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Summary

Measurement of peak vertical ground reaction force
(GRFz) from multiple limbs simultaneously during high-
speed, over-ground locomotion would enhance our
understanding of the locomotor mechanics of cursorial
animals. Here, we evaluate the accuracy of predicting
peak GRFz from duty factor (the proportion of the stride
for which the limb is in contact with the ground). Foot-
mounted uniaxial accelerometers, combined with UHF
FM telemetry, are shown to be practical and accurate for
the field measurement of stride timing variables, including
duty factor. Direct comparison with the force plate
produces a mean error of 2.3ns and 3.5ms for the timing
of foot on and foot off, respectively, across all gaits.
Predictions of peak GRFz from duty factor show mean

errors (with positive values indicating an overestimate)
of 0.840.04N kg1 (13%; N=42; mean *s.E.M.) at walk,
—-0.3+0.06N kg1 (3%; N=75) at trot, —2.3+0.2N kg1
(16%; N=18) for the non-lead limb at canter and
+2.1+0.7N kg1 (19%; N=9) for the lead limb at canter.
The substantial over- and underestimate seen at canter, in
the lead and non-lead limbs, respectively, is attributed to
the different functions performed by the two limbs in the
asymmetrical gaits. The difference in load experienced by
the lead and non-lead limbs decreased with increasing
speed.

Key words: ground reaction force, field locomotion, accelerometer,
duty factor, horse.

Introduction

The maximum vertical ground reaction force (peak GRFzjreadmills, offering advantages over standard installations, but
experienced by an individual limb during ground contact hastudies are still limited to the laboratory environment.

been shown to constrain maximum running speed in humansWe are particularly interested in the horEgyus caballus
and has been proposed as a trigger for gait transition in bo#ts a model system for the study of locomotion. The horse has
bipeds and quadrupeds (Weyand et al., 2001; Farley amolved a highly specialised musculoskeletal system and is
Taylor, 1991; Hreljac, 1993; Nilsson and Thorstensson, 198%apable of short bursts of high-speed locomotion as well as
Wickler et al, 2003). Limb force also determines the loadmore sustained exercise at lower speeds.
experienced by musculoskeletal structures, the safety factorsPressure-sensitive insoles are commonly used in human
involved in high-speed locomotion and the cost of locomotiorbiomechanics; however, their application in horses is limited
(Biewener, 1990; Kram and Taylor, 1990). Peak GRFz alsas the technology is expensive and fragile, and absolute
determines the risk of fractures and other musculoskeletahlibration values are poor (Hennig et 4982; Cavanagh et
injuries in horses and has been used in the assessmentabf 1983). A number of groups have developed instrumented
lameness (Merkens and Schamhardt, 1988a,b). In additiohprseshoes and have achieved increasing levels of accuracy
the magnitude and time course of forces experienced by tl{§larey, 1882; Bjork, 1958; Frederick and Henderson, 1970;
limbs are important in eliciting a positive, or negative, boneHlgelshofer, 1982; Kai et.aR000; Ratzlaff et 11985, 1990;
remodelling response. Roepstorff and Drevemo, 1993). However, it is still difficult
Force is routinely measured with high precision and accuradyp record the entire force transmitted by the foot while
in the laboratory environment using a force plate (Elftmanmaintaining the requirements for grip, all in a thin construct of
1938; Cavagna et.all964; Pratt and O’'Connor, 1976). Force minimal mass. Even small changes in digital mass may have
plates, however, have a number of drawbacks. They amggnificant effects on kinematics due to the rapid accelerations
expensive, need to be mounted in a purpose-built runway amcperienced during the gait cycle (Back et 5995).
rely on the subject hitting the plate with exactly one leg. Limb force has been predicted from kinematic data,
More recently, force platforms have been incorporated intalthough this is difficult. We have demonstrated that, in horses,
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there is a gait-independent linear relationshfz@.95-0.99) canter and gallop are termed asymmetrical gaits because the
between the peak extension angle (the posterior angfeot strikes of contra-lateral limbs are not evenly spaced in
subtended by the axis of the third metacarpal bone and the atime (Gambaryan, 1974; Hildebrand, 1989). In contrast to
of the phalanges) of the metacarpophalangeal (MCP) joiftuman bipedal skipping, where peak limb force has been
and limb force (McGuigan and Wilson, 2003). The jointshown to be the same in both limbs of the pair (Minetti, 1998),
angle—force relationship can be calibrated at low speed usitge limbs of a horse performing an asymmetrical gait
a force plate, and subsequently limb force can be predictegkperience markedly different peak GRFz (Biewener gt al
from kinematics at higher speeds. The method is, howevet983; Merkens et gl1993; McGuigan and Wilson, 2003). The
limited to the horse and requires the collection of kinematidirst limb to contact the ground after the aerial phase is known
data, which is difficult outdoors. as the non-lead leg, and the limb that leads into the aerial phase
Cine film has been used to estimate limb force in gallopings known as the lead leg. The non-lead limb experiences a 25%
buffalo (Syncerus caff¢rand ambling elephant.dxodonta greater peak force than the lead limb at slow canter (Merkens
africang by applying the principle of conservation of et al, 1993), and a similar difference has been predicted at
momentum (Alexander et .al 1979). In steady-state higher speeds (McGuigan and Wilson, 2003). However, the
locomotion, the total vertical impulse (the integral of forcestance duration and duty factor are very similar between the
with respect to time) applied to the centre of mass during kead and non-lead limb (Back et,al997). In fact, using the
stride must equal the product of body weight and the striddata of Back et a(1997), equatiod would predict only a 3%
duration. There is, therefore, an inverse relationship betweadifference in limb force between the forelimbs. It therefore
stance time and peak vertical force if a limb generates a certa@ppears that an offset or correction factor is required in order
impulse. That fraction of the stride time for which the limbto give an accurate prediction of limb force from duty factor
transmits force to the ground (i.e. the limb is in the stancat asymmetrical gaits.
phase) is known as the duty factor. Alexander and co-workers Application of the above technique for the prediction of peak
used these concepts, and the observation that the GRF-tiB&Fz requires that stance time be accurately determined. Direct
curve in a spring-like or running gait is approximately GRF measurement, accelerometer data and kinematic methods
sinusoidal in shape, to generate the following equation: have been compared for the objective determination of the
Fzma= a0 1) timing of foot on and foot off (Schamhardt and Merkens, 1994).
ax= TPMYIAE , Force plate data are extremely accurate for both initial ground
whereFzmaxis peak vertical ground reaction force (N)s the  contact time and the time of foot off. Kinematic analysis alone,
proportion of the mass of the animal carried by the pair of legsn the other hand, was reported to be insufficiently accurate for
in question (conventionally 0.6 and 0.4 for the front and reathe determination of either parameter. Analysis of digital
pairs, respectively)n is the mass of the animal (k@)js the  acceleration offers an alternative and has been used to develop

