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ABSTRACT

Background: The ability to control the center of mass (COM) during single-leg standing (SLS) is imperative for
individuals to walk independently. However, detailed biomechanical features of postural control during SLS
performed by children remain to be comprehensively investigated. Research question: We aimed to investigate
the development of postural control during SLS in children aged 3-10 years.

Methods: Forty-eight healthy children (26 boys and 22 girls) aged 3-10 years and 11 young adults participated
in this experiment. The child population was divided into four groups by age: 3-4, 5-6, 7-8, and 9-10 years. The
SLS task included standing on a single leg as long and as steady as possible for up to 30 s. A three-dimensional
motion capture system and two force plates were used for calculating the COM and center of pressure (COP). The
task was divided into three phases (accelerated, decelerated, and steady) on the basis of the relationship between
COM and COP.

Results: COP-COM distances in the 5-6 years’ and 7-8 years’ groups were significantly increased during the
acceleration phase when compared with those in the adult group. Furthermore, COP-COM distances during the
decelerated phase were significantly higher in all children’s groups compared with those in the adult group.
Lastly, COP-COM distance during the steady phase was significantly higher in the 3-4 year age group than in the
9-10 year age and adults groups.

Significance: These results suggest that postural control during the acceleration and steady phases mature by 9
years. Conversely, children ~ 10 years did not attain adult-like levels of postural control during the decelerated
phase. The developmental process for postural control at each phase possibly plays a significant role in the basic
biomechanics of movement and does not display a monotonic pattern.

1. Introduction

the adult level by ~10 years [6,7]. Although the COP fluctuation
during SLS decreases with age, there were no significant differences

Postural balance relies on the ability of the central nervous system
(CNS) to control the body’s center of mass (COM) within the base of
support (BOS) [1]. The ability to control the COM during single-leg
standing (SLS) is associated with stability in performing a gross motor
task during upright standing [2] and walking independently [3]. Fur-
thermore, SLS skill is an indicator of anticipatory control and needs
anticipatory postural adjustments (APAs) [4,5].

The development process of postural control during SLS has been
demonstrated [6-8]. A large developmental improvement in timing
during SLS typically occurs until ~5 years of age and generally reaches
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between the 4-7 years’, 8-12 years’, and 13-18 age groups [8].

We are only aware of one study addressing postural control devel-
opment during the transition from double-leg standing (DLS) to SLS.
Deschamps et al. [9] observed that COP fluctuation reduced with age
during the transition phase. However, this study did not include par-
ticipants aged between 3-5 years. Additionally, APAs have not been
analyzed. APAs, which are defined with respect to muscle activation
and COP displacements before focal movements [10], appear to play a
vital role in postural stabilization and the creation of propulsive and
braking forces during a transition task. To achieve effective APAs, the
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CNS is considered to use an efferent copy of the impending motor
command (i.e., internal action representations) to predict the sensory
consequences of an action considering the current and the desired end-
state of the body equilibrium [11]. The acuity of proprioceptive or ki-
nesthetic estimates and their integration with other sensory modalities
have been shown to increase with age [12]. In addition, the capacity to
generate and/or engage internal action representations has been re-
ported to increase, as children become adolescents [13].

Mani et al. [4] reported a new division of the SLS task into three
phases based on the relationship between COP and COM displacements.
At the beginning of the SLS, COP shifted to the lifting leg to promote
movement of the COM toward the standing leg [4,5]. This phase (ac-
celerated phase: ACC phase) is accomplished via a feed-forward pos-
tural control mechanism immediately before the voluntary movement,
called APAs, which already exist in 3-4-year-old children, but APA
acquisition is yet to be fully achieved [14]. APAs become more efficient
as children grow up. Hay and Redon [15] reported that APAs in 9-10-
year-old children have reached the adult level. In contrast, Palluel et al.
[5] reported that an adults’ anticipatory behavior was reached by the
age of 12 years. In the next SLS phase, the decelerated phase (DEC
phase) is defined as the interval during which COP overtakes COM in
the direction of the stance leg after lifting the swing leg to brake COM
within BOS. Integration with a feed-forward postural control and
feedback postural control is necessary for postural stability at the DEC
phase [16,17]. Capacity to integrate predictive estimates with feed-
back-based processing was observed in 8-9-year-old children, but
continues to undergo gradual refinement up to the age of 12 years [18].
During the final SLS phase (steady phase: ST phase), COM displacement
is maintained within the base of support in the stance leg. Proprio-
ceptive feedback of the lower extremity plays an essential role during
SLS [19]. However, how the ability to control the COM and COP during
SLS develops remains unknown.

