
 

INTRODUCTION 

Walking can be defined as positional change of center of mass 

from one place to other. Human locomotion movements are basically 

sinusoidal oscillations or rotations which are transformed by the body 

into a translational movement which make it complex and to be influ- 

enced by so many variables (CONTINI, Gage & DRILLIS, 1965). Walking 

can be done in different way and the way of walking is called gait. 

Stability is a critical component of gait. It can be defined as the ability 

to maintain functional locomotion despite the presence of small kine- 

matic disturbances or control errors (Goswami, Thuilot & Espiau, 1998). 

Position and time changes the force in the joint which makes walking 

charismatic. Investigation including time and position is essential for 

the study of balanced walking. Gait stability is being evaluated from 

different approach with them maximum Lyapunov exponent (MLE) 

gaining increasing interest during recent years. Data captured from 

different motion capture devices and inertial measurement units are 

being widely used for the calculation of MLE. MLE was first used by 

Dingwell, Cusumano, Sternad & Cavanagh (2000) to estimate gait 

stability. 

In the context of gait stability, the MLE quantifies the ability of the 

motor system to attenuate small perturbations, which are revealed as 

the divergence of the trajectories in state space thus inability of the 

motor system to diminish the perturbations results in a higher diver- 

gence of the trajectories of the state space and result to greater MLE 

values (Mehdizadeh, 2018). The MLE thus measures the exponential 

rate of divergence of trajectories of the state space constructed from 

kinematic data acquired from gait (Dingwell & Marin, 2006). Hence, the 

higher value of the MLE, the lower stability of the individual’s walking. 

Several papers had been published regarding to the estimation of the 

MLE for gait but many of them have led to incongruous numerical 

values. This may have been due to differences in algorithm, methods 

of data collection and input parameters. 

There are several existing algorithms to calculate MLE, some of the 

commonly used are Rosenstein's algorithm (Rosenstein, Collins & De 

Luca, 1993), Wolf's algorithm (Wolf, Swift, Swinney & Vastano, 1985) 

and Kantz's algorithm (Kantz, 1994). In a systematic review done by 

Mehdizadeh (2018), it had been found that R-algorithm was used by 

79% and of the authors had used the and W-algorithm was used by 

15%. The reconstruction of the phase space is the first and important 

step in the calculation of MLE in using any of the algorithm. 

Phase space can be defined as the finite dimensional vector space 

that contains all the possible states of a system and each possible state 

corresponds to one unique point in the phase space which is used to 
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 Objective: The goal of this study is to calculate and compare the Maximum Lyapunov Exponent (MLE) for 
the anteroposterior, mediolateral and vertical displacement of the markers attached to bony land marks of 
the trunk and foot. 
 
Method: Ten young and healthy male subjects (age: 26.5±3.27 years, height: 167.44±5.12 cm, and weight 
69.5±7.36) participated in the study. Three-dimensional positional coordinate of eight different trunk and 
foot marker during walking on tread mill were analysed. 
 
Results: MLE values for anteroposterior displacement of the marker were found to be significantly different 
with MLE values for mediolateral and vertical displacement whereas MLE values for mediolateral 
displacement of the marker shows no significant difference with the MLE values for vertical displacement 
of the markers at significance level 0.05. 
 
Conclusion: Finding of this study suggest that it is essential to consider the displacement in all three 
direction to examine the real characteristic of a gait signal. 
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identify the attractors in the system where attractor draws or repels 

nearby trajectories towards or away from itself (Baker, Baker & Gollub, 

1996; Thompson & Stewart, 1986). The phase space is reconstructed 

using the method of time delay and embedding dimension. 

Ekizos, Santuz, Schroll & Arampatzis (2018) calculated MLE by putting 

the markers on bony landmarks of the trunk in different walking and 

running trials and their finding suggests that assessment of dynamic 

stability using the MLE is reliable in both walking and running as 

MLE values obtained for running trials were significantly higher than 

those obtained for walking trials. Further Chakraborty & Nandy (2018) 

approached to dynamic stability in three different planes by MLE esti- 

mation of the markers positioned on different points of foot at 12 

different gait speeds. Finding of their study suggest that for gait analysis 

should be done in three anatomical planes instead of single plain which 

will assist to capture the signal of human gait. 

