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AbstractTen normal adult subjects were tested under a wide
range of combinations of stride length and stride frequency. Both
longitudinal and vertical accelerations of the body increased with
velocity, while stride frequency to stride length ratio (SF/SL)
had little effect . The peak-to-peak amplitude of the forward
velocity (V) decreased with SF/SL, but at constant SF/SL
remained essentially unchanged throughout the speed range from
0.4 to 1 .4 m/s . The external work of locomotion related as a
paraboloid of revolution to V and SF/SL with minimum work
being 0.32 J/kg-m at V = 0 .52 mIs and SF/SL = 0 .76. The
efficiency of transfer between potential and kinetic energies
related as a paraboloid of revolution to V and SF/SL with max-
imum efficiency being 0.58 (58 percent at V = 0.98 m/s and
SF/SL = 0.43) . Latent work, herein defined as work divided
by efficiency, related as a paraboloid of revolution to V and
SFISL being minimum at V = 0.7 m/s and SF/SL = 0 .65 . At
any given velocity, latent work tended to be least in the SFISL
range of 0.6 to 0.7. The latter finding may suggest why people
tend to walk at a nearly constant SF/SL ratio over a broad range
of velocities.

Key words : gait analysis, SF/SL ratio, stride frequency, stride
length, velocity.

INTRODUCTION

Fundamental factors of biomechanics come into play
which help characterize an individual's gait pattern . Among
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such factors are the cadence and step length which result
in a given forward velocity of walking . Molen (5) and
Herman (4) discussed strategy of body movement control
when people walk over a broad range of velocities. They
observed that an individual adjusts both stride length and
stride frequency in almost equal proportions to achieve a
desired velocity. It is common knowledge that stride
frequency (SF) and stride length (SL) are proportional to
the square root of velocity (V) ; that is, SF = (V x a) 0.5

and SL = (V = a)05 . The proportionality factor a is
SF/SL, the stride frequency divided by stride length . A
constraint imposed on the locomotor process, such as may
result from injury, stroke, or amputation, causes an altera-
tion in movement patterns . Such alterations are reflected
in both the time (frequency) and displacement (stride
length) domains. Relating gait variables to the product and
the quotient of these factors may offer additional means
to discriminate subtle differences in means of intervention.

This project addressed the locomotor performance of
normal, adult subjects and was conducted as part of an
analysis of the effect on gait of a variety of prosthesis
suspension systems for below-knee amputees . The purpose
of this project was to investigate the effect of velocity and
SF/SL ratio on selected gait movement waveforms and on
external work and to provide comparative data in the
analysis of amputee gait.

METHODOLOGY

Instrumentation
Conventional body contact instrumentation was used

to collect locomotion data . A total of nine channels were
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monitored ; these included bilateral heel and toe switches,

	

Table 1.
bilateral knee electrogoniometers, a biaxial accelerometer,
and a tachometer . In addition, the subjects wore a light-
weight backpack containing plugs for connections to a
trailing cable and a snug-fitting hip-waistband for the
accelerometer mount and for attaching the tachometer
cable . Signals were conveyed to the signal conditioning con-
sole via an overhead trailing cable.

The foot switches, about 2 mm thick and consisting
of a piece of conductive silicone rubber sandwiched
between two brass shim stock electrodes, were taped to
the heel and toe area of the footwear. The electrogoni-
ometers were mounted anteriorly on the limbs to register
knee flexion and extension . Elastic straps secured mount-
ing pads to the shin and thigh areas, while a pair of parallel
linkage arrangements transferred relative angular limb
segment movements to a potentiometer.

The tachometer was a low inertia dc generator mounted
on a stationary base at one end of the walkway . A stranded
steel cable, 0.014-inch in diameter, passed from a supply
reel around a pulley mounted on the generator shaft and
attached to the hip-waistband worn by the subject . A weight
and pulley system maintained a constant tension of about
1 newton on the cable.

