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Effect of different self-selected walking speeds
in leveling of body center of mass, mechanical work
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Purpose: The aim of the study was to analyze the general kinematics of the cycle, leveling of the center of mass and inverted pen-
dulum model in school-age children when they walk at three different auto-selected speeds. Methods: The kinematics of walking cycle,
angular actions that contribute to reducing the vertical displacement of body center of mass (pelvis, hip, knee and ankle) and pendulum-
like determining variables (mechanical work, pendulum-like recovery and congruity percentage), were analyzed in children for three
different self-selected speeds. Differences for each variable with the speed were tested by ANOVA with Bonferroni post-hoc analysis.
Omega squared (ω2) was calculated for the values of the effect sizes. Results: None of the angular variables associated with the leveling
of the vertical trajectory of body center of mass changed. Likewise, recovery and congruity percentage presented values similar to those
obtained in previous studies and did not show significant changes with the speeds. Conclusions: Nevertheless, changes in horizontal
mechanical work and cycle phases, indicate that at some point during the cycle the mechanical energy transfer may have been affected
for speed changes. Our results warn about the implication that small changes in the speed during functional evaluations of gait in children
may have.
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1. Introduction

The gait pattern depends on the coordination of
a set of biomechanical features, an understanding of the
role of these factors in the generation of a healthy gait,
can provide insight into gait deficits study [17], [24],
[35]. In particular, the mechanical energy changes
(i.e., the work), required to maintain the overall mo-
tion have received considerable attention because they
potentially affect the metabolic expenditure [26].

The sum of two items composes the total mechani-
cal work, the external mechanical work (Wext) needed
to raise and accelerate the body center of mass (CoM)
within the environment [6], and the internal mechani-

cal work (Wint) needed to accelerate the limbs in re-
spect to CoM [6], [14]. Two strategies associated
with Wext contribute to optimize gait minimizing the
energetic cost; level the vertical trajectory of the CoM
and taking advantage of the inverted pendulum mecha-
nism [4], [12]. The first is associated with a set of
combined movements of lower limbs and the pelvis
[9], [18], [27], [33]. The second states that in each
step, legs behave like an inverted pendulum in the
sagittal plane, which enables the CoM to conserve
mechanical energy [4], [26].

The actions that contribute to leveling of the tra-
jectory of the CoM during gait include rotation of the
pelvis in the transverse plane, rotation of pelvis in
frontal plane, abduction/adduction of hip in in frontal
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plane, knee flexion in medium stance, flexion of knee
in swing and rolling action of ankle [33]. Those
actions can be visualized through different specific
variables. However, it is noteworthy that analysis has
a correspondence with clinical evaluations in children.
In this sense, some variables that are part of the gait
deviation index represent a good alternative [16], [30].
Meanwhile, the adjustment to the pendulum mecha-
nism is classically evaluated through percentage of
energy recovery (R) and percentage of congruence
(%Cong) [3], [33]. However, Wext explains only ap-
proximately 50% of the work done in walking [11],
[25], [34], therefore, the evaluation of Wint is essential
for the functional evaluation of walking.

Changes in gait speed can affect the amplitude and
shape of the curves of angular values of lower limbs
[26], [33] as different work components, R and %Cong.
This clearly occurs if the speed changes are large, how-
ever, in real life, human’s gaits habitually vary within
a more limited range than used in most studies [21], [22].

Knowing whether variations occur in all or some of
these variables with changes in speed within a range
used in activities of daily living is of particular interest
in children. For children aged 5–12, the speed is an
even more influential factor than age in the determina-
tion of gait patterns [31]. This approach in children
with typical development can provide insight for the
assessment of children with pathological gait. It is pos-
sible that the changes in speed that children normally
make do not imply a significant change in the variables
associated with the leveling of the CoM or the pendular
mechanism. However, if in any case there is a signifi-
cant change, it is important to separate the effect of
velocity from the one produced by a pathology.

