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This paper describes a direct on-line electronic method for determination of the 
quadrupedal footfall patterns of  animals during locomotion. This technique involves the 
application of a 30  kHz AC carrier signal t o  a conductive treadmill belt. The time of con- 
tact of each paw o n  the belt is determined by recording the increased conduction of these 
carrier signals from the treadmill surface through the footpads t o  monopolar electrodes 
implanted in each limb. Since the carrier signal frequency is very high, filters may be 
employed to electronically separate this signal from electromyographic signals simulta- 
neously obtained through the same electrodes. In comparison with the cinematographic 
methods typically used for analysis of footfall patterns, this technique is less time con- 
suming, is just as accurate and also yields signals which can be used for on-line triggering 
applications. 
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INTRODUCTION 

Since Muybridge's (1957) first photographic determination of the footfall 
patterns of pacing horses in 1887, cinematography has been the primary 
method used for investigations of animal locomotion. Determination of foot- 
fall patterns is the most commonly used parameter in the study of gait. A 
convenient method for obtaining such data would be extremely useful for 
studies of central neural correlates of movement and of many pathological 
conditions which influence locomotion. Available on-line methods suffer 

t from various disadvantages. For example, Afelt and Kasicke (1975) utilized 
electrical contact boots fitted on the paws, but these are poorly tolerated by 

I 
some animals and may distort normal gait. In another case, McElligott 

b 

(1976) utilized an array of peg-mounted microphones, which could not be 
adapted to free treadmill running. We report in this paper the development 
of a simple, direct electronic method whereby the quadrupedal footfall pat- 
terns of a running animal can be determined. 

A low voltage 30 kHz AC signal is applied to  a conductive treadmill sur- 
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face. As each limb of the animal makes electrical contact with the treadmill 
belt, a small amplitude current flows along a path from the footpad to  a 
ground electrode attached to  the skull or some central trunk location. A 
single electrode, which is implanted in a distal part of each limb, detects the 
carrier signal voltage across the volume resistance of the limb relative to  the 
common body reference. Artifacts are rejected by filtering all but the 30 
kHz carrier, which is rectified and smoothed to  yield an analog signal which 
shows abrupt modulations upon foot contact. 

METHODS 

In the device employed for study of footfall in the rat, the treadmill belt 
was made conductive by covering it with a silver filled elastic polymer (Eco- 
coat CC-40A, Emerson and Cuming, Canton, Mass.). It was energized with a 
30 kHz sinusoidal carrier signal produced by a Wavetek 152 signal generator. 
Electrical contact with the treadmill surface was made with a damp sponge 
wick. Teflon coated (0. 008 in.), 7-stranded (each strand 0.002 in. in diam- 
eter) stainless steel wire leads (Medwire, Mt. Vernon, N.Y.) with 1 mm 
exposed tips were attached to  a head-mounted plug, routed subcutaneously, 
and were implanted in the hindlimb gastrocnemius muscles and the forelimb 
triceps muscles. This implantation was achieved by inserting the wire tips 
about 3 mm into a 24-gauge hypodermic needle, bending the wire back and 
using the needle to guide the wire into the muscle. The 30 kHz carrier sig- 
nals recorded by these leads were amplified, rectified and integrated with a 
1 0  msec time constant by means of AC bridge filters (model ABI-1, Bak 
Electronics, Clarksburg, Md.). In these studies an additional electrode was 
implanted in the right gastrocnemius so that a bipolar EMG could be 
recorded differentially (Tektronix type 122 amplifier). High and low pass 
filters separated the 30 kHz carrier signals from the lower frequency EMG. 
The integrated EMG and carrier signals were digitized using an on-line 
Eclipse S-130 computer. The binary data was stored on disk files, and later 
displayed on a Tektronix 4014 display terminal using various graphics 
routines. A high-speed movie camera (90 frameslsec Mitchell 16  mm) was 
used to  record the gait for visual inspection. The shutter synchronization 
pulse and frame numbers were stored with the computerized data for later 
comparisons of electronic and cinematographic records. 

RESULTS AND DISCUSSION 

Fig. 1. (left) shows the schematized circuit for this arrangement and the 
same circuit simplified for one limb is shown in Fig. 1 (right) for a monopo- 
lar recording electrode. In these diagrams, Zt is the impedance of the wick 
connection from the signal generator t o  the treadmill surface (about 10 a), 
Zp is the impedance from treadmill belt across the paw to the intramuscu- 
larly implanted electrode (a minimum of about 3300 $2 in our rats hind- 
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Fig. 1. Left: schematized circuit for currents flowing through a rat from a treadmill t o  a 
reference. Right: the same schematized circuit simplified for one limb. The sensitivity term 
in the equation at the bottom specifies the change in carrier signal amplitude associated 
with the treadmill contact of the single limb in which the electrode is implanted. The 
cross.talk term specifies the amplitude change associated with the contact of the other 
3 limbs o n  the treadmill. 

paws), Zl is the (almost purely resistive) impedance from the limb electrode 
t o  the animal common reference (about 1200 a ) ,  Zc is the portion of the 
volume resistor across the body which is commor, t o  all limbs (about 100 
a ) ,  and Za is the effective sum of all other parallel impedances across the 
paws to  the reference (about 1.5-4.5 kS2). These representative impedance 
values were determined by measuring the drops in the 30 kHz carrier signal 
voltages across the appropriate impedance elements and comparing them t o  
the drops across a known series resistor. The circuit also shows a capacitance, 
Ct, for an alternate possibility in which the carrier may be coupled by a 
metal plate in place of the wick electrode positioned under the treadmill 
belt. 

