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1. Research context 

This cross-sectional cohort study is conducted within the scope of biomechanical research. 

The relevance of this study can be attributed to a better understanding of the development of 

postural control, more specifically postural control on an unstable surface. 

 

Postural control is critical for independence in functional tasks. Therefore, it is evident that a good 

development of postural control is of uttermost importance. A good understanding of this process 

is the foundation of identifying any abnormality in the development and is necessary to initiate 

and/or develop an appropriate intervention. 

 

This study was conducted within the framework of the PhD study of Dra. M. van den Bogaart, named 

“Biomechanical fundamentals on balance control across the lifespan”. 

 

The study design was already established by our mentor before our master thesis was initiated.  

The recruitment of participants was almost completed by our mentor at the time that our master 

thesis was initiated, hence, we had little to no role in it.  

The data acquisition was predominantly executed by our mentor and supported by all students, 

including us, by assisting during clinical tests and with the computerized data post-processing. 

The analysis and interpretation of the data and, afterwards, the academic writing were 

independently done by us, under the supervision of our promotor and mentor. 

The study was drafted following the central format prescribed by the Faculty of Rehabilitation 

Sciences and Physiotherapy, Hasselt University. 
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2. Abstract 

Background  

Postural control is critical for independence in functional tasks, therefore, a good understanding of 

its development is important. Children show lower levels of postural control compared to adults.  

When investigating postural control, it is indicated to involve environmental conditions that 

presumably cause problems concerning postural control. A balance board challenges the postural 

control system similar to the natural environment and the difficulty of the balance task can be easily 

modified by its height. Postural control can be assessed by measuring the centre of pressure (COP) 

mean velocity.  

Objectives  

The aim of this study is to evaluate whether a difference between children and young adults exists 

concerning the effect of the balance task difficulty on the COP mean velocity. 

Participants  

For this study, sixteen healthy prepubertal children (6-9 years of age) and seventeen healthy young 

adults (18-24 years of age) were assessed.  

Measurements  

COP mean velocity was calculated, based on the COP displacement, during stance under different 

conditions (unperturbed standing and standing on 3 balance boards of different height). 

Results  

A significant interaction effect between age group and condition on COP mean velocity was found 

(p < 0.0001).  

Conclusion 

Age influences the effect of the difficulty of a balance task on postural control. Increases in the 

difficulty of a balance task cause a greater decrease in the postural control of children compared to 

young adults. This is probably due to age differences in sensory reorganization, whether or not 

because of incomplete maturation of the sensory systems. 

Keywords 

Postural control; Balance board; Development; COP; Children; Perturbation 
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3. Introduction 

Postural control is critical for independence in functional tasks. The two major behavioural goals of 

postural control are postural orientation and postural stability (F. Horak & Macpherson, 1996). 

Postural orientation involves the orientation of body segments relative to each other and the 

environment. Postural stability is the ability to control the centre of mass (COM) with respect to the 

base of support (BOS) (F. Horak & Macpherson, 1996; A. Shumway-Cook, & Woollacott, M. H., 2017). 

This can be visualized by the position of the centre of gravity (COG), defined as the vertical projection 

of the COM. (Murray, Seireg, & Scholz, 1967).  When maintaining postural stability, it is necessary 

to keep the COG in a relatively stable position within the BOS.  

These outcomes  (COM & COG) are not the equivalent of the centre of pressure (COP), which is the 

location of the vertical ground reaction force (vGRF) vector. The location of the vGRF can be 

determined by calculating the weighted average of the location of all downward forces on the floor, 

which are subject to the position and motor control of the feet and ankles. This results in the COP 

moving around a relatively steady COG, as a neuromuscular response to perturbations and body 

sway, in order to control the COM with respect to the BOS (Winter, 2009). 

Since the COP location contributes to the control of the COM with respect to the BOS, it falls within 

the domain of postural control, more specifically postural stability. Therefore, COP outcomes are 

often used to quantify postural control (Beyens & Van Hout, 2020), from which the mean velocity 

has been found to be the most reliable conventional COP outcome measure (R. J. Doyle, E. T. Hsiao-

Wecksler, B. G. Ragan, & K. S. Rosengren, 2007; Hébert-Losier & Murray, 2020; Le Clair & Riach, 

1996). 