It has been observed that the range of motion of joints in anteropos- 

terior direction is approximately five times larger than that of vertical 

and mediolateral direction (Dananberg, 2000). Therefore, most of studies 

are done on anteriposterior direction. On the other hand, studies done 

by (de Morais Filho et al., 2009; Rethlefsen & Kay, 2013; Vaughan, Davis, 

& O'connor, 1992) suggest that calculation done on mediolateral and 

vertical direction also provide valuable information regarding to the 

stability. So, it is relevant to study in all three direction to acquire the 

actual information of gait signals. 

The purpose of this study is to calculate and compare MLE for the 

anteroposterior, mediolateral and vertical displacement of the markers 

attached to bony land marks of trunk and foot. Further this study also 

aims to calculate the spatiotemporal characteristics of the subjects. This 

study is a small approach to understand the complex phenomenon of 

human gait stability. 

METHODS 

1. Subjects 

Ten young and healthy male subjects with (age, 26.5±3.27 years, 

body height 167.44±5.12 cm, and body mass 69.5±7.36 kg) were 

voluntarily participated in the study. Subjects were not suffered from 

any injury affecting the natural gait. Participants were trained to walk 

on a tread mill and were explained about the experimental procedure 

and aim of the study. 

2. Experimental equipment 

Kinematic data were collected using Opti-track motion capture system 

(Motive 2.1.1) with six cameras (Prime × 13). Camera calibration and 

ground plane setting were performed using CW-500 calibration wand 

kit and calibration square CS-400 respectively. Treadmill was setup in 

the calibrated area for the walking. Retro-reflective marker (6.4 mm) 

were attached to motion capture suit classic in the specific location. The 

suit is breathable and markers can be attached to any of the velcro-

friendly surfaces for custom marker set and skeleton. 

3. Experimental procedure 

Preliminary phase of experiment started by introducing subject about 

the experiment, equipment and the way of performing. Subjects were 

made familiar to walk on a tread mill wearing the experimental suit. 

Cameras were adjusted in the designated areas such that they can 

capture each and every marker attached in the body of subjects. Any 

external noise and disturbance were removed. After that camera cali- 

bration was performed by repeatedly moving calibration wand kit in 

the capture area. Then after ground plane was set by using calibration 

square. Afterwards retro reflective markers were placed on different 

bony land marks of the body. Then the process of data capture 

began for which each subject walked on tread mill for five minutes 

with their preferred speed one after the other in the same calibration 

and ground plane coordinate. Then three-dimensional coordinates of 

different markers were recorded. Example of marker placement is shown 

in (Figure 1). 

 

4. Data collection and analysis 

Three-dimensional positional coordinate of the retro reflective marker 

placed on seventh cervical vertebrae (C7) Second, sixth and tenth 

thoracic vertebrae (T2, T6 & T10) and heel and toe of both feet were 

obtained after labelling and gap filling of the trajectories of markers. 

Smoothing feature available in the edit tools of the software (Opti-track 

motion capture system) was used to remove the noise in the data by 

Figure 1. Example of marker placement. 
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applying the cut off frequency of 6 Hz. Smoothing feature applies a 

noise filter (low-pass butterworth, 4th degree). For the calculation of 

spatiotemporal characteristics of the subject position time graph of heel 

and toe marker were analysed. All data processing, analysing and script 

coding were performed in Python 3.7. 

5. Statistical analysis 

For the statistical analysis first of all One- way ANOVA was performed 

after that Tukey post hoc test was chosen to determine the significant 

difference in MLE values for anteroposterior, mediolateral and vertical 

position. Level of significance was set 0.05. Statistical analysis was done 

by using IBM SPSS (2019). 

6. Calculation of maximum Lyapunov exponent 

The reconstruction of the phase space is the first step in determining 

the maximum Lyapunov exponent (Kantz & Schreiber, 2004). The phase 

space was reconstructed using the method of delays (Broomhead & 

King, 1986; Takens, 1981). For an N-point time series , the phase 

space was reconstructed using the following equation: 

 

, ,  . . . . . . ,  1  

 

Where,  being time delay and  being embedding dimension. 

