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Abstract 

An unstable oscillatory platform can be used as a simple measuring instrument 
for modelling balancing capacity. We sought to determine the effects of 
(1) lateral dominance, (2) body mass, (3) body height and (4) the direction of 
perturbation on the Lehr’s damping ratio for characterizing the balancing ability 
of 80 healthy young participants on an unstable oscillatory platform. Tests were 
performed while standing on both limbs and on one limb (dominant or non-
dominant), and the direction of oscillation was anterior-posterior and medial-
lateral. The healthy patients were divided into four groups based on body height 
and into five groups based on body mass. The average value of the Lehr’s 
damping ratio was significantly smaller for participants standing on their non-
dominant limb compared to their standing on both limbs or on the dominant 
limb. The largest difference of the Lehr’s damping ratio was 0.014 (2.5%) 
comparing the groups with different body mass, and it was 0.012 (2.1%) 
comparing the groups with different body height. A weak correlation was found 
between the Lehr’s damping ratio and body mass (r=0.14) and between the 
Lehr’s damping ratio and body height (r=0.19). There was a significant 
difference when comparing the Lehr’s damping ratio determined from oscillation 
in the anterior-posterior direction to the Lehr’s damping ratio determined from 
oscillation in the medial-lateral direction (p<0.008). Based in our results the 
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Lehr’s damping ratio depends on lateral dominance and the direction of 
perturbation; however, it is independent of body mass and body height. 
Keywords: ultrasound-based measuring, sudden perturbation, balance.  

1 Introduction 

The measurement of balancing capacity is an important question; most studies 
concerning balance control have focused mainly on measuring postural balance 
during quiet standing to be represented by COP (centre of pressure), or COM 
(centre of mass) position [1, 3–6]. A moving platform is a common method for 
studying perturbation in balance, and a few previous studies have examined the 
effect of sinusoidal moving platform translation on postural movement and 
stability [7–11]. These studies principally examined the linear motion of body 
segments and the movement of COP and COM relative to the perturbation and 
involved a wide range of experimental perturbations [12]. 
     Falls regularly occur during gait or following a specific perturbation such as a 
jump or sudden stop. A high level of complex coordination is required to regain 
equilibrium after a sudden impulse or a change in direction, either with a static 
posture (standing, sitting) or during motion (walking, running) [13]. In everyday 
life, this phenomenon occurs when one is bumped while walking or standing. 
This effect can be modelled using the PosturoMed© (Haider-Bioswing, Weiden, 
Germany) device, with its moveable and adjustable unstable therapy plates, 
which is a widely used training and therapy device for neuro-orthopaedic 
rehabilitation and sports rehabilitation in Europe. The therapy platform can be 
locked outside of the resting position using the fastening/provocation units. By 
releasing the fastening/provocation units, the stance equilibrium will be suddenly 
perturbed [14]. The horizontal movements of the suspended oscillating platform 
are recorded in two orthogonal directions using a mechanical deflection device 
(Digimax, Mechatronic, Hamm, Germany) [15–17]. The length of the moving 
path characterizes balancing capacity, and the shorter moving path represents a 
better balancing capacity [15–17]. The oscillating platform with an individual on 
it is a damped system [15]. The motion of the damping system can be 
represented dynamically by the Lehr’s damping ratio D [14]. The Lehr’s 
damping ratio (damping factor) relates the actual damping to the critical damping 
value at which the system does not oscillate [18]. The Lehr’s damping ratio D 
can be calculated from the movement of the plate recorded as a function of time. 
The individual balancing ability influences the Lehr’s damping ratio. Our earlier 
research determined the good reliability of the measuring method and of the 
Lehr’s damping ratio for both young and elderly volunteers, and a significant 
influence of age on the Lehr’s damping ratio [14, 19]. The goal of this research 
was to determine the effects of lateral dominance, body mass, body height and 
direction of perturbation on the Lehr’s damping ratio. 
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2 Materials and methods 

