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Abstract 

Postural control research describes ankle-, hip-, or multi-joint strategies as mechanisms to 

control upright posture. The objectives of this study were, first, development of an analysis 

technique facilitating a direct comparison of the structure of such multi-segment postural 

movement patterns between subjects; second, comparison of the complexity of postural 

movements between three stances of different difficulty level; and third, investigation of 

between-subject differences in the structure of postural movements and of factors that may 

contribute to these differences.  

Twenty-nine subjects completed 100-second trials in bipedal (BP), tandem (TA) and one-leg 

stance (OL). Their postural movements were recorded using 28 reflective markers distributed 

over all body segments. These marker coordinates were interpreted as 84-dimensional posture 

vectors, normalized, concatenated from all subjects, and submitted to a principal component 

analysis (PCA) to extract principal movement components (PM). The PMs were characterized by 

determining their relative contribution to the subject’s entire postural movements and the 

smoothness of their time series.     

Four, eight, and nine PM were needed to represent 90% of the total variance in BP, TA, and OL, 

respectively, suggesting that increased task difficulty is associated with increased complexity of 

the movement structure. Different subjects utilized different combinations of PMs to control their 

posture. In several PMs, the relative contribution of a PM to a subject’s overall postural 

movements correlated with the smoothness of the PM’s time series, suggesting that utilization of 

specific postural PMs may depend on the subject’s ability to control the PM’s temporal evolution.  
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Introduction 

Postural control is facilitated by postural movements that control body sway such that the center 

of mass remains above the area of support. Many different approaches have been used to 

quantify postural control movements during quiet stance. Direct measures of the postural control 

movements quantified the sway angle of the center of mass or the kinematics of specific joints 

(Corriveau et al., 2004; Gage et al., 2004; Sasagawa et al., 2009). Indirect methods include, for 

example, the quantification of the center of pressure (COP) movement (Abe et al., 2010; 

Moghadam et al., 2011; Raymakers et al., 2005; Winter et al., 1996) or the measurement of 

activation of muscles involved in postural control (Dietz and Duysens, 2000; Hadders-Algra et 

al., 1998; Ting, 2007). Quantification of joint kinematics in combination with measurements of 

the muscle activation of postural control movements has led to the definition of postural control 

strategies, e.g. ankle or hip strategy (Gatev et al., 1999; Horak, 1987; Winter et al., 1996; Winter 

et al., 1998). Some studies imply that combinations of the ankle and hip strategies fully explain 

the postural control movements (Aristidou et al., 2008; Horak and Nashner, 1986; Kuo and 

Zajac, 1993; Creath et al., 2005). However, more recent studies suggest that higher order, multi-

segment movement strategies should also be considered (Alexandrov et al., 2005; Gunther et 

al., 2011; Hsu et al., 2007; Park et al., 2012; Pinter et al., 2008).  

Practical challenges in studies that consider multi-joint movements when investigating 

postural control are that movement amplitudes are typically small, making multi-joint 

coordination patterns difficult to determine.  In this study, we explore and refine a method to 

identify, quantify, and visualize postural strategies that builds on approaches developed for gait 

analysis (Daffertshofer et al., 2004; Federolf et al., 2012b; Troje, 2002; Verrel et al., 2009), which 

interpret the entirety of the 3D positions of all markers quantifying the movements of a subject as 

a high dimensional posture vector. A principal component analysis (PCA) on these posture 

vectors extracts the main (“principal”) movement components constituting the subject’s 
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movements (Federolf et al., 2012a). Even when motion amplitudes are as small as during quiet 

stance, this method proved to be well suited to determine subject-specific multi-segment 

coordination patterns in postural movements (Federolf et al., 2012c). The current study presents 

a normalization technique that allowed calculation of principal postural movements for a group of 

subjects, thus facilitating a direct comparison of postural movement strategies between subjects. 

As a first application, the current study compared the postural movements between the 

three stances of different difficulty level. We hypothesized that increased task difficulty would be 

associated with increased “complexity” of the postural movements. According to Vaillancourt and 

Newell, the “complexity of a system” may be viewed as a measure of how many states are 

accessible to the system (Vaillancourt and Newell, 2002). Following an approach suggested by 

Verrel et al. (Verrel et al., 2009) and Witte et al. (Witte et al., 2010) we quantified movement 

complexity by determining how many principal movement components contribute to stabilizing 

upright stance in a balance task.  

