
Movements of animal bodies or single extremities often 
have been measured by optical methods (Falaturi, 2001; 
Szalay, Back, Barneveld, Schamhardt, & Hajos, 2002). 
Such procedures require a stationary recording place, and 
three-dimensional movement recordings can be obtained 
only under certain circumstances. A three-dimensional ac-
celeration measurement system with a wire connection 
has been offered for technical, as well as for biological, 
applications (Xsens MT9; see Xsens Technologies, 2003). 
It has been applied to motion analysis in humans (Kesh-
ner, 2004; Mathie, Coster, Lovell, & Celler, 2004). Sys-
tems with two-dimensional acceleration measurements 
are not sufficient for a complete description of spatial 
movements, since the resulting force cannot be obtained 
from only two axes.

Analyzing the movements of free-moving animals 
requires small sensors and the storage of large data sets 
or wireless data transmission. Basic behaviors (walking, 
running, or grazing) typically involve movements of the 
whole body. They are characterized by body posture, char-
acteristic movement directions, and distinct movement 
frequencies. Accordingly, it should be possible to identify 
different behaviors or movement patterns by analyzing 
the complete acceleration pattern from a single point on 

the body also. A sensor system for this purpose should be 
small and lightweight, but also shock resistant and simple 
to affix to the animal’s body. By means of such sensors, it 
should be possible to identify not only basic behaviors, but 
also deviations from normal movement patterns resulting 
from diseases or external disturbance.

Animals, Material, and Methods
A three-dimensional wireless acceleration measurement 

system (WAS) has been tested in two versions (GreenWay 
Systeme, 2004). The instrument measures accelerations 
for the three spatial axes in the range of 2 g linearly, 
up to 4 g with a damped characteristic. A version for

10 g can also be obtained. For recording, sample rates 
of 10, 100, and 1,000 msec can be selected. In all the ex-
periments described here, a sample rate of 10 msec was 
applied. Data can be transmitted simultaneously by a radio 
link and displayed on a laptop or a PC. The radio com-
munication works over a distance of up to 200 m on a free 
range and 50 m in inconvenient conditions. Alternatively, 
the data can be stored internally in an 8-MB memory and 
transmitted later on command. Since communication is 
possible only to one sensor at a time, the storage option 
enables the application of several sensors simultaneously. 
The results are stored in EXCEL-compatible text files 
containing the time and the three simultaneously recorded 
acceleration values. Two different sensors were applied: a 
collar sensor and a flat box for fixation at the extremities 
or the trunk. Data were recorded from 4 cows (1 on the 
free range and 3 at the veterinary clinic of the Free Univer-
sity of Berlin), from a horse at the Horse Clinic Havelland, 
and from 2 horses at a riding place. The collar sensor was 
applied in experiments in which basic behaviors of a cow 
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on a free range were identified. The behaviors were simul-
taneously recorded visually. From measurements made 
over several hours, samples 10 and 5 sec in duration from 
the middle of periods of constant behaviors were selected 
and analyzed. 

The flat box sensor was fixed by means of horse boots 
at the legs of the cows and the horses. The animals were 
led by the animal keepers at different velocities on con-
crete. In some cases, the collar sensor was simultaneously 
applied. The results were analyzed in order to identify the 
different movement patterns of stepping, trotting, and gal-
loping (horses) and to distinguish healthy from lame ani-
mals. The data basis selected for analysis consisted of 155 
samples of 1,000 values (for frequency distributions) and 
of 500 values (for all the other procedures). 

All analysis was done with a methodical background in 
order to test the equipment, to develop different analytical 
procedures, and to exemplify the value of the approach. 
It was not our aim to conduct a systematical comparative 
study, for example, of disease diagnosis.

Several mathematical procedures were developed for 
the evaluation of movements. At first, for each data point, 
the resulting force was computed from the three accelera-
tion values.

In a second step, frequency distributions were deter-
mined from 10-sec samples for the three axes and for the 
resulting force separately.

From the time series of the resulting force, the fractal 
dimension D was determined (Ripoli et al., 1995). From the 
same time series, the power spectrum was also computed.