Therefore, we aimed to analyze postural control development
during SLS in children aged 3-10 years by examining the COP-COM
distance. We hypothesized that 1) the COP-COM distance during the
ACC phase gradually increases with age, and that children in the 9-10-
year-old range reach the adult level [15]; 2) the COP-COM distance
during DEC phase gradually decreases with age, and that the 9-10-year-
old children do not reach the adult level as defined by Wilson’s study
[18]; and 3) the COP-COM distance during the ST phase gradually
decreases with age, and that the 7-8-year-old group reach the adult
level based on Zumbrunn’s study [8].

2. Methods
2.1. Participants

Forty-eight healthy children (26 boys and 22 girls) aged from 3 to
10 years, and 11 young adults, participated in the experiment (Table.
1). The child population was divided into the following four groups by
age: 34 years (n = 11), 5-6 years (n = 15), 7-8 years (n = 12), and
9-10 years (n = 10). All participants had no significant history of
medical, psychiatric or neurological illness. All participants as well as
the parents of each child gave their informed consent before the be-
ginning of the experiment according to the Declaration of Helsinki. All

Table 1
The charactersitcs of the children and adult participants.
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Fig. 1. The subject stood on two force plates with the feet parallel and separate.
Twenty-seven reflective markers were attached to bony landmarks. Small cir-
cles indicate the positions of reflective markers: vertex, 7th cervical spine,
manubrium, bilateral of external acoustic foramen, acromioclavicular joint,
lateral epicondyle of the upper arm, wrist, head of the third metacarpal,
anterior superior iliac spine, posterior iliac spine, lateral epicondyle of the
femur, lateral malleolus, second metatarsal head, and calcaneus.

study protocols were approved by the ethics committee at the institu-
tion where this study took place (17-11-1, 28-2-52).

2.2. Equipment

Kinematic data in the frontal plane were collected using a VICON
Nexus 3D motion-capture system with 10 cameras running at 100 Hz
(VICON, Inter Reha Corporation, Tokyo, Japan). Twenty-seven re-
flective markers (9.5 mm in diameter) were placed on the skin at bony
landmarks (Fig. 1). These markers were used for calculating the COM
with a 14-segment model (2 feet, 2 shanks, 2 thighs, pelvis and trunk,
head, 2 upper arms, 2 forearms, and 2 hands) according to Jensen’s
anthropometric data [20]. Two force plates (Kistler, Winterthur, Swit-
zerland) were used in parallel for calculating the coordinates of COP in
the frontal plane. Force plate signals were collected at a sampling fre-
quency at 1000 Hz and synchronized with the motion-capture system.

2.3. Procedures

Participants were asked to stand barefoot with their hands hanging
relaxed alongside the body. The feet were placed parallel and posi-
tioned to the right and left anterior superior iliac spine (ASIS), each on
separate force plates. For SLS trials, the subjects were first asked to
stand relaxed with their eyes open and weight evenly distributed be-
tween both feet for at least 3s. Next, they were asked to lift the

3-4 years (n = 11)

5-6 years (n = 15)

7-8years (n = 12) 9-10 years (n = 10) Adults (n = 11)