Secondly, between-subject differences in structure and organization of postural 

movements were investigated. We hypothesized that whether or not a specific type of 

postural movement plays an important role in a subject’s organization of postural control, 

may depend on this subject’s ability to control the specific movement component. One 

indication for a subject’s ability to control a movement component may be related to the 

“smoothness” of the motion, which we quantified by performing a detrended fluctuation 

analysis (DFA) (Peng et al., 1995).    

In summary, the objectives of this study were (1) presentation of an analysis technique 

that facilitated direct comparison of the structure of multi-segment postural movement patterns 

between subjects; (2) application of this technique to compare the complexity of postural 

movements between bipedal, tandem, and one-leg stances, testing the hypothesis that the 

complexity of postural movements increases from bipedal over tandem to one-leg stance; and 

(3) investigation of between-subject differences in the structure of postural movements and  
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testing the hypothesis that whether or not a subject utilizes a specific movement strategy may 

relate to the “smoothness” of the movement’s time series as characterized by DFA.  

 

Methods  

Participants 

Twenty-nine subjects (16 male/ 13 female) participated in this study (Table 1).  The study 

was approved by the appropriate ethics committee and all participants gave informed written 

consent. The subjects had no recent lower extremity injuries and no other physical or mental 

conditions that might impair their ability to execute a balance exercise.  

Measurement Procedures 

Three standing tasks of different difficulty level were completed barefoot: 1) a normal 

bipedal stance (BP) with the inside of the feet aligned with markings taped onto the ground 15 

cm apart; 2) a tandem stance (TA) with the dominant leg in front of the non-dominant leg such 

that the heel of the front foot touched the toes of the rear foot; 3) a one-leg stance (OL) on the 

dominant leg with the foot of the non-dominant leg held in the air a few centimeters above the 

ground. In all stance conditions the hands rested on the hips and subjects were instructed to 

focus their gaze on a target in approximately 15 meters distance. The trials began with the 

participants aligning the position of their feet to markings on the ground. Then the subjects stood 

in the specified stance for 100 seconds looking straight ahead. A trial was repeated if a 

participant lost balance or touched the ground with the non-supporting foot in the OL.  

Postural control movements were recorded using 28 reflective markers placed on bony 

landmarks of all major segments of the subjects’ body. The 3D-trajectories of these markers 

were recorded with eight high-speed video cameras (Motion Analysis Corporation, Santa Rosa, 
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CA, USA) using a sampling rate of 240 Hz and reconstructed with the software Eva Real-Time 

(“EvaRT”; Motion Analysis Corporation, Santa Rosa, CA, USA).  

Data analysis 

All trials were visually inspected. Three trials (one in each stance condition) had to be 

rejected due to substantial voluntary movements superimposing the postural movements 

(turning the head, scratching). From each accepted trial, a period of 80 seconds, from second 15 

to 95, was selected for further analysis to avoid movements due to stepping into or out of the 

balance task. At any given time in the analysis period, a subject’s posture was quantified by the 

28 3D-marker coordinates. These 84 spatial coordinates were interpreted as an 84-dimensional 

posture vector p(ti).  In each trial, 19,201 posture vectors were collected (80 seconds at 240 Hz 

measurement frequency) quantifying the entirety of the subject’s movement during the analyzed 

period. Previous studies calculated a principal component analysis (PCA) directly on such 

posture vectors yielding trial- and subject-dependent principal movement components (Abe et 

al., 2010; Daffertshofer et al., 2004; Federolf et al., 2012a; Federolf et al., 2012b; Federolf et al., 

2012c; Troje, 2002; Verrel et al., 2009).  The current study employed a normalization technique 

that allowed combining the posture vectors of different subjects, such that universal principal 

movements could be calculated. The aim of this normalization was to retain the variability 

between posture vectors created from postural movements in the input matrix for the PCA, while 

minimizing those differences between posture vectors that stemmed from anthropometric 

differences between subjects. This was achieved in three steps: First, a mean posture vector, 

pmean, was calculated for each trial and subtracted from all posture vectors of this trial. Second, 

the vector norm, d(ti), of these centered posture vectors was calculated. Third, all centered 

posture vectors were divided by the mean vector norm, dmean, calculated for the entire trial.  
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The normalized and centered posture vectors pnorm(ti) of all subjects were then assembled into 

one input matrix for the PCA, i.e. for each of the three stance conditions one 556,829x84-input 

matrix was obtained.  

