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SUMMARY 
Orbital stability analysis was originally proposed for robotics 
application, and is a relatively novel and promising approach 
in biomechanics for analysing locomotor stability of cyclic 
motor tasks. It could give a new insight into the mechanisms 
that underlie the event of fall during daily tasks. The main 
criticality in the application of this approach to human 
movement is the poor characterisation of its sensitivity to 
experimental input parameters, e.g. minimum number of task 
cycles necessary for a reliable stability evaluation. To 
investigate these aspects, an in-silico orbital stability 
analysis on time series coming from a nonlinear model and a 
preliminary experimental evaluation of a stair climbing task 
were performed. 
 
In-silico analysis results showed that the minimum number 
of cycles to obtain significant orbital stability quantification 
is 10. Preliminary experimental orbital stability analysis 
results confirmed that stair climbing is a stable task for an 
healthy subject, showing  numerically that single stance 
results less stable than double stance. This expected result 
[1] confirmed that the technique can be exploited to study 
human motor tasks. 
 
INTRODUCTION 
Falls in the elderly represent a well-known problem, having 
large clinical and economic consequences [2]. Stair climbing 
is among the most challenging and hazardous activities of 
daily living for elderly individuals [3]. A better 
comprehension of the stability of kinematic patterns during 
motor tasks could give a significant contribution for the 
assessment e prediction of the risk of fall. Many human 
tasks, like stair climbing, are structurally cyclic, and result in 
several biomechanical time-varying variables (e.g. 
kinematic) that are all manifestation of the same motion 
pattern. Hence, kinematic data coming from different joints 
should not be analysed independently when studying 
stability during the temporal evolution of the task. Orbital 
stability analysis of time series allows studying the stability 
of cyclic motor tasks [4] considering all these variables 
together. This approach has been applied to human walking 
[4,5] showing encouraging results; it seems to be a powerful 
tool for studying periodic-like systems. The main criticality 
in the application of this approach to human movement is the 
poor characterisation of its sensitivity to experimental input 
parameters, e.g. minimum number of task cycles necessary 

for a reliable stability evaluation. The aim of the present 
study is to identify the minimum number of cycles required 
to perform an effective orbital stability analysis and to verify 
the capability of the method to quantify known stability 
characteristics [1] from experimental data of stair climbing. 
 
METHODS 
Orbital stability for both in-silico and experimental analysis 
was assessed using maximum Floquet multipliers (maxFM), 
that quantify how periodic systems respond to small 
perturbations discretely from one cycle to the next. If 
maxFM have magnitude < 1, perturbations tend to shrink by 
the next repetition, and the system remains stable. Maximum 
Floquet multipliers for both in-silico and experimental time 
series were calculated numerically using an established 
technique [5]. 
 
Orbital stability analysis is based on the stability of Poincaré 
maps. Assuming that the dynamics of the in-silico and 
experimental systems can be represented by a state space 
S(t), a nonlinear Poincaré map is defined at each sample of 
the cycle. Sk is the system state for each repetition, at a given 
Poincaré section; the state evolves to a different state Sk+1 in 
the next repetition, according to the Poincaré map (1). 
 

(1) 
 
F is a nonlinear function. A limit cycle trajectory is defined 
as the average trajectory across all cycles. This trajectory 
produces a single fixed point S* in each section, because of 
periodicity. Any perturbation around the fixed point evolves 
according to the map given by: 
 

(2) 
 
which is a linearized approximation of Eq. (1). J(S*) is the  
Jacobian matrix. This equation allows to calculate the effects 
of small perturbations away from fixed points. The 
eigenvalues of the Jacobian J(S*) define the Floquet 
multipliers. 
 
In-silico: orbital stability analysis was performed on a 3-
dimensional limit cycle system (Hastings & Powell [6]) for 
which the theoretical value of the maximum Floquet 
multiplier is known (maxFM = 0.9 [7]). The equations of the 
model were integrated in Matlab (Mathworks, Natick, NA). 



 

 

The state space included the time series coming from the 
three integrated variables of the model. The mean value of 
the maxFM across the cycle was considered. The analysis 
was performed on increasing number of cycles (from 4 to 
30). 
 
Experimental: one healthy participant [26y, 1.68m, 64kg], 
with normal BMI and no prior history of falling, performed a 
stair climbing test. 10 stair climbing cycles were analysed, 
according to the results of the in-silico analysis (Figure 1). 
During the tests kinematic (SmartD, BTS, Milan, Italy) data 
were acquired. An 8-segment model of the subject was 
obtained from kinematic data using CAST [8], and joint 
angles were quantified according to Grood and Suntay  
convention [9]. Two phases were identified for each side: 
• Single support: side limb in single support from toe-off 

of the opposite side limb on the previous step to heel-
contact of the opposite side limb on the following step. 

• Double support: from the heel-strike of the opposite side 
limb on the following step to the toe of the side limb. 

 
Two 3-dimensional state spaces (one per side) were 
analysed, including the  time evolution of the 
flexion/extension angles of the hip, knee and ankle joints 
over the 2 phases. Maximum Floquet multipliers were 
calculated for the whole time evolution, then mean value and 
standard deviation were calculated for each side and phase 
analysed.  
 
RESULTS AND DISCUSSION 
Values of maximum Floquet multiplier of the Hastings & 
Powell model close to the "true" value of 0.9 [7] were 
obtained from approximately 10 cycles on (Figure 1). For 10 
or more cycles, RMSE resulted lower than 0.013 (1.44% of 
true value). Therefore, at least 10 cycles must be analysed to 
obtain reliable values for the maximum Floquet multipliers.  
 

 

 
Figure 1: Maximum Floquet multipliers obtained from the 
limit cycle model depending on the number of cycles 
analysed. 
 
Maximum Floquet multipliers resulting from experimental 
trials showed values < 1 for all the phases of the task (Figure 
2); hence, overall orbital stability was maintained. Mean 
values of maxFM in the double support phase resulted lower 
than in single support phase for both sides. This 

quantitatively verifies that single support is less stable  than 
double support, while the overall stability of the task is 
guaranteed. Being the subject healthy and young, this result 
was expected.  
 

  
 
Figure 2: Mean values and standard deviations of maximum 
Floquet multipliers in significant phases of the task for each 
limb (single: single support on the specified limb; double: 
double support with the specified limb backward).  
 
 
CONCLUSIONS 
In-silico preliminary results showed that 10 cycles could be 
sufficient to estimate the true maxFM value of a nonlinear 
model with a numerical method. The application of this 
result to experimental time series of kinematic data could 
allow to analyse orbital stability of locomotor tasks with a 
light and little time-consuming laboratory setup, but 
conventional three or five repetitions are not sufficient. 
 
Experimental preliminary results confirm, providing a 
quantitative global parameter, that single support is less 
stable that double support [1] during stair climbing. These 
results seem to confirm that the technique is adequate for the 
quantification of global stability  for the analysis of stair 
climbing.  
 
Further in-silico analysis on a multilink walking model and 
experimental analysis on elderly subjects will be performed. 
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