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ACCELEROMETRY-A TECHNIQUE FOR THE 
MEASUREMENT OF HUMAN BODY MOVEMENTS* 
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Nutheld Department of Orthopaedic Surgery, University of Oxford, and Department of 
Engineering Science, University of Oxford 

Abstract-A summary of the indications for new systems of measurement is given, with par- 
ticular reference to the advantages and potential hazards in the use of accelerometers. A study 
of the movement of the shank, or lower leg, using accelerometers is reported. The paper con- 
cludes that improved transducers will allow this method to be extended to the study of the 
movement of other parts of the body. An Appendix shows how the signals from six accelero- 
meters may be used to define completely the movement of a body in space. 

INTRODUCTION 

MANY bioengineers involved with the study of 
human movement have at some time attemp- 
ted to use an accelerometer for that quantita- 
tive measure of that movement. Some of the 
attempts have been reported (Saunders et al., 
1953; Gage, 1964) but, certainly, by far a larger 
number are remembered only as failures. The 
probable reasons for these failures are worth 
examining, because, in many areas, the poten- 
tial advantages of accelerometry over 
kinephotography (Sutherland et al., 1972), 
electrogoniometry (Kettelkamp et aL, 1970) 
and other current methods appear numerous. 

Probably the commonest cause of failure 
with the method is the use of an unsuit- 
able transducer. Most applied mechanics 
laboratories possess a piezoelectric ac- 
celerometer designed for the study of vibra- 
tion and it is usually this device which is first 
used by the experimenter. Since these devices 
might more properly be called ‘jerkometers’, 
needing as they do a charge-integrating am- 
plifier in order to measure acceleration, the 
benefit of their small size is often lost. Fur- 
thermore, the absence of a true steady-state 
response and the low sensitivity of such de- 
vices make them wholly unsuitable for the ex- 
amination of muscular-controlled movements. 

*Received 7 December 1972. 

Inertial guidance systems use transducers 
of the ‘force-feedback’ type with a steady- 
state response and high sensitivity but again 
the bulk of the associated electronics and the 
enormously high price of such accelerometers 
makes them unsuitable. Strain-gauge ac- 
celerometers which deform elastically due to 
inertial force are certainly the most suitable 
type of transducer, and these are available at 
low cost in a variety of configurations. A can- 
tilever type with semiconductor strain ele- 
ments was used in the experiments reported 
here. 

Another reason why accelerometry has not 
been more widely used in biomechanics is the 
widespread misconception that, by analogy 
with inertial guidance, gyroscopes are needed 
for the measurement of angular movement. 
The true situation is quite different. Gyro- 
scopes are used in aerospace inertial guidance 
precisely because the movements are largely 
translational, and rotations are small and slow, 
and therefore difficult to measure. In gait, 
however, the acceleration of a point of the leg 
is normally due largely to rotational move- 
ments with the translational components be- 
coming large only when the system is chang- 
ing the number of its degrees of freedom by 
contact with the external environment. It is 
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sufficient that six simultaneous independent 
measurements are made of the translational 
components of the movement of a rigid body, 
moving unconstrained in three-dimensional 
space, for the movement of that body to be 
determined absolutely with respect to a refer- 
ence coordinate system. These six measure- 
ments can all be made with accelerometers. 
(See Appendix). 

mental and clinical use which could be oper- 
ated simply and with minimal disturbance of 
gait in situations outside the biomechanics 
laboratory. 

The study of all animal movement is com- 
plex both analytically and numerically. The 
analysis may be simplified by approximations 
such as rigid-body assumptions, but the num- 
erical effort involved is always considerable. 
The use of digital computation is therefore 
clearly indicated. Furthermore, biological data 
is often ill-ordered and unpredictable, and the 
ability of the experimenter to interact with the 
automatic computational process in order to 
make algorithmically complex decisions con- 
tributes a great saving of time and effort. 

MORRIS 

t 
Upper frequency break- poini 

I 

The particular study reported here involves 
the examination of the movement of the lower 
leg, or shank. The aim was to develop a sys- 
tem of measurement suitable for both experi- 

A well recognised difficulty associated with 
the kinephotographic measurement of gait has 
been that encountered in the single and double 
differentiation of position data with respect to 
time. There are numerous sources of noise at 
the upper end of the frequency spectrum of 
the data (Gutewort, 1971). Since these noise 
components are preferentially increased by 
time-differentiation, the signal-to-noise ratio 
of the data is decreased. Whenever accelera- 
tions have been obtained from photographic 
position data, relatively severe mathematical 
filtering has been employed (Paul, 1965) so 
that the transfer function of the differentiation 
process has a frequency spectrum as shown in 
Fig. 1. The break-point, 00, is chosen as the 
highest frequency compatible with subjec- 
tively noise-free velocity and acceleration. 
The value of wo, which would allow true dif- 
ferentiation of the whole signal band is almost 
certainly higher than that normally used. 

db 

Max. signal frequency 

Fig. 1. Band-limited Time-differentiation, showing a possible discrepancy between the 
differentiation break-point and the maximum sign&ant signal frequency. 
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An analogous noise problem occurs when 
acceleration is measured and then integrated 
to determine velocity and position. The noise 
frequency which is then the most significant is 
the lowest. However, in gait analysis, the low- 
est signal frequency of interest is known to be 
the double-step frequency. Cutting-off fre- 
quency components below this value prevents 
the determination of the moving body’s abso- 
lute position in space. But more important is 
the knowledge of movements within a 
double-step and this can be determined with 
considerable accuracy. 