 The PCA yielded a set of orthogonal eigenvectors, the principal component vectors PCj, 

which indicated the direction of the largest variance of the posture vectors within the 84-dim 

posture space.  Their associated eigenvalues EVj quantified the variance in the direction defined 

by each PCj.  By convention, the PCj are ordered according to their eigenvalues.  The 

progression of each one-dimensional principal movement was quantified by a coefficient cj(ti) 

obtained by projecting the posture vectors p(t) onto the principal component  PCj:  

                    , 

where indices i, j  refer to the time frame (i = 1..19,201) and the number of the principal 

component (j = 1..84), respectively.  The coefficients cj(ti) formed time series that allowed a 

quantitative analysis of the principal movements carried out by a subject during a postural 

control task (Figure 1).  Projecting each principal movement back into the original posture space 

and rescinding the normalization yielded posture vectors, PMj(ti),  

                                  

representing a subject’s principal movement components in the original marker coordinates and 

therefore allowed to visualize the principal movement with stick figures (Figure 2,3,4) or 

animations. The amplification factor aj introduced in this equation alleviated a visual assessment 

of the principal movement (Figure 2,3,4).  

Variables quantifying the internal structure of the principal postural movements  

Normalized eigenvalues, EVj, of the principal movements – normalized by dividing each 

EVj by the sum of all EVj quantify how much the corresponding PMj contributed to the entirety of 

postural movements observed in all subjects (Daffertshofer et al., 2004; Verrel et al., 2009). An 

equivalent variable quantifying the contribution of each PMj to the postural movements in an 
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individual subject was obtained by calculating the normalized variance, σ2
j, from the coefficient-

time series cj(t) of each individual subject. In analogy to the eigenvalues, the σ2
j were normalized 

by dividing them by the sum of all σ2
j of a subject. In addition, the cumulative normalized 

variance, Σσ2
j, was calculated as a measure of how much of the entire variance observed in a 

subject’s trial was represented by a given number of principal movements or, conversely, how 

many PMj were needed to cover a predefined fraction of variance in the data:  

   
  ∑  

 

 

   

 

The cumulative normalized variance, Σσ2
j, can also be seen as a measure of the movement’s 

complexity, in the sense that a movement may be considered as more complex if more one-

dimensional movement components are needed to represent a given percentage of the postural 

variance that occurs in a given movement (Federolf et al., 2012c; Verrel et al., 2009; Witte et al., 

2010).  

Finally, the persistence α was calculated for each cj(t)-time series by performing a DFA 

(Peng et al., 1995). DFA has been used frequently to determine long-range correlations in 

stabilographic time series (Duarte 2001; Norris et al. 2005; Amound et al. 2007; Duarte & 

Stenard 2008, Lamoth et al. 2009). The persistence α is a measure of “smoothness” of the 

analyzed time series in the sense of a likelihood that the time series changes direction. 

Reference values for α are α ≈ 0.5 for white noise, α ≈ 1.5 for Brownian motion, and α = 2.0 for 

the limiting case of a straight line. DFA was selected since it does not require stationarity of the 

underlying signal – a condition that is not necessarily satisfied in extended standing experiments 

(Duarte and Zatsiorsky, 2001).     

To determine if the time series characteristics quantified by α had an influence on how 

the individual subjects structured their postural movement, a Spearman correlation coefficient rS 

was calculated between the individual subjects’ normalized variance σ2 and their α-values.  
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All data analysis procedures were calculated using the software Matlab® (The 

MathWorks, Inc., Natick, MA, USA) and PASW 18.0 package (SPSS Inc., Chicago, IL, USA). 

The level of statistical significance was set at 0.05.  

