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THE FREQUENCY CONTENT OF GAIT 

ERIK K. ANTONSSON* and ROBERT W. MANN 
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Abstract-We address amplification of noise in double differentiation of position histories for dynamic 
analysis of gait. Measurements of the frequency domain characteristics of signal and noise are required to 
quantitatively assess errors in raw, filtered, and dynamic gait data. The results of a simple technique to 
determine the frequency content of gait using a popUlation of 12 subjects and a total of 30 gait records is 
presented. 

INTRODUCTION 

All measurement signals are contaminated with noise 
to a greater or lesser degree. The problem is particu­
larly severe in the measurement of the kinematics of 
gait due to the inherent complexity of the bio­
mechanical system and nuances of its movement 
patterns, and also due to the data acquisition and 
reduction techniques associated with practical systems 
for gait analysis. The problem is exacerbated when 
kinematic data is to be used for dynamics, since prac­
tically all gait analysis approaches acquire position 
information which must be subjected to double dif­
ferentiation in order to produce acceleration signals 
for dynamic analysis. Inherently noisy position (or 
rotation) information so processed, greatly exagge­
rates the noise present, and means must be adopted to 
'smooth' the processed data. The general technique is 
to apply a low-pass filter or its equivalent. For example 
Cappozzo et al. (1975) use the first five terms of a 
Fourier series to describe the frequency content of gait; 
Winter et al. (1974) apply a 5 or 6 Hz, low-pass filter; 
Soudan and Dierckz (1979) use spline functions, and 
Alexander and Jayes (1980) use five terms of a Fourier 
series. However, without explicit knowledge of gait 
signal t frequency content such methods introduce 
unknown errors which include the extent of noise 
contaminating the signal below the low-pass filter 
cutoff, and possible elimination of that portion of the 
gait signal contained above the filter cutoff frequency. 
Better information on the frequency domain charac­
teristics of the unambiguous gait signal would permit 
the determination of the quality of raw, filtered, and 
double differentiated gait data. 

MOTIVATION 

We propose and demonstrate a direct approach to 
measuring the frequency content of gait. However, first 
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t A gait 'signal' is any time varying parameter of gait. such 
as the global position of a point on the femur as a function of 
time, or the force between the foot and the ftoor during stance. 

we will quantify the effect of contaminating noise on 
measured signals in general. Double differentiation of 
position histories amplifies noise in the signal by the 
square of its frequency. If noise (N) characterized by 

N = (Aft) sin (ruft)t (1) 

(where: An is an amplitude, ruft is a frequency and t is 
time) is added to a signal, after double differentiation 
the noise becomes 

d2N /dt = - Aft (ru;) sin (ru.)t (2) 

and attenuating noise at frequency ruB becomes vital. 
A graphical illustration of the influence of noise is 

given in Fig. 1 which shows how noise amplitude 
relative to signal amplitude varies with frequency as a 
consequence of the double differentiation of equa­
tion (2). Assume the signal is a sinusoid (8) with an 
amplitude of 100 units and a frequency of 1 Hz (the 
approximate fundamental frequency of normal gait). 

S = 100 sin(27tt). (3) 

Superimpose noise (N) at different frequencies (F.) 
according to 

(4) 

Double differentiation of both equations (3) and (4) 
produces 

d2S/dt = -100(27t)2 sin(27tt) (5) 

d2N - = - A.(F. 27t)2 sin(F.27tt). (6) 
dt 

For a signal-to-noise ratio (S / N) of the acceleration 
signals equal to 1 we equate the absolute value of the 
amplitudes of equations (5) and (6) 

100(27t)l = A.(F .211:)2 (7) 
thus 

(8) 

A. is plotted as a function of F. in Fig. 1 as the iso­
signal-to-noise contour. The ordinate of Fig. 1 can be 
read directly as that input noise amplitude, expressed 
as percent of the 1 Hz signal amplitude, which will 
produce a signal to noise ratio of 1 in the dyrupnics. 
Note tllat 3 Hz noise whose amplitude is only 10% of 
the raw 1 Hz signal amplitude will produce a noise 
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Fig. 1. Iso-Signal-to-Noise Contour for a double differentiated 1 Hz, 100 unit original amplitude signal 

amplitude equal to the signal following the double 
differentiation; only 1 % noise achieves a S/ N = 1 at 
10Hz; whereas 0.1 % noise produces the same result at 
32 Hz. Thus Fig. 1 constrains the additive noise in the 
signal to amplitudes well below this 'iso-noise' curve if 
the gait data analyzed is to be valid. 

