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The characteristics of vertical ground reaction force (VGRF) gait patterns in children with autism
spectrum disorders (ASD) are poorly understood. The purpose of this study was to identify VGRF gait
features that discriminate between children with ASD and the peer control group. The VGRF data were
obtained from 30 children with ASD and 30 normal healthy children aged 4 to 12 years. A three-
dimensional motion analysis system with eight cameras and two force plates were used to collect
VGRF data while subjects performed self-selected speed of barefoot walking. Parameterization
techniques were applied to VGRF waveforms to extract the VGRF gait features. Mean significant
differences between the two groups were tested using independent samples t-test and Mann-Whitney U
test. Significant group differences were found for four VGRF gait features. Results indicated that
children with ASD exhibited a significant reduction of the second peak of VGRF, earlier relative time
to the occurrence of the second peak of VGRF, lower push-off rate, and higher peak ratio of the two
VGREF peaks during normal speed of walking. These prominent differences showed that children with
ASD had difficulties in supporting their body weight during terminal stance phase and these conditions
affect the gait instability. The findings of this study develop further understanding of VGRF gait
patterns that significantly differentiate between children with ASD and the peer control groups.

doi: 10.5829/ije.2018.31.05b.04

1. INTRODUCTION!

ground reaction forces (GRF) generated during the
contact of foot with the ground. Relatively, this could be

Walking is the process of moving the body naturally used to indicate the causes of the movement

forward from one location to another. This complicated
dynamic phenomenon involves the movement of limbs
in a repetitive sequence while at the same time
maintaining stance stability [1, 2]. Every human has a
unique style of walking that can be assessed
systematically using instrumented gait analysis [3]. The
technology of gait analysis has been widely used to
quantify and measure the mechanics of human walking,
to identify abnormalities from normal movement
patterns and to provide appropriate corrective
procedures to improve motion [4, 5].

In order to address these challenges, gait analysis is
utilized to investigate the three-dimensional (3D)
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abnormalities pattern and the relation with underlying
muscle function [6]. In routine gait analysis, force plates
are employed to measure the 3D GRF components in
medial-lateral, anterior-posterior and vertical direction.
These GRF components provide a comprehensive
interpretation of how the body weight drops and moves
across the supporting foot during walking [1]. All of the
three force components, the vertical GRF (VGRF) is the
highest in magnitude during gait cycle and this force
component has been previously assessed in identifying
specific movement characteristics. The VGRF has been
successfully applied to discriminate normal and
pathological gait patterns of various conditions such as
children with cerebral palsy [7], Parkinson disease
patients [8], lower Ilimb fractures patients [9],
individuals with hip arthroplasty [10] and pregnant
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women [11]. VGRF features were also used to relate
gait stability in the virtual reality environments [12],
and to assist in the decision-making for recovery
balance control in control schemes [13].

Previous studies have reported that children with
ASD demonstrated a wide range of gait abnormalities
particularly in temporal spatial measurements [14], joint
kinematics and joint Kinetics [15, 16]. A more recent
study showed that children with ASD exhibited
asymmetries in several kinematic and Kinetic gait
features [17]. However, there is a paucity of research
investigating the GRF components specifically VGRF
gait patterns in children with ASD. So far, the only
published literature that has investigated the GRF gait
patterns in children with ASD is done by Ambrosini et
al. [18]. This study has demonstrated an important
association between VGRF gait patterns and ASD gait.
Children with ASD were found to relatively reduce
second peak of VGRF during the terminal stance when
compared to normative data. Our recent published study
has comprehensively analysed the 3D GRF gait patterns
in children with ASD and suggested the significant
variations in the anterior-posterior and VGRF gait
patterns [19].

Further assessment of VGRF gait patterns in
children with ASD may provide beneficial information
to clinicians and facilitate appropriate treatment and
rehabilitation programmes. Therefore, the purpose of
this study was to identify relevant VGRF gait features
that would characterise the autistic gait patterns in
children with ASD. The relevant descriptive gait
features are essential for the design of machine learning-
based on classification techniques to support diagnosis
of ASD gait [20, 21]. To aid in identification of
differences in movement patterns, gait features of
VGRF were extracted by parameterization techniques
and the significant features were statistically selected
using appropriate statistical approaches.