 

Maintaining postural control requires a complex interaction of the neural, musculoskeletal and 

cognitive system to obtain an appropriate sensorimotor integration (F. Horak & Macpherson, 1996; 

A. Shumway-Cook, & Woollacott, M. H., 2017). 

Postural control relies on sensory input from multiple systems, including the somatosensory 

(cutaneous and proprioceptive), vestibular and visual system. These systems are interpreted in an 

integrated manner, in order to generate a correct representation of the body orientation and the 

environment (F. Horak & Macpherson, 1996; Woollacott & Shumway-Cook, 1990).  
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In everyday life, individuals need to maintain postural control in a dynamic environment. Therefore, 

postural control involves a dynamic interaction among different context- and task-specific 

sensorimotor strategies (F. Horak & Macpherson, 1996).  

Hence, when investigating postural control, it is interesting to involve different environmental 

conditions, in particular those that presumably cause problems concerning postural control 

(Chagdes, Rietdyk, Jeffrey, Howard, & Raman, 2013).  

 

Balance tasks can vary greatly in difficulty. They can become more difficult by constraining or 

altering sensory input (e.g., eyes closed or a moving room), narrowing down the BOS (e.g., unipodal 

stance), changing the features of the support surface (e.g., unstable support surface), or a 

combination of these factors (Gebel, Lehmann, & Granacher, 2020).  

A popular method to challenge the postural control system is the use of a balance board, an unstable 

standing surface on a sphere or half-cylinder with its COM above the axis of rotation, which creates 

an inherently unstable situation (Chagdes et al., 2013). A balance board challenges the postural 

control system in a similar way as the dynamic natural environment does. The two underlying 

mechanisms mainly responsible for it are 1) an external perturbation and 2) a mismatch of the ankle 

position and the general body inclination, which makes the somatosensory input unreliable 

(Chagdes et al., 2013; Chumacero, Yang, & Chagdes, 2018; Gebel et al., 2020).  

The difficulty of a balance board can be increased by two main factors. First, a smaller radius of the 

sphere or half-cylinder reduces the BOS. Second, a heightened support surface results in a higher 

position of the COM of the balance board, which will create a more unstable situation (Hibbeler & 

Yap, 2012; Physio Supplies, 2017).  

 

It is well known that children show lower levels of postural control when comparing various COP 

outcomes during different balance tasks (e.g. mean velocity, mean amplitude & area) (Cuisinier, 

Olivier, Vaugoyeau, Nougier, & Assaiante, 2011; Gouleme, Ezane, Wiener-Vacher, & Bucci, 2014). 

During the development, these outcomes improve, which can be attributed to changes in body 

morphology and refinement of motor coordination, sensory organization and sensorimotor 

integration (Rival, Ceyte, & Olivier, 2005; A. Shumway-Cook, & Woollacott, M. H., 2017; Verbecque 

et al., 2016).  
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Furthermore, children show lower levels of postural control during stance on an unstable surface, 

compared to young adults, based on various COP outcomes (R. J. Cherng, Lee, & Su, 2003; Ionescu, 

Morlet, Froehlich, & Ferber-Viart, 2006). Uwents, Daenen, Van Waelvelde, and Meyns (2019) 

confirmed these findings when comparing stance on a balance board with unperturbed standing. 

However, the influence of age on the effect of the height of a balance board, and therefore the 

difficulty of the balance task, has not yet been defined.  

 

The aim of this study is to evaluate whether a difference between children and young adults exists 

concerning the effect of the balance task difficulty on the COP mean velocity. 
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4. Methods 

This study is conducted within the framework of the PhD study of Dra. M. van den Bogaart, named 

“Biomechanical fundamentals of balance control across the lifespan”. The next three sections (4.1 

Subjects; 4.2 Materials; 4.3 Procedures) were based on the primary study and modified within the 

scope of this study. The last two sections (4.4 Data analysis; 4.5 Statistical analysis) were appended 

to the primary study and apply specifically to this study.  

The protocol was approved by the ethics committee of Hasselt University in 2018 (CME2018/064). 

4.1 Subjects 

To understand the difference in postural control between children and young adults, two age groups 

were compared to each other: prepubertal children (6-9 years of age) and young adults (18-24 years 

of age). Participants were recruited by contacting the social networks of the researchers by handing 

out flyers. These flyers were also distributed in the region of Hasselt (Limburg (Belgium)) and 

Limburg (the Netherlands). Furthermore, schools and youth movements were contacted for the 

recruitment of children.  

Exclusion criteria were: 1) inability to speak and understand Dutch; 2) inability to maintain 

independent unsupported stance for 60 seconds; 3) current diagnosis of neurological or sensory 

disorders; 4) recurrent dizziness; 5) obesity; 6) history of orthopaedic disorders; 7) surgical operation 

of the lower extremity during last two years; 8) use of drugs affecting the central nervous system or 

known to affect postural control. Eligibility was checked using a questionnaire prior to participation 

(Appendix 1). 