gravitational constant (9.81h s2) andp is the duty factor. a tool for the estimation of aerobic power during walking and
The accuracy of this calculation relies on three assumptionsinning in humans (Weyand et.,aR001). This method,
and/or constants: however, also has potential disadvantages. In the late stance

(1) The shape of the GRF curve. In biology, the shape of thghase, the foot pivots about the toe (an event known as heel off)
GRF curve is not the result of a simple oscillating spring—maggrior to the foot completely leaving the ground (Rig.
system. Geometric compression of the leg spring due tS8chamhardt and Merkens, 1994). The error in stance time
forward motion of the trunk over the planted foot anddetermination was 14.6% in a study of humans, which was
anatomical design causes the resultant curve to differ fromattributed to the inability to differentiate foot rotation from
pure sine wave (Farley et,al993). This shape effect has beenactual foot off (Weyand et al2001). We propose that, in the
demonstrated in kangarodddcropus ruful where it resulted horse, toe off can be accurately detected and differentiated from
in a 36% underestimation of GRFz predicted using equation heel off using an appropriately mounted accelerometer due to
(Kram and Dawson, 1998). The shape of the GRF curve in thiee changes in the direction of foot acceleration.
horse, where there is an apparently simpler lever system, hasThe ability to accurately determine the vertical force
not been compared to a pure sine wave. experienced by all four limbs of large cursorial animals during

(2) The proportion of the body mass supported by the frorttigh-speed locomotion in the field would contribute greatly to
and hind legs. This is traditionally stated to be 60% or moreur understanding of the athletic ability of these animals, since
on the forelimbs (Hoyt et al2000). The exact origin of this peak limb force has been identified as limiting to running
figure is hard to trace (Stashak, 2002); however, the figure capeed. In order to apply the technique described by Alexander
be derived for other quadrupeds from the data of Cavagna et al. (1979), we must first validate a method for determining
al. (1977) and others. In our momentum-based calculation, thhe stride timing variables used to calculate duty factor.
proportion assigned should relate to the relative impuls&ubsequently, the assumptions that equdtioglies on must
generated by the front and hind legs rather than simply the pehk validated. It would therefore be useful to compare the actual
limb force. GRF curves to a sine wave of the same base and area and to

