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Arm movement strategies did not influence emotional state and static postural control during height-induced postural threat in children and young adults
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Background: Empirical evidence in adults suggests that height-induced postural threat led to an increased reliance on an ankle control strategy (i.e., postural “stiffening” response). However, little is known whether children (i.e., due to ongoing maturation) show a similar pattern and how this is affected by the used arm movement strategy.

Objective: The objective of this study was to compare the effects of different arm movement strategies on subjective and objective indicators related to standing at or above ground-level in children versus young adults.

Methods: Twenty-six children (age: 9.8 ± 0.6 years) and 23 young adults (age: 24.7 ± 4.0 years) performed the tandem stance whilst standing at both ground-level (no threat) and 80 cm above ground (threat). During both, participants performed the task with free and restricted arm movements. Self-reported emotional state outcomes (i.e., balance confidence, fear of falling, perceived instability, conscious balance processing) were assessed and used as subjective indicators. Static balance outcomes (i.e., postural sway amplitude, frequency, and velocity) were measured and used as objective markers.

Results: Irrespective of arm movement condition, children showed an increase in fear of falling and young adults a decrease in postural sway frequency when standing above ground than on ground level.

Conclusion: The findings indicate that children are emotionally reactive but possibly not able to translate that into meaningful motor adaptation. Conversely, young adults react motorically but do not necessarily transfer that into an emotional response.
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1 Introduction

Numerous studies (Adkin and Carpenter, 2018; Carpenter et al., 2001; Hill et al., 2023, 2024; Huffman et al., 2009; Laufer et al., 2006) have examined the influence of postural threat during static balance tasks, consistently demonstrating a “stiffening” response characterized by decreased center of pressure (COP) amplitude and increased COP frequency when standing at height (threat) compared to ground-level (no threat). In addition to these motor adaptations, a substantial body of evidence (Adkin and Carpenter, 2018; Ellmers and Young, 2018; Hill et al., 2023, 2024) have demonstrated that exposure to height-related postural threat elicits marked alterations in emotional state outcomes. Specifically, when individuals shift from standing at ground level to elevated positions, they consistently report increased fear of falling, a heightened perception of postural instability—reflected in reduced perceived safety—and an amplified engagement of conscious balance control processes (Adkin and Carpenter, 2018; Ellmers and Young, 2018; Hill et al., 2023, 2024). Together, these motor and psychological adaptations indicate that standing at elevated height challenges static postural control, triggering compensatory mechanisms in balance and emotional state outcomes.

While these motor and psychological adaptations have been extensively studied in young adults (Carpenter et al., 2001; Hill et al., 2023; Huffman et al., 2009; Laufer et al., 2006; Sturnieks et al., 2016), the effects on children have hardly been investigated to date. Importantly, assessing emotional state—such as fear of falling—is crucial in postural control research, as emotional responses can directly influence with motor performance. For example, heightened fear may shift attentional focus, increase postural stiffness, or promote maladaptive control strategies that compromise stability (Adkin and Carpenter, 2018; Hill et al., 2023; Huffman et al., 2009). Therefore, examining both emotional and motor responses offers a more comprehensive understanding of how individuals cope with postural threat. In addition, the two existing studies (Hill et al., 2024; Omorczyk et al., 2021) reported postural adaptations that differed from those reported in young adults. Specifically, children demonstrated opposite patterns of changes, i.e., increased COP amplitude and decreased COP frequency when standing at height compared to floor. These diverging results could be explained by the notion that children’s sensorimotor and emotional regulation systems are still maturing (De Sonneville et al., 2002; Hirabayashi and Iwasaki, 1995; Orendorz-Frączkowska and Kubacka, 2019; Perlman and Pelphrey, 2011; Shumway-Cook and Woollacott, 1985; Sinno et al., 2021), which may compromise their ability to effectively adapt to postural threats. Consequently, further research is needed to clarify how height-induced postural threat affects postural control and emotional state outcomes in pediatric populations and whether there is a general trend in the responses.

In addition to developmental differences in postural control, the ability to use the arms for compensatory movements plays an important role in maintaining balance. Several studies (Borgmann et al., 2025; Hébert-Losier, 2017; Hill et al., 2019, 2023; Objero et al., 2019) have demonstrated that restricting arm movements compared to free arm conditions increases COP amplitude, fear of falling, and perceived instability during static balance tasks. This is particularly relevant from a practical perspective, as arm movements are frequently constrained during everyday activities—for example, when individuals carry objects, use assistive devices, or stabilize items while standing or walking. These real-world constraints highlight the importance of understanding how restricted upper limb use impacts postural control mechanisms (Roostaei et al., 2022). It is plausible to attribute this phenomenon to the restriction of arm movements, which limits the redistribution of body mass, thereby reducing the moment of inertia (Roos et al., 2008) and decreasing the stability of the postural control system (Hill et al., 2019). Furthermore, this reflects a diminished ability to generate compensatory torques or counterbalancing movements (Marigold et al., 2003). If transferring these considerations to height-related impairments of postural control, it seems plausible to assume that these would be more pronounced under test conditions with restricted than with free arm movements. Hill and colleagues (Hill et al., 2023) provided evidence for compensatory mechanisms, whereby the availability of free arm movements at height resulted in attenuated CoP amplitude, diminished fear of falling, and lower perceived instability (reflecting greater perceived safety) in young adults, as compared to conditions under which arm movements were constrained. Notably, while the compensatory effects of free arm movements under height-induced threat have been analyzed in young adults (Hill et al., 2023), it remains unclear whether similar benefits will be detected in children, whose motor strategies may differ due to growth, maturation, and development (Malina et al., 2004).

Therefore, the present study compared the effects of free versus restricted arm movements on subjective (emotional state) and objective (postural control) indicators related to standing on ground (no threat) and at height (threat) between children and young adults. Based on prior findings (Carpenter et al., 2001; Hill et al., 2019, 2023, 2024; Huffman et al., 2009), we hypothesized that (i) height-induced postural threat would elicit detrimental effects on both static balance and emotional state outcomes, (ii) these effects would be more pronounced under restricted compared to free arm movement conditions, and (iii) these changes would be greater in children compared to young adults.