The accelerometer was an Entran triaxial device used
in a biaxial mode . The accelerometer was mounted on the
hip-waistband and housed in a 2-axis gimbal arrangement
to allow stabilization of the "X" axis to the laboratory
reference in the direction of body progression . Stabiliza-
tion was done by coupling to the tachometer cable through
a mechanical filter. The filter consisted of a thin slice of
soft plastic foam about 1-inch square . A slit to the center
of the piece of foam allowed convenient attachment to and
detachment from the tachometer cable. This scheme atten-
uated mechanical noise arising from the cable.

The walkway was a tiled floor surface approximately
8 meters long, of which a distance of 6 meters was used
as the test zone . An overhead track supported a flat ribbon
cable of twisted pairs of leads to carry the signals to the
console . The drag of the trailing cable was about 1 newton.
The signal conditioner amplified and filtered the signals.
A microcomputer system sampled each channel at 60 times
per second and performed the analog-to-digital conversion
with 8-bit resolution . Data were recorded on diskettes
for processing.

Test procedure
Ten subjects were included in the study : eight males

and two females, ranging in age from 23 to 63, in height
from 153 to 196 cm, and in weight from 52 to 91 kg . The

Characteristics of test subjects.

Subj Ht Wt Age Sex Vo SFo SF/SLo n
cm kg yrs m/s Vs

1 175 84 62 M 1 .12 0 .85 0 .65 18

2 153 57 38 M 1 .25 0 .87 0 .61 15

3 163 52 23 F 1 .00 0 .85 0 .72 17

4 196 82 23 M 1 .33 0 .82 0 .51 12

5 188 91 63 M 1 .03 0 .81 0 .63 17

6 179 80 54 M 1 .27 0 .87 0 .59 15

7 183 84 41 M 1 .07 0 .89 0 .75 15

8 191 82 23 M 1 .01 0 .78 0 .61 18

9 173 68 49 F 1 .18 0.95 0.77 14

10 175 68 60 M 1 .09 0 .82 0 .62 14

Vo
SFo

= Velocity, first test
= Stride frequency, first test

SF/SLo = Ratio stride frequency to stride length, first test
n

	

= number of tests contributed

test protocol provided for about 15 test walks for each
subject in the approximate velocity range from 0 .3 to 1 .5
meters per second and in the approximate SF/SL ratio range
from 0 .3 to 1 .1.

After instrumentation for the first test, each subject
was instructed to walk at a free choice of cadence and
speed. This became the first test condition and was the
point of departure (see Table 1) for the balance of the testing
for each individual . Four target velocities in the vicinities
of 125, 100, and 60 percent of the first test speed, and a
slow speed in the order of 0 .3 to 0 .4 m/s constituted the
speed range. These speeds were reached with practice walks
which were monitored on a storage oscilloscope . At each
target velocity (perceived subjectively by the subject)
individuals were tested walking at their comfortable choice
of stride frequency and stride length . Subsequently, by
taking longer steps at lower cadences or shorter steps at
higher cadences at those velocities, respectively, target
SF/SL ratios were achieved.

To get the subjects to walk at the very slow speeds,
they were asked to imagine themselves accompanying a
recent stroke patient just learning to ambulate with a walker.
Once the low speed was achieved, subjects were instructed
to walk at a comfortable choice of cadence and step length
for a test bout . For the low and high SF/SL conditions,
the subjects were instructed to walk at that same slow speed
(perceived subjectively), and to take long steps at low
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cadence and short steps at high cadence to provide the low
and high SF/SL ratios, respectively.

A storage oscilloscope was used to display the
measured waveforms for visual inspection to ascertain
that the desired test condition had been achieved and that
the data were suitable for recording . If data were deemed
unsuitable, the data were not recorded and the test
was repeated.

Data treatment
The beginning of the gait cycle was chosen to occur

when the left knee reached peak extension at the conclu-
sion of the swing phase . This event was confirmed by the
subsequent closure of the heel switch . The average velocity
of each gait cycle was examined to cull out those cycles
clearly accelerative after initiation of gait, and those clearly
decelerative prior to cessation of gait.