Sex B6 G5 B8 G7

Age (years) 4.1 + 0.6 59 + 0.6
Height (cm) 101.7 = 10.1 113.8 = 6.5
Weight (kg) 154 + 2.6 20.7 = 3.5
Distance between ASIS (cm) 16.7 = 1.0 19.2 =+ 1.5
Leg length (cm) 46.7 = 4.7 54.8 = 3.7

B7 G5 B5 G5 M5 F6

7.9 = 0.4 9.9 = 0.4 233 = 2.7
1243 = 4.4 133.8 = 7.6 167.2 = 8.0
235 = 1.6 27.3 = 3.7 58.8 + 7.7
18.8 = 1.5 20.4 = 1.2 269 + 1.9
62.4 + 3.7 66.6 = 4.6 83.6 = 4.7
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Fig. 2. Age-related changes in single-leg standing time and body sway. Bottom panel shows the results of regression analysis performed for COMsy and age. *

Significant correlation, p < 0.05.

preferred leg after verbal instructions from the experimenter. The task
was to maintain the standing position for as long and as steady as
possible, for up to 30s. Several practice trials were allowed before data
collection, and each subject was asked to perform three trials con-
secutively, with a 2-min rest after each trial.

2.4. Data and statistical analysis

All signals were processed offline using MATLAB R2015a software
(MathWorks, Natick, MA, USA). Data from the VICON system and force
plate data were filtered with a 20-Hz low-pass and a 10-Hz low-pass
fourth-order, zero-lag Butterworth filter, respectively. Coordinates of
the COM and COP in the frontal plane were normalized by the per-
centage distance between the ASIS on both sides (% ASIS).

The initiation time of SLS (T,) was defined as the time when the
vertical ground reaction force under the lifting-leg became zero. The
termination time of SLS was defined as the time at which the ankle
marker in the vertical direction reached the same coordinate as at Tj,.
The duration of SLS (SLS time) was measured from T, to termination
time.

The time of APA initiation (Tapa) was defined as the time at which
the displacement of COP in the lifting-leg direction exceeded two
standard deviations of the mean value of the COP displacement. The
mean value was calculated during the static standing from 3000 ms to

2000 ms before T,. The time of APA termination (T;) was defined as the
time at which the returning displacement of COP in the standing-leg
direction reached the same as the displacement of COM. Acceleration of
COM was produced in the standing-leg direction during the first phase
of SLS, defined as the time from Taps to T; (ACC phase). The time at
which the COM velocity first returned to zero after T; was also calcu-
lated (T,). Deceleration of the COM was produced in the lifting-leg
direction during the second phase of the SLS, defined as the time from
T, to T, (DEC phase). The third phase was defined as the duration from
T, to + 2000 ms after T, (ST phase). This time of 2000 ms was de-
termined on the basis of the shortest SLS time recorded from all trials.

Next, the root means squares (RMSs) of COP-COM distances in each
phase (Dacc, Dpec, and Dgr) and of COM displacements in the ST phase
(COMsy) were calculated. Finally, the velocity of the lifting leg was also
calculated by the displacement derivation of the ankle marker in the
vertical direction for understanding the quality of SLS performance [4].

A one-way ANOVA was used with the factors Group (3-4 years, 5-6
years, 7-8 years, 9-10 years, and adults) for analysis across group dif-
ferences. The Tukey post-hoc analysis was performed when appropriate.
Nonlinear regression analysis using exponential functions was applied
to examine the relationships between the COMgr and age. Additionally,
Pearson's correlation coefficient was used to examine the relationships
between Dacc and Dpgc in each group to assess postural control stra-
tegies during the age frames. Statistical significance was accepted at
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Fig. 3. Time profiles of the first few seconds for grand mean COP-COM distance in each group. The vertical line represents the initiation time of single-leg standing

(To).

p < 0.05. Data are expressed as a mean * the standard deviation (SD).