2 Materials and methods


2.1 Participants and sample size estimation

The estimation of the required sample size for the repeated measures analysis of variance (ANOVA) was conducted based on previous studies that examined the effects of height-induced postural threat and/or arm movements (Hill et al., 2023, 2024) on static postural control. G*Power software version 3.1.9.7 (Faul et al., 2007) was used and revealed that a minimum of 38 participants (n = 19 per age group) would be required to identify statistically significant postural threat by arm movement interactions (input parameters: effect size [f] = 0.25, significance level [α] = 0.05, power [1-β] = 0.80, number of groups = 2, number of measurements = 4, correlation among repeated measures r = 0.20). A total of 49 participants volunteered in this study (Table 1). Twenty-six children (9.8 ± 0.6 years) were recruited from a primary school and 23 young adults (24.7 ± 4.0 years) were enrolled from the student population of the host institution. All participants were free of musculoskeletal dysfunction, neurological impairment, or orthopedic disorder. Prior to participation, written informed consent was obtained from all participants and the parents of participating children. The study protocol was reviewed and approved by the Human Ethics Committee of the Faculty of Educational Sciences at the University of Duisburg-Essen (approval number: EA-PSY9/24/25032024).


TABLE 1 Characteristics of the participants by age group.


	Characteristic
	Children
	Young adults





	Sample size (n)
	26
	23



	Gender (females; n)
	13
	11



	Age (years)
	9.8 ± 0.6
	24.7 ± 4.0



	Body height (cm)
	141.6 ± 7.6
	177.3 ± 10.1



	Body mass (kg)
	37.4 ± 10.1
	75.6 ± 12.0








2.2 Experimental procedures

In line with one of our previous studies (Hill et al., 2023), participants completed static balance tasks in a tandem stance (right foot in front of the left foot) under varying postural threat conditions (Figure 1). The assessment was conducted under two different postural threat conditions while wearing no safety harness: (i) standing at ground level on a force platform (AMTI, AccuGait, Watertown, MA; dimensions 50 × 50 × 5 cm)–“no threat” condition and (ii) standing 80 cm above ground level on the elevated force platform—“threat” condition. Access to the elevated force platform was ensured via a staircase and was not equipped with any safety handrails, side rings, or barriers. This open-edge design was chosen to enhance the ecological validity of the postural threat and avoid artificially reducing perceived height-related risk. Each participant performed one 30-s practice trial followed by one 60-s data-collection trial per threat condition with free (i.e., arms moved freely) and restricted (i.e., hands clasped in front of the body at waist level) arm movements. All trials were performed without shoes to eliminate variability due to differences in footwear. The order of the four conditions was randomized, both in terms of the postural threat and arm movement conditions. Throughout each trial, participants were instructed to stand as still as possible and to maintain visual fixation on a black marker located 3 m in front of them at eye level. The design of the force platform and the instruction to position themselves in the center of the platform ensured that participants were approximately 15–20 cm from each side, minimizing the risk of lateral falls while maintaining the risk of perception in the anteroposterior (AP) direction.


[image: Four-panel image showing a person standing under different conditions. Top left: standing on a mat with arms free, no threat. Top right: standing on a mat with arms restricted, no threat. Bottom left: standing on an elevated platform with arms free, threat present. Bottom right: standing on an elevated platform with arms restricted, threat present. Includes directional labels for random order, mediolateral, and anteroposterior.]
FIGURE 1
Schematic diagram of the postural threat (no threat vs. threat) and arm movement (free vs. restricted) conditions. The participants completed all trials in a tandem stance position. The individual that is shown has given written informed consent to publish these case details.




2.3 Assessment of emotional state outcomes

Participants rated their confidence in maintaining balance and avoiding a fall during the static balance task using a visual analog scale (VAS) ranging from 0 (“not confident at all”) to 10 (“completely confident”), immediately before each trial (Lambrich et al., 2025). Following each trial, participants assessed their fear of falling experienced during the respective task using a VAS, where 0 correspond to feeling “not fearful at all” and 10 “completely fearful” (Lambrich et al., 2025). Subsequently, participants scored their perceived instability during the trial on another VAS ranging from 0 to 10 (0 = being “completely safe” to 10 = “so unsafe that I would fall”) (Ellmers et al., 2021; Huffman et al., 2009). Additionally, participants completed a 4-item questionnaire (i.e., a shortened version of the Movement Specific Reinvestment Scale; Masters et al., 2005) comprising four items designed to assess conscious balance processing: (1) “I always try to think about my balance when I perform this task”; (2) “I am aware of how my mind and body are functioning when performing this task”; (3) “I am aware of how I look when performing this task”; and (4) “I am concerned about my movement style when performing this task”. Each item was rated on a 6-point Likert scale ranging from 1 (“strongly disagree”) to 6 (“strongly agree”) (Ellmers and Young, 2018). To conduct the subsequent analysis, the total score (ranging from 4 to 24) was calculated, with higher scores indicating greater conscious processing of balance. VAS have been shown to be valid and reliable tools for assessing emotional responses such as fear of falling, perceived instability, and balance confidence in the context of postural control and height-induced threat (Adkin and Carpenter, 2018; Cleworth and Carpenter, 2016).



2.4 Assessment of static balance outcomes

During the tandem stance, ground reaction force data were recorded at a sampling rate of 1,000 Hz using an AMTI AccuSway optimized force platform (Watertown, MA, United States) and subsequently low-pass filtered offline using a second-order bidirectional Butterworth filter with a cut-off frequency of 5 Hz. The amplitude (mm) and frequency (Hz) of the COP displacement were quantified by calculating the root mean square (RMS) and mean power frequency (MPF) (Zaback et al., 2019) both the anteroposterior (AP) and the mediolateral (ML) directions. A decreased COP amplitude combined with an increased COP frequency when standing at height (threat) compared to ground-level (no threat) is indicative of a postural “stiffening” response (Adkin and Carpenter, 2018). Further, the mean COP velocity (mm/s) was calculated, whereas a decrease in the COP velocity represents an increase in the ability to maintain an upright stance (Le Clair and Riach, 1996; Palmieri et al., 2002).