Each adult participant or minor’s parent gave written informed consent prior to the testing. 

4.2 Materials 

The balance board consisted of a wooden board, acting as a standing surface, mounted on a half-

cylinder, which creates a unidimensional instability in the sagittal plane (figure 1). Three balance 

boards, with varying heights of the standing surface above the point of contact (BB1 = 15 cm; BB2 = 

17 cm; BB3 = 19 cm), were included to manipulate the difficulty of the balance tasks (Hibbeler & 

Yap, 2012; Physio Supplies, 2017). The other properties remained constant over the different 

balance boards. These included a radius of the half-cylinder of 24 cm and an area of the standing 

surface of 48 cm by 48 cm. 
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A force plate was used (AMTI BP600900-2K-CTT), with an FX and FZ sensitivity of 0.38 ɥV/[V*lb] 

(Advanced Mechanical Technology Inc. (n.d.)). If the trial required the use of a balance board, this 

was placed on top of the force plate. 

 

 

Figure 1. Uniaxial balance board, creating instability in the sagittal plane  

4.3 Procedures 

A measurement of one participant consisted of four trials, including unperturbed standing and 

perturbed standing on the three different balance boards in a randomized order. Each measurement 

was repeated three times. In between these measurements, the participants were instructed to sit 

for two minutes. In total, twelve trials were performed by each participant.  

Participants were instructed to stand barefoot, with both feet parallel and hip-width apart, and with 

their arms along their body. Also, they were told to look at a marked spot on the wall right in front 

of them, which was located at eye level.  

The duration of a trial was sixteen seconds, starting from the moment the above-described position 

was achieved by the participant.  

To limit the influence of learning effects, participants were allowed only one practice trial, standing 

on BB1 for sixteen seconds, and were not allowed to stand on the balance boards in between trials.  

 

Safety was ensured by a researcher who helped with stepping on and off the balance board and 

provided support during the measurements if necessary to avoid a fall.  

Height and weight were measured before testing, using a standardized measuring tape and scale.  

height 
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4.4 Data analysis 

COP data were obtained in the sagittal plane since more sway occurs in the anteroposterior (AP) 

direction compared to the mediolateral (ML) direction (A. Shumway-Cook, & Woollacott, M. H., 

2017). The sampling frequency of the COP data was 100 Hz. COP displacement in the AP direction 

was registered and filtered by a Butterworth 2nd order high-pass filter with a cut-off of 10Hz. 

Afterwards, the COP velocity was determined by calculating the derivate of the COP displacement 

by time. While the COP moves in a sinusoidal manner around a relatively stable point of balance (= 

0 cm of displacement), the COP mean velocity would be 0 m/s, considering the velocity in the 

anterior direction to be positive and the velocity in the posterior direction to be negative. Therefore, 

the COP mean velocity was calculated using the root mean square (RMS) of the COP velocity (figure 

2).  Finally, the results of the three trials of each condition were averaged for each participant. These 

results were normalized by height, in order to correct for a possible covariance effect.  

 

 

 

  

 

 

 

 

 

 

A trial was registered as a fall if a stepping response or an intervention by a researcher was required 

in order to maintain stance. In such a case, the trial was stopped and the data were excluded from 

the analysis. Afterwards, the COP mean velocity was calculated based on the results of the 

remaining trials. 

4.5 Statistical analysis 

The statistical analysis was performed using JMP® Pro 15.2.0 software (SAS Institute Inc., 2019). A 

mixed ANOVA was used to analyze the main effect of age group, the main effect of condition and 

the interaction effect between age group and condition. Age group was used as between-group 

Figure 2. RMS of COP mean velocity 
Averaging a sinusoidal function results in zero, therefore, the root mean square values 
were used. Independent variable = time & dependent variable = COP velocity;  RMS: 
root mean square; COP: center of pressure 
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factor and condition as within-group factor. Age group and condition were defined as fixed effects, 

while participant was defined as random effect.  

Prior to the analysis, violations of the assumptions of normal distribution and homoscedasticity 

were found, according to respectively the Shapiro-Wilk test and the Brown-Forsythe test (appendix 

2). Other options were explored and transformations of data were considered. However, because 

of the implications of a transformation on the interpretation of results and the robustness of an 

ANOVA, the non-transformed data were used to run the statistical analysis (Field & Wilcox, 2017).  