To address these research gaps, the aim of the study
was to analyze the general kinematics of the cycle,
leveling of the center of mass and inverted pendulum
model in school-age children when they walk at three
different auto-selected speeds. We hypothesized that
variations in speed within the range that children can
self-select in life diary activities would induce sig-
nificative changes in general kinematics of walking
cycle and some angular values of lower limbs. How-
ever, based on all previous studies, these changes are
not enough or they compensate each other so that
pendulum mechanism do not vary.

2. Materials and methods

An observational, analytical, and transversal study
based on a 3D reconstruction of the walk was carried

out, where the sample was obtained by convenience. The
general kinematics of walking cycle, pendulum-like
determining variables R and %Cong, and angular values
associated with the determinants that contribute to re-
ducing the vertical displacement of CoM that are part of
Gait Deviation Index (GDI) were analyzed. The study
was carried out in three different self-selected speeds to
provide elements for a more complete functional evalua-
tion of locomotion in children.

2.1. Subjects

Ten healthy children (5 boys and 5 girls; age = 8.4
± 1.0 years, height = 1.36 ± 0.07 m, body mass = 33.8
± 6.6 kg), participated in this study after obtaining in-
formed written consent from their parents or tutors.
All procedures of this investigation were performed
respecting the ethical norms concordant with the
Declaration of Helsinki. The study was approved by
the “Hospital de Clínicas Dr. Manuel Quintela” ethic
committee (reference number 2014/21). The exclusion
criteria were: musculoskeletal, cardiorespiratory, meta-
bolic or neurological disorders that could affect gait or
compromise the understanding of the proposal.

2.2. Procedures

The environment was previously conditioned at
21 C. Children were prepared and reflective markers
were placed on 45 anatomical references to make a 3D
reconstruction of the whole body: four markers on the
head – left front head, right front head, left back head,
right back head; five markers on the trunk – 7th Cervical
Vertebrae, 10th Thoracic vertebrae, clavicle, xiphoid
process of the sternum, half of the right scapula; eight
markers on each upper limb – acromio-clavicular joint,
shoulder rotation center, arm between the markers of the
shoulder and the elbow, lateral epicondyle, forearm be-
tween the elbow and wrist markers, wrist lateral marker,
wrist medial marker, under the head of the second meta-
carpal; four markers on the pelvis – left anterior superior
iliac spine, right anterosuperior iliac spine, left postero-
superior iliac spine, right posterosuperior spine iliac;
eight markers on each lower limb – greater trochanter of
the femur, lateral distal third of the thigh, surface lateral
epicondyle of the knee, over the distal third of the calf,
lateral malleolus on an imaginary line passing through
the transmaleolar axis, calcaneus, head of the second
metatarsal, head of the fifth metatarsal.

Eight cameras (Bonita B10) operating at 100 Hz
and connected to the Vicon Motion System (Oxford
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Metrics, Ltd., Oxford, UK) enabled the researchers to
register the position kinematic data for each marker
using Vicon’s Nexus 2.4 software. Children walked
on a surface of 10 m in length and 4 m in width with-
out slope in 3 different self-selected speeds: intermedi-
ate speed (V1), slow speed (V2) and fast speed (V3).
The three speeds were not predetermined or controlled
during the captures, children regulated them in re-
sponse to the following instructions: walk as you usu-
ally do, as if you are in a hurry or as if you want to
slow down. This strategy was chosen in order to com-
pare records within the range of daily chosen speeds.
Five records were made for each subject in each speed
and three cycles of each one were analyzed, obtaining
fifteen data of each variable per subject for each speed.