2.1 Subjects 

Inclusion criteria were age over 18 years and under 40 years for the healthy 
young group, and the ability to perform independent motion without aids. Each 
participant’s motion range, joint stability, axial position, muscular strength, and 
muscular tension in the lower limbs were physiologically adequate. Exclusion 
criteria included any lesion or surgery affecting a lower limb or the lumbar spine 
in the clinical history; osteoarthritis affecting any joint of a lower limb; 
neurological alterations (Parkinson, dementia, vertigo, cerebral apoplexy); 
uncontrolled hypertonia, unstable angina or involvement of the peripheral 
vestibular system. 
     The investigation included healthy young men (n = 45; average age: 24.8  
3.5 y; average height: 179.9  14.8 cm; average body mass: 89.4  9.2 kg, body 
mass index (BMI): 27.9  3.4 kg/m2) and women (n = 35; average age: 27.9  
6.9 y; average height: 169.4  10.1 cm; average body mass: 70.8  13.5 kg; BMI: 
24.8  5.7 kg/m2) According to a physical examination performed before motion 
analysis, the healthy young people were not limited in their everyday motion and 
sports activities.  
     Before the test, the dominant side of each participant was determined by a 
balance recovery test. The subject was nudged off balance from behind by the 
tester. The perturbation was a nudge applied to the midpoint between the 
scapulae from directly behind the subject and sufficient to require the subject to 
respond by taking a step. The leg that the subject used to recover balance was 
considered the dominant leg for each of the 3 trials. This 3-test sequence was the 
same for all subjects [20]. In this research the dominant side was the left side for 
12 young healthy subjects and it was the right side for 68 young healthy subjects. 
     To analyse the effect of body mass, the participants were divided into five 
groups: under 50 kg (n=3), between 50-65 kg (n=22), between 66-75 kg (n=35), 
between 76-100 kg (n=16) and over 100 kg (n=4). To analyse the effect of body 
height, the participants were divided into five groups: under 150 cm (n=2), 
between 150-170 cm (n=43), between 170-190 cm (n=28), over 190 cm (n=7). 
To analyse the effect of the body mass index, the participants were divided into 
four groups: normal group BMI between 20 and 25 kg/m2 (n=25), overweight 
BMI between 25 and 30 kg/m2 (n=33), obese I and II BMI between 30 and 40 
kg/m2 (n=13), obese II BMI over 40 kg/m2 (n=9). 
     The tests were authorized by the Science and Research Ethics Committee of 
Semmelweis University (174/2005). Each volunteer provided informed written 
consent to participation in the tests.  

2.2 Methods 

Sudden changes in direction can be modelled using a commercially available 
PosturoMed© device, which has a rigid plate that is connected to a rigid frame 
by eight springs of identical strength (Fig. 1). In this research the easiest setting 
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is used for the provocation test, where four springs work and four springs are 
fixed (the spring constant of fixed springs is infinite) [14, 15, 17].  
     In this study, the motions of the rigid plate were recorded by single individual 
markers attached on the side of the rigid plate. The spatial coordinates of markers 
were measured using a ZEBRIS CMS10 (ZEBRIS, Medizintechnik GmbH, 
Germany) computer-controlled, ultrasound-based motion analysis system 
(Fig. 1). The measuring methods are detailed in Kiss [14].  
 

 

Figure 1: Measurement arrangement a) medial-lateral perturbation (ML) b) 
anterior-posterior perturbation. 

     The standardized double-limb stance position for the measurements involved 
arms hanging freely at the side, with the participant standing barefoot with feet 
slightly apart at the centre of the platform (position marked by tape). The 
standardized single-limb stance position for the measurement involved arms 
hanging freely at the side, the supporting leg barefoot in the centre of the 
platform (position marked by tape), and the non-supporting leg bent without 
contacting the supporting leg. Participants were instructed not to watch their 
motion but instead to look straight ahead. In addition, they were instructed not to 
hold on to anything but rather to balance with arm motion. They received no 
warning that the plate would shift. Each participant wore a safety harness, part of 
the PosturoMed device, that allowed natural arm motion. If a participant touched 
either a hand or the non-supporting leg to the guardrail or the platform or if the 
supporting leg was moved from the starting position, the trial was rejected. 
     The first measurement was carried out on the double-leg stance, followed by 
measurement on the dominant leg and then the non-dominant leg stance using 
medial-lateral perturbation. The platform was moved 20 mm in a medial-lateral 
direction towards the dominant side and locked by a fastening unit. All trials 
were then repeated under the anterior-posterior perturbation, where the platform 
was moved 20 mm in an anterior-posterior direction towards anterior side and 
locked by a fastening unit. The participants took up the standardized measuring 
position and stood for 2s, after which the fastening unit was released to perturb 
the stance equilibrium. Three 3s measurements were carried out for each 
measuring position. There were 60s rest intervals between measurements. The 
average value of successfully completed trials was taken as the value for each 

fastening unit

ML 
AP 
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measuring position, and a minimum of two successfully completed trials was 
required for each measuring position. 
     The oscillated PosturoMed© device with a participant on it is a damped 
system [14, 19]. The damped system can be characterized by the Lehr’s damping 
ratio (damping ratio, ratio D, damping factor), which can be calculated from the 
measured damped curve (Fig. 2) [14, 19].  
 