Afterwards, a post-hoc test would be performed to examine pairwise differences, if a significant 

effect would be found. Again, the assumptions of normal distribution and homoscedasticity were 

violated (appendix 2). Lane (n.d.) stated the TukeyHSD test to be robust against non-normal 

distributions. Therefore, the TukeyHSD test should be performed. Sample sizes were unequal, 

however, SAS JMP® automatically adjusts the TukeyHSD to a Tukey-Kramer test when analyzing 

unequal sample sizes (SAS Institute Inc., 2021– 2022. JMP®).  

A significance level of p < 0.05 was set a priori.  
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5. Results 

All the output of the statistical analysis can be found in appendix 3. 

5.1 Participants 

In this study, sixteen children and seventeen young adults were included. Significant differences in 

anthropometric properties were inevitable, hence the normalization of COP mean velocity by 

height. Participant’s characteristics are described in table 1. 

 

 

 

 

 

 

 

 

5.2 COP outcomes 

Analysis of the COP mean velocity showed a significant main effect for age group (P < 0.0001), a 

significant main effect for condition (P < 0.0001) and a significant interaction effect between age 

group and condition (P < 0.0001) (figure 3). The post-hoc test (tables 2-4) revealed a significantly 

lower COP mean velocity for the UNP condition compared to the BB1, BB2 and BB3 conditions in 

both the children and young adults group (p < 0.0001). A significantly lower COP mean velocity was 

also found for the BB1 condition compared to the  BB3 (p < 0.0001) condition, only in the children 

group. Further, a significantly lower COP mean velocity was found for the young adults group 

compared to the children group in the BB1 (p = 0.0012), BB2 (p < 0.0001) and BB3 (p < 0.0001) 

conditions, but not in the UNP (p = 0.3678) condition.  

 

 
 
 
 

Table 1. Participant characteristics 

Participant’s Characteristics Children  Young Adults 

Participants  16 17 

Gender (male) 10 7 

Age ± SD (years)* 8,18 ± 1,16 21,91 ± 1,65 

Height ± SD (cm)* 132,03 ± 8,96 174,03 ± 10,23 

Weight ± SD (kg)* 27,40 ± 5,09 71,72 ± 13,84 

BMI ± SD* 15,59 ± 1,52 23,55 ± 3,13 

Significant differences between age groups are indicated by an asterisk (*p < 0.05); 

SD: standard deviation; BMI: body mass index  
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Table 2.  TukeyHSD within children group 

Condition - Condition Difference Std Error t Ratio Prob>|t| Lower 95% Upper 95% 

UNP BB1 0.000158 0.0000188 8.39 <.0001* 0.0001 0.000217 

UNP BB2 0.000206 0.0000188 10.93 <.0001* 0.000148 0.000265 

UNP BB3 0.000253 0.0000188 13.43 <.0001* 0.000195 0.000312 

BB1 BB2 -0.000048 0.0000188 -2.54 0.1902 -0.000106 0.00001 

BB1 BB3 -0.000095 0.0000188 -5.04 <.0001* -0.000153 -0.000037 

BB2 BB3 -0.000047 0.0000188 -2.49 0.2108 -0.000105 0.000011 

Pairwise comparisons of COP mean velocity values between conditions within the children group. Significant differences are 
indicated by an asterisk (*p < 0.05). UNP: condition without a balance board; BB1: condition with the balance board of 15 cm; 
BB2: condition with the balance board of 17 cm; BB3: condition with the balance board of 19 cm. 

 

Table 3. TukeyHSD within young adults group 
Condition  - Condition   Difference Std Error  t Ratio  Prob>|t| Lower 95% Upper 95% 

UNP BB1 0.000098 0.0000183 5.36 <.0001* 0.000041 0.000155 

UNP BB2 0.000108 0.0000183 5.89 <.0001* 0.000051 0.000164 

UNP BB3 0.000117 0.0000183 6.41 <.0001* 0.000061 0.000174 

BB1 BB2 -0.00000969 0.0000183 -0.53 0.9995 -0.000066 0.000047 

BB1 BB3 -0.000019 0.0000183 -1.05 0.9645 -0.000076 0.000037 

BB2 BB3 -0.00000958 0.0000183 -0.52 0.9995 -0.000066 0.000047 

Pairwise comparisons of COP mean velocity values between conditions within the young adults group. Significant differences are 
indicated by an asterisk (*p < 0.05).  UNP: condition without a balance board;  BB1: condition with the balance board of 15 cm; 
BB2: condition with the balance board of 17 cm; BB3: condition with the balance board of 19 cm. 
 