2. METHODOLOGY

2. 1. Data Collection A total of 60 children aged
4 to 12 years volunteered to participate in the study and
were divided into two groups. Thirty children had been
clinically diagnosed with ASD (23 males and 7 females;
mean age 8.63 years; mean height 1.29 m; mean body
weight 31.21 kg; mean body mass index (BMI) 18.12
kg/m?) and thirty normal healthy children for the control
group (15 males and 15 females; mean age 9.52 years;
mean height 1.27 m; mean body weight 28.03 kg; mean
body mass index 16.81 kg/m?).

The children with ASD were recruited from the
National Autism Society of Malaysia (NASOM) centre
in Klang, Selangor, Malaysia and local community by
approaching the parents via social media network. All
ASD subjects were diagnosed with mild category and

were able to follow verbal instructions. The ASD
subjects were attended by their parents or caretakers at
all time during the experiment session. The normal
healthy children were recruited from the families of
faculty members and nearby neighbourhood. All
subjects were able to walk independently without any
assistive devices and had no medical history of lower
extremity injuries or musculoskeletal disorders. The
parent or guardian of the subject signed an informed
consent form and all children provided verbal assent
before the experiment was conducted. The study design
was approved by the Research Ethics Committee of the
Universiti Teknologi MARA, Shah Alam.

Gait analysis was performed at the Human Motion
Gait Analysis laboratory at UiTM, Shah Alam using an
eight-camera (Vicon T-series) 3D motion capture
system (Vicon Motion Systems Ltd., Oxford, United
Kingdom) and two force plates (Advanced Mechanical
Technology Inc., MA, USA). The 3D motion capture
system was used to capture kinematic data at 100 Hz
and the force plates which were embedded in the middle
of a 6.5-metre walkway were used to measure the 3D
GRF data at 1000 Hz. The force plates were also used to
detect foot contact and foot off events of each limb of
the subjects during walking trials.

Thirty-five spherical retro-reflective markers were
placed bilaterally on the specific anatomical landmarks
of the subjects using the Plug-in Gait model (Vicon)
based on the Newington-Helen Hayes gait model [22,
23]. After static calibration, subjects were instructed to
perform a straight barefoot walking along the walkway
at their self-determined comfortable walking speed.
Subjects were allowed to perform several practice trials
for familiarization with the environment and the
experimental settings before the real walking trial
began. Both force plates were calibrated at the
beginning of each trial.

2. 2. Data Processing Trials were excluded if the
subjects purposely extended or shortened their normal
stride in order to ensure foot contact with the force
plates. Only valid trials with single foot contact on each
force plate and with complete temporal spatial,
kinematic and kinetic data sets were selected for further
processing.

Force plate data were filtered using a second order
low-pass Butterworth filter with 30 Hz cut-off
frequency to remove noise [24]. Trajectories data were
smoothed using the built-in Woltring generalized cross-
validatory spline algorithm to minimize trajectory noise
[25]. The foot contact and foot off events during force
plate contact were traced using a 20 Newton threshold.
The gait data were extracted into the ASCII text format
for data analysis. All data processing were computed
using the Vicon Nexus software (version 1.8.5, Vicon,
Oxford, UK).
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A single gait cycle from a valid trial was selected to
represent each subject for detailed analysis [26, 27]. The
VGRF data from left limb stance were analysed as the
children with ASD were found to have a normal
interlimb movement during walking [28]. The VGRF
data were then normalized in order to eliminate the
variations among the subjects with different height,
body mass and duration of stance phase [29, 30]. The
magnitude of the VGRF was normalized to the
percentage of subject’s body weight, while the time
component was normalized to the percentage of stance
phase duration [31, 32]. The stance phase begins when
the foot is in contact with the ground and ends by the
toe-off of the same limb, which corresponds to 0% and
100%, respectively. Normalization of gait data was
computed in Microsoft Excel version 2013 (Microsoft
Corp., USA).

2. 3. Feature Extraction VGRF which follows the
z-axis is the force component with the largest magnitude
during gait [7, 33]. Figure 1 shows a typical M-shape
graph of VGRF for a control female subject with a
normal walking gait of the entire stance duration. The
normal pattern of VGRF has two peaks separated by a
valley. This graph also shows the six characteristic
points that were studied.