Results 

The 6 PMs contributing the most to the postural variance in the three stances were 

graphically represented in Figures 2, 3, and 4. In bipedal stance (Figure 2), PM1 could be 

characterized as anterior-posterior ankle sway; PM2 as lateral weight shift; PM3 as core flexion; 

PM4 as a rotation of the upper body around a vertical axis; PM5 as lifting of the shoulders in the 

frontal plane and breathing (note the change in thorax volume); and PM6 as rotation around an 

anterior-posterior axis trough the subjects’ core. PM1 explained 71,7% of the postural variance in 

the whole group, its relative contribution to the postural variance in individual subjects varied 

between 36.5% and 89.3% (Figure 5 A, B). It was thus the dominant postural control movement 

in all subjects. The contribution of PMj (j ≥ 2) gradually decreased from 9.8% in PM2 to 1.4% in 

PM6 with individual results varying between 1.4% and 33.9% in PM2 and between 0.4% and 

3.2% in PM6.  

In tandem stance (Figure 3),  PM1 could be interpreted as a lateral ankle sway combined 

with a lateral core sway; PM2 as anterior-posterior weight shift; PM3 as rotation around a vertical 

axis; PM4 as a core rotation around an anterior-posterior axis; PM5 as core flexion; and PM6 as 

lifting of the arms. In this stance, the dominant postural movement strategy was either PM1 or 

PM2 or a combination thereof with their relative contributions varying between 8.6% to 73.9% 

and 8.3% to 77.0%, respectively. The higher order PMs – with the exception of two outliers – 

contributed less than 12.8% in all subjects (Figure 5 C).    

In one-leg stance (Figure 3), PM1 quantified an anterior-posterior ankle sway; PM2 a 

lateral ankle sway combined with a lateral core sway; PM3 a knee flexion of the lifted leg; PM4 a 

lateral ankle sway; PM5 a hip flexion of the lifted leg; PM6 anterior-posterior motion of the elbows 
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combined with a slight rotation of the thorax around a vertical axis. Similarly to tandem stance, 

either PM1 or PM2 or a combination thereof dominated the postural strategy (σ2
1,2 varying 

between 6.0% to 63.4% and 4.4% to 66.4%), however, the higher order PMs together accounted 

on average for more than 40.1% of the postural variance (Figure 5 D, A).   

The results for the cumulative normalized variance Σσ2
j determined for the three stances 

BP, TA, and OL showed that averaged over all subjects, 4, 8, and 9 PMj were needed to 

represent 90% of the total variance, respectively (Figure 6). To represent 95%, 10, 14, and 16 

principal movement components were needed. For the following analyses, the first 20 PMj were 

therefore considered to ensure that the analyzed PMj represented at least 95% of the postural 

variance. Significant differences were found in the movement complexity, quantified by Σσ2
j, 

between BP and TA and between BP and OL in all of the first 20 PMj (j = 1…20). These 

differences persisted even after adjusting for 20 comparisons (Bonferroni). Differences between 

TA and OL were significant for j = 2, 3, 13 and j ≥ 15, but did not persist after adjusting for 

multiple comparisons.  

In all three stances, the persistence α decreased gradually from median values of 1.8 for 

PM1 to values of 1.4 (BP) or 1.5 (TA, OL) for PMj>12 (Figure 7). The correlation between the 

persistence of a PMj’s time series and the normalized variances σ2
j (Table 2) was significant for 

11, 16, and 14 of the first 20 PMj in BP, TA, OL, respectively. All significant correlations were 

positive.  

Discussion 

Summary and discussion of the most important findings 

A refined analysis methodology was developed and applied in this study to compare the 

organization of postural movements between subjects in three balance stances. The 

hypothesis that increased task difficulty is associated with increased complexity of the 

postural movements was supported since the cumulative normalized variance was 
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consistently higher in BP than in TA and in TA compared to OL. The results further revealed 

that the structure of the postural movements is highly subject-specific – an observation that is 

rarely explicitly pointed out (Argatov, 2013; Collins and Luca, 1993; Fujiwara et al., 2009; Torres-

Oviedo and Ting, 2010). Only in BP the movement component quantified by PC1, characterized 

as an anterior-posterior ankle sway, was the dominant movement component in all subjects. In 

higher order movement components in BP, and in all movement components in TA and OL, 

great differences were observed in whether or not a movement component played a role in an 

individual subject’s postural movements. This suggests that different subjects rely on different 

postural strategies to control their upright posture. The hypothesis that the relative importance 

a principal movement had for a subject’s postural control would be correlated with the 

smoothness of this movement’s time series, was supported in a significant fraction of the first 20 

principal movements. One interpretation of this observation may be that subjects predominantly 

utilized those movement components whose movements they could control in such a way that 

few adjustments or interventions were necessary, whereas movement components exhibiting 

the characteristics of a stochastic control process (lower α) were less likely to play an important 

role in the postural movements.  