 

 

Table 4. TukeyHSD within conditions 

Condition Age group 
- Age 

group 
Difference Std Error  t Ratio  Prob>|t| Lower 95% Upper 95% 

UNP Children  Adults 0.000063 0.000029 2.19 0.3678 -0.000026 0.000153 

BB1 Children  Adults 0.000124 0.000029 4.27 0.0012* 0.000034 0.000213 

BB2 Children  Adults 0.000162 0.000029 5.59 <.0001* 0.000072 0.000252 

BB3 Children  Adults 0.000199 0.000029 6.88 <.0001* 0.000109 0.000289 

Pairwise comparisons of COP mean velocity values between age groups  within conditions. Significant differences are indicated 
by an asterisk (*p < 0.05).  UNP: condition without a balance board;  BB1: condition with the balance board of 15 cm; BB2: 
condition with the balance board of 17 cm; BB3: condition with the balance board of 19 cm. 
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Figure 3. Interaction plot 

 

 

 

 

 

 

 

 
 
 
 
 
 
 

Significant effects between conditions within an age group are indicated by a black bar. Significant effects between age groups 
within a condition are indicated by an asterisk (* p < 0.05). UNP: condition without a balance board;  BB1: condition with the 
balance board of 15 cm; BB2: condition with the balance board of 17 cm; BB3: condition with the balance board of 19 cm. 

5.3 Fall registrations 

During the measurements, five falls were registered, one within the young adults group and four 

within the children group. Within the children group, two children fell once and one child fell twice. 

* * * 
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6. Discussion 

Because of the importance of postural control during everyday life, early identification of any 

abnormalities in its development is of uttermost importance. Therefore, the underlying mechanisms 

should be well understood.  

To the best of our knowledge, no study cross-sectionally investigated the influence of age on the 

effect of balance boards of varying difficulty on COP outcomes. Therefore, an analysis of the COP 

mean velocity during different conditions (unperturbed and balance boards of different heights) 

was conducted in different age groups (children and young adults).  

6.1 Interpretation of the results 

Since a significant interaction effect between age group and condition was found, the significant 

main effects are moderately representative for the results at best (Kane, 2012, october 11). Because 

of the inconsistency of the main effects of condition and age group, no conclusions about the 

representativeness can be made (University Western Washington, n.d.). Therefore, no further 

attention was given to the main effects. 

 

The significant interaction effect between age group and condition implied that the effect of the 

condition on the COP mean velocity depends on the age group. This finding is supported by the 

current literature, comparing COP outcomes during various sensory perturbations. McKay, Wu, and 

Angulo-Barroso (2014) found a significant interaction effect between age and sensory condition for 

COP mean velocity and maximal COP shift during Achilles tendon vibration. Also, R.-J. Cherng, Chen, 

and Su (2001) found a significant interaction effect between age and sensory condition for COP area 

during stance on a compliant surface. However, Cuisinier et al. (2011) did not find such interaction 

effect between age and sensory condition for COP area during Achilles tendon vibration. This 

discrepancy could be attributed to the semi-tandem position that was used in the study of Cuisinier 

et al. (2011). 

 

The nature of the interaction effect was described, based on the mean differences between age 

groups within conditions (table 4). The effect of the condition on the COP mean velocity is larger in 

children, compared to young adults, with greater differences between age groups during more 

difficult conditions.  
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Interestingly, no significant differences were found between the COP mean velocities of children 

during unperturbed standing and adults during standing on BB1, BB2 and BB3 (appendix 4). 

Therefore, it appears that the postural control of children during unperturbed standing is similar to 

the postural control of adults during perturbed standing. 

 

The findings concerning the nature of the interaction effect are in line with the current literature, 

however, none of these studies involved a balance task on a balance board. McKay et al. (2014) 

found an interaction effect between age and sensory condition, with larger increases in COP mean 

velocity in children compared to young adults when applying Achilles tendon vibration. Peterka and 

Black (1990) observed more evident increases in peak-to-peak sway in children compared to middle-

aged adults when standing on a sway-referenced surface and hereby suggested that children are 

more sensitive to somatosensory perturbations, hence the possible existence of an interaction 

effect.  

 

It is known that an increase in balance board height increases the difficulty of the balance task 

(Hibbeler & Yap, 2012; Physio Supplies, 2017)  Also, it is known that children show lower levels of 

postural control compared to adults (Cuisinier et al., 2011; Gouleme et al., 2014). However, why 

children show greater decreases in postural control during balance tasks of increasing difficulty has 

not been explained in the current literature.  