Measured were velocity and cycle time . The reciprocal
of the cycle time was used to derive the stride frequency.
The average velocity, determined for the gait cycle, was
multiplied by the gait cycle time to derive the stride length.
The SF/SL ratio was derived by dividing the stride
frequency by the stride length.

Waveform Analysis. The data for the tachometer and
accelerometer waveforms were quantitated using the Fourier
series technique . Fourier coefficients for the first 12
harmonics were calculated using procedures as described
in textbooks and handbooks . Basically the gait cycle, of
time duration T, was divided into 24 equal parts at time
intervals t . The cosine and sine coefficients, An and Bn ,
were calculated by the following:

An = 2/T J TT F(t) cos(27rnt/T) dt

Bn = 2/T f TT f(t) sin(21rnt/T) dt

	

[1]

where :

F(t) = magnitude of wave form at time t
n = value of the harmonic being solved.

Harmonic ratios (HR) were calculated for the wave-
forms in the manner described by Robinson (6) . The HR
is the sum of the absolute values of the even harmonics
divided by the sum of the absolute values of the odd
harmonics :

HR = I(Ae +Be)

I(A0 + B o )

	

[2 ]

where:

Ae and B e = absolute values of the even harmonics
Ao and B o = absolute values of the odd harmonics .

The Fourier coefficients and HR derived for each gait
cycle in a given test condition were averaged to represent
the best estimates of performance . Similarly, average
velocities and SFISL ratios were derived to represent each
test condition. Multiple regression was used to relate the
averaged Fourier coefficients to V and SF/SL.

External Work . The calculation of external work of
locomotion was based on the pioneering effort by Cavagna
(1) . The procedure consisted of incrementally advancing
through the gait cycle by sampling time intervals to calculate
changes in g's acceleration into meters per second squared.
Because of small drift accumulated during each gait cycle,
slope corrections were applied to the acceleration values
to render the gait cycle to a net zero gain . Velocity changes
during the gait cycle for both the forward and vertical direc-
tions were derived by multiplying acceleration a by the
sampling time interval t i : A V = at i . The average forward
velocity, Va, derived from the tachometer, was applied to
the forward velocity increments to provide the laboratory
inertial reference for calculation of kinetic energies . Kinetic
energy changes were derived by the following:

A KE = 1/2 (V22 — V12)

	

[3]

Changes in the vertical displacement were derived by
multiplying the vertical velocity V v by the sampling time
interval ti : A h = Vv t 1 . Potential energy changes were
derived by the following:

	

A PE = g(A h)

	

[4]

where g is the acceleration of gravity.
For each gait cycle, the values shown in brackets were

accumulated only if they were positive:

A KE = [A KE 1 + A KE V]
A PE = [A PE]
A W = [A KE 1 + A KEv + A PE]

	

[5]

where:

A KE 1 = change in kinetic energy in the longitudinal
direction

A KE v = change in kinetic energy in vertical direction

	

A PE = change in potential energy

	

[6]

The efficiency of transfer between potential and kinetic
energies is the following:

E=11

	

]
IKE + ZPE

	

[7]

Work, 1W, derived from accelerometry is work per
unit mass for the gait cycle . To normalize into units of work
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Figure 1.
Minimum work and maximum efficiency on a plot of velocity
versus SF/SL ratio.

per unit mass per unit distance walked, the resulting
summed work I"W was divided by the product of average
velocity Va and cycle time T for the gait cycle:

Work = IW/(Va x T)

	

[8]

Latent work was calculated using the derived values
for work and efficiency on the rationale that external work
equals the product of latent work and efficiency. Hence,
latent work as defined in this report, was derived by
dividing external work by efficiency.

Regression analysis methods were used to empirically
relate work and efficiency to velocity V and ratio of stride
frequency to stride length SF/SL . Both work and efficiency
were found by approximation to be related parabolically
to V and SF/SL. Since the minimum work and maximum
efficiency occurred within the V versus SF/SL field,
parabolic curve fitting was done by adjusting assumed
vertex values of V and SF/SL for best fit . Optimization
was done by using the highest correlation coefficient as
the criterion for best fit . After the best estimated coeffi-
cients were derived, test points from the data pool were
tested against the derived formula for the amount of scatter
and expressed as a standard deviation .