2.5 Statistical analyses

The data were analyzed using JASP version 0.19.2. Assumptions of normality (Shapiro–Wilk test) and homogeneity of variance/sphericity (Mauchly test) were checked and met prior performing parametric analyses. Subsequently, a series of mixed model analyses of variance (ANOVAs) were conducted to examine the between-subject effect of age group (2 levels: children vs. young adults) and the within-subject effects of postural threat (2 levels: no threat vs. threat) and arm condition (2 levels: free vs. restricted). In cases where significant postural threat × arm movement condition interactions were identified; post hoc comparisons were performed using Bonferroni-adjusted alpha levels to localize specific pairwise differences. Effect sizes for the ANOVAs were reported as partial eta squared (ηp2) and classified as small (0.02 ≤ ηp2 ≤ 0.12), medium (0.13 ≤ ηp2 ≤ 0.25), or large (ηp2 ≥ 0.26). For pairwise comparisons, Cohen’s d was calculated (Cohen, 1988) and categorized as trivial (0 ≤ d ≤ 0.19), small (0.20 ≤ d ≤ 0.49), moderate (0.50 ≤ d ≤ 0.79), or large (d ≥ 0.80). The significance threshold (alpha level) for all statistical tests was set a priori at p < 0.05.




3 Results

Table 2 displays the group mean values ± standard deviations during no threat and threat conditions when standing with free compared to restricted arm movements and Table 3 presents the ANOVA outputs for all assessed.


TABLE 2 Group mean values ± standard deviations for all assessed variables by age group (children vs. young adults), threat conditions (no threat vs. threat), and arm movement strategies (free vs. restricted).


	Parameter
	Arm strategy
	Children (n = 26)
	Young adults (n = 23)



	
	
	No threat
	Threat
	No threat
	Threat





	Emotional state



	Balance confidence (0–10)
	Free
	7.9 ± 2.1
	6.8 ± 2.6
	9.0 ± 1.4
	8.3 ± 1.9



	Restricted
	7.7 ± 2.1
	6.5 ± 2.7
	9.0 ± 1.4
	7.6 ± 2.2



	Fear of falling (0–10)
	Free
	2.2 ± 2.2
	4.6 ± 2.9
	0.9 ± 1.4
	1.7 ± 2.0



	Restricted
	2.0 ± 2.2
	4.6 ± 2.9
	1.0 ± 1.6
	2.1 ± 2.2



	Perceived instability (0–10)
	Free
	3.4 ± 2.3
	4.8 ± 2.8
	1.7 ± 1.6
	2.0 ± 1.7



	Restricted
	3.7 ± 2.3
	4.3 ± 2.7
	2.4 ± 2.2
	1.6 ± 1.7



	Conscious processing (4–24)
	Free
	14.6 ± 4.3
	15.3 ± 5.0
	14.6 ± 3.0
	14.1 ± 3.3



	Restricted
	14.7 ± 4.4
	15.0 ± 4.7
	14.6 ± 3.7
	14.9 ± 2.8



	Static balance



	AP COP RMS (mm)
	Free
	8.62 ± 3.93
	8.89 ± 4.43
	9.32 ± 5.14
	6.79 ± 4.20



	Restricted
	8.02 ± 3.42
	8.17 ± 4.01
	6.90 ± 2.67
	6.89 ± 3.24



	ML COP RMS (mm)
	Free
	6.70 ± 1.75
	5.86 ± 1.51
	5.65 ± 1.44
	5.60 ± 1.45



	Restricted
	5.80 ± 1.43
	5.63 ± 1.17
	5.18 ± 1.00
	5.69 ± 1.91



	AP COP MPF (Hz)
	Free
	0.21 ± 0.09
	0.21 ± 0.09
	0.29 ± 0.25
	0.26 ± 0.15



	Restricted
	0.20 ± 0.10
	0.20 ± 0.08
	0.34 ± 0.29
	0.32 ± 0.16



	ML COP MPF (Hz)
	Free
	0.26 ± 0.07
	0.30 ± 0.07
	0.40 ± 0.13
	0.44 ± 0.15



	Restricted
	0.27 ± 0.07
	0.40 ± 0.14
	0.31 ± 0.07
	0.43 ± 0.16



	AP COP vel (mm/s)
	Free
	10.80 ± 2.49
	11.01 ± 2.41
	16.35 ± 7.38
	17.17 ± 5.68



	Restricted
	9.74 ± 2.40
	10.76 ± 1.65
	14.72 ± 5.03
	17.15 ± 6.06



	ML COP vel (mm/s)
	Free
	10.80 ± 6.07
	10.74 ± 4.83
	15.83 ± 15.97
	14.15 ± 5.50



	Restricted
	9.38 ± 3.61
	11.83 ± 5.40
	9.91 ± 3.68
	13.51 ± 4.59






AP, anteroposterior; COP, center of pressure; ML, mediolateral; MPF, mean power frequency; RMS, root mean square; vel, velocity.





TABLE 3 Main and interaction effects of the repeated measures ANOVA for all assessed variables.