METHOD 

A detailed algebraic description of the 
analysis procedure is given in the Appendix. 
Only such details as are necessary to give a 
description of the technique are included in 
this section. Accelerometers of the type 
shown in Fig. 2 are used to obtain data on the 
accelerations of the leg between knee and 
ankle. The net acceleration field, due to move- 
ment and gravitation, causes the cantilever to 
bend in the plane of the sensitive axis. Mean 
signal-to-noise ratio within the signal fre- 
quency band is better than 40db. Five ac- 
celerometers are mounted on the perspex plat- 
form shown in Fig. 3. No attempt is made to 
measure transverse rotations of the shank. 
Such measurements would require a larger di- 

mension of the platform in the plane normal to 

the long axis of the accelerometer platform. 
Since such rotations are relatively small (Le- 
vens et al., 1948), they may reasonably be as- 
sumed to be zero. However, results so far ob- 
tained with five transducers are good enough 
to suggest that the inclusion of a sixth to allow 
measurement of transverse rotations would be 
justified and this improvement is planned. 

The platform is mounted over the flat, 
antero-medial surface of the tibia. Silicone 
rubber caulking is coated onto the contact side 
of the platform to provide a high friction inter- 
face and the platform is held in place by a 
moulded “Plastazote” cast also coated with 
silicone rubber. The effect of the mounting 
technique is to provide heavy mechanical 
damping between the accelerometers and the 
shank. 

Signals from the accelerometers can be re- 
corded either on a portable subject-carried 
tape recorder, or passed by a lightweight cable 
to a fixed recorder. 

The entire analysis of the signals is done on 
a small interactive digital computer with 
analogue input facilities and a visual display. 
The data is first searched visually for an event 
of particular interest, and a period of 2.56 set 
real-time data is selected and sampled at 
10 msec. intervals, and digitised. One cycle of 
any periodic function can be clearly recog- 
nised on the computer v.d.u. and cursors set 
to mark the beginning and end of a cycle. Such 

\ ‘\ ’ lnertiol mms 

Cantilever 

Strain elements 

Fig. 2. A schematic representation of the type of accelerometer used. (The length of the 
cylindrical casing is 14 mm). 
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functions (Fig. 4a) are then filtered mathemat- 
ically (Fig. 4b) to make their values equal at 
the beginning and end of the cycle. This pro- 
cess removes drift and sets a lower frequency 
limit on the signal pass-band corresponding to 
the double-step period. 

The stance phase of the walking cycle can 
generally be divided into three distinct 
periods. The first, immediately following 
“heel-strike”, is short and lasts until the foot is 
flat on the ground. The second, or “foot-flat” 
period lasts until “heel-off” and is of approxi- 
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mately the same duration as the third period, 
which lasts from “heel-off” until “toe-off”. 
During the second period the shank of the leg 
moves with pure rotation about a point whose 
position is known. This point lies within the 
talus between the axes of the ankle and subta- 
lar joints (Wright et al., 1964). Since the posi- 
tion of this origin of rotation is known, the 
knowledge of the motion of the shank be- 
comes mathematically redundant. The six 
parameters of motion which are measured or 
assumed to be zero are not then independent. 
Their interdependence allows the angular pos- 
ition of the leg with respect to the fixed axes to 
be calculated. If the start of the cycle of shank 
movement is chosen to occur during the 
‘foot-flat’ period of the stance phase, the ini- 
tial conditions needed to solve the 
simultaneous-differential equations for the in- 
stantaneous direction-cosine matrix are 
known. Figure 5 shows a display of the direc- 
tion cosine matrix for a typical walking cycle. 

With the solution for the direction cosine 
matrix available for each sample time, it is 
possible to solve for the translational compo- 
nents of the limb’s movement. The angle 
which the axis of each transducer makes with 
the vertical is known, and the component of 
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Fig. 4a, b. A period of 2.56 set of angular velocity data 1 
ii 
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before and after filtering. The upper and lower traces in Fig. 5. The direction cosine matrix of the shank for one 
each picture show coronal and sagittal plane rotations, re- step, corresponding to time between the cursors in Figs. 

spectively. 4a and b. 
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Fig. 3. The accelerometer mounting platform, showing five accelerometers and other as- 
sociated electrical components. 

(Facing p. 732) 
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