The total power, the power of the basic frequency, the 
total power of the harmonic components, and the total 

power of the nonharmonic components were determined 
from the power spectra.

In addition to absolute acceleration values, derived 
complex characteristics of movements, such as linearity 
or the relation between the harmonic and the nonharmonic 
components, were obtained and compared.

The experiments had three different aims: first, to test 
the recording device under realistic field conditions; sec-
ond, to find analytical methods for potential automatic 
behavior identification on the basis of three-dimensional 
acceleration recordings; and third, to find out whether 
disturbed movement patterns, such as lameness, can be 
identified by three-dimensional acceleration recordings in 
field conditions. Our basic assumption was not only that 
absolute accelerations should be regarded, but also that 
complex analyses of time-dependent acceleration patterns 
are required.

Results
Identification of behavior patterns in cattle by 

the collar sensor. Already, by a visual inspection of the 
three-axial acceleration patterns, basic behaviors such as 
standing, walking, grazing, or rumination can be identi-
fied. The gravitation enables the identification of the sen-
sors’ position and, accordingly, the position of the head 
(Figure 1).

Grazing is characterized by a lowered head, whereas 
rumination occurs with the head up, which can be recog-
nized by the different acceleration values along the y-axis. 
The frequency distributions of the acceleration values 
during the different behaviors are approximately normally 
distributed but differ in deviation and mean value (Fig-
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Figure 1. Original acceleration patterns from a cow during different behaviors (collar).
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ures 2 and 3). Grazing can be distinguished from all other 
behaviors by the different mean of the y-accelerations in 
the frequency distributions. On the basis of the standard 
deviations alone, hay uptake, grazing, and rumination can 

be clearly distinguished, but the values for walking and 
hay uptake overlap. Rumination can be identified auto-
matically by a self-developed procedure based on the stan-
dard deviation.
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Figure 3. Standard deviations of acceleration values during different behaviors.
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Figure 2. Frequency distributions of accelerations during different behaviors.
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The spectral components of time series of 5 sec were 
determined by Fourier analysis. From the original result-
ing values, the autocorrelation function was computed to 
reduce the noise level; thereafter, the autocorrelation was 
analyzed for cosine functions, and the portions of the dif-
ferent periods were determined. These portions were dis-
played as power spectra.

The grazing, walking, and ruminating behaviors result 
in regular movements of the head and neck. Accordingly, 
single different periods of different period lengths can be 
detected from the collar sensor during these behaviors 
(Figure 4).

Also, the fractal dimension can be used to distinguish 
some behaviors, but the deviations overlap between walk-
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ing and grazing. The lowest overlaps can be seen in the 
x–z plane. Only rumination and hay uptake can be better 
distinguished by the fractal dimension in the other planes 
(Figure 5).

Recognition of lameness. The original acceleration 
patterns during walking differed only slightly between 
healthy and lame cows. Much more clear differences were 
detectable on the basis of the power spectra of the result-
ing forces. In the 2 diseased cows, the power of the basic 
frequency was lowered, and the other frequencies were 
predominant (basic frequency was 20.25% in the healthy 
cow vs. 14.52% and 14.56% in the lame individuals). The 
nonharmonic components were highly elevated in Cow 2 
(Figure 6). This individual obviously had a higher degree 
of lameness than did Cow 1.

In the lame cows, the fractal dimensions of the leg move-
ments were substantially lower than those in the healthy 
individual. This indicates a higher degree of linearity in 
the movements of the diseased animals (Figure 7).

The spectral analysis gave a similar result in horses, 
in comparison with the cows. The harmonic components 
were as high as 97% in the healthy animals. In an only 
slightly lame animal, 49% harmonic components were 
found if it was walking while being led and 42% if it ran 
alone. After a provocation test, the harmonic components 
were lowered to only 5%. Nonharmonic components were 
hardly found in the healthy animals. The relation between 
basic frequencies and harmonic and nonharmonic com-
ponents indicated a lowered expression of the basic fre-
quency in the diseased animal (Figure 8).
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Figure 6. Classification of power spectra in three cows.
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The fractal dimension was higher during stepping in 
healthy cows and healthy horses, in comparison with dis-
eased individuals of both species. A difference was not 
recognizable during trotting and galloping (Figure 9).