	Parameter
	Group
 (children vs. young adults)
	Threat
 (no threat vs. threat)
	Arm
 (free vs. restricted)
	Threat × Arm
	Group × Threat
	Group × Arm
	Group × Threat × Arm





	Emotional state



	Balance confidence (0–10)
	F = 5.822
 p (ηp 2) = 0.020 (0.11)
	F = 29.048
 p (ηp 2) < 0.001 (0.38)
	F = 4.502
 p (ηp 2) = 0.039 (0.09)
	F = 2.499
 p (ηp2) = 0.121 (0.05)
	F = 0.073
 p (ηp2) = 0.788 (0.00)
	F = 0.154
 p (ηp2) = 0.697 (0.00)
	F = 1.127
 p (ηp2) = 0.294 (0.02)



	Fear of falling (0–10)
	F = 13.095
 p (ηp 2) < 0.001 (0.22)
	F = 27.968
 p (ηp 2) < 0.001 (0.37)
	F = 0.005
 p (ηp2) = 0.942 (0.00)
	F = 0.041
 p (ηp2) = 0.840 (0.00)
	F = 4.604
 p (ηp 2) = 0.037 (0.09)
	F = 2.136
 p (ηp2) = 0.150 (0.04)
	F = 0.499
 p (ηp2) = 0.483 (0.01)



	Perceived instability (0–10)
	F = 12.978
 p (ηp 2) < 0.001 (0.22)
	F = 14.969
 p (ηp 2) < 0.001 (0.24)
	F = 0.000
 p (ηp2) = 0.981 (0.00)
	F = 0.190
 p (ηp2) = 0.665 (0.00)
	F = 0.045
 p (ηp2) = 0.833 (0.00)
	F = 0.221
 p (ηp2) = 0.640 (0.00)
	F = 2.033
 p (ηp2) = 0.161 (0.04)



	Conscious balance processing (4–24)
	F = 0.101
 p (ηp2) = 0.753 (0.00)
	F = 1.871
 p (ηp2) = 0.178 (0.04)
	F = 0.256
 p (ηp2) = 0.615 (0.00)
	F = 0.182
 p (ηp2) = 0.672 (0.00)
	F = 0.037
 p (ηp2) = 0.848 (0.00)
	F = 0.012
 p (ηp2) = 0.914 (0.00)
	F = 1.524
 p (ηp2) = 0.223 (0.03)



	Static balance



	AP COP RMS (mm)
	F = 1.120
 p (ηp2) = 0.295 (0.02)
	F = 1.137
 p (ηp2) = 0.292 (0.02)
	F = 6.993
 p (ηp 2) = 0.011 (0.13)
	F = 2.636
 p (ηp2) = 0.111 (0.05)
	F = 2.305
 p (ηp2) = 0.136 (0.05)
	F = 0.649
 p (ηp2) = 0.409 (0.02)
	F = 3.197
 p (ηp2) = 0.080 (0.06)



	ML COP RMS (mm)
	F = 2.065
 p (ηp2) = 0.157 (0.04)
	F = 0.534
 p (ηp2) = 0.469 (0.01)
	F = 6.884
 p (ηp 2) = 0.012 (0.13)
	F = 4.866
 p (ηp 2) = 0.032 (0.09)
	F = 3.915
 p (ηp2) = 0.054 (0.08)
	F = 1.688
 p (ηp2) = 0.200 (0.04)
	F = 0.037
 p (ηp2) = 0.848 (0.00)



	AP COP MPF (Hz)
	F = 7.545
 p (ηp 2) = 0.009 (0.14)
	F = 6.519
 p (ηp 2) = 0.014 (0.12)
	F = 0.699
 p (ηp2) = 0.407 (0.02)
	F = 0.054
 p (ηp2) = 0.818 (0.00)
	F = 5.582
 p (ηp 2) = 0.022 (0.11)
	F = 0.101
 p (ηp2) = 0.752 (0.00)
	F = 0.000
 p (ηp2) = 0.989 (0.00)



	ML COP MPF (Hz)
	F = 30.670
 p (ηp 2) < 0.001 (0.39)
	F = 7.812
 p (ηp 2) = 0.007 (0.143)
	F = 0.043
 p (ηp2) = 0.837 (0.00)
	F = 0.025
 p (ηp2) = 0.874 (0.00)
	F = 0.021
 p (ηp2) = 0.887 (0.00)
	F = 0.436
 p (ηp2) = 0.512 (0.01)
	F = 0.163
 p (ηp2) = 0.688 (0.00)



	AP COP vel (mm/s)
	F = 4.827
 p (ηp 2) = 0.033 (0.93)
	F = 0.020
 p (ηp2) = 0.889 (0.00)
	F = 5.303
 p (ηp 2) = 0.026 (0.10)
	F = 3.043
 p (ηp2) = 0.088 (0.06)
	F = 0.019
 p (ηp2) = 0.891 (0.00)
	F = 0.609
 p (ηp2) = 0.439 (0.01)
	F = 1.424
 p (ηp2) = 0.239 (0.03)



	ML COP vel (mm/s)
	F = 24.767
 p (ηp 2) < 0.001 (0.34)
	F = 8.588
 p (ηp 2) = 0.005 (0.15)
	F = 7.306
 p (ηp 2) = 0.010 (0.14)
	F = 4.427
 p (ηp 2) = 0.041 (0.09)
	F = 1.752
 p (ηp2) = 0.192 (0.04)
	F = 0.096
 p (ηp2) = 0.758 (0.00)
	F = 0.484
 p (ηp2) = 0.490 (0.01)






0.02 ≤ ηp2 ≤ 0.12 indicates small, 0.13 ≤ ηp2 ≤ 0.25 indicates medium, and ηp2 ≥ 0.26 indicates large effects. Bold values indicate statistically significant differences (p < 0.05). AP, anteroposterior; COP, center of pressure; ML, mediolateral; MPF, mean power frequency; RMS, root mean square; vel, velocity.





3.1 Emotional state outcomes


3.1.1 Balance confidence

There were significant main effects for group (p = 0.020), threat (p < 0.001), and arm (p = 0.039), with participants nearly exclusively reporting lower balance confidence during the threat and restricted arm movement conditions. The interaction effects between these factors were not statistically significant.



3.1.2 Fear of falling

The analysis detected significant main effects for group (p < 0.001) and threat (p < 0.001), with an interaction (p = 0.037, ηp2 = 0.09) between both factors. Post-hoc tests revealed a significant increase in fear of falling during standing at height (irrespective of arm movement condition) in children (t = −5.425, p < 0.001, d = 1.04) but not in young adults (t = −2.157, p = 0.088, d = 0.44).



3.1.3 Perceived instability

There were significant main effects for group (p < 0.001) and threat (p < 0.001), with no interaction between these factors. The participants reported almost exclusively greater perceived instability during the threat and restricted arm movement conditions.