The kinematic data were first low-pass filtered with a
fourth-order zero-lag Butterworth filter with a cutoff
frequency of 6 Hz. Each stride data was processed
using algorithm routines written in Matlab R2018a®

(Mathworks, Inc.). To determine the different contacts
and takeoffs, the vertical and antero-posterior velocity
records of the markers of the feet were used. This
method has been tested in our laboratory in conjunc-
tion with force platform records and allows for an
accurate identification of events without conditioning
the locomotion of the subject. The stride phases: ini-
tial double support, single support, final double sup-
port and swing were determined. Two types of vari-
ables, kinematic and associated with the variation of
mechanical energy during movement, were calculated.
The kinematic were divided in general kinematics of
walking cycle and angular values. General variables
were: mean speed (VM), cadence, stride length (LC),
and relative duration of support and swing phases.
Angular variables considered were selected consider-
ing two criteria, combined movements of the lower
limb and pelvis segments that level the trajectory of
the CoM [9], [27], [33] and values considered for the
definition of GDI for clinical evaluations of children
[30]. The angular variables selected were: pelvic rotation
range (Pr), maximum pelvic obliquity (Po), maximum
abduction adduction of hip (H), maximum knee flex-
ion during stance (K1), maximum knee flexion during
swing (K2), ankle dorsiflexion in the initial contact
(Aci), maximum dorsiflexion during stance (Am).

Regarding the variables associated with the varia-
tion of mechanical energy, we considered the variables
associated with CoM energy reconversion (Wv, Wh,
Wext, R and %Cong), Wint and Wtot. Were Wh is the hori-
zontal external mechanical work, Wv is the vertical
work, and Wext is the external mechanical work. These
work components correspond to homologous energy
variations. During healthy level walking, the exchange

between kinetic energy in the forward direction (Eh)
and potential energy more kinetic energy in the verti-
cal direction (Ev) results in a total mechanical energy
(Et = Eh + Ev) of CoM, with a smaller change over the
stride compared to the two components when taken
separately [4], [26].

Segmental mass, segmental center of mass position
and segmental radius of gyration were estimated from
anthropometric tables proposed by Dempster [34]. Ow-
ing to the importance of accurately locating the CoM
from the kinematic data, we developed a spatial model
considering criteria of a previous work [23].

Fig. 1. Variations of Eh (dashed line), Ev (dashed point line)
and Et (solid line) during the percentage of the cycle for V1 (above),
V2 (in the middle) and V3 (below). Based on these variations,

Wh, Wv and Wext were determined to obtain R
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R was quantified as described by Cavagna and col-
leagues [4]:

R = ((Wv + Wh – Wext)/(Wv + Wh))  100.

The %Cong was calculated as the number of frames
in which d(Eh)/dt and d(Ev)/dt have opposite sign di-
vided by the total number of frames in a gait cycle
 100% [5].

Wint was estimated as the sum of the increments of
kinetic energy of each limb and of the head and trunk
respect to CoM in the three planes of movement thor-
ough the locomotion cycle. Energy transfer between
the segments of the same limb was assumed. Once the
data corresponding to the Wint were obtained, the cal-
culation of the Wtot was proposed as the sum of Wext
and Wint. More details of how the calculations are
addressed can be found in the classic work [32].

2.3. Statistical analysis

Descriptive data is presented as mean and standard
deviation (SD). The normal distribution of the data
(Shapiro–Wilk test) and the homogeneity of variances
(Levenes’s test) were confirmed ( p > 0.05). For the

main analysis, a repeated-measures analysis of vari-
ance (ANOVA) was conducted with Bonferroni post-
hoc analysis. The Greenhouse–Geisser correction was
used when the Mauchly’s sphericity test was violated.
Omega squared (ω2) was calculated for the ANOVA
where the values of the effect sizes 0.01, 0.06 and
above 0.14 were considered small, medium, and large,
respectively [8]. Statistical significance was accepted
at p < 0.05 level. The JASP statistics package (version
0.11.1) was used for statistical analyses.