RESULTS

A total of 155 tests points were obtained among the
ten subjects tested. This database was treated as a pool to
yield trends as affected by the various combinations of
velocity V and SF/SL ratio.

Work and efficiency
Work and efficiency related to V and SF/SL as

paraboloids of revolution . The empirical expressions for
work and efficiency were the following:

W = 0.32 + 0.38(0.52 — V)2 + 0.42(0.76 — SF/SL) 2
Std .Dev. = 0.085 J/kg-m

E = 0 .58 — 0.36(0.98 — V) 2 - 0.30(0.43 — SF/SL) 2
Std .Dev. = 0.104 (10.4 percent)

	

[9]

The minimum work was 0.32 J/kg-m at V = 0.52 m/s
and SF/SL = 0.76 . The maximum efficiency was 0.58
(58 percent) at V = 0.92 m/s and SF/SL = 0.43 (see
Figure 1).

The minimum latent work was 0.63 J/kg-m at V = 0 .7
m/s and SF/SL = 0.65. The latent work distributed about
the minimum as a paraboloid of revolution according to
the following empirical expression:

W1 = 0 .63 + 1 .2(0.7 — V)2 + 1 .2(0.65 — SF/SL) 2
[10]

At any given velocity, latent work tended to be least in the
SF/SL range of 0 .6 to 0.7 (see Figure 2).

Potential and kinetic energy waveforms, available from
the work calculations, were examined. These showed effects
of both V and SF/SL . At velocities and SF/SL ratios com-
fortable to the subjects, the waveforms were relatively
smooth and approximately sinusoidal with the kinetic and
potential energy curves phased about 180 degrees apart.
During double support period, the kinetic energy was max-
imum while the potential energy was minimum. At mid-
way between double support periods, the kinetic energy
was minimum and the potential energy was maximum . The
peak-to-peak amplitudes increased with velocity and
decreased with SF/SL . At low velocities, and at both low
and high SF/SL ratios, the waveforms were distorted and
showed evidence of phase shift between the kinetic and
potential energy curves . There was no apparent consistency
in whether the kinetic energy led or lagged the potential
energy. Causes for the distortions and phase shifts could
not be determined.

10

	

.5
SF/SL RAT 0
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Figure 2.
Latent work, in J/kg-m, on a plot of velocity versus SF/SL.

Waveforms
The coefficients related linearly to velocity V and

SF/SL ratio in the following general form:

FC = Bl(V) + B2(SF/SL) + C

	

[11]

This allowed synthesis of representative waveforms at any
desired combination of velocity V and ratio of stride
frequency to stride length SF/SL . For illustrative purposes,
curves were synthesized at the following conditions:

a. V = 0.6, 1 .0, and 1 .4 m/s at SF/SL = 0 .6
b. SF/SL = 0 .3, 0 .6, and 0.9 at V = 1 .0

	

[12]

Briefly, the effects of velocity V and the ratio of stride fre-
quency to stride length SF/SL are summarized as follows:

1 . Accelerometer
Velocity had the predominant effect on both the

longitudinal and vertical acceleration waveforms while the
SF/SL ratio had only minor effects .

The peak-to-peak amplitude of the vertical accelera-
tion increased from +0 .11 g at 0.6 m/s to +0.25 g at 1 .4
m/s . The SF/SL had essentially no effect on the shape of
the vertical acceleration waveform.

The peak-to-peak amplitude of the longitudinal
acceleration increased with velocity from ±0 .12 g at 0.6
m/s to ±0 .25 g at 1 .4 m/s . The longitudinal acceleration
waveform also changed shape with SF/SL. At SF/SL =
0.3, the waveform resembled a sawtooth . At SF/SL = 0 .9,
the decelerative components were of short duration, and
the accelerative components were almost constant (see
Figure 3).