3.1.4 Conscious balance processing

There was neither a significant main effect nor a significant interaction effect.




3.2 Static balance outcomes

Figures 2A,B, 3A,B, 4A,B shows the violin plots of the COP amplitude, COP frequency, and COP velocity, respectively.


[image: Two violin plots compare anterior-posterior (A) and medial-lateral (B) center of pressure (COP) root mean square (RMS) measurements in millimeters for children and young adults under four conditions: no threat free, threat free, no threat restricted, and threat restricted. Children are represented in red, and young adults in blue. The plots show distributions and individual data points, with children generally exhibiting higher COP RMS values than young adults across conditions.]
FIGURE 2
Violin plots of the COP amplitude for age group (children vs. young adults) and threat (no threat vs. threat) by arm movement (free vs. restricted) for (A) AP COP RMS and (B) ML COP RMS. The dashed line indicates the median.



[image: Violin plots comparing anterior-posterior (AP) COP MPF in image A and medial-lateral (ML) COP MPF in image B for children and young adults. The plots show data under two conditions: “No threat, free” and “Threat, restricted.” Children are represented by red figures, while young adults are represented by blue figures. Each plot displays individual data points and a distribution range.]
FIGURE 3
Violin plots of the COP frequency for age group (children vs. young adults) and threat (no threat vs. threat) by arm movement (free vs. restricted) for (A) AP COP MPF and (B) ML COP MPF. The dashed line indicates the median.



[image: Violin plots comparing anterior-posterior (AP) and medial-lateral (ML) center of pressure (COP) velocities between children and young adults under different conditions: no threat, free; threat, free; no threat, restricted; threat, restricted. AP velocities range from zero to twenty millimeters per second, while ML velocities range from zero to thirty millimeters per second. Children are depicted in red and young adults in blue, with individual data points marked within each plot.]
FIGURE 4
Violin plots of the COP velocity for age group (children vs. young adults) and threat (no threat vs. threat) by arm movement (free vs. restricted) for (A) AP COP vel and (B) ML COP vel. The dashed line indicates the median.



3.2.1 COP amplitude (RMS)

The analysis revealed a significant main effect of arm with respect to AP COP RMS (p = 0.011) and ML COP RMS (p = 0.012), with participants showing a decrease in COP amplitude during the restricted arm movement conditions. Further, the threat × arm movement interaction was also significant for the ML COP RMS (p = 0.032). Post-hoc tests revealed a significant decrease in ML COP RMS during standing on ground (no threat) with free compared to restricted arm movements only (t = 2.965, p = 0.028, d = 0.46).



3.2.2 COP frequency (MPF)

There was a significant main effect of group for both AP COP MPF (p = 0.009) and ML COP MPF (p < 0.001), with young adults showing larger values than children. Further, we observed a significant main effect of threat for both AP COP MPF (p = 0.014) and ML COP MPF (p = 0.007), with participants showing a decrease in AP COP MPF and an increase in ML COP MPF during the threat conditions. With respect to AP COP MPF, there was a significant group × threat interaction. Post hoc tests revealed a significant decrease in frequency of COP displacements during standing at height (irrespective of arm movement condition) in young adults (t = −3.374, p = 0.008, d = 0.36) but not in children (t = −0.139, p = 0.890, d = 0.01).



3.2.3 COP velocity

The analysis yielded a significant main effect of group for both AP COP vel (p = 0.033) and ML COP vel (p < 0.001), with young adults showing larger values than children (Table 2). With respect to ML COP vel (p = 0.005), there was a significant main effect of threat, with participants showing an increase in velocity of COP displacements during the threat conditions. In addition, we detected a significant main effect of arm for both AP COP vel (p = 0.026) and ML COP vel (p = 0.010), with participants showing a decrease in COP velocity during the restricted arm movement conditions. Further, the threat × arm movement interaction was also significant for the ML COP vel (p = 0.041). Post hoc tests revealed a significant decrease in ML COP vel during standing on ground (no threat) with free compared to restricted arm movements only (t = 3.052, p = 0.015, d = 0.30).





4 Discussion

The present study aimed to test the hypotheses that (i) height-induced postural threat would detrimentally affect both static balance and emotional state outcomes, (ii) these effects would be more pronounced under restricted compared to free arm movement conditions, and (iii) these changes would be greater in children compared to young adults. Our findings offered partial support for these hypotheses, though several unexpected findings emerged that warrant closer examination.

More specifically, a significant interaction between group and threat for static balance performance was observed. Young adults showed a significant reduction in sway frequency under postural threat, whereas no significant changes were observed in children. The reduction in COP frequency (AP direction) in young adults, contrary to prior findings using the same tandem stance (Hill et al., 2023), suggests a potential shift in postural control strategy toward slower, more deliberate postural adjustments. In other words, this reflects a strategic adaptation aimed at enhancing postural stability through refined motor control, rather than relying on the rapid, high-frequency corrections typically associated with increased postural threat levels (Ellmers et al., 2022; Hill et al., 2024; Laufer et al., 2006; Sturnieks et al., 2016). One possible explanation is that young adults, when faced with postural threat, adopted a more cautious, conscious control strategy—slowing down postural sway as a means of maintaining stability—rather than resorting to co-contraction (Cleworth et al., 2016; Lelard et al., 2014; Zaback et al., 2019) or “stiffening” strategy (Adkin and Carpenter, 2018; Carpenter et al., 2001; Hill et al., 2023, 2024; Huffman et al., 2009; Laufer et al., 2006) as previously reported. However, the interpretation of threat-related reductions in COP frequency in the AP direction is speculative and partially not supported by our data, as no group-by-threat interaction was found with regard to COP velocity. It is possible that COP frequency decreased due to an increase of the power of the low-frequency content, without changing the amplitude of the high-frequency content, or vice versa. Therefore, it cannot be definitively said that the detected threat-related reductions in COP frequency in the AP direction reflect slower postural adjustments. An alternative explanation is that the threat manipulation did not elicit a meaningful emotional response in the young adult group, and thus the effect of threat may have been insufficient to increase COP frequency as is typically observed (Adkin and Carpenter, 2018; Carpenter et al., 2006; Cleworth and Carpenter, 2016). Previous work from the Carpenter group (Adkin and Carpenter, 2018; Carpenter et al., 2006; Cleworth and Carpenter, 2016) has shown that threat-related changes in high-frequency COP adjustments—and consequently MPF—are tightly coupled with the emotional responses to threat, more so than other COP outcomes. Accordingly, the finding that young adults exhibited a decrease rather than an increase in COP frequency in the AP direction may simply reflect the absence of an emotional response to the postural threat. Together, the lack of an emotional response to threat, combined with the fact that individuals have an extended AP base of support during the used tandem stance task could explain why COP frequency did not increase when exposed to height-induced postural threat.