3. Results

All adult subjects were able to perform the task for > 30s in all
trials. Fig. 2 shows the SLS time for each child. The SLS time was
8.8 £ 6.7s in 3-4 years group, 21.6 * 9.2s in 5-6 years group,
29.0 + 1.9sin 7-8years group, and 29.8 = 0.7 s in 9-10 years group.
Furthermore, the COMgy showed a significant correlation with age
(r*=0.194,p < 0.01; Fig. 2).

Fig. 3 shows the first 4.5s of grand mean COP-COM distance
(mean + SD) in each group. Patterns of the COP-COM distance were
similar across all groups.

Fig. 4 shows the results of the time of APA initiation (Taps) and RMS
of the COP-COM distance during each phase. A significant difference
was found for the group in terms of Tapa, Dacc, Dprc, and Dgy (Tapa: Fa,
ss = 4.79, p < 0.01, Dacc: Fs, 58 =5.16, p < 0.01, Dpgc: Fy,
ss = 8.65,p < 0.01, Dgy: F4 55 = 3.57, p < 0.05). Post-hoc analysis
revealed that Taps occurred significantly earlier in adults than in all
children’s groups (p < 0.05). In addition, Dacc Was significantly
higher in the 5-6 and 7-8 years groups than in the adult (p < 0.05).
Specifically, Dpgc was significantly higher in all children’s groups when
compared with that in the adults group (p < 0.05). Furthermore, Dst
was significantly higher in the 3-4 years group than in the 9-10 and
adults groups (p < 0.05). There were no significant between-group
differences in peak velocity of the lifting leg (F4 sg = 1.75,p > 0.05).

No significant correlations between Dacc and Dpgc were found at
3-4 years, 5-6 years, and 9-10 years groups (Fig. 5). Conversely, sig-
nificant correlations were found at 7-8 years (r = 0.71; p = 0.01) and
at adulthood (r = 0.85; p < 0.01).
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4. Discussion

The principal original finding of this investigation is that postural
control during the ST phase is mature by 9 years of age. However, by 10
years, children did not attain adult-like levels of postural control during
the DEC phase. Furthermore, although spatial postural control in APAs
during the ACC phase is mature by 9 years of age, temporal postural
control in APAs is not yet fully achieved until 10 years. That is, the
development process of postural control at each phase during SLS is
different and does not show a monotonic pattern.

4.1. Development of postural control during the acceleration phase

Although peak velocity of the lifting leg did not differ between
groups, COP-COM distance at the ACC phase was increased in the 5-6
and 7-8 years groups when compared with adults (Fig. 4). This result
suggests that the 5-8 year age range in children requires anticipatory
behavior that is different from adult subjects [21]. Hay and Redon
[15,22] demonstrated that APAs do not show a monotonic pattern of
development, so children between the ages of 6 and 8 years produce
excessive APA patterns when compared with those aged 9-10 years and
adult subjects. The results of our study support these findings.

A feed-forward postural control seems to have been most actively
involved in the 6-8 age range [22]. At ~ 8 years of age, children have
been suggested to progress to an integrated feedforward and feedback
postural control from feedback control for maintaining control [21].
The capacity to generate and/or engage internal action representations
has been shown to increase from 6 to 18 years of age [13]. The 6-year-
old children showed larger endpoint errors when they had to rely on
kinesthetic feedback than the 10-year-old children, suggesting a less
well-defined kinesthetic-motor internal representation in the younger
children than in the older children and a higher dependence on
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Fig. 5. Relationship between COP-COM distance in ACC phase and DEC phase for each group.

feedforward control [23]. Thus, the ability to propel COM during the
ACC phase may depend on excessive APAs at ~7 years of age, which
may switch from a feedback postural control to feedforward postural
control. Indeed, anticipatory control becomes gradually effective at
about 7-8 years of age during the transition phase (Fig. 5). In addition,
the correlation coefficients with an amplitude of APAs and performance
parameters in older children are higher than those in younger children
[24]. Thus, children aged 5-8 years may have to produce larger APAs to
propel the COM toward the stance leg. This suggests that development
of spatial postural control in APAs does not show a monotonic pattern
and that the anticipatory behavior observed in adults is not reached
until 9 years of age.