Thus, creating the -dimensional phase space as an  ×  matrix 

where 

 

1    

 

Time delay  was calculated with the use first minimum of the AMI 

function. The AMI takes nonlinear correlations into account unlike the 

autocorrelation function. AMI evaluates the amount of information that 

is shared between data sets over a range of time delays (Fraser & 

Swinney, 1986). After wards the embedding dimension was determined 

using global false nearest neighbors (Kennel, Brown & Abarbanel, 

1992). False nearest neighbor compares the distances between neigh- 

bouring trajectories at increasing dimensions. In this study =10 and 

 5 was used. After wards Rostein's algorithm was used (Rosenstein 

et al., 1993). Nearest neighbors were located by using the Euclidean 

norm (denoted below as ‖ ‖), with the additional constraint that each 

point must be on a separate trajectory. 

 

 0 min  ‖ ‖  

 

In order to ensure that each nearest neighbor lie on different trajec- 

tories, neighbors were separated for the larger time than the average 

duration of time series. 

 

| |    

 

The mean period of the time series was calculated as the inverse of 

the mean power frequency. The average divergence distance of all 

possible nearest neighbor pairs was tracked through time creating a 

mean divergence curve. Least-squares fit was done to the linear slope 

of the divergence curve for the calculation of MLE 

 

1∆  1n   

 

Where < > denotes the average over all pairs of  (nearest neighbor 

pairs,  = 1, 2, … , ). 

RESULTS 

Spatiotemporal characteristics of the subjects were calculated which 

are presented in (Table 1). Average MLE values for anteroposterior, 

mediolateral and vertical displacement of the markers are presented in 

(Table 2). The result of Tukey Post hoc test done after One-way ANOVA 

Figure 2. Reconstructed state space of c7 marker 

Figure 3. Mean divergence curve of the Lorentz attractor of c7 marker.
X-axis: Number of frames, Y-axis: <ln(divergence)> 
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is presented in (Table 3). The result shows significant difference in MLE 

values for anteroposterior displacement with mediolateral and vertical 

displacement of the markers whereas MLE values for mediolateral dis- 

placement shows no significant difference with vertical displacement of 

the markers at significance level 0.05. For illustration a three-dimensional 

state space reconstruction of C7 marker is shown (Figure 2) and mean 

divergence curve of the Lorentz attractor of C7 marker is shown in 

(Figure 3). 

 

DISCUSSION 

The present study aimed to calculate and compare MLE for the 

anteroposterior, mediolateral and vertical displacement of the marker 

attached on different bony land marks of the body. MLE values for 

the anteroposterior displacement shows significant differences with 

MLE values for mediolateral and vertical displacement of the markers 

whereas MLE values for mediolateral displacement shows no significant 

difference with MLE values vertical displacement of the marker. Further 

this study also calculated the different spatiotemporal gait characteristics 

of the subject. 

In this study the preferred walking speed of the subjects is (1.32±0.14) 

which is in agreement with the study (Mohler, Thompson, Creem-

Regehr, Pick & Warren, 2007). Other calculated spatiotemporal char- 

acteristics of the subject are congenial with the study (Park & Kim, 

2004). In this study subjects walked in tread mill as it allows ambulation 

within small area and facilitates the use of static camera and moni- 

toring equipment (Alton, Baldey, Caplan & Morrissey, 1998; Riley, Paolini, 

Della Croce, Paylo & Kerrigan, 2007). 

In this study markers attached to bony land marks of the trunk and 

foot were studied separately. Trunk plays prominent role in the postural 

control in order to allow successful execution of functional activities as 

the gait (Leteneur, Gillet, Sadeghi, Allard & Barbier, 2009). Foot plays 

great role in the different stages of gait cycle (Roberts, 2010). Moreover 

out of seven cervical vertebrae we studied about only C7 as C7 plays 

sensitive role in head balancing and head stability is the crucial com- 

ponent of locomotion (Nalley & Grider-Potter, 2019). 

36,000 frames were recorded in 300 seconds to acquire adequate 

numbers of strides. Kinematic data in this study were filter by applying 

Table 1. Spatiotemporal characteristics of the subjects 

Speed (m/s) Cadence 
(steps/min) 

Stride length 
(m) 

Stride width 
(m) 

Step length 
(m) 

Stride time 
(s) 

Stance duration 
(s) 

Swing duration 
(s) 

1.32±0.14 113.7±3.97 1.32±0.04 0.14±0.01 0.66±0.02 1.05±0.03 0.62±0.03 0.42±0.02 

Table 3. Result of Tukey Post hoc test done after One-way ANOVA 

Multiple Comparisons 

Dependent Variable: MLE 

Tukey HSD 

(I) 
Groups 

(J) 
Groups 

Mean 
Difference 

(I-J) 

Std. 
Error Sig. 