In children, the absence of significant balance adjustments stands in contrast to previous work using the bipedal stance (Hill et al., 2024). The more challenging tandem stance employed here may have played a critical role. The tandem stance likely imposed a substantial postural challenge, potentially pushing children close to the limits of their available capacity of postural control and thereby constraining their ability to further modulate balance in response to the added threat. The high task demand may have effectively “masked” or constrained any potential threat-related adaptations in postural control that were observable under less demanding conditions. In less demanding tasks (e.g., bipedal stance), children have “room” to display maladaptive strategies such as increased amplitude and decreased frequency; here, however, maintaining balance alone may have taxed their available resources.

Regarding emotional state outcomes, a significant group-by-threat interaction was observed, indicating discrepancies between age groups. More precisely, children reported significantly greater increases in fear of falling under threat conditions, while young adults did not show significant emotional changes. This finding supports the notion that children are emotionally reactive to postural threat but may lack the neuromuscular capacity to translate this heightened emotional state into effective motor adaptation, particularly under high task demands such as those imposed by the challenging tandem stance. Conversely, young adults demonstrated motor adaptations to height-induced postural threat without concomitant increases in fear of falling, suggesting a dissociation between emotional and motor responses in this population.

Contrary to above-mentioned expectations, restricting arm movement did not amplify threat-related effects in either balance or emotional outcomes, nor did it interact with age group to modulate responses. This may reflect a habituation effect resulting from the relatively long stance duration employed in the current study (i.e., 60 s) compared to those used by Brown et al. (2006) (i.e., 15 s). In this regard, Zaback et al. (2019), Zaback et al. (2021) and Zaback et al. (2025) demonstrated that repeated exposure to the same height-induced postural threat led to substantial adaptations in emotional state and balance parameters.

The key strengths of the present study include the comparison of subjective (i.e., emotional state outcomes) and objective (i.e., balance outcomes) indicators related to static postural control. In addition, by using an identical study design (i.e., dual-group repeated-measures design) and task conditions (i.e., tandem stance at and 80 cm above ground level), we (i) replicated previous findings (Hill et al., 2023) and (ii) provided new insights into understanding how children compared to young adults behave under postural threat and arm restriction while standing. Despite these strengths, the present study has some limitations. First, we investigated only healthy children and young adults, which limits the generalizability of our findings to older, fall prone or neurologically impaired individuals (e.g., children with cerebral palsy). Second, while we assessed the effects of different arm movement strategies using questionnaires (i.e., VAS) and biomechanical assessment (i.e., instrumented force-plate), we did not include physiological measures (i.e., brain/muscle activity), which constrains our ability to draw conclusions about underlying mechanisms.



5 Conclusion

In conclusion, the present findings indicate that children exhibit pronounced emotional responses to postural threat but are limited in their ability to translate these responses into meaningful motor adaptations under high task demands (i.e., tandem stance). Conversely, young adults demonstrated motor adjustments without corresponding changes in emotional state. These preliminary findings highlight the complex, context-dependent interaction between emotional and motor responses to postural threat across developmental stages. Future studies employing more dynamic postural tasks (e.g., leg swing during unipedal stance) are required to further explore these aspects and to determine whether similar patterns persist under varying task demands. In addition to extending this work to more dynamic balance tasks, future research should also explore similar paradigms in clinical populations. For example, children with neuromotor impairments—such as cerebral palsy—often experience compromised postural control and are particularly vulnerable to falls, especially when upper extremity movements are restricted or when environmental threat levels are heighted. Examining how height-induced postural threat and arm movement constraints affect both emotional state and postural control outcomes in such populations could help to develop targeted, ecologically valid rehabilitation strategies (Roostaei et al., 2022).



Data availability statement

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



Ethics statement

The studies involving humans were approved by Human Ethics Committee at the University of Duisburg-Essen—Faculty of Educational Sciences. The studies were conducted in accordance with the local legislation and institutional requirements. Written informed consent for participation in this study was provided by the participants’ legal guardians/next of kin. Written informed consent was obtained from the individual(s), and minor(s)’ legal guardian/next of kin, for the publication of any potentially identifiable images or data included in this article.



Author contributions

MWH: Writing – review and editing. TM: Writing – review and editing. JL: Data curation, Formal Analysis, Writing – review and editing. AMW: Conceptualization, Data curation, Formal Analysis, Methodology, Writing – original draft, Writing – review and editing.



Funding

The author(s) declare that financial support was received for the research and/or publication of this article. This work was supported by the Open Access Publication Fund of the University of Duisburg-Essen is acknowledged. This funding body was independent of the design of the study and collection, analysis, and interpretation of data and in writing the manuscript. Open access funding enabled and organized by the project DEAL.



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Generative AI statement

The authors declare that no Generative AI was used in the creation of this manuscript.