2 . Tachometer
The SF/SL ratio had the predominant effect on the

tachometer waveform. The peak-to-peak amplitude de-
creased with increasing SF/SL from ±0 .21 m/s at SF/SL --
0.3 to X0 .11 m/s at SF/SF = 0.9. Velocity had a lesser effect
on the amplitude . The peak-to-peak amplitude increased
with average forward velocity from ±0 .13 m/s at 0.6 m/s
to ±0.19 m/s at 1 .4 m/s (see Figure 3).

Harmonic ratios
The means and standard deviations of the HR, derived

from the pooled data of the 155 tests, for the longitudinal
acceleration (LACC), the vertical acceleration (VACC),
and the tachometer (TACH) were the following:

Mean

	

Std . Dev.
HR LACC

	

4 .42

	

1 .90
HR VACC

	

3 .10

	

1 .24
HR TACH

	

4 .41

	

1 .87

	

[13]

Harmonic ratios were influenced by both velocity and ratio
of stride frequency to stride length . The HR increased with
velocity for the two accelerations and decreased for the
tachometer. The HR decreased with SF/SL ratio for the
accelerations and tachometer waveforms . The magnitude
of the effects are summarized as follows:

HR LACC:
At SF/SL = 0.6, HR HACC increased from 4 .44 at V =

0.6 m/s to 4 .60 at V = 1 .4 m/s.
At V = 1.0 m/s, HR HACC decreased from 5 .04 at

SF/SL = 0.3 to 4.01 at SF/SL = 0.9.

HR VACC:
At SF/SL = 0.6, HR VACC increased from 2 .84 at V =

0.6 m/s to 3.57 at V = 1 .4 m/s.
At V = 1.0 m/s, HR VACC decreased from 3 .33 at

SF/SL = 0 .3 to 3 .08 at SF/SL = 0 .9.

1 .4

.3

5
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Figure 3.
Effects of velocity
and SF/SL ratio on waveforms.

HR TACH:
At SFISL = 0.6, HR TACH decreased from 5 .00 at V =

0.6 m/s to 3.70 at V = 1 .4 m/s.
At V = 1.0 m/s, HR TACH decreased from 5 .17 at SF/SL

= 0.3 to 3 .54 at SF/SL = 0.9 .
[14]

DISCUSSION

The minimum work did not coincide with maximum
efficiency in values of velocity and SF/SL ratio . Both
minimum work and maximum efficiency occurred at about
the same stride frequency, but at different stride lengths .

It should be no surprise that minimum work and maximum
efficiency occur at the same frequency, since the body
consists of an assembly of joined segments which can be
viewed as time-regulating pendulums. One can speculate
that the body resembles a low Q system with minimum
impedance at resonant frequency, supporting the notion that
efficiency reflects the degree of coordination of movements
of various parts of the body. Craik (2) investigated relative
bilateral flexion-extension movements of the hips and
shoulders, and found that at higher velocities the move-
ments were diagonal (reciprocal), while at lower velocities
they were homologous . The transition zone occurred at a
stride frequency of about 0 .75 Hz . Moreover, Craik found
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phase differences to exist between the hip and shoulder
movements, depending on whether the subject walked
above or below the transition zone frequency. The shapes
of potential and kinetic energy curves suggested smooth
functioning at comfortable cadences and step lengths . When
the subjects walked at conditions alien to their comfortable
choices of stride frequency and stride length, the curves
showed distortions and evidence of phase shifts suggesting
less than optimum coordination among segments of the
body. Since movements of the arms and torso were not
measured, causes for the distortions and phase shifts could
not be determined.

The manner in which latent work distributed with
respect to velocity and ratio of stride frequency to stride
length may suggest why people walk with a relatively con-
stant SF/SL ratio over a wide range of speeds . One could
argue that the body adjusts both stride frequency and stride
length in equal proportions to economize in energy.