 

Figure 2: Measured damping curve. 
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where K0  is the amplitude at time t = t0, and Ki  is the amplitude at time t = ti.0 as 
measured by the ultrasound-based system. 
     The Lehr’s damping ratios for individuals within a given group were 
statistically analysed using the MS Excel Analysis Tool Pak software. The 
average and standard deviation were calculated, and the homogeneity of variance 
was checked by an F-test. To analyse the influence of dominance and direction 
of perturbation on balancing ability, the one-sample t-test applying a 
symmetrical critical range was used. To analyse the effect of body mass, body 
height, and BMI on balancing ability, the two-sample t-test was used and the 
ratio - the two-tailed Pearson product-moment correlation coefficient (r) - was 
calculated between the Lehr’s damping ratio and the body mass or body height. 
The significance level was p ≤ 0.05. 
 

K0 
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3 Results 

Each volunteer managed to complete all three parts of the tests; thus, no 
exclusions occurred for incomplete results. The F-test demonstrated the 
uniformity of standard deviations. The Lehr’s damping ratio was between 0 and 
1 in all cases where the motion of the rigid plate was a damping movement. 
Table 1 provides a summary of the results. There were no significant differences 
between the average values of the Lehr’s damping ratio of male subjects and of 
female subjects (p>0.14); of the subjects with different body mass (p>0.11), and 
subjects with different body height (p>0.19) (Table 1). 
     No significant difference was found comparing the average values of the 
Lehr’s damping ratio of subjects with different BMI (p>0.09), except for the 
values of subjects with normal BMI (20-25 kg/m2) compared to the values of 
subjects with obese III BMI (>40 kg/m2) (p<0.03) (Table 1). The Pearson 
correlation was very weak between the Lehr’s damping ratio and body mass 
(r=0.19) and between the Lehr’s damping ratio and body height (r=0.14).  
     The average value of the Lehr’s damping ratio determined while the 
participants stood on their non-dominant limb was significantly smaller than it 
was while they stood on both of their limbs (p = 0.006) or standing on their 
dominant limb (p = 0.001) (Table 1). There was no significant difference 
between the average values of the Lehr’s damping ratio determined while 
participants were standing on the dominant limb compared to those determined 
while participants were standing on both limbs (p= 0.139 for the young group) 
(Table 1). 
     The direction of perturbation significantly influenced the values of the Lehr’s 
damping ratio; the value of the Lehr’s damping ratio was significantly higher if 
the direction of perturbation was anterior-posterior (p<0.008) (Table 1). 

4 Discussion 

On the basis of the results above, it can be established that the effect of body 
mass, body height, BMI and sex was very low (Table 1). The Lehr’s damping 
ratio increased with the increasing of body mass; however, the difference is not 
significant. This was confirmed by the weak correlation between the Lehr’s 
damping ratio and body mass (r=0.19). The tendency is not linear between the 
Lehr’s damping ratio and body height, which is confirmed by a very weak 
correlation (r=0.14). Maki and McIlroy [1] established that balancing capacity is 
a result of a complex control mechanism in which the effect of body mass and 
body height is negligible compared to neurological, proprioceptive parameters 
and to age. Blaszczyk et al. [22] established that postural control was 
significantly decreased only at female subjects with BMI over 40 kg/m2. Our 
results agree with this trend, because a significant difference was found at male 
and female subjects with BMI over 40 kg/m2 (Table 1). 
     Lateral dominance influenced balancing capacity on an unstable oscillatory 
platform after sudden perturbation. For both groups in the current work, the 
Lehr’s damping ratio calculated during standing on both limbs did not differ 
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Table 1:  Average ± standard deviation of Lehr’s damping ratio (D).  

 

 
† Significant difference between the average values of parameters compared to parameters measured 
during standing on both limbs. 
‡ Significant difference between the average values of parameters compared to parameters measured 
during standing on the dominant limb. 
* Significant difference between the average values of parameters measured with medial-lateral 
perturbation compared to the parameters measured anterior-posterior perturbation. 
# Significant difference between the average values of parameters of subjects with normal BMI  
(20-25 kg/m2) compared to the parameters of subjects with obese III BMI (>40 kg/m2). 
 
 
 

significantly from the value calculated during standing on the dominant limb. 
However, the results obtained during standing on the non-dominant limb did 
differ significantly from those of the other two tests. Boeer et al. [16] and Müller 
et al. [15] showed that the total path of the moving plate representing balancing 
capacity on an unstable oscillatory platform depends on lateral dominance. Our 
measurement results provide further confirmation because the Lehr’s damping 
ratio indicated a dependence on lateral dominance. 