Publisher’s note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



References

	Adkin, A. L., and Carpenter, M. G. (2018). New insights on emotional contributions to human postural control. Front. Neurol. 9:789. doi: 10.3389/fneur.2018.00789

	Borgmann, K., Muehlbauer, T., and Hill, M. W. (2025). Help! - you need your hands: Contribution of arm movements on balance performance in healthy individuals: A systematic review with meta-analysis. PLoS One 20:e0323309. doi: 10.1371/journal.pone.0323309

	Brown, L. A., Polych, M. A., and Doan, J. B. (2006). The effect of anxiety on the regulation of upright standing among younger and older adults. Gait Posture 24, 397–405. doi: 10.1016/j.gaitpost.2005.04.013

	Carpenter, M. G., Adkin, A. L., Brawley, L. R., and Frank, J. S. (2006). Postural, physiological and psychological reactions to challenging balance: Does age make a difference? Age Ageing 35, 298–303. doi: 10.1093/ageing/afl002

	Carpenter, M. G., Frank, J. S., Silcher, C. P., and Peysar, G. W. (2001). The influence of postural threat on the control of upright stance. Exp. Brain Res. 138, 210–218. doi: 10.1007/s002210100681

	Cleworth, T. W., and Carpenter, M. G. (2016). Postural threat influences conscious perception of postural sway. Neurosci. Lett. 620, 127–131. doi: 10.1016/j.neulet.2016.03.032

	Cleworth, T. W., Chua, R., Inglis, J. T., and Carpenter, M. G. (2016). Influence of virtual height exposure on postural reactions to support surface translations. Gait Posture 47, 96–102. doi: 10.1016/j.gaitpost.2016.04.006

	Cohen, J. (1988). Statistical power for the behavioral sciences. Hillsdale, NJ: Erlbaum.

	De Sonneville, L. M., Verschoor, C. A., Njiokiktjien, C., Op het Veld, V., Toorenaar, N., and Vranken, M. (2002). Facial identity and facial emotions: Speed, accuracy, and processing strategies in children and adults. J. Clin. Exp. Neuropsychol. 24, 200–213. doi: 10.1076/jcen.24.2.200.989

	Ellmers, T. J., Kal, E. C., and Young, W. R. (2021). Consciously processing balance leads to distorted perceptions of instability in older adults. J. Neurol. 268, 1374–1384. doi: 10.1007/s00415-020-10288-6

	Ellmers, T. J., Wilson, M. R., Kal, E. C., and Young, W. R. (2022). Standing up to threats: Translating the two-system model of fear to balance control in older adults. Exp. Gerontol. 158:111647. doi: 10.1016/j.exger.2021.111647

	Ellmers, T. J., and Young, W. R. (2018). Conscious motor control impairs attentional processing efficiency during precision stepping. Gait Posture 63, 58–62. doi: 10.1016/j.gaitpost.2018.04.033

	Faul, F., Erdfelder, E., Lang, A. G., and Buchner, A. G. (2007). Power 3: A flexible statistical power analysis program for the social, behavioral, and biomedical sciences. Behav. Res. Methods 39, 175–191. doi: 10.3758/bf03193146

	Hébert-Losier, K. (2017). Clinical implications of hand position and lower limb length measurement method on y-balance test scores and interpretations. J. Athl. Train. 52, 910–917. doi: 10.4085/1062-6050-52.8.02

	Hill, M., Brayne, L., Hosseini, E., Duncan, M., Muehlbauer, T., Lord, S. R., et al. (2024). The influence of fear of falling on the control of upright stance across the lifespan. Gait Posture 109, 226–232. doi: 10.1016/j.gaitpost.2024.01.032

	Hill, M. W., Russel, K., Wdowski, M., Lord, S. R., Muehlbauer, T., and Ellmers, T. (2023). Effects of arm movement strategies on emotional state and balance control during height-induced postural threat in young adults. Gait Posture 103, 73–79. doi: 10.1016/j.gaitpost.2023.04.020

	Hill, M. W., Wdowski, M. M., Pennell, A., Stodden, D. F., and Duncan, M. J. (2019). Dynamic postural control in children: Do the arms lend the legs a helping hand? Front. Physiol. 9:1932. doi: 10.3389/fphys.2018.01932

	Hirabayashi, S., and Iwasaki, Y. (1995). Developmental perspective of sensory organization on postural control. Brain Dev. 17, 111–113. doi: 10.1016/0387-7604(95)00009-z

	Huffman, J. L., Horslen, B. C., Carpenter, M. G., and Adkin, A. L. (2009). Does increased postural threat lead to more conscious control of posture? Gait Posture 30, 528–532. doi: 10.1016/j.gaitpost.2009.08.001

	Lambrich, J., Hill, M. W., Muehlbauer, T., and Wissmann, A. M. (2025). Effects of arm movement on emotional state and walking outcomes during height-induced postural threat in healthy young adults. Gait Posture 119, 197–202. doi: 10.1016/j.gaitpost.2025.03.012

	Laufer, Y., Barak, Y., and Chemel, I. (2006). Age-related differences in the effect of a perceived threat to stability on postural control. J. Gerontol. A Biol. Sci. Med. Sci. 61, 500–504. doi: 10.1093/gerona/61.5.500

	Le Clair, K., and Riach, C. (1996). Postural stability measures: What to measure and for how long. Clin. Biomech. 11, 176–178. doi: 10.1016/0268-0033(95)00027-5

	Lelard, T., Krystkowiak, P., Montalan, B., Longin, E., Bucchioni, G., Ahmaidi, S., et al. (2014). Influence of postural threat on postural responses to aversive visual stimuli. Behav. Brain Res. 266, 137–145. doi: 10.1016/j.bbr.2014.02.051

	Malina, R. M., Bouchard, C., and Bar-Or, O. (2004). Growth, maturation, and physical activity. Champaign, IL: Human Kinetics.

	Marigold, D. S., Bethune, A. J., and Patla, A. E. (2003). Role of the unperturbed limb and arms in the reactive recovery response to an unexpected slip during locomotion. J. Neurophysiol. 89, 1727–1737. doi: 10.1152/jn.00683.2002

	Masters, R. S. W., Eves, F. F., and Maxwell, J. P. (2005). “Development of a movement specific reinvestment scale,” in Proceedings of the ISSP 11th World Congress of Sport Psychology, (Sydney).