The effects of this noise can be mitigated through the 
use of a filtering technique, but only if two conditions 
are met. First: that the noise frequencies do not overlap 
the signal frequencies, and second: that the data is 
sampled at more than twice the highest frequency in 
the composite signal and noise to avoid aliasing. 
Aliasing (the appearance of data at incorrect frequen­
cies in the reconstructed discrete-time data) occurs 
when components of either signal or noise are present 
at frequencies higher than twice the sampling 
frequency. 'To be able to describe (a function) f(t) 
exactly, it is necessary to samplef(t) at a rate greater 
than twice its highest frequency' (Steams, 1975, p. 37). 

METHOD 

Now that the importance of both the signal and 
noise frequency content have been quantified we will 
establish, on an instrument whose natural frequency is 
very much higher than any possible significant gait 
component and which also posesses a high signal to 
noise ratio, the time and frequency domain response of 
that portion of the gait cycle where the most abrupt 
and rapid position changes with time occur, thereby 
encompassing the 'worst case' accelerations in the 
biomechanical system. These accelerations occur at the 

foot during heel strike. Since kinematic accelerations 
are directly related to forces, a forceplatform can be 
employed to capture the frequency content of gait. 
Light et al. (1980). Mizrahi and Suzak (1982) and 
Voloshin et al. (1981) demonstrate that the frequency 
spectrum measured on a forceplatform with bare feet 
contains higher frequency components than do 
motions acquired elsewhere on the body, By employ­
ing this objective measure of the broadest possible 
spectrum of frequency components in the gait cycle 
with an instrument of known signal-to-noise ratio an 
accuracy specification can be determined for dynamic 
estimation as a function of cut-off frequency of the 
low-pass fitter to be subsequently applied to kinematic 
gait analysis data. The approach and results we 
describe were motivated by our development of an 
automatic and precise computer-mediated opto­
electronic mobility analysis system (Antonsson, 1982; 
Antonsson and Mann, 1983, 1979; Mann and 
Antonsson, 1983; Mann et al., 1982). 

EQUIPMENT AND PROCESSING 

To measure foot-floor reaction forces a Kistler 
9281A multi-component forceplatform is employed in 
our mobility analysis system. Analog voltage signals 
from the 8 piezo-electric-crystal charge amplifiers are 
converted to digital signals via a 12 bit multiplexed 
analog-to-digital converter subsystem located at the 
charge amplifiers, resulting in a resolution of the force 
platform output of 1 part in 4096. Measured noise 
amplitude of the forceplatform is less than ± 1 bit, thus 
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Fig. 2. Unloaded forceplatform impulse time response. 

an overall signal-to-noise ratio of 2000 is achieved.· 
The manufacturer publishes a fundamental frequency 
of resonance for the forcepIatform higher than 
1.0 kHz. To check this we dropped a 30 mm diameter 
stainless steel ball 200 mm vertically onto the center of 
the forcepIatform surface. The unfiltered analog 
output from the transducers was digitally sampled at 
2.5 kHz. Figure 2 gives the time domain impulse 
response of the forceplate and Fig.3 gives the 
frequency spectrum of the Fast Fourier Transform 
(FFT) of the data in Fig. 2. The results suggest that the 
fundamental frequency of the unloaded forceplate, at 
least for our installation, is about 700 Hz. 

A similar experiment was conducted with the force­
platform loaded with a stationary human subject. 
The frequency domain impulse response is given in 
Fig. 4 and shows a change in the distribution of 
frequency content, but a very similar form to the 
unloaded case. The significant peaks are between 650 
and 850 Hz, as expected for a 72 kg subject (connected 
by soft tissue) on a 30 kg platform with an equivalent 
supporting transducer stiffness of approximately 
15 MNm- 1• 

*In an earlier configuration of the forcePlatform digitizing 
system the analog signals were carried some 20 m to the 
computer where they were digitized. Electro-magnetic inter­
ference in the laboratory environment degraded the overall 
signal to noise ratio of the forceplatform output to 10, 
dramatically demonstrating the higher fidelity achieved in 
digital signal transmission. In the present system the analog 
signailines are only a few em long. 

To be certain that signals were sampled and ana­
lyzed correctly, a 30 Hz sine-wave from an analog 
voltage signal generator was applied to the inputs of 
the analog-to-digital (AID) converter subsystem, sub­
stituting for one of the forceplate charge amplifier 
output voltages. Data were acquired at 2.0 kHz. 
Figure 5 plots the data as accumulated. Figure 6 shows 
the frequency domain results verifying that signals 
applied to the AID converter were sampled correctly 
and that the routine produced correct results. 