 

Application of PCA to decompose postural movements 

The PCA-based analysis applied in this study decomposed the subjects’ postural 

movements observed during balance trials into one-dimensional multi-segment movement 

components. In a previous study a PCA-decomposition of postural movements of individual trials 

proved to be highly sensitive for the detection of intra-subject effects such as differences in the 

structure of postural movements between shod and barefoot standing (Federolf et al., 2012c) – a 

highly relevant research question when analysing the risk of a fall in older adults (Koepsell et al., 

2004). The current study enhanced this analysis method by applying a normalization technique 

to filter out anthropometric differences before submitting the data to the PCA. The resultant 
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movement components of different subjects are therefore projected on the same PC-vector 

basis and thus facilitated a direct comparison of postural movement strategies between subjects.  

The principal movement components appeared to represent distinct movement 

strategies. Some of these movement components agreed well with movement strategies that 

had been described qualitatively in previous studies, e.g. as ankle or hip strategy (Horak and 

Nashner, 1986; Horak, 1987), but which were so far difficult to distinguish from other, higher-

order multi-segmental movements strategies. The characteristics of the temporal evolution of the 

different principal movements, here quantified by the persistence α, differed considerably 

between lower order and higher order PMs. This suggests that their control posed different 

challenges for the motor control system. Moreover, in all subjects the persistence calculated for 

the low order PM differed substantially from the reference value for Brownian motion (α = 1.5). 

This suggests that the dominating postural movements – in contrast to the center of pressure 

motion (Duarte and Zatsiorsky, 2001; Duarte and Sternad, 2008) – may not be controlled by 

non-linear (chaotic) or random processes.  

Particularly in the more difficult stances TA and OL, a relatively large number of principal 

movements were necessary to represent 90% of the variance in postures. This suggest that at 

least in these more complex stances, a simple inverted pendulum model or postural control 

models only relying on ankle and hip strategy may not adequately represent the multi-faceted 

structure of human postural sway. Our findings therefore support other studies suggesting that 

multi-segment postural movement patterns should be considered (Alexandrov et al., 2005; 

Gunther et al., 2011; Hsu et al., 2007; Park et al., 2012; Pinter et al., 2008). A principal 

component decomposition of the variability in the posture vectors offers a new approach  to 

study the multi-joint nature of postural stability within subjects or within-subject adaptations to 

changes in external conditions (Federolf et al., 2012c). The normalization proposed in the 

current study allows for comparison of multi-joint postural movement strategies between 

subjects or subject groups without the need for additional scaling and thus facilitated the 
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use of marker coordinates rather than joint angles. This enables the visualization of the 

principal movements and offers other advantages, for instance, marker coordinates are 

directly measured with a known error and without the need for additional assumptions 

about joint axis locations or orientations which are necessary when calculating joint 

angles. 

Limitations  

The normalization applied in the current study subtracted the mean posture of each 

subject and standardized the deviation from the mean posture between subjects. This facilitated 

computation of principal movement components for datasets pooled from several subjects and 

therefore allowed comparing the structure of the postural movements between subjects, 

however, it eliminated differences in the movement amplitude. Hence, relative contributions of a 

principal movement component in relation to the whole postural movements of a subject can be 

compared between subjects, but absolute amplitudes cannot.  

It is also important to note, that the PMj are a priori mathematical solutions representing 

correlated, linear changes in the set of marker positions. Hence, they do not exactly represent 

movements such as “ankle-” or “hip strategy”, but linearized versions thereof. Further, in the 

assessment and comparison of the principal movement components it needs to be taken into 

account that different components may have different functions whose primary purpose may not 

be postural control, for instance, breathing (PM5 in BP) or involuntary or voluntary movements to 

ease fatigue (this may have led to the outliers in PM2 of BP, Figure 5). 

