (0.146) 4.052� 0.067 (0.298) 40.7� 0.5 (2.0) 18.2� 0.9 (4.2) 59.1�0.5 (2.1)

12.6 2.048�0.045 (0.159) 4.097� 0.090 (0.315) 41.0� 0.5 (1.8) 17.6�1.0 (3.5) 58.9�0.5 (1.8)

19.7 1.965�0.036 (0.163) 3.931� 0.071 (0.328) 38.6� 0.3 (1.6) 22.7� 0.7 (3.1) 61.3�0.3 (1.6)

Free

5.7 1.766�0.043 (0.168) 3.545� 0.087 (0.339) 42.4� 0.4 (1.7) 15.1� 0.7 (2.9) 57.6�0.5 (1.8)

6.6 1.769 �0.030 (0.162) 3.541� 0.061 (0.323) 43.0� 0.3 (1.7) 13.5� 0.6 (3.2) 56.8�0.3 (1.7)

7.5 1.755�0.029 (0.150) 3.513� 0.059 (0.304) 42.9� 0.4 (1.8) 14.1� 0.7 (3.8) 57.0�0.4 (1.9)

8.5 1.752�0.031 (0.154) 3.504� 0.063 (0.312) 43.0� 0.4 (1.9) 14.0� 0.7 (3.6) 57.1�0.4 (1.9)

9.5 1.774�0.031 (0.151) 3.550� 0.062 (0.301) 42.6� 0.3 (1.6) 14.8� 0.7 (3.4) 57.5�0.4 (1.7)

10.5 1.762�0.027 (0.125) 3.533� 0.054 (0.249) 42.7� 0.4 (1.9) 14.4� 0.8 (3.7) 57.2�0.4 (1.8)

11.5 1.762�0.024 (0.105) 3.526� 0.047 (0.210) 41.7� 0.4 (1.8) 16.5� 0.8 (3.6) 58.3�0.4 (1.7)

12.6 1.800�0.030 (0.105) 3.604� 0.061 (0.212) 41.8� 0.5 (1.7) 16.1�1.0 (3.3) 58.1�0.5 (1.6)

19.7 1.716�0.022 (0.103) 3.433� 0.045 (0.207) 40.1� 0.3 (1.3) 19.9� 0.6 (2.7) 59.8�0.3 (1.4)

Fast

5.7 1.438�0.033 (0.129) 2.883� 0.066 (0.258) 44.0� 0.4 (1.6) 12.2� 0.8 (3.1) 56.2�0.5 (1.9)

6.6 1.451�0.020 (0.143) 2.900� 0.054 (0.285) 44.3� 0.3 (1.8) 11.4� 0.6 (3.4) 55.7�0.3 (1.7)

7.5 1.454�0.031 (0.162) 2.903� 0.063 (0.323) 44.0� 0.4 (2.2) 11.8� 0.7 (3.7) 56.0�0.5 (2.4)

8.5 1.509�0.031 (0.153) 3.000� 0.062 (0.303) 43.7� 0.4 (1.8) 12.4� 0.7 (3.4) 56.3�0.4 (1.8)

9.5 1.530�0.030 (0.146) 3.055� 0.061 (0.293) 43.4� 0.3 (1.5) 12.9� 0.6 (3.1) 56.6�0.3 (1.5)

10.5 1.501�0.029 (0.136) 2.992� 0.060 (0.277) 43.9� 0.4 (2.0) 12.1� 0.8 (3.7) 55.9�0.4 (2.0)

11.5 1.550�0.032 (0.140) 3.099� 0.063 (0.280) 42.8� 0.4 (1.9) 14.4� 0.8 (3.7) 57.2�0.4 (2.0)

12.6 1.599�0.036 (0.124) 3.198� 0.071 (0.249) 42.8� 0.5 (1.7) 14.5� 0.8 (2.9) 57.1�0.5 (1.7)

19.7 1.515�0.022 (0.103) 3.025� 0.045 (0.208) 41.6� 0.3 (1.6) 17.2� 0.5 (2.4) 58.4�0.3 (1.3)

Table 3
Normalized spatial data; mean�95% CI (SD). Slow speed (top panel), free speed (middle panel), and fast speed (bottom panel).

Mean age

(years)

Speed Cadence Step length Stride length Support base

Slow

5.7 0.407�0.017 (0.066) 0.494�0.015 (0.057) 0.823�0.022 (0.085) 1.651� 0.044 (0.172) 0.136� 0.007 (0.029)

6.6 0.408�0.011 (0.058) 0.493�0.010 (0.051) 0.827�0.017 (0.089) 1.655� 0.033 (0.178) 0.128� 0.005 (0.028)

7.5 0.398�0.011 (0.057) 0.493�0.009 (0.046) 0.804�0.017 (0.090) 1.608� 0.036 (0.184) 0.129� 0.006 (0.032)

8.5 0.394�0.011 (0.056) 0.493�0.010 (0.049) 0.794�0.017 (0.085) 1.588� 0.034 (0.167) 0.124� 0.006 (0.031)

9.5 0.382�0.012 (0.057) 0.491�0.011 (0.052) 0.776�0.018 (0.089) 1.552� 0.036 (0.176) 0.128� 0.006 (0.031)

10.5 0.379�0.011 (0.051) 0.491�0.010 (0.048) 0.774�0.017 (0.080) 1.548� 0.035 (0.161) 0.117� 0.005 (0.025)

11.5 0.374�0.09 (0.042) 0.498�0.008 (0.035) 0.751�0.015 (0.064) 1.501� 0.029 (0.128) 0.113� 0.006 (0.027)

12.6 0.372�0.012 (0.043) 0.491�0.011 (0.037) 0.757�0.019 (0.066) 1.513� 0.037 (0.131) 0.108� 0.007 (0.026)