3. Results

Significant differences with a “large” effect size for
the variables of VM (p = 0.001, ω2 = 0.614), LC ( p =
0.002, ω2 = 0.146), cadence ( p = 0.045, ω2 = 0.185),
support phase (p = 0.005, ω2 = 0.222), swing phase
(%) ( p = 0.005, ω2 = 0.222) between the speeds. The
post-hoc analysis using Bonferroni correction revealed
that the VM differs in its three conditions, between
V1–V2 (mean difference = 0.239, p = 0.001), V1–V3
(mean difference = –0.225, p = 0.004) and between
V2–V3 (mean difference = –0.464, p = 0.000). On the

Table 1. Global kinematics gait measurements obtained for the three speeds studied

Variable V1 V2 V3 Repeated Measures ANOVA
Mean (SD)

(n = 10)
Mean (SD)

(n = 10)
Mean (SD)

(n = 10)
VM [m/s] 0.90 (0.14) 0.66 (0.11) 1.13 (0.17) F (1, 18) = 35.3, p = 0.001, ω2 = 0.614
LC [m] 0.94 (0.12) 0.83 (0.13) 1.00 (0.20) F (2, 18) = 8.80, p = 0.002, ω2 = 0.146
Cadence [cycles/s] 0.95 (0.11) 0.80 (0.11) 1.08 (0.33) F (0.3, 0.7) = 4.96, p = 0.045, ω2 = 0.185
Support phase [%] 57.3 (2.60) 59.8 (3.42) 55.8 (2.40) F (2, 18) = 7.16, p = 0.005, ω2 = 0.222
Swing phase [%] 42.6 (2.60) 40.1 (3.42) 44.1 (2.40) F (2, 18) = 7.16, p = 0.005, ω2 = 0.222

SD – Standard deviation, V1, V2, V3 – self-selected speed, slow and fast, respectively, VM – mean speed, LC – Stride length.

Table 2. Angular measurements included in GDI that are associated with the leveling actions
of the CoM obtained for the three speeds studied

Variable V1 V2 V3 Repeated Measures ANOVA
Mean (SD)

(n = 10)
Mean (SD)

(n = 10)
Mean (SD)

(n = 10)
Pr [°] 13.9 (3.52) 11.45 (3.11) 13.2 (5.00) F (2, 18) = 1.41, p = 0.268, ω2 = 0.001
Po [°] 5.08 (2.72) 4.01 (1.74) 5.4 (2.75) F (2, 18) = 2.54, p = 0.106, ω2 = 0.003
H [°] 1.94 (3.45) 2.87 (2.10) 1.74 (3.07) F (2, 18) = 0.97, p = 0.397, ω2 = 0.000
K1 [°] 28.36 (4.72) 26.93 (9.05) 28.66 (4.21) F (2, 18) = 0.250, p = 0.780, ω2 = 0.000
K2 [°] 64.07 (5.5) 60.95 (7.55) 62.93 (7.64) F (2, 18) = 0.825, p = 0.454, ω2 = 0.000
Aci [°] 6.86 (6.65) 6.92 (4.54) 6.36 (5.57) F (2, 18) = 0.051, p = 0.949, ω2 = 0.000
Am [°] 18.4 (4.6) 17.7 (3.7) 18.3 (2.5) F (2, 18) = 2.669, p = 0.09, ω2 = 0.032

SD – Standard deviation, V1, V2, V3 – self-selected speed, slow and fast, respectively, Pr – Pelvic rotation range, Po – maxi-
mum pelvic obliquity, H – maximum adduction of hip, K1 – maximum knee flexion during stance, K2 – maximum knee flexion
during swing, Aci – ankle dorsiflexion in the initial contact, Am – maximum dorsiflexion during stance.
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other hand, the LC is different between V1–V2 (mean
difference = 0.112, p = 0.001) and V2–V3 (mean dif-
ference = –0.164, p = 0.019). The cadence only shows
changes between V1–V2 (mean difference = 0.154,
p = 0.005), in turn, the support phase is different only
between V2–V3 (mean difference = 3.99, p = 0.020)
as well as the swing phase (mean difference = –3.99,
p = 0.020) (Table 1).

No significant differences ( p > 0.05) were found
for all the angular variables associated with the verti-
cal leveling of the CoM considered in this study be-
tween the three speeds (Table 2).