EXPEltIMENTAL RESULTS 

A population of twelve different subjects walked un­
shod across the plate at their natural stride length and 
cadence rendering a total of 30 stance phase data 
records of which Fig. 7 is typical. All gait data were 
sampled at 2.0 kHz. Figure 8 shows a time expansion 
of the sharp peak centered at about 165 milliseconds. 
The time domain data from Fig. 7 exhibits the 
frequency spectrum of Fig. 9. The FFT produces 
amplitude as a function of frequency from 0.0 (zero) 
Hz to 1.0 kHz. Only the lowest 100 Hz are plotted here 
because all results above that frequency are essentially 
zero. Since we know the resonant frequency of the 
forceplate is at least 700 Hz, and the FFT results for 
gait are monotonically decreasing from 100 to 1.0 kHz, 
clearly all of the frequency components of the highest 
acceleration component of normal gait have disap­
peared completely above 100 Hz. Therefore Fig. 9 is 
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Fig. 4. Impulse frequency response of the forcePlatform loaded with a human subject. 

the frequency spectrum of the uppermost bound of the 
significant frequency components for one trial of 
normal human walking. 

In order to obtain a useful composite frequency 
domain plot for all 30 experiments, each individual 
force record was normalized to the maximum force 

before the FFT was taken and then aggregated after. 
Results of the normalized composite FIT are plotted 
in percent of maximum amplitude in Fig. 10. Figure 11 
shows the integral of power in the composite vertical 
force envelope plotted as percent of the total power 
contained between zero (0) Hz and 1.0 kHz. 
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Given the signal-to-noise ratio of our forceplatform 
measuring system and the true and complete frequency 
spectrum of the most abrupt component of human 

walking, it is instructive to develop a relationship 
which objectively relates the highest frequency in­
cluded in the analysis to the required accuracy of the 
end-result dynamic estimates. The 'tail' of the com­
posite frequency bound provides this relationship; 
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Fig. S. Expanded region about heel strike for normal gait. 

representative values can be read from Fig. 12, which is 
an expansion of the region between 10 and 100 Hz 
from Fig. 10. No amplitudes greater than 5% of the 
fundamental exist above 10 Hz. none greater than 2 % 
above 20 Hz, and all amplitudes greater than 1 % are 

contained below 50 Hz. Figure 11 shows that 98 % of 
the power is contained below 10 Hz, and 99 % below 
15 Hz. This information must be tempered by the noise 
characteristics of the particular gait analysis system 
being considered to achieve a trade-off between noise 
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rejection and signal corruption. Alternatively these 
results can be used as a guide in specifying a gait 
analysis system. 

To measure human motion, or to estimate gait 
dynamics, the kinematic measurement system used 

must be able to produce accurate measures up to the 
desired frequency. In order to preserve 99 % of the 
signal power in gait, positional fidelity must be main­
tained up to 15 Hz, which for a sampled system 
requires a minimum of 30 Hz sampling rate. At 30 Hz, 

http:Compo.it
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Fig. 12. Expanded section of composite frequency envelope (Fig. 10) between 10 and 100Hz. 

however, the 15 Hz component would only have two 
data points per cycle, and would be a crude estimate. 
To properly eliminate effects of noise without aliasing, 
the sampling rate must be above twice the highest 
significant noise frequency. A 300 Hz sampling rate 
will permit measurement of twenty data points per 

cycle of the highest frequency component of the signal 
and allow proper noise rejection up to 150 Hz. 
However, even this high sampling rate, coupled with a 
low-pass tilter will not guarantee only 1 % error in 
position, nor will it guarantee any level of accuracy in 
the twice differentiated results. The level of accuraev 
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remaining depends on many factors, including the 
sampled noise (and its derivatives) remaining below 
the filter cut-off frequency. 

The entire mobility measurement and analysis 
system (including the forcepIatform and other opto­
electronic equipment, described elsewhere [Antonsson, 
1982; Antonsson and Mann, 1983, 1979; Mann and 
Antonsson, 1983; Mann et al., 1982J) achieves error 
contributions of no more than 5 % in the twice 
differentiated position data due to noise. The photo­
grametric accuracy of the kinematic measurement 
system is much bigher, in fact only 0.1 % errors in 
position. This indicates that a very highly accurate 
system is necessary, but not suffi.~ient for accurate gait 
analysis. A system with small contributions of noise in 
the range of valid signal frequencies is mandatory. 

The importance of measuring and understanding 
the frequency domain characteristics of any measure­
ment system cannot be overstated. When dynamic 
estimates are to be produced from double differen­
tiated position data, frequency analysis is vItal to 
producing valid, coherent and fully described results. 
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