The tachometer waveform, representing the forward
velocity of the body, showed sensitivity to SF/SL because
of relative step length . At high SF/SL, step lengths are
short, resulting in a small vertical excursion of the body
center of gravity. Conversely, at low SF/SL, the step lengths
are long, and consequently, the vertical excursion of the
body center of gravity is large . The important feature in
the tachometer waveform was that the peak-to-peak ampli-
tude was relatively unchanged as a function of velocity.
This suggested a significance as noted by Herman (4) in
that the body may regulate the cyclic behavior by a nearly
constant variation in momentum . This leads to considera-
tion regarding stability in locomotion . The slow walks were
the most difficult for the entire group . At higher average
forward velocities, the minimum momentum is large
enough that a small perturbing impulse does not threaten
the stability of the moving body. Conversely, at low
velocities, the minimum momentum is so small that a
similar small perturbing impulse could be a threat.

Variation in amplitude of the longitudinal acceleration
as a function of velocity is a reflection of the slopes of the
tachometer waveform when viewed as a function of time.
While the peak-to-peak amplitude of the forward velocity
remained essentially constant throughout the velocity range,
the slopes varied inversely as the duration of the gait cycle.
Variations in the vertical acceleration reflect the rate of
change in the vertical velocity of the body center of
gravity which is conditioned by both step length and
step frequency.

The overall mean values of harmonic ratios for the
group of normals exceeded 3.0 which is in agreement with
the findings of Robinson (6) . Gage (3) noted that in the

harmonic analysis of vertical acceleration, changes in
relative magnitudes of the odd harmonics were attributable
to bilateral asymmetries as follows : uneven toe-out
depressed the third harmonic, uneven arm swing elevated
the fifth harmonic, and lateral trunk bending elevated the
seventh harmonic. No subjects in these tests demonstrated
substantive increases in bilateral asymmetry as a result of
test conditions.

The choice of 12 harmonics to quantitate waveforms
was based on practical assessments of expected utility.
Twelve harmonics were more than adequate to characterize
the tachometer waveform . If one were concerned about
sharp spike-like features in the accelerometer waveforms,
12 harmonics would be marginal . In this study, the issues
centered on relating work and general waveform features
to velocity and SF/SL ratio . Considering the sampling rate
and possibilities of motion artifact stemming from instru-
ment mounting, analyses using 12 harmonics were thought
to be adequate.

CONCLUSIONS

1. External work of locomotion related to velocity V
and ratio of stride frequency to stride length SF/SL as a
paraboloid of revolution where minimum work was 0 .32
J/kg-m at SF/SL = 0.76 and V = 0.52 m/s . Efficiency of
transformation between potential and kinetic energy also
related to V and SF/SL as a paraboloid of revolution where
maximum efficiency was 0 .58 (58 percent) at SF/SL = 0.43
and V = 0.98 m/s . Latent work, defined herein as external
work divided by efficiency, related to V and SF/SL as a
paraboloid of revolution being its least of 0.63 J/kg-m at
SF/SL = 0 .65 and V = 0.7 m/s . At any given velocity, latent
work tended to be least in the SF/SL range of 0 .6 to 0 .7.

2. Calculation of Fourier coefficients permitted syn-
thesis of representative waveforms of the vertical and
longitudinal accelerations, and tachometer. The following
were observed : (a) The peak-to-peak amplitude of the
vertical acceleration increased from +0.11 g at 0.6 rats to
+0.25 g at 1 .4 mls . The SF/SL ratio had essentially no

effect ; (b) The peak-to-peak amplitude of the longitudinal
acceleration increased with velocity from ±0 .12 g at 0.6
m/s to ±0.25 g at 1 .4 m/s . At SF/SL = 0.3 the waveform
resembled a sawtooth, while at SF/SL = 0 .9 the decelera-
tive components were of short duration and the accelerative
components were almost constant ; and, (c) The forward
velocity (tachometer) waveform decreased in its peak-to-
peak amplitude with increasing SF/SL from ±0 .21 m/s
at SF/SL = 0 .3 to ± 0.11 m/s at SF/SL = 0 .9. The peak-
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to-peak amplitude increased only slightly with velocity
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