In contrast to the spatial postural control of APAs, Tapa occurred
significantly earlier in adults than in the children’s groups (Fig. 4). This
suggests that the temporal postural control in APAs is not yet fully
achieved until at least 10 years of age. Timing adjustments of APAs
show a monotonic pattern of development and are modulated ac-
cording to age [5]. However, the immature pattern of temporal co-
ordination of APAs was still present by 16 years of age [25]. The basal
ganglia, via their thalamic connections to the supplementary motor
area, actively participate in these timing adjustments [26]. Important
developments occurring during adolescence occur in these subcortical
regions [27]. The temporal control of APAs is suggested to take longer
to mature compared with spatial control [5,25].

4.2. Development of postural control during the deceleration phase

All children’s groups showed a larger COP-COM distance when
compared with adult subjects (Fig. 4). These results suggest that 3-10-
year-old children do not appropriately adjust COP displacements to the
movement of the COM. In the DEC phase, it is necessary for COP dis-
placements to be appropriately adjusted on the basis of continuous
sensory feedback information from COM displacements. Therefore, in-
tegration with the feedforward postural control and feedback postural
control should be an essential feature [16,17]. More efficient online
control from feedback signals rapidly occurs after 8-9 years of age but

continues to undergo gradual refinement up to 12 years of age [18].
There was no significant correlation between Dacc and Dpgc at 9-10
years (Fig. 5). Development involves changes in the relative weightage
of feedforward and feedback components and an increased capacity to
move from one strategy to another, depending on the availability of
information [28]. Thus, postural control strategy in individuals aged
9-10 years may switch to an integrated feedforward and feedback
mechanism. This suggests that postural control during DEC phase may
require higher balancing ability than that during the ACC and ST phase,
and thus adult-like patterns are not achieved until 10 or more years of
age.

4.3. Development of postural control during the steady phase

In the ST phase, COM displacements decreased with an increase in
age (Fig. 2), and the COP-COM distance was higher in the 3—4-year-old
group than in the 9-10-year-old group and adult group (Fig. 4). Fur-
thermore, except for one subject, children aged 9-10 years were also
able to perform the task for > 30s (Fig. 2). Our findings, therefore,
support other investigations that suggest that 10-year-old children can
maintain single-leg standing as long as adult subjects [7]. Somatosen-
sory systems start developing at 3—-4 years of age, and the dominant
sensory information for postural control moves from the visual to the
somatosensory system at 4-6 years [29]. In addition, correlations be-
tween SLS time and lower-extremity muscle strength have been re-
ported to be strong [19]. Thus, younger children may be unable to at-
tain a SLS time up to 30s because of immature muscle and cognitive
function. Collectively, these results suggest that the maturation of
muscle strength, somatosensory function, and accurate ankle control
might contribute to the adjustment of COP displacement around the
COM.

4.4. Limitations

The limited sample size, the two-year division of each group of
children, and no analyzing characteristics associated with the sex could
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be seen as a limitation. Intra-individual variability regarding body
growth and capturing motor skills is very large in younger children up
to 8years of age [30]. Furthermore, girls tend to outperform boys in
standing balance [6] and typically have better APAs [25]. Therefore,
future investigations into the sex differences associated with SLS will
likely yield valuable insight.

5. Conclusions

Postural control during the ACC and ST phase is mature at a
minimum of 9 years of age. Conversely, children ~10 years of age did
not attain adult-like levels of postural control during DEC phase and of
the temporal postural control in APAs. The developmental process for
postural control at each phase possibly plays a significant role in the
basic biomechanics of movement and does not show a monotonic pat-
tern. Thus, this investigation contributes crucial biomechanical
knowledge concerning the development of SLS in early childhood and
provides useful information for comparing children with developmental
disorders.
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