None of the pendulum-like determining variables
changed except for Wh, who presented significant differ-
ences with a “large” effect size (p = 0.001, ω2 = 0.439)
between the speeds. The post-hoc analysis revealed
that the Wh differs in its three speeds, V1–V2 (mean
difference 0.093, p = 0.005), V1–V3 (mean difference
–0.064, p = 0.015), V2–V3 (mean difference –0.157,
p = 0.001) (Table 3).

4. Discussion

The present study was designed to analyze whether
speed variations within the range that children can self-
-select in life diary activities, and, eventually, in an
evaluation, may induce significative changes in the
general kinematics of walking cycle, angular values
that reducing the vertical displacement of CoM and
pendulum-like determining variables.

We first verified that the speeds self-selected by
the showed significant differences. Once confirmed
that, the main findings found when compared the val-
ues of the variables analyzed at different speeds were:
(I) the general variables used in gait evaluation (ca-
dence, LC, and relative duration of support and swing

phases), presented differences with the speed changes.
(II) No significant changes occur in angular values
associated with levelling the trajectory of the CoM.
(III) Regarding pendular mechanism of gait, the values
usually considered (R and% Cong) did not changed,
however, significant changes with a large effect on
sizes were observed between the three speeds for Wh.

In general, these results suggest that care should be
taken in strict speed control when performing clinical
evaluations in children aged 6–9, since variations in
self-selected speed can lead to confusion in interpre-
tation. In particular, the changes found in Wh and the
general kinematic variables, show the need for deeper
approaches in order to carry out a functional evalua-
tion of gait, considering the strategies associated with
Wext within the cycle.

Our hypothesis was partially met. Based on what
has been established in previous studies that shown
that the speed at which children walk is a factor even
more influential than age for gait patterns [31], we
expected to observe changes in both global and angu-
lar variables. However, the changes in the former
were not accompanied by significant variations in the
angular values that contribute to reducing the vertical
displacement CoM.

The range of self-selected speed developed by chil-
dren was similar to that reported in the literature for
a population with similar characteristics[2], [20]. The
increase or decrease in speed can occur with changes in
LC, cadence or both simultaneously. In this study, al-
though the range of speed variation was lower than the
analyzed in previous studies, children decreased and
increased their speed with a change in both, particularly
when a slower gait was selected.

The trend of change in the relative durations of the
support and balance phases was as it happens when
analyzing a greater range [33]. However, significant
differences were only observed at the extremes of the

Table 3. Measures associated with the CoM energy transduction and Wint obtained for the three speeds studied

Variable V1 V2 V3 Repeated Measures ANOVA

Mean (SD)
(n = 10)

Mean (SD)
(n = 10)

Mean (SD)
(n = 10)

Wext [J/kgm] 0.30 (0.06) 0.34 (0.13) 0.37 (0.10) F (2, 18) = 1.44, p = 0.261, ω2 = 0.021
Wv [J/kgm] 0.37 (0.14) 0.39 (0.12) 0.41 (0.13) F (1, 10.) = 0.58, p = 0.486, ω2 = 0.000
Wh [J/kgm] 0.28 (0.07) 0.19 (0.03) 0.34 (0.09) F (2, 18) = 23.9, p = 0.000, ω2 = 0.439
Wint [J/kgm] 1.71 (0.87) 1.22 (0.59) 2.92 (2.54) F (1, 9) = 4.57, p = 0.057, ω2 = 0.135
Wtot [J/kgm] 2.00 (0.85) 1.55 (0.62) 3.26 (2.55) F (1, 9) = 4.88, p = 0.050, ω2 = 0.140
R [%] 53.02 (7.50) 46.04 (6.03) 52.14 (12.6) F (2, 18) = 1.83, p = 0.187, ω2 = 0.049
%Cong [%] 24.32 (9.44) 25.96 (8.61) 24.19 (10.41) F (2, 18) = 0.10, p = 0.902, ω2 = 0.000

SD – Standard deviation, V1, V2, V3 – self-selected speed, slow and fast, respectively, Wext – external mechanical work,
Wv – vertical work, Wh – horizontal external mechanical work, R – recovery, %Cong – congruity percentage, * p < 0.05,
** p < 0.01, *** p < 0.001.
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range selected by the children (between V2 and V3).
So, the possibility of changes in LC, cadence and dura-
tion of phases, should be considered in clinical evalua-
tions or studies of gait in children when performed
with self-selected speed.