95% Confidence 
Interval 

Lower 
Bound 

Upper 
Bound 

AP 
ML -.02* .005 .001 -.032 -.008 

VT -.024* .005 <.001 -.037 -.012 

ML 
AP .02* .005 .001 .008 .032 

VT -.004 .005 .627 -.017 .007 

VT 
AP .024* .005 <0.001 .012 .037 

ML .004 .005 .627 -.007 .017 

*. The mean difference is significant at the 0.05 level 

Table 2. Average MLE values for anteroposterior, mediolateral and vertical displacement of the markers 

Markers Anteroposterior (AP) Mediolateral (ML) Vertical (VT) 

Seventh cervical vertebra (C7) 0.035 0.037 0.046 

Second Thoracic vertebra (T2) 0.033 0.045 0.042 

Sixth Thoracic vertebra (T6) 0.031 0.051 0.050 

Tenth Thoracic vertebra (T10) 0.044 0.055 0.059 

Right Heel (RHL) 0.011 0.044 0.055 

Right Toe (RTO) 0.038 0.041 0.049 

Left Heel (LHL) 0.004 0.055 0.054 

Left Toe (LTO) 0.015 0.043 0.052 



28 Paudel Dinesh KJSB 

Korean Journal of Sport Biomechanics 

cut off frequency of 6 HZ. Regarding to data filtering for the calcula- 

tion of MLE, study done by Raffalt, Senderling & Stergiou (2020) and 

Mehdizadeh & Sanjari (2017) have different conclusion however we 

filter the data after the complete labelling of the markers for removing 

the unnecessary noises. 

MLE values calculated in this study are in agreement with those 

calculated by Smith (2019) with respect to time delay, embedding 

dimension and number of nearest neighbour (Buzzi, Stergiou, Kurz, 

Hageman & Heidel, 2003; Kang & Dingwell, 2008; Mehdizadeh, 2018; 

Terrier & Reynard, 2015) compare between young and older subjects 

to investigate gait stability using MLE. The finding of these studies for 

young subjects has similarities with the finding of this study. The lower 

MLE values obtained in this study symbolize the stable gait of the 

subjects. MLE values obtained in the study (Park & Kim, 2004) for the 

vertical displacement of the ankle were less for healthy subjects then 

for unhealthy subjects which symbolize instability of unhealthy subjects. 

In the study (Ryu, 2019), different mle values were obtained for the 

different directional movent of knee, ankle and hip joint. Obtained 

values were dissimilar for the faller and not faller group. The result in 

the above study and this study also supports for the consideration of 

all three direction while calculating MLE for accessing the stability. 

Previous studies had inconsistent finding regarding on which signal 

direction AP, ML or VT characterizes the largest differences in MLE. van 

Schooten et al. (2015) reported difference all direction while (Lockhart 

& Liu, 2008) found difference only in VT whereas (Bizovska, Svoboda, 

Janura, Bisi & Vuillerme, 2018; Huijben, Van Schooten, Van Dieën & 

Pijnappels, 2018) found difference in ML and (Howcroft, Kofman, 

Lemaire & McIlroy, 2016) found difference in AP. In the above studies 

data were collected using inertial sensors and accelerometers and 

acceleration was used for the calculation of MLE whereas this study 

used motion capture system and velocity obtained from the position 

coordinate was used for the calculation of MLE. 

MLE is being used in different areas and among different population 

groups for studying gait stability but not all of these studies are com- 

parable. Use of MLE in sports biomechanics can be of greater import- 

ance as it access stability. It can be used in the selection procedure of 

the athletes for Paralympic games. Further it can be used to test the 

effect of training program for the balance on the gait stability. 

CONCLUSION 

This study calculates and compare the maximum Lyapunov exponent 

for the anteroposterior, mediolateral and vertical displacement of the 

markers attached to different bony land marks of the body. Calculated 

MLE values indicates the stable gait of young and healthy subject. 

Comparison shows the significant difference in MLE values for different 

displacement. Results of this study suggest that it is essential to con- 

sider the displacement of markers in three direction to examine the 

real characteristic of a gait signal. 

LIMITATION 

Single algorithm was used for the calculation of MLE and subjects 

walked in treadmill mill with their preferred speed. It could have been 

better if the MLE was calculated at different walking speed using two 

algorithms. 