Discussion
The three-dimensional acceleration measurement sys-

tem was sufficiently sensible and, as such, very conve-
nient for recording movements of free-moving cattle and 
horses. We never observed aversive reactions of the ani-
mals against the sensors or their application. The measur-
ing range was sufficient for most cases; only heavy move-
ments, such as jumping, caused overflows. Most normal 
behaviors of the animals recorded by the collar caused ac-

celerations lower than 2 g; only the leg sensor sometimes 
recorded higher accelerations. The damped characteristic 
with the possibility of recording accelerations of up to 
4 g also enabled us, in this case, to record an acceleration 
curve and to compare curves from different animals or 
situations. For research on highly intensive movements, 
such as jumping, the version with the measuring range 
of 10 g may be recommended. The data transmission 
worked highly reliably on distances of more than 100 m 
in all situations. With this simultaneous data transmission, 
the acceleration curves could be followed directly on the 
screen. The storage mode made it possible to apply two 
sensors at the same time on one and the same animal at the 
leg and the neck. The advantage of the system over two- 

Figure 8. Classification of power spectra from horses (“Forgery” with slight signs of lame-
ness, *after provocation).
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dimensional recorders consists in offering the possibility 
of computing the resulting force. This can be done from 
free-moving individuals in very different situations. The 
application is restricted only by power consumption and 
battery capacity. The sensor has a time of independence 
of about 16 h.

If the results from the different axes are compared, the 
influence of the gravitation gives information about the 
spatial orientation of the sensor and the parts of the ani-
mal’s body. The head position gives valuable information 
for the detection of different behaviors. On the other hand, 
neither the position information nor absolute acceleration 
values (frequency distribution) give sufficient informa-
tion to recognize all basic behaviors or disturbed behavior 
patterns. For the identification of behavior patterns, stan-
dard deviation and frequency spectra were useful proce-
dures; in addition, the fractal dimension can be applied. A 
hierarchic classification procedure will be needed for the 
automatic identification of behaviors.

To identify lameness, movement analyses were done 
under strictly controlled conditions. A computerized 
analysis of the movements of a foreleg and the head was 
undertaken for horses on a walk belt by Schobesberger 
and Peham (2002). They applied a vibration analysis and 
a neural network and developed an automatic procedure 
for recognizing lameness. Such investigations require a 
great deal of effort, which could be substantially reduced 
by wireless acceleration measurements. The Equimétrix 
measuring system is a two-dimensional acceleration re-
corder. By means of it, dorsoventral and dorsolateral ac-
celerations can be measured (Lindner, 1999). Neverthe-
less, the resulting force cannot be computed from these 
values. Against this background, the WAS offers the 
possibility of recording and analyzing movements from 
freely moving animals under field conditions. To recog-
nize disturbed movement patterns, power spectral analysis 
was extremely valuable. The classification into basic fre-
quency and harmonic and nonharmonic components gave 
reliable results in the two species.

The fractal dimension varied in the same direction 
between healthy and lame animals in both species. The 
higher fractal dimension in healthy animals can be inter-
preted as a sign of more complex movements, whereas in 
lame animals, linear components are more prevalent.

As a whole, the complex evaluation of movements by 
means of this wireless three-dimensional acceleration mea-
suring system may be useful in many fields of research and 
is not restricted to the examples described. Such a measur-
ing system and the different analytical methods could, for 
example, be applied in the investigation of emotional reac-
tions or complex movements from animals, as well as from 
humans. It could also be used to record the basic behavior 
patterns of patients, in parallel with storage ECG records, 
or for research purposes with regard to reactions to external 
disturbances or nervosity. It could also be applied to the in-
vestigation of locomotor patterns on different floors, reac-
tions to different housing equipments, and much more.
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