 

 

Medial-lateral provocation Anterior-posterior provocation 
standing on standing on 

both 
limbs 

dominant 
limb 

non-
dominant 

limb 

both 
limbs 

dominant 
limb 

non-
dominant 

limb 

Se
x 

male 
n=45 

0.543± 
0.031 

0.530± 
0.027 

0.418± 
0.015†,‡ 

0.597± 
0.025* 

0.590± 
0.020* 

0.502± 
0.011†,‡,* 

female 
n=35 

0.539± 
0.029 

0.525± 
0.023 

0.417± 
0.017†,‡ 

0.594± 
0.027* 

0.588± 
0.019* 

0.499± 
0.013†,‡,* 

B
od

y 
m

as
s 

<50 kg 
n=3 

0.535± 
0.030 

0.523± 
0.026 

0.415± 
0.014†,‡ 

0.589± 
0.026* 

0.584± 
0.021* 

0.491± 
0.013†,‡,* 

50-65 kg 
n=22 

0.537± 
0.029 

0.526± 
0.025 

0.416± 
0.016†,‡ 

0.593± 
0.024* 

0.585± 
0.019* 

0.494± 
0.011†,‡,* 

66-75 kg 
n=35 

0.541± 
0.027 

0.527± 
0.023 

0.417± 
0.019†,‡ 

0.595± 
0.020* 

0.587± 
0.017* 

0.497± 
0.012†,‡,* 

76-100 kg 
n=16 

0.545± 
0.027 

0.533± 
0.021 

0.420± 
0.015†,‡ 

0.598± 
0.027* 

0.590± 
0.018* 

0.500± 
0.013†,‡,* 

>100 kg 
n=4 

0.549± 
0.026 

0.537± 
0.030 

0.419± 
0.017†,‡ 

0.599± 
0.028* 

0.597± 
0.019* 

0.502± 
0.015†,‡,* 

B
od

y 
he

ig
ht

 

<150 cm 
n=2 

0.541 0.528 0.420 0.596 0.592 0.497 

150-170 cm 
n=43 

0.539± 
0.033 

0.527± 
0.029 

0.416± 
0.019†,‡ 

0.593± 
0.024* 

0.589± 
0.021* 

0.501± 
0.012 

171-190 cm 
n=28 

0.545± 
0.021 

0.533± 
0.023 

0.419± 
0.016†,‡ 

0.601± 
0.022* 

0.596± 
0.018* 

0.503± 
0.011†,‡,* 

>190 cm 
n=7 

0.533± 
0.020 

0.524± 
0.018 

0.420± 
0.012†,‡ 

0.588± 
0.023* 

0.582± 
0.014* 

0.506± 
0.011†,‡,* 

B
M

I 

20-25 kg/m2 
n=25 

0.537± 
0.028 

0.525± 
0.025 

0.408± 
0.015†,‡ 

0.587± 
0.020* 

0.582± 
0.019* 

0.492± 
0.012†,‡,* 

25-30 kg/m2 
n=33 

0.540± 
0.033 

0.530± 
0.030 

0.416± 
0.017 

0.595± 
0.023* 

0.588± 
0.020* 

0.497± 
0.014†,‡,* 

30-40 kg/m2 
n=13 

0.549± 
0.031 

0.538± 
0.028 

0.420± 
0.019†,‡ 

0.599± 
0.027* 

0.592± 
0.021* 

0.504± 
0.013†,‡,* 

>40 kg/m2 
n=9 

0.564± 
0.037# 

0.540± 
0.036# 

0.424± 
0.020†,‡,# 

0.604± 
0.029*,# 

0.599± 
0.024* 

0.507± 
0.016†,‡,*,# 
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     Another new finding from the current research is that the direction of 
perturbation significantly affects balancing capacity on an unstable oscillatory 
platform after sudden perturbation, as characterized by the Lehr’s damping ratio. 
Boeer et al. [16] demonstrated that the path length of an oscillatory platform after 
sudden disturbance standing on single limb was significantly decreased if the 
direction of perturbation was anterior-posterior. Our results confirmed these 
findings for standing on single and double limbs, because the values of the 
Lehr’s damping ratio during standing on both limbs or on a single limb 
significantly increased if the direction of perturbation was anterior-posterior 
(Table 1). The difference can be traced back to a difference in neuromuscular 
control mechanisms of motion in the anterior-posterior and medial-lateral 
directions, which are discussed partly differently [15, 16]. Our results confirmed 
that the neuromuscular control mechanism is better in anterior-posterior motion.  
     The provocation test can model complex balancing capacity because after 
dislocation, the fastening unit locks the platform, and after release, the platform 
starts to return suddenly to its original position, representing a sudden 
perturbation [14]. The results in the current work show that lateral dominance 
and the direction of perturbation significantly affect balancing capacity on an 
unstable oscillatory platform after sudden perturbation; however, the effect of 
body mass and body height is negligible. On the basis of our results it can be 
established that the stabilization of the oscillated platform, characterized by the 
Lehr’s damping ratio, is the result of the control mechanism of the 
neuromuscular system. Finally, this study extends knowledge because of its 
expanded study populations: different effects on the Lehr’s damping ratio were 
determined by analysing data for 80 healthy young volunteers. Indeed, this 
method is used on a day-to-day basis at the Biomechanical Laboratory of MÁV 
Hospital at Szolnok and at the Department of Orthopaedics of Semmelweis 
University. 
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