LONG-RANGE CORRELATION IN HUMAN JOINT-ANGLE VARIABILITY DURING WALKING
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INTRODUCTION

Human walking exhibits long-range correlation be-
tween stride durations [1]. These correlations mea-
sure how variation in one step influences variation in
later steps. For example, a quick step will tend to be
followed by more quick steps if the gait has a long-
range correlation. These correlations are altered with
age and some diseases and may provide information
about walking ability [1]. The variability in stride du-
rations occurs at least in part due to variation in joint
angles [2]. It is not clear, however, if the joint angle
variability also exhibits long range correlations given
that these correlations can arise from the controller
[3] or the natural dynamics of the system [4]. This
study begins to quantify the long-range correlations
in the joint angles during healthy human walking.

METHODS

Two healthy young adult females walked on a tread-
mill (Bertec, Columbus, OH) for ten minutes at an
average speed of 1 m/s while kinematic data were
collected at 100 Hz (Vicon, Oxford, UK). Prior to the
experiment, each subject chose a comfortable speed.
All data was processed using Nexus (Vicon, Oxford,
UK) with the plug-in gait model and standard fil-
tering parameters. For gaps of less than 20 frames,
the cyclic method was used to fill the gap, while the
spline method was used to fill longer gaps. Data was
divided into stance and swing periods, and the pe-
riods were analyzed separately. The left and right
legs were also analyzed separately. For each joint,
the per-subject mean angle was subtracted from the
total angle for each step to obtain the joint variabil-
ity. To parameterize the variability mathematically, a
second- (stance) or first- (swing) order Fourier series
was fit to the variability [2]:

Quij (t) =ag;; + a1;; COS wj;t + blij sin w;;t
+ Q245 COS Qwijt + bgij sin 2w¢jt

where ¢,j; 18 joint j’s variability for step 7. For each
step, the Fourier series is described by frequency
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Figure 1: Average RMS vs. segment sample size in
log-coordinates for the right stance hip frequencies of
subject 1. The data is well fit by a line. The Hurst ex-
ponent is 0.41, indicating no long-range correlations.

(wij) and magnitude (GOija 135, blij’ a2ij, bgij where
az;; = bei; = 0 for the swing joints) coefficients.
Long-term correlations in frequency indicates that
the timing of the variability is correlated while cor-
relations in the magnitude coefficients indicates that
size of the variability is correlated. To quantify the
long-term correlations, detrended fluctuation analy-
sis was performed [5] using 19 sample sizes ranging
from 4 to 128 steps. For each sample size, data was
divided into equal, non-overlapping segments, and
the local root-mean-square (RMS) was computed.
The slope of the linear regression line of the aver-
age RMS versus the segment sample sizes in log-
coordinates is the Hurst exponent. A Hurst expo-
nent of 0.5 indicates white noise and no long-term
correlations. A Hurst exponent of > 0.5 indicates
long-term correlations. The Hurst exponent for each
frequency and magnitude coefficient was calculated
separately. The Hurst exponent for stride duration
was also found.

RESULTS AND DISCUSSION

The subjects took 503 and 549 strides respectively.
For scales of 4 to 128 steps, linear regression lines
well fit the average RMS with R? values consistently
> 0.97 (Fig. 1). A scale exceeding 128 steps resulted



Table 1: Hurst exponents for the joint angle magnitude and frequency coefficients. The range of values for each
coefficient is given. The data appears random with no long-term correlations regardless of period and joint.
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Stance Hip 0.53-0.59 0.50-0.58
Swing Hip 0.54 -0.59 0.52-0.55
Stance Knee 0.51-0.64 0.51-0.62
Swing Knee 0.52-0.59 0.51 -0.60
Stance Ankle 0.46-0.55 0.52-0.58
Swing Ankle 0.48-0.58 0.45-0.55

0.46-0.53 0.50-0.60 0.48-0.56 0.41-0.50

0.57 - 0.66 - - 0.52-0.54
0.52-0.58 0.56-0.61 0.55-0.64 0.48-0.58
0.52-0.63 - - 0.48 - 0.54
0.44-0.55 047-0.55 048-0.61 0.47-0.54
0.51-0.65 - - 0.50 - 0.64

in RMS points that deviated from the trend appar-
ent at smaller scale segments, suggesting insufficient
data for the larger scales. There are clear long-term
fluctuations in stride duration (Fig. 2). The average
Hurst exponent was 0.75 which aligns closely to val-
ues reported in literature [6]. In contrast, the joint
variability magnitude and frequency coefficients do
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Figure 2: Stride duration (top) and right stance hip
frequencies (bottom) vs. stride number for subject 1.
The stride durations exhibits long-term correlations
while the frequencies are random with no long-term
correlations. The plots for the other frequencies and
magnitudes coefficients for both subjects are similar.

not appear to exhibit long-range correlations (Fig. 2).
This is confirmed with Hurst exponents ranging from
0.41 to 0.66 (Table 1). In all cases, both subjects and
the left and right sides had similar values. The av-
erage Hurst exponent for the frequency coefficients
over all joints and periods and for both subjects is
0.52. The average Hurst exponent for the magnitude
coefficients over all joints and periods and for both
subjects are 0.55 for ag, 0.55 for a; and by, and 0.53
for ay and by. Since the Hurst exponents are all ap-
proximately 0.5, this indicates that joint variability
may just be white noise. These results agree with the
observation that long-term fluctuations in step dura-
tion occur with white noise in a push-off force [4].

CONCLUSIONS

In contrast to the stride duration variability, the joint
angle variability does not appear to exhibit long-
range correlations. Instead, it has an anti-correlated,
time-independent structure, at least when each co-
efficient is analyzed independently. This suggests
that the long-term correlations in stride duration may
arise from the natural dynamics of the system rather
than from correlations in the leg kinematics.
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