These differences in postural control between children and adults have various possible 

explanations, which could be attributed to the development of children, including differences in 

strength, attention, neuromuscular control, anthropometric properties and sensory reorganization 

(Schedler, Kiss, & Muehlbauer, 2019; A. Shumway-Cook, & Woollacott, M. H., 2017). 

 

The influence of strength on postural control has been thoroughly studied by Muehlbauer, 

Gollhofer, and Granacher (2015). They found small correlations  between maximal strength/muscle 

power/explosive force and reactive postural control, which stands for the recovery of postural 

control after an external perturbation (Sibley, Inness, Straus, Salbach, & Jaglal, 2013), for both 

children (respectively r = 0.16; r = 0.16; r = 0.19) and young adults (respectively r = 0.24; r = 0.27; r 

= 0.26). Furthermore, these correlations were not significantly different between children and 

young adults. Therefore, it can be concluded that strength probably plays no main role in the 

interaction effect between age group and condition. 
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The more limited attention in children (Wickens, 1974), has also been proposed as an influencing 

factor.  The influence of this factor was minimized by the short trial length and frequent rest pauses 

applied in this study. However, Olivier et al. (2008) could not find any interaction effect between 

age and attentional conditions on postural control. Moreover, automatic postural control already 

improves COP outcomes at four years of age, while shifting the attention towards the postural 

control only limits the performance. This could be explained by the “constrained attention 

hypothesis” from Wulf, McNevin, and Shea (2001), which stated that a better postural control 

performance would be present when no attention was shifted towards postural control, because of 

the unconscious, fast and reflexive control processes. On the other hand, the more slow conscious 

control processes, which are present when the attention is shifted towards postural control, would 

limit postural control performance. Therefore, it can be concluded that a possible more limited 

attention probably plays no main role in the interaction effect between age group and condition. 

 

The incomplete development of neuromuscular control (Kurz, Faude, Roth, Zahner, & Donath, 2018) 

has also been proposed as an explaining factor. To evaluate this theorem, several aspects of 

neuromuscular control were discussed.  

First, Kurz et al. (2018) found significant differences in ankle co-activation in children (9.7 ± 0.5 years 

of age) compared to young adults. However, in this study, the postural control system was 

challenged by a single-leg stance, not by a balance board.  

On the contrary, other authors found adultlike values in children of seven to ten years of age for 

several aspects of neuromuscular control during surface perturbations (rotations and translations). 

This was found to be true for the rate of motor responses (Forssberg & Nashner, 1982); the 

variability of postural response patterns (A. Shumway-Cook & Woollacott, 1985; A. Shumway-Cook, 

& Woollacott, M. H., 2017); and the torque profile, torque magnitude and velocity limits 

(Roncesvalles, Woollacott, & Jensen, 2001).  

Since more than 75% of our population is older than seven years of age, it can be concluded that 

the influence of neuromuscular control on the interaction effect between age group and condition 

is probably limited. 

 

Another possible contributing factor to the difference in postural control between children and 

young adults is the difference in anthropometric properties. Children are, of course, shorter than 

adults. This difference in height has an impact on the COM height. A higher COM position results in 
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greater COM displacements, and therefore greater COG displacements. This creates a more 

challenging situation for the postural control system (Ojie, Saatchi, & Saatchi, 2020). This effect was 

minimized by the normalization by height.  

However, children differ proportionally from adults, with a relatively higher position of the COM. 

The combination of the higher position of the COM and the shorter height results in a faster sway 

rate in children until the age of seven (Lebiedowska & Syczewska, 2000; A. Shumway-Cook, & 

Woollacott, M. H., 2017).  

Therefore, anthropometric properties could play a role in the difference in postural control, even 

when normalized by height. However, since more than 75% of our population is older than seven 

years of age, the influence of anthropometric properties on the interaction effect between age 

group and condition is probably limited. 

 

Finally, sensory reorganization could also play a role in the difference in postural control between 

children and young adults. Sensory reorganization during somatosensory perturbations reaches 

mature values in children between 8 to 15 years of age (Beyens & Van Hout, 2020). This means that, 

when standing on a balance board, young adults downgrade their reliance on the somatosensory 

system more compared to children. Therefore, it can be concluded that sensory reorganization 

explains, at least partly, the difference in postural control between children and young adults. An 

important sidenote is the uncertainty of whether the difference in sensory reorganization is 

attributed to the non-mature higher cognitive process of sensory reorganization itself or the non-

mature function of the sensory systems.   