Parameterization techniques were applied to the
graph to extract the instantaneous values of amplitude
and its relative time of occurrences [15, 33, 34]. The
values of the two peaks (Fz1 and Fz3) and the valley
(Fz2) and its relative time of occurrences (Tz1, Tz2, and
Tz3) were determined as the gait features. Fz1 is the
first peak of VGRF that occurs at the beginning of mid-
stance in response to the weight-accepting event during
loading response. Fz3 is the second peak of VGRF that
occurs in terminal stance in response to the push-off
phase of the gait cycle. Fz2 is the minimum value of
VGRF between Fz1 and Fz3 and usually occurs during
mid-stance. Additional features examined in this study
were derived from the distinct points.
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Figure 1. Selected vertical ground reaction force for a subject

with a normal gait as a function of the percentage of the stance

time

The features are loading rate (Fz1/Tzl), push-off
rate (Fz3/(100 — Tz3)), and peak ratio (Fz1/Fz3) [11, 12,
33]. Other analyzed features were walking speed and
stance time which represent the temporal gait
components.

2. 4. Statistical Analysis After extracting the
VGRF gait features, the next process is to select
significant features that would possibly differentiate
between the two groups of children. By conducting this
feature selection, the original high dimensional gait
features could be reduced into lower dimensional and
only significant gait features were selected for further
analysis [35, 36]. The process of significant features
selection was depicted graphically in Figure 2.

Selection of significant features was performed
using Statistical Package for the Social Sciences
(SPSS), version 21.0 (IBM, New York, USA). All
extracted features were explored for normal distribution
between both groups using the Shapiro-Wilk (SW) test
[37]. The data are significantly normally distributed if
the statistical outcome of the SW test is greater than or
equal to 0.05 (p > 0.05).

The independent samples t-tests were used to
compare the mean differences between the two groups
for features that were normally distributed or
parametric. For features that were non-parametric, the
Mann-Whitney U tests were applied to examine the
differences [37, 38]. The significant (p-value) difference
between the two groups was defined as p < 0.05. The
magnitude of the difference was measured using the
Pearson’s r [38, 39].
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Figure 2. Process diagram of selecting significant VGRF gait
features using parametric and non-parametric tests
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3. RESULTS AND DISCUSSION

The demographic characteristics of the ASD and control
groups are presented in Table 1. Results showed that
both groups were comparable in age, height, body mass,
and BMI. For the extracted gait features, the Shapiro-
Wilk’s tests show that Fz3, Tz2, push-off rate, walking
speed, and stance time were parametric; therefore, were
tested using the independent samples t-test. The other
six features are non-parametric and were tested using
the Mann-Whitney U test.

Table 2 summarizes the means, standard deviations
and p-values for the examined features. Additionally,
Table 2 also provides the effect size values for these
features that were used to represent the magnitude of the
difference. Four significant differences were observed in
the VGRF gait features between the two groups of
children. The p-values of the significant features are
bolded in the table. Children with ASD demonstrate a

significant reduction of the second peak of VGRF (Fz3)
(103.124 % BW versus 109.447 % BW, p < 0.01) and a
significantly lower push-off rate (4.277 versus 4.967, p
< 0.05) as compared to control group. Meanwhile, the
relative time to the second peak of VGRF (Tz3) occurs
significantly earlier for the children with ASD (73.808
% St versus 77.434 % St) in contrast to the normal
healthy children. However, the peak ratio of Fz1 and
Fz3 is significantly higher in the children with ASD
(1.124 versus 1.034, p < 0.01) as compared to the
control group. The effect sizes of the four significant
VGREF gait features represent medium effect, indicating
the importance of the findings and the magnitude of the
differences of the VGRF gait features between the ASD
and control groups. There were no significant
differences in the other VGRF gait features between the
two groups. Both groups exhibit approximately similar
walking speed and stance time during their normal
walking.