REFERENCES 

Alton, F., Baldey, L., Caplan, S. & Morrissey, M. (1998). A kinematic com- 

parison of overground and treadmill walking. Clinical Biomechanics, 
13(6), 434-440. 

Baker, G. L., Baker, G. L. & Gollub, J. P. (1996). Chaotic dynamics: an 
introduction: Cambridge university press. 

Bizovska, L., Svoboda, Z., Janura, M., Bisi, M. C. & Vuillerme, N. (2018). 

Local dynamic stability during gait for predicting falls in elderly 

people: A one-year prospective study. PloS One, 13(5), e0197091. 

Broomhead, D. S. & King, G. P. (1986). Extracting qualitative dynamics 

from experimental data. Physica D: Nonlinear Phenomena, 20(2-3), 
217-236. 

Buzzi, U. H., Stergiou, N., Kurz, M. J., Hageman, P. A. & Heidel, J. (2003). 

Nonlinear dynamics indicates aging affects variability during gait. 

Clinical Biomechanics, 18(5), 435-443. 

Chakraborty, S. & Nandy, A. (2018). Comparison of Local Dynamic 
Stability of Treadmill Gait Data in Three Different Planes Through 
Maximal Lyapunov Exponent. Paper presented at the 2018 Inter- 

national Conference on Computing, Power and Communication 

Technologies (GUCON). 

CONTINI, R., Gage, H. & DRILLIS, R. (1965). Human gait characteristics. 

In Biomechanics and Related Bio-Engineering Topics (pp. 413-431), 

Elsevier. 

Dananberg, H. J. (2000). Sagittal plane biomechanics. American Diabetes 

Association. Journal of the American Podiatric Medical Association, 

90(1), 47-50. 

de Morais Filho, M. C., Kawamura, C. M., Andrade, P. H., Dos Santos, 

M. B., Pickel, M. R. & Neto, R. B. (2009). Factors associated with 

pelvic asymmetry in transverse plane during gait in patients with 

cerebral palsy. Journal of Pediatric Orthopaedics B, 18(6), 320-324. 

Dingwell, J. B., Cusumano, J. P., Sternad, D. & Cavanagh, P. R. (2000). 

Slower speeds in patients with diabetic neuropathy lead to im- 

proved local dynamic stability of continuous overground walking. 

Journal of Biomechanics, 33(10), 1269-1277. 

Dingwell, J. B. & Marin, L. C. (2006). Kinematic variability and local 

dynamic stability of upper body motions when walking at different 

speeds. Journal of Biomechanics, 39(3), 444-452. 

Ekizos, A., Santuz, A., Schroll, A. & Arampatzis, A. (2018). The maximum 

Lyapunov exponent during walking and running: reliability assess- 

ment of different marker-sets. Frontiers in Physiology, 9, 1101. 

Fraser, A. M. & Swinney, H. L. (1986). Independent coordinates for 



KJSB Calculation and Comparison of Maximum Lyapunov Exponent in Different Direction: An Approach to human Gait Stability 29 

http://e-kjsb.org 

strange attractors from mutual information. Physical Review A, 

33(2), 1134. 

Goswami, A., Thuilot, B. & Espiau, B. (1998). A study of the passive gait 

of a compass-like biped robot: Symmetry and chaos. The Inter- 
national Journal of Robotics Research, 17(12), 1282-1301. 

Howcroft, J., Kofman, J., Lemaire, E. D. & McIlroy, W. E. (2016). Analysis 

of dual-task elderly gait in fallers and non-fallers using wearable 

sensors. Journal of Biomechanics, 49(7), 992-1001. 

Huijben, B., Van Schooten, K., Van Dieën, J. & Pijnappels, M. (2018). The 

effect of walking speed on quality of gait in older adults. Gait & 
Posture, 65, 112-116. 

Kang, H. G. & Dingwell, J. B. (2008). Effects of walking speed, strength 

and range of motion on gait stability in healthy older adults. 

Journal of Biomechanics, 41(14), 2899-2905. 

Kantz, H. (1994). A robust method to estimate the maximal Lyapunov 

exponent of a time series. Physics Letters A, 185(1), 77-87. 

Kantz, H. & Schreiber, T. (2004). Nonlinear time series analysis (Vol. 7): 

Cambridge university press. 

Kennel, M. B., Brown, R. & Abarbanel, H. D. (1992). Determining embed- 

ding dimension for phase-space reconstruction using a geometrical 

construction. Physical Review A, 45(6), 3403. 