19.7 0.401�0.012 (0.054) 0.514�0.009 (0.040) 0.780�0.017 (0.078) 1.559� 0.034 (0.154) 0.100� 0.006 (0.028)

Free

5.7 0.533�0.017 (0.067) 0.567�0.014 (0.053) 0.942�0.022 (0.087) 1.887� 0.045 (0.174) 0.135� 0.009 (0.033)

6.6 0.539�0.012 (0.067) 0.571�0.009 (0.050) 0.943�0.015 (0.079) 1.887� 0.031 (0.163) 0.126� 0.005 (0.027)

7.5 0.522�0.014 (0.070) 0.574�0.010 (0.051) 0.910�0.019 (0.096) 1.823� 0.037 (0.191) 0.130� 0.006 (0.032)

8.5 0.530�0.014 (0.071) 0.575�0.010 (0.049) 0.923�0.018 (0.091) 1.842� 0.037 (0.181) 0.121� 0.007 (0.033)

9.5 0.504�0.014 (0.070) 0.570�0.011 (0.051) 0.885�0.017 (0.083) 1.769� 0.034 (0.165) 0.123� 0.006 (0.028)

10.5 0.509�0.014 (0.063) 0.572�0.009 (0.042) 0.889�0.018 (0.082) 1.778� 0.035 (0.163) 0.120� 0.006 (0.026)

11.5 0.490�0.012 (0.054) 0.571�0.008 (0.034) 0.858�0.016 (0.072) 1.715� 0.033 (0.147) 0.112� 0.007 (0.029)

12.6 0.483�0.015 (0.053) 0.558�0.009 (0.033) 0.866�0.023 (0.081) 1.730� 0.046 (0.160) 0.105� 0.007 (0.024)

19.7 0.519�0.011 (0.052) 0.586�0.007 (0.034) 0.887�0.015 (0.069) 1.774� 0.030 (0.139) 0.103� 0.006 (0.027)

Fast

5.7 0.719�0.019 (0.074) 0.688�0.014 (0.056) 1.047�0.019 (0.075) 2.101� 0.039 (0.152) 0.136� 0.010 (0.038)

6.6 0.718�0.017 (0.088) 0.698�0.013 (0.067) 1.031�0.017 (0.092) 2.063� 0.035 (0.186) 0.123� 0.005 (0.026)

7.5 0.682�0.021 (0.110) 0.699�0.016 (0.085) 0.992�0.019 (0.096) 1.985� 0.037 (0.190) 0.124� 0.006 (0.033)

8.5 0.673�0.017 (0.085) 0.672�0.014 (0.071) 1.003�0.016 (0.080) 2.007� 0.033 (0.164) 0.123� 0.006 (0.030)

9.5 0.654�0.019 (0.093) 0.663�0.013 (0.063) 0.986�0.017 (0.084) 1.971� 0.035 (0.167) 0.121� 0.005 (0.023)

10.5 0.668�0.018 (0.085) 0.679�0.015 (0.067) 0.990�0.018 (0.082) 1.978� 0.037 (0.170) 0.118� 0.005 (0.024)

11.5 0.633�0.020 (0.091) 0.654�0.014 (0.062) 0.969�0.021 (0.093) 1.939� 0.042 (0.186) 0.113� 0.006 (0.026)

12.6 0.603�0.022 (0.076) 0.629�0.014 (0.049) 0.956�0.024 (0.084) 1.917� 0.049 (0.170) 0.106� 0.007 (0.025)

19.7 0.665�0.013 (0.058) 0.667�0.010 (0.048) 1.002�0.014 (0.064) 2.001� 0.029 (0.132) 0.109� 0.006 (0.027)
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Fig. 1. Top panel shows double foot support plots (mean � 95% CI). Middle panel shows single support plots (mean � 95% CI). Bottom panel shows stance duration plots

(mean � 95% CI).
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the knee in about 108 of flexion [16]. Essentially, children land
with the foot in a more neutral position (flatter) with greater knee
extension at initial contact. This may partly account for the
differences in the temporal measures between the children and
the young adults. A flatter foot landing is likely to reduce stance
and double foot support time (%GC) yet increase single support
time (%GC).

Gait speed was significantly different for the slow, free and fast
conditions (p < 0.0001). The participants walked 24% slower and
30% faster than the free speed condition. On average, the children’s
normalized speeds for the slow, free and fast conditions were 0.391
(0.254–0.567), 0.516 (0.356–0.698) and 0.675 (0.439–0.944),
respectively. These speeds are faster than the normalized slow,
free and fast speeds reported by Schwartz et al. [5] for a group of 83
children and adolescents. Although not stated, it is reasonable to
assume that the participants in the Schwartz et al. study walked
with bare feet, whereas the participants in this study wore athletic-
type shoes. This would account for the increased gait speeds since
work has shown that self-selected or free gait speed increases with
shoes [1].
As with previous work [1], gait symmetry was found to be
remarkably invariant across age, and was unaffected by gait speed.
Measures of step and stride length symmetry fell around 0.8 cm
whereas temporal measures of symmetry fell around 0.7%. This
shows that gait is highly symmetrical in healthy children and
young adults and is unaffected by gait speed. As described
previously [1], this appears to be an invariant quality of human gait
but may change with pathology.

5. Conclusion

This study investigated the gait patterns, including symme-
try, of a large sample of healthy primary school-aged children
and young adults whilst walking over-ground at varying speed.
It provides descriptive statistics for basic gait parameters
commonly used to assess gait. This information is valuable to
clinicians and researchers since it provides a normative or
reference gait data set that can be used for comparison
purposes.
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