In these experiments, a 50 mV carrier signal (Es) was directly coupled to  
the treadmill by use of a saline soaked wick, resulting in a negligible coupling 
impedance, Zt. The voltage level (El) measured by an electrode in a given 
limb varied from 1-3 mV when the foot was off the treadmill belt to a 
maximum of about 17  mV when paw contact was made. The relationships 
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are summarized in Fig. 1 (right). Ec refers t o  the voltage drop across the 
common resistive component (Zc) and could be measured directly from an 
electrode in a single limb when that foot was off the ground (i.e. Zp 
approached infinity). Since the bare reference electrode was routed down 
the length of the back, Zc was small (100 SZ) compared with Z1 (1200 SZ) 
and Ec varied from only 1-3 mV, depending on the number of feet which 
were on the treadmill. The tail, which also touched the treadmill occasion- 
ally, had a very high contact impedance and as such had no effect on this 
signal. Therefore, the voltage level El varied primarily as a function of the 
change in Zp and reached a maximum of 17 mV when the paw was pressed 
onto the treadmill surface. 

The analog traces in Fig. 2 show the rectified and integrated carrier signal 
recorded in each limb during slow walking. The heavy bars under each trace 
show the times of treadmill contact of each foot as determined by inspec- 
tion of 90 frameslsec film records of the same sequence. The typical 
quadrupedal gait patterns, (i.e. the successive placement of the left hind, left 
fore, right hind and right forepaws) is demonstrated here by both tech- 
niques. 

The bottom trace in Fig. 2 is the EMG from the right gastrocnemius 
muscle, showing that both the EMG and the 'footfall' signals can be simulta- 
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Fig. 2. Comparison of quadrupedal locomotory footfall patterns as determined by the 
present method (upper 4 analog traces) and by film (heavy bars under each trace). Both 
types of records are shown for left hindlimb (LH), left forelimb (LF),  right forelimb 
(RF)  and right hindlimb (RH). Integrated EMG from the right gastrocnemius (RG) is 
also shown. Bottom trace (frames) shows the train of synchronization pulses for the 
movie frames used to determine the times of foot contact. 



neously detected using the same intramuscularly implanted electrode with 
appropriate filtering. 

To demonstrate the temporal accuracy of the electronic records, we 
superimposed 30 traces at  the top of Fig. 3 showing footfall detection based 
on the threshold crossings of the integrated carrier signal from the right fore- 
limb. The bars at the bottom of the figure represent the intervals between 
the two movie frames between which footfall was determined to occur for 
each sweep. Digital readouts visible on the film record and timing pulses 
created by the computer data acquisition programs permitted determina- 
tion of the shutter opening to within 1 msec. The good correlation found 
between these two measures demonstrates that the on-line determination 
of footfall by threshold detection is at least as accurate as by direct inspec- 
tion of film records where the minimal uncertainty is one frame time (12 
msec here). 

The method of coupling to  the belt by a moistened sponge relies on the 
continuity and homogeneity of the conductive coating on the belt. This 
could be a significant source of error when larger animals and longer belts 
are employed. One of us (G.E.L.) has successfully employed capacitive cou- 
pling into the belt using a metal plate directly under the belt encompassing 
the area over which the animal is moving. The combination of the larger belt 
surface area available and the generally higher pad resistances of animals 
such as cats (15-30 kf2 typical) makes it possible to  fulfill the requirement 

Fig. 3. Correlation between the determination of forelimb footfall by film and by trigger- 
ing on the rising phase of  the integrated carrier signal. 
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that the parallel combination of paw resistances does not significantly load 
the source impedance Zt of the voltage signal being applied to the belt. 

The records obtained by this method obviously contain information about 
the manner and force with which the limb has been placed in contact with 
the surface since the amplitude of the signal is generally related t o  the sur- 
face area of glabrous skin contact. We have been able to  interpret these sig- 
nals to  indicate conditions such as asymmetrical load-bearing and rearing 
behavior as confirmed on film records. While probably not linear enough to 
be used in place of force plate records, the shape of the waveforms should 
provide useful clues about the regularity and symmetry of gait sequences and 
other behavior. 

In summary, as compared with typical cinematographic techniques, this 
method is less time-consuming and is just as accurate. Additionally, it 
yields signals convenient for on-line triggering applications. Since the present 
technique uses internal wires remote from the paws, it is more suitable for 
chronic work and it in no way mechanically interferes with the process of 
foot contact and the animal's tactile appreciation of the ground. Finally, 
since the carrier signal and EMGs may be recorded with the same electrodes, 
the technique involves no further surgical intervention than is already used 
in electromyographical studies. Hence, the same lead wires and preamplifiers 
used for EMG studies can serve a dual function in detecting footfall. For 
these reasons, we feel this technique is suitable for many experimental 
paradigms which require detection of the contact of a non-hairy body part 
with a conductive surface. 

ACKNOWLEDGEMENT 

This work was supported by NIAAA Grant AA-03901. 

REFERENCES 

Afelt, Z. and Kasicke, S. (1975) Limb coordinations during locomotion in cats and dogs, 
Acta neurobiol. exp., 35: 369-378. 

McElligott, J. (1976) Cerebellar neuronal firing patterns in the intact and unrestrained 
cat during walking. In Herman, Grillner, Stein and Stuart (Eds.), Neural Control of 
Locomotion, Advances in Behavioral Biology, Vol. 18,  Plenum Press, New York. 

Muybridge, E. (1957) Animals in Motion, Dover, New York. 

I 