When comparing balance movements between subjects, foot positioning may affect the 

postural movements carried out by the subject. Future studies are needed to assess how foot 

placement affects the relative difficulty of balance tasks.  
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Tables  

Table 1: Anthropometrical data of the subjects (mean and SD).   

 Women (n = 13) Men (n = 16) 

age [years] 23.3 (2.9) 24.6 (3.2) 

weight [kg] * 64.0  (8.7) 78.3 (13.2) 

height [m] * 1.71 (0.07) 1.80 (0.07) 
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Table 2: Spearman correlation coefficients calculated for the first 20 principal movements 

PMj to quantify the relationship between normalized variance σ
2 and the R/σ-ratio or the 

persistence α.  

 BP TA OL 

order  
of PMj 

correlation 
coeff.  

α versus σ
2
 

correlation 
coeff.  

α versus σ
2
 

correlation 
coeff.  

α versus σ
2
 

j rs rs rs 

1 0.33   0.06   0.58** 

2 0.47*   0.59**   0.23 

3 0.16   0.28   0.32 

4 0.23 - 0.18   0.13 

5 0.31   0.59**   0.18 

6 0.41*   0.42* - 0.20 

7 0.34   0.51**   0.53** 

8 0.52**   0.61***   0.39* 

9 0.48*   0.51**   0.41* 

10 0.28   0.32   0.45* 

11 0.30   0.49**   0.76*** 

12 0.60***   0.53**   0.41** 

13 0.50**   0.49**   0.52** 

14 0.33   0.46*    0.53** 

15 0.38   0.62***   0.41* 

16 0.74***   0.63***   0.53** 

17 0.68***   0.66***   0.28 

18 0.40*   0.65***   0.64*** 

19 0.43*   0.76***   0.71*** 

20 0.44*   0.79***   0.43** 

* p < 0.05;  ** p < 0.01;  *** p < 0.001 
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Figures  

 

Figure 1:  Example of the principal component scores cj(t) for the first six principal movements 

PMj (j = 1..6) of one subject standing in tandem stance for 80 seconds. In this trial 

the subject was standing quietly for long periods, but at second 35 an instability 

event occurred characterized by large amplitudes in five of the six first PMs.   
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Figure 2:  Visualization of the first six principal movements PMj of bipedal quiet stance in a 

front view (top row) and sagittal view (bottom). Circles indicate marker positions; 

lines were added to guide the eye. Grey lines and circles represent the mean 

posture; black lines and circles represent the average deviation from the mean 

posture in direction of the principal component PCj-vector. This deviation was 

amplified with a factor a1 = a2 = 40 for PM1/PM2 and aj = 80 for higher PMj to make 

these differences visible.  
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Figure 3:  Visualization of the first six principal movements PMj of tandem stance. The 

deviation from the mean posture was amplified with a factor a1 = a2 = 40 for PM1 and 

PM2 and aj = 80 for higher PMj.  
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Figure 4:  Visualization of the first six principal movements PMj of one-leg stance. The 

deviation from the mean posture was amplified with a factor aj = 30 for all PMs.  
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Figure 5.  Normalized eigenvalue spectrum calculated for all subjects represented as bar-graph 

(A) and normalized variance σ2 displayed for the first six PC-coefficients of each 

subject in the bipedal stance BP (B), tandem stance TA (C), and one-leg stance OL 

(D). In the latter three graphs, boxplots (thick black lines) represent the distribution of 

the results over the whole group; the individual results and how they relate between 

the principal movements PMj are indicated as grey squares and connecting lines 

(thin grey lines). 
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Figure 6.  Cumulative normalized variance of the first 20 principal movements PMj in the three 

stances bipedal (BP), tandem (TA) and one-leg (OL). The symbols (square, 

diamond, circle) represent the mean values calculated over all subjects, the error 

bars represent the standard error of the mean. The threshold representing 90% of 

the postural variance is indicated as a thin horizontal line. The stars indicate 

significance in a post-hoc pairwise comparison (paired T-test) as specified in the 

graph (Bonferroni correction for multiple comparisons: α = 0.002). 

 



25 

 

Figure 7.  Persistence α (detrended fluctuation analysis, DFA) for the first 20 principal 

movements PMj (x-axis) of the three stances bipedal (BP), tandem (TA) and one-leg 

(OL) represented as box-plots. 

 

  

 

 