	Objero, C. N., Wdowski, M. M., and Hill, M. W. (2019). Can arm movements improve postural stability during challenging standing balance tasks? Gait Posture 74, 71–75. doi: 10.1016/j.gaitpost.2019.08.010

	Omorczyk, J., Wrześniewski, K., Staszkiewicz, R., and Puszczałowska-Lizis, E. (2021). Postural stability at different heights as well as in natural standing position and during tandem stance in female athletes who practice artistic gymnastics. Acta Bioeng. Biomech. 23, 155–162. doi: 10.37190/ABB-01869-2021-03

	Orendorz-Frączkowska, K., and Kubacka, M. (2019). The development of postural control in 6-17 old years healthy children. Part I Postural control evaluation in modified clinical test for the sensory interaction on balance in 6-17 old year children (mctsib). Otolaryngol. Pol. 74, 1–7. doi: 10.5604/01.3001.0013.2965

	Palmieri, R. M., Ingersoll, C. D., Stone, M. B., and Krause, B. A. (2002). Center-of-pressure parameters used in the assessment of postural control. J. Sport Rehabil. 11, 51–66. doi: 10.1123/jsr.11.1.51

	Perlman, S. B., and Pelphrey, K. A. (2011). Developing connections for affective regulation: Age-related changes in emotional brain connectivity. J. Exp. Child Psychol. 108, 607–620. doi: 10.1016/j.jecp.2010.08.006

	Roos, P. E., McGuigan, M. P., Kerwin, D. G., and Trewartha, G. (2008). The role of arm movement in early trip recovery in younger and older adults. Gait Posture 27, 352–356. doi: 10.1016/j.gaitpost.2007.05.001

	Roostaei, M., Raji, P., Kalantari, K. K., Faghihzadeh, E., and Fragala-Pinkham, M. (2022). Effect of upper extremity constraints on functional and dynamic postural control in children with hemiplegic cerebral palsy. Dev. Neurorehabil. 25, 281–288. doi: 10.1080/17518423.2021.2020351

	Shumway-Cook, A., and Woollacott, M. H. (1985). The growth of stability: Postural control from a development perspective. J. Mot. Behav. 17, 131–147. doi: 10.1080/00222895.1985.10735341

	Sinno, S., Dumas, G., Mallinson, A., Najem, F., Abouchacra, K. S., Nashner, L., et al. (2021). Changes in the sensory weighting strategies in balance control throughout maturation in children. J. Am. Acad. Audiol. 32, 122–136. doi: 10.1055/s-0040-1718706

	Sturnieks, D. L., Delbaere, K., Brodie, M. A., and Lord, S. R. (2016). The influence of age, anxiety and concern about falling on postural sway when standing at an elevated level. Hum. Mov. Sci. 49, 206–215. doi: 10.1016/j.humov.2016.06.014

	Zaback, M., Adkin, A. L., and Carpenter, M. G. (2019). Adaptation of emotional state and standing balance parameters following repeated exposure to height-induced postural threat. Sci. Rep. 9:12449. doi: 10.1038/s41598-019-48722-z

	Zaback, M., Luu, M. J., Adkin, A. L., and Carpenter, M. G. (2021). Selective preservation of changes to standing balance control despite psychological and autonomic habituation to a postural threat. Sci. Rep. 11:384. doi: 10.1038/s41598-020-79417-5

	Zaback, M., Villemer, S., Missen, K. J., Inglis, J. T., and Carpenter, M. G. (2025). Habituation of vestibular-evoked balance responses after repeated exposure to a postural threat. J. Physiol. 603, 1567–1587. doi: 10.1113/JP287391




Copyright
 © 2025 Wissmann, Hill, Muehlbauer and Lambrich. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/fnhum-19-1635330-g002.jpg
AP COP RMS [mm]

175

15.0 1

12.5 4

10.0 A

2%

(O}
1

5.0 1

2.3

Children

Young adults

0.0

ML COP RMS [mm]

16 -

14

12

10 A

B)

Children

Young adults

‘@b
2O
(\
P
«Q/
6{,\
L&





OPS/images/cross.jpg
©

|





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Arm movement strategies did not influence emotional state and static postural control during height-induced postural threat in children and young adults



		1 Introduction



		2 Materials and methods



		2.1 Participants and sample size estimation



		2.2 Experimental procedures



		2.3 Assessment of emotional state outcomes



		2.4 Assessment of static balance outcomes



		2.5 Statistical analyses







		3 Results



		3.1 Emotional state outcomes



		3.1.1 Balance confidence



		3.1.2 Fear of falling



		3.1.3 Perceived instability



		3.1.4 Conscious balance processing







		3.2 Static balance outcomes



		3.2.1 COP amplitude (RMS)



		3.2.2 COP frequency (MPF)



		3.2.3 COP velocity











		4 Discussion



		5 Conclusion



		Data availability statement



		Ethics statement



		Author contributions



		Funding



		Conflict of interest



		Publisher’s note



		References

















OPS/images/fnhum-19-1635330-g001.jpg
No threat

Random order
-

Threat

Arms free

Random order

Arms restricted

Mediolateral

0.8m

Anteroposterior





OPS/images/cover.jpg
’ frontiers ‘ Frontiers in Human Neuroscience

Arm movement strategies did
not influence emotional state
and static postural control
during height-induced postural
threat in children and young
adults









OPS/images/fnhum-19-1635330-g004.jpg
AP COP vel [mm/s]

20 A

15 4

Children

“h

Young adults

e
¢ e e
X> X
ag” & e®
o @fo S
A e N
& &
& &
eo

B)

304

25

20 A

13

10

ML COP vel [mm/s]

Children

Young adults

o

O
S
& &
@&‘ @fgv
& N
&






OPS/images/fnhum-19-1635330-g003.jpg
Young adults

Children

B)

Children Young adults

A)

e
e T s
e
=8¢ —qp-o—o
SRR
= 2
AR
ORI

T
i
o

T
o
o

T T T
1 St gl
o o o

[ZH] 4dIN dOD T

0.2 -

0.1 -

0.0

T
e
o

T
-
o

T 1
< 0m
(@) o

[ZH] 4dIN dOD dV

g2 4

e

0.0







OPS/images/logo.jpg
’ frontiers | Frontiers in Human Neuroscience