Moreover, we hypothesized that the difference in sensory reorganization might play a role in the 

influence of age on the effect of balance board height on the COP mean velocity.  During stance on 

balance boards of increasing height, adults will downgrade the reliance on somatosensory 

information more compared to children. This could lead to an increasing difference in COP mean 

velocity between children and young adults during balance tasks of increasing difficulty.  

 

After taking all this information into account, the interaction effect between age group and 

condition could probably be explained by differences in sensory reorganization. Also, 

anthropometric properties and neuromuscular control possibly contribute to this interaction. 

 



- 21 - 
 

When interpreting these findings, it is important to realize that these cannot be generalized to 

children younger than seven years of age, since other factors might play a greater role in that age 

category.  

Further, it is important to differentiate between postural control in the AP and ML direction. 

According to Hong, James, and Newell (2008), the postural control matures in the AP direction well 

before it does in the ML direction. The findings of this study only apply to postural control in the AP 

direction and are therefore not generalizable to the ML direction. 

Another important consideration is the broad distribution of COP mean velocity in children. This 

means that large variability in maturation is present. 

6.2 Limitations 

As with every study, this study has its limitations, listed below. 

1) Falls were excluded and the COP mean velocity was calculated based on the remaining trials. 

However, since the fall probably occurred in a trial with high COP displacements and therefore high 

COP velocities, this could cause an overestimation of the performance of the participant. Since more 

falls occurred in the children group compared to the young adults group (4 VS 1), this could influence 

the results.  

2) A mixed ANOVA was employed, however, the assumptions of normality and homoscedasticity of 

residuals were violated. As post-hoc test, the TukeyHSD was employed, again the assumptions of 

normality and homoscedasticity were violated. Both choices have been justified. Nevertheless, this 

could still have an impact on the reliability and has to be taken into account when interpreting the 

results.  

3) The COP outcome measures have not been thoroughly studied in the current literature and the 

evidence was conflicting. Based on the limited evidence, the mean velocity has been found to be 

the most reliable conventional COP outcome measure (R. Doyle, E. Hsiao-Wecksler, B. Ragan, & K. 

Rosengren, 2007; Hébert-Losier & Murray, 2020; Le Clair & Riach, 1996). However, this was argued 

by Santos, Delisle, Larivière, Plamondon, and Imbeau (2008), who found the COP area to be the 

most reliable conventional COP outcome measure. Furthermore, no literature was available about 

the best COP outcome measure for the differentiation between children and adults regarding 

postural control. 

4) The COP mean velocity was corrected for height differences by a fraction (COP mean velocity 

(m/s)/height (cm)). The rationale behind this correction was that larger people have larger feet, 
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hence a larger BOS and larger limits of stability. However, no further evidence for this approach was 

found. The validity of these adjusted COP mean velocity values is still questionable. 

5) Foot placement on the balance board has not been standardized, which could influence the 

working forces and axes of the ankle. 

6) The balance boards were manually replaced and the position on the force plate was visually 

checked. This could possibly cause the movement to deviate from the sagittal plane. 

 

6.3 Strengths 

1) The statistical analysis and the interpretation of the results were performed by two researchers. 

Whenever there was doubt, a third researcher was consulted. 

2) During the statistical analysis, when there was doubt concerning the most appropriate approach, 

all possibilities were performed. Afterwards, the best option was discussed. 

3) After the analysis, the findings were extensively compared to the current literature.  

4) To the best of our knowledge, the effect of balance board height on postural control in children 

and adults has not been studied yet. This study could have an important contribution to the 

decision-making process of therapists when considering the difficulty of a balance task. 

5) Since this study was conducted within the framework of the PhD study of Dra. M. van den Bogaart, 

named “Biomechanical fundamentals of balance control across the lifespan”, the a priori calculation 

of required sample size for an adequate power (= 0.80) was already conducted, based on the COM 

acceleration. A post-hoc test to compute the achieved power was conducted afterwards, using 

G*Power (Faul, Erdfelder, Buchner, & Lang, 2009). Given the employed sample sizes, a power of 

1.00 was achieved (appendix 5). 

6.4 Recommendations for future research 

After conducting this study, some gaps in the current literature became clear.  

First, more research should be conducted concerning the reliability, validity and responsiveness of 

COP outcome measures for postural control, especially to compare children and young adults. 

Furthermore, it would be interesting for future studies to include other age groups, so the evolution 

of the interaction between age and difficulty of balance tasks could be described more precisely.  