Although, based on the changes observed in the
global variables, we could expect alterations in angular
variables, none of the angular measurements included in
GDI that are associated with the leveling actions of the
CoM that we consider presented significant changes
when the children varied speed. Our results suggest that
within a range of speed change that children use habitu-
ally in daily life, amplitude and shape of angular curves
are not significantly altered as stated Van der Linden and
colleagues [19]. Based on this result, it could be assumed
that are not alterations in the vertical exursion of the
CoM within the range of speeds studied.

Regarding the adjustment to the inverted pendu-
lum model when changing the speed, all the values in
table 3 were close to those reported by Schepens and
colleagues [29], for the corresponding speeds and
ages. It is clearly established that for all ages, the op-
timum speed approaches the speed at which Wext is at
a minimum, R is at a maximum and %Cong is at
a minimum [10], [26], [33]. Although the R values
were a little lower than expected, this was the ob-
served trend when comparing the values for those
variables between the three speeds. However, no sig-
nificant changes occurred in any case for the range of
speeds developed by children. Based on this, we must
strictly say that there are no changes in the work saved
by mechanical energy transfer and that temporal pro-
portion of the cycle during which the Ev and Eh fluctu-
ate in the same direction it is not altered.

When comparing speeds over a wider range, at
intermediate speeds, Wh and Wv are more or less equal.
At low speeds Wh is less than Wv, there is not enough
Eh to transform into Ev and R is low. On the contrary,
at high speeds, the variations of Eh are greater than
those of Ev and Wh is greater than Wv. Consequently,
R is lower [28], [29], [33]. In this study, the range was
closer to the intermediate speed, the changes in the
Wext components were not so clear and Wh was always
lower than Wv. Of these two components, only Wh
presented significant differences when comparing the
speeds, increasing together with the speed. We believe
that the changes observed in Wh indicate that at some
point during the cycle the energy transfer may have
been affected although R and C did not change. In
addition, as Wh is the work associated to the variations
of Ek of the CoM in the direction of advance, we can
suppose that what values associated with braking and
acceleration of the body may vary. In order to discuss

in more detail the relationships between angular vari-
ables and changes in the use of mechanical energy,
in future work it can be interesting to use tools that
allow for analyzing the actions within the cycle. This
type of approach was proposed a few years ago and
has been used to analyze the gait with added load
by Cavagna and colleagues [7]. This approach has
begun to be applied to the study of altered locomotion
[1], [13].

Finally, the Wint values in this study were always
lower than Wext. As expected, Wint increased with the
rate of progression because the faster the person walks,
the more the frequency and range of movements in-
crease [33]. This can be an important element in the
evaluation of gait in children, since when increasing
speed Wint has a greater relative importance in children
than in adults [15].

Some methodological limitations arose from the
study and need to be further addressed. Firstly, despite
sample size calculation, ten subjects may lead to type II
error. On the other hand, although we consider two crite-
ria to define the variables associated with the vertical
leveling of the CoM, in the last instance, it is a subjective
choice. Other angular values may be altered with changes
in speed, in fact, the changes in Wh, suggest this.

5. Conclusions

In conclusion, when the evaluations are carried out at
self-selected speed, small changes can affect the general
kinematic values habitually considered in gait evalua-
tions in children. This seems not to affect the leveling of
the vertical trajectory of CoM or the pendulum mecha-
nism, but the possible relationship between the changes
observed in one of the work components and the general
kinematics focus the attention and mark the need for
more detailed studies in order to carry out functional
evaluations that enable making more concrete interpre-
tations of the gait alterations in children. We considered
that the type of analysis performed in this work can fa-
cilitate a better understanding of how segmental impairs
increase energetic demand and so these values can be
useful in clinical practice.
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