(3) The symmetry of limb GRF curves between pairs of legsletermine whether this method provides a good estimate of
in asymmetrical gaits. Bipedal skipping and quadrupedaGRF throughout the stride or only at the peak value.
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The goal of this study was first to evaluate the accuracy axperimentation with both % and +5Q0y accelerometers and
a system of limb-mounted accelerometers for detecting foot omith mounting on the lateral aspect of the third metacarpal/
and foot off in the horse. Second, foot on and foot off datanetatarsal bone (MC/MT), the lateral and dorsal aspects of the
would be used to test the hypothesis that peak GRFz can peoximal phalanx and various positions on the foot during
predicted from duty factor. Specifically, experiments werdocomotion on both hard and soft surfaces. Output signals were
designed to answer the following questions: (1) can the timingelemeteredia programmable narrow-band analogue FM radio
of foot on and foot off be determined using data from foottelemetry devices operating at 4981z (ST/SR500; Wood and
mounted accelerometers during locomotion on both hard aribouglas Ltd, Tadley, Hampshire, UK) and loggéala 12-bit
soft surfaces; (2) what is the ratio of front—hind impulses as A/D converter and PCMCIA card (DAQcard700; National
function of speed and gait and (3) can the approach dhstruments, Newbury, Berkshire, UK) into a laptop computer
Alexander et al. (equatiol) be applied to walking and running custom software in LabView (National Instruments).
asymmetrical gaits? The telemetry transmittet4 wave whip antenna and NiCad
battery were mounted in a custom-designed exercise bandage
on the lateral aspect of the MC/MT (mass of telemetry unit 73
Materials and methods and battery 8§; total mass of bandage with telemetry unit,
Two experiments were performed. First, the timings of fooB76g). A short, fatigue-resistant cable was constructed of
on and foot off events were determined simultaneously bynulti-strand copper wire coiled around a flexiblani-
force plate and accelerometry during led walk, trot and cantediameter core of mountaineering cord and coated in silicon
Peak limb force was determined by force plate measuremenibber (Wilson and Goodship, 1994). This highly flexible cable
and calculated from duty factor using equationSecond, ran along the lateral aspect of the digit and linked the telemetry
maximum MCP joint extension angle was measured for thanit to the accelerometer (Fi2).
lead and non-lead forelimbs during high-speed treadmill Horses were led by an experienced handler along an 80-m
locomotion in order to quantify peak limb force asymmetry adirt and concrete runway in which a force plate was embedded
higher speeds.

Determination of foot on and foot off and peak limb force at
walk, trot and canter on a hard surface

Six Warmblood-type riding horses (mass 573-K§5mean
636kg) were used for the walk and trot experiment, and fou
fit Thoroughbred horses (mass 453-k§2 mean 48%q)
were used for the cantering. All subjects were assessed as be
free of lameness by veterinary examination prior to eac
experiment. Foot acceleration was measured using solid-ste
capacitive accelerometers with a dynamic range of gt50 '
(ADXL150, Analog Devices, Norwood, MA, USA, sensitivity
38mV gl). These were protected by enclosure in epoxy
impregnated Kevlar fibres (total masg)2and mounted on the
dorsal midline of the hoof, with the sensitive axis orientated it
a proximo-distal direction, using hot melt glue from a hot glue
gun (Bostik Findley Inc., Stafford, UK). The optimum position
and range of the accelerometer was first determined L

Sl

Fig. 1. The orientation of the equine digit during foot on and foot off.
The accelerometer is mounted axially on the dorsal hoof wall with th
sensitive axis orientated disto-proximally. Critically, the foot
acceleration vector (indicated by the red arrows) is orientated alony
the sensitive axis of the accelerometer at foot on (d) and at foot cFig. 2. An accelerometer and telemetry unit in place on the distal limb
(9). However, during roll over (f), when the heel of the foot (the mosof a horse. The telemetry unit and battery are contained within the
rearward point of the ground-bearing surface) has left the ground alexercise bandage and mounted on the lateral aspect of the third
the foot is rotating around the toe (the most forward point of thametacarpal bone. The accelerometer is encased in epoxy and Kevlar
ground-bearing surface), the vector is orientated orthogonal to tHibres, mounted on the dorsal surface of the hoof and protected from
sensitive axis. abrasion by the exercise surface with electrical insulation tape.
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*~  Radio transmitter