TABLE 1. Group characteristics

Characteristics ASD Control p-value
Number of subjects 30 30 N/A
Gender (Male : Female) 23:7 15:15 N/A
Age (years) 8.63 (2.16) 9.52 (1.96) 0.102
Height (m) 1.29 (0.14) 1.27 (0.13) 0.649
Body mass (kg) 31.21 (14.20) 28.03 (10.57) 0.469
Body Mass Index (BMI) 18.12 (5.09) 16.81 (3.31) 0.712

Data are given either as total number and mean (standard deviation)

TABLE 2. Differences in the VGRF gait features for children with ASD and control children. Effect sizes of the differences were

calculated using the Pearson’s r

ASD Control
Feature p-Value Effect size, r Size
Mean SD Mean SD

Fz1 (% BW) 115.780 18.216 112.959 15.256 0.595 0.069° Small
Fz2 (% BW) 78.198 14.406 77.874 7.734 0.209 0.162° Small-medium
Fz3 (% BW) 103.124 7.644 109.447 6.882 0.001 0.4042 Medium-large
Tz1 (% St) 23.854 6.369 22.794 2.756 0.304 0.133° Small
Tz2 (% St) 46.893 9.337 45.191 5.375 0.391 0.126% Small
Tz3 (% St) 73.808 9.142 77.434 3.720 0.048 0.255° Medium
Loading rate (BW/s) 5.317 2.094 5.049 1.086 0.894 0.017° Very small
Push-off rate (BW/s) 4.277 1.168 4.967 0.800 0.010 0.331° Medium
Peak ratio 1.124 0.163 1.034 0.145 0.012 0.323° Medium
Walking speed (m/s) 1.012 0.296 1.080 0.139 0.264 0.1742 Small-medium
Stance time (s) 0.620 0.123 0.595 0.075 0.359 0.133* Small

Significant differences between groups, p < 0.05. SD: standard deviation. BW: body weight. St: stance

2 Parametric tests. ® Non-parametric tests. Effect size using Pearson’s r
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To the authors’ knowledge, this is the first study to
investigate the VGRF gait patterns in children with
ASD and to contrast these data with the control group.
The major findings of the present study indicate that the
children with ASD demonstrated some aspects of gait
deviations in the VGRF during their normal self-
selected speed of barefoot walking which provided a
new dimension to the analysis of gait specifically in
children with ASD.

Present study suggests that the gait patterns of the
children with ASD are characterized by a significant
decrease in push-off rate and a higher peak ratio of the
two VGRF peaks. These results were possibly due to the
significant reduction of the second peak of VGRF in
terminal stance in response to the push-off phase of the
gait cycle. These new findings are in agreement with
our earlier published study [19], which further
established the observation made by Ambrosini et al.
[18] that has reported a decrease in the second peak of
VGRF in most of their ASD subjects.

The reduction of second peak of VGRF exhibited by
children with ASD were identical to the gait patterns
observed in children with cerebral palsy (CP). Williams
et al. [7] have found that 87% of the CP children in their
study have exhibited some degree of reduced second
peak of VGRF. The study has also suggested that the
CP children were unable to sufficiently support their
own body weight in late stance phase and this condition
reflects the gait instability. Another study that has been
carried out by White et al. [31] has also reported a
significantly reduction in second peak of VGRF for both
limbs in the CP children and stated that the feature is
one of the most reliable parameters to be used with
confidence in clinical assessments.

The effect sizes of the significant features as shown
in Table 2 also describe the importance of the findings
and the strength of the difference for each feature
between the groups. It was shown that the four
significant gait features from VGRF had potential to
effectively distinguish the ASD gait pattern from the
healthy control groups.

4. CONCLUSION

This study has found several novel significant gait
features in VGRF gait patterns that significantly
differentiate between children with ASD and the normal
healthy control groups. The children with ASD
experience a significant reduction of the second peak of
VGREF, earlier relative time to the occurrence of the
second peak of VGRF, lower push-off rate, and higher
peak ratio of the two VGRF peaks during their normal
speed of walking. These findings conclude that children
with ASD have movement impairments in the VGRF

gait patterns which could remark difficulties in
supporting their body weight during terminal stance,
thus signifying the gait instability. These significant
characteristics together with other movement pattern
alterations may further be considered as potential
biomarkers to permit earlier diagnosis of ASD gait
impairments and to assist in the development of
appropriate rehabilitation treatments for ASD children
needing therapies.
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