Leteneur, S., Gillet, C., Sadeghi, H., Allard, P. & Barbier, F. (2009). Effect 

of trunk inclination on lower limb joint and lumbar moments in 

able men during the stance phase of gait. Clinical Biomechanics, 
24(2), 190-195. 

Lockhart, T. E. & Liu, J. (2008). Differentiating fall-prone and healthy 

adults using local dynamic stability. Ergonomics, 51(12), 1860-1872. 

Mehdizadeh, S. (2018). The largest Lyapunov exponent of gait in young 

and elderly individuals: A systematic review. Gait & Posture, 60, 

241-250. 

Mehdizadeh, S. & Sanjari, M. A. (2017). Effect of noise and filtering on 

largest Lyapunov exponent of time series associated with human 

walking. Journal of Biomechanics, 64, 236-239. 

Mohler, B. J., Thompson, W. B., Creem-Regehr, S. H., Pick, H. L. & Warren, 

W. H. (2007). Visual flow influences gait transition speed and 

preferred walking speed. Experimental Brain Research, 181(2), 221-
228. 

Nalley, T. K. & Grider-Potter, N. (2019). Vertebral morphology in relation 

to head posture and locomotion I: The cervical spine. Spinal 
Evolution, 35-50. 

Park, S. H. & Kim, J. T. (2004). Comparision and analysis about gait 

parameters based on personality types through MBTI Test. Korean 

Journal of Sport Biomechanics, 14(3), 37-47. 

Raffalt, P. C., Senderling, B. & Stergiou, N. (2020). Filtering affects the 

calculation of the largest Lyapunov exponent. Computers in Biology 
and Medicine, 122, 103786. 

Rethlefsen, S. A. & Kay, R. M. (2013). Transverse plane gait problems 

in children with cerebral palsy. Journal of Pediatric Orthopaedics, 
33(4), 422-430. 

Riley, P. O., Paolini, G., Della Croce, U., Paylo, K. W. & Kerrigan, D. C. 

(2007). A kinematic and kinetic comparison of overground and 

treadmill walking in healthy subjects. Gait & Posture, 26(1), 17-24. 

Roberts, A. (2010). Gait analysis: normal and pathological function J. 

Perry and JM Burnfield Pp. 576. Thorofare: SLACK Incorporated, 

2010. ISBN: 978-1-55642-766-4. $92.95. In: The British Editorial 

Society of Bone and Joint Surgery. 

Rosenstein, M. T., Collins, J. J. & De Luca, C. J. (1993). A practical method 

for calculating largest Lyapunov exponents from small data sets. 

Physica D: Nonlinear Phenomena, 65(1-2), 117-134. 

Ryu, J. S. (2019). Effects of Muscle Activation Pattern and Stability of 

the Lower Extremity's Joint on Falls in the Elderly Walking-Half a 

Year Prospective Study. Korean Journal of Sport Biomechanics, 
29(2), 79-88. 

Smith, V. A. (2019). Standardizing the Calculation of the Lyapunov Ex- 
ponent for Human Gait using Inertial Measurement Units. Arizona 

State University. 

Takens, F. (1981). Detecting strange attractors in turbulence. In Dynamical 
systems and turbulence, Warwick 1980 (pp. 366-381): Springer. 

Terrier, P. & Reynard, F. (2015). Effect of age on the variability and 

stability of gait: a cross-sectional treadmill study in healthy in- 

dividuals between 20 and 69 years of age. Gait & Posture, 41(1), 

170-174. 

Thompson, J. & Stewart, H. (1986). Nonlinear Dynamics and Chaos 

John Wiley & Sons. New York. 
van Schooten, K. S., Pijnappels, M., Rispens, S. M., Elders, P. J., Lips, P. 

& van Dieën, J. H. (2015). Ambulatory fall-risk assessment: amount 

and quality of daily-life gait predict falls in older adults. Journals 
of Gerontology Series A: Biomedical Sciences and Medical Sciences, 
70(5), 608-615. 

Vaughan, C. L., Davis, B. L. & O'connor, J. C. (1992). Dynamics of human 
gait: Human Kinetics Publishers. 

Wolf, A., Swift, J. B., Swinney, H. L. & Vastano, J. A. (1985). Determining 

Lyapunov exponents from a time series. Physica D: Nonlinear 
Phenomena, 16(3), 285-317. 

 