Finally, future studies could also consider the ML postural control, because of the difference in the 

maturation of postural control in the AP and ML directions. 
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6.5 Implications for clinical practice 

Clinicians should be aware of the fact that when they increase the difficulty of a balance task, this 

has a greater impact on the postural control of children compared to young adults. They should 

consider this when choosing an appropriate balance task in rehabilitation. 
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7. Conclusion 

In conclusion, it can be stated that a difference between children and young adults exists concerning 

the effect of the balance board height on the COP mean velocity. Hence, age influences the effect 

of the difficulty of a balance task on postural control in children and young adults.  

More specifically, an increase in the difficulty of a balance task causes a greater decrease in the 

postural control of children compared to young adults. This is probably due to age differences in 

sensory reorganization.  
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Appendices 
Appendix 1. Questionnaire screening (Dutch)

 



 

 



 

 



 

Appendix 2: JMP® output: assumptions 
2.1 Normality of residuals 

 
 
 



 

2.2 Homoscedasticity of residuals 

 
 
 



 

2.3 Normality of residual log [normalized data] 

 
 
 
  



 

2.4 Homoscedasticity of residual log [normalized data] 

 



 

Appendix 3. JMP® output: result 
3.1 Comparisons of patient characteristics 
3.1.1 Gender by age group (Pearson’s test) 

 



 

3.1.2 Age by age group (Rank-Sum Test) 

 



 

3.1.3 Height by age group (t-Test) 

 
  



 

3.1.4 Weight by age group (Welch’s test) 

 
  



 

3.1.5 BMI by age group (Rank-Sums Test) 

 
  



 

3.2 Mixed ANOVA 

 



 



 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

Appendix 4. Crossed-effects 

 
  

TukeyHSD crossed effects 

Age group Condition  -Age group -Condition Difference  Std Error  t Ratio Prob>|t| Lower 95% Upper 95% 

Child mean UNP Young Adult mean BB1 -0.000035 0.000029 -1.19 0.9324 -0.00012 0.000055 

Child mean UNP Young Adult mean BB2 -0.000044 0.000029 -1.53 0.7915 -0.00013 0.000046 

Child mean UNP Young Adult mean BB3 -0.000054 0.000029 -1.86 0.5836 -0.00014 0.000036 

Child mean BB1 Young Adult mean UNP 0.000222 0.000029 7.65 <.0001* 0.000132 0.000311 

Child mean BB1 Young Adult mean BB2 0.000114 0.000029 3.93 0.0039* 0.000024 0.000204 

Child mean BB1 Young Adult mean BB3 0.000104 0.000029 3.6 0.0115* 0.000014 0.000194 

Child mean BB2 Young Adult mean UNP 0.000269 0.000029 9.3 <.0001* 0.00018 0.000359 

Child mean BB2 Young Adult mean BB1 0.000172 0.000029 5.92 <.0001* 0.000082 0.000261 

Child mean BB2 Young Adult mean BB3 0.000152 0.000029 5.26 <.0001* 0.000062 0.000242 

Child mean BB3 Young Adult mean UNP 0.000317 0.000029 10.93 <.0001* 0.000227 0.000406 

Child mean BB3 Young Adult mean BB1 0.000219 0.000029 7.54 <.0001* 0.000129 0.000308 

Child mean BB3 Young Adult mean BB2 0.000209 0.000029 7.21 <.0001* 0.000119 0.000299 

Pairwise comparisons of COP mean velocity values between different age groups and different conditions. Significant differences are 
indicated by an asterisk (*p < 0.05).  UNP, condition without a balance board; BB1, condition with the lowest balance board; BB2, 
condition with the middle balance board; BB3, condition with the highest balance board. 
 

 
 



 

Appendix 5. Post-hoc computation of achieved power (G*Power®) 
 

 





 

In te vullen door de promotor(en) en eventuele copromotor aan het einde van MP2: 

 

Naam Student(e): ………………………………………………………………… Datum:……………………............ 

Titel Masterproef: ……………………………………………………………………………………………………………… 

 

1) Geef aan in hoeverre de student(e) onderstaande competenties zelfstandig uitvoerde: 

- NVT: De student(e) leverde hierin geen bijdrage, aangezien hij/zij in een reeds lopende 
studie meewerkte. 

- 1: De student(e) was niet zelfstandig en sterk afhankelijk van medestudent(e) of 
promotor en teamleden bij de uitwerking en uitvoering. 

- 2: De student(e) had veel hulp en ondersteuning nodig bij de uitwerking en uitvoering. 
- 3: De student(e) was redelijk zelfstandig bij de uitwerking en uitvoering 
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