MCP joint
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(Kistler 9287BA,; Kistler Instruments Ltd, Alton, Hampshire, Measurement of MCP joint angle during high-speed treadmill
UK). Both force plate and runway were covered in commercial locomotion
conveyor belt matting. Force data were amplified by integral Flat, circular retro-reflective markers (Scotchlite 8850; 3M,
charge amplifiers, filtered through a low-pass filtergracknell, Berkshire, UK), 2thm in diameter, were placed at
(6 dB octave™ from 50Hz) and collected simultaneously with the following skeletal landmarks on the lateral aspect of the
accelerometer data in LabView (National Instruments). Alleft forelimbs and the medial aspect of the right forelimbs of
data were logged at 106(. the same four Thoroughbred horses used in experiment 1: (1)
The time of foot placement (foot on) was taken as the firgiroximal end of the fourth metacarpal; (2) proximal attachment
frame in which the vertical force rose aboveNg@nd foot off  of the lateral/medial collateral ligament of the MCP joint to the
was defined as being the first frame in which the vertical forcgistal third metacarpal bone (centre of rotation of the MCP
(GRFz2) fell below SIN (Clayton et al 1999). In the horse, the joint) and (3) lateral/medial hoof wall approximately over the
well-defined increase and decrease in GRFz, which occur géntre of rotation of the distal inter-phalangeal (DIP) joint.
foot on and foot off, respectively, mean that a\bthreshold The horses had been habituated to locomotion on a high-
accurately identified the timing of these events. These timeseed treadmill (Satd, Knivsta, Sweden; Buchner.e1994).
were used to visually assess the accelerometer data and defnging the experiment, they wore neoprene brushing boots and
the acceleration features that corresponded to foot on and fagfer-reach boots to avoid interference injuries while galloping.
off. The operator was then blinded to the force data for thafter a warm-up period, the horses were exercised at
remainder of the analysis. The times of foot on and foot offncrements of speed between %1 and 12m s-L. During
were manually extracted from the accelerometer traces usik@nter locomotion it was recorded whether the left forelimb or
transcription freeware (http://www.etca.fr/CTA/gip/Projets/ the right forelimb was the lead leg. Marker location in the
Transcriber). For each stride, the times of foot on and foot ofagittal plane was recorded from the horses’ left side
as determined using the force plate, were subtracted from thogeoReflex; Qualisys AB, Gothenburg, Sweden). At each speed
determined using the accelerometer such that an error valifgerement, the horse was allowed 2@ settle into a steady
was obtained that was negative if the accelerometer time wagit pattern prior to the collection of $0of data.
early and positive if it was late. From the accelerometer data, MCP joint extension angle was calculated as the posterior
total stride period was defined as the difference between twghgle subtended by the axes of the third metacarpal bone and
sequential foot on events, and stance period as the timgoximal phalanx. The peak angle was determined for each
between foot on and the subsequent foot off. Duty factor wasride of each file, and the mean peak MCP angle was

then calculated as the ratio of stance period to stride period aggtermined for both front legs at each speed increment.
was used to calculatezmax using equatior. Force plate data

were used to calculate ratios of front to hind peak vertical force

and front to hind vertical impulse, although for canter data this Results

was only possible for non-lead limbs. Peak vertical force was The features attributed to foot on and foot off are presented
determined for each limb strike and compared with thelong with the corresponding vertical force traces in Figh

predicted force. high-frequency, high-amplitude acceleration signal was seen at
~ -~
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Fig. 3. Representative graphs of simultaneous peak vertical ground reaction force (GRFz) and accelerometer data collecteld ¢Axing wal
trot (B) and canter (C) locomotion. For walk and trot trials, force plate data were collected for both front limbs (relinejo&ed hind limbs
(green broken line) during the same trial. Beneath the force outputs, the corresponding accelerometer traces are shobnok¥fetiivas
indicate the timing of foot on (a) and foot off (b). The red solid line indicates the output from the forelimb accelerochéter gaeen solid

line the hind limb accelerometer data. Note the precipitous rise in force at foot on and the rapid drop in force at foich aiflow the
accurate determination of foot on and foot off from vertical force data alone. Also note the absence of features in thecteceiace during

the stance phases, except a minor undulation shortly prior to foot off, corresponding to heel off and foot rotation. Tiie gaitocantrol

in the telemetry link means that whilst the accelerometer signal amplitude is the same in all three plots, the actuelraodilgiféer.



the time of foot on. This was followed by a short burst of higt
frequency oscillations and then a plateau while the foot was i
stance. Subsequently, a lower frequency peak was seen
coincide with foot off, a feature that was easily distinguishablt
from the heel lift and foot rotation that occurred prior to foot
off. Heel lift and foot rotation were prominent if the

accelerometer was mounted on the proximal phalany
especially on a soft surface, but were only evident as a ve
minor low-frequency oscillation with hoof mounting (see
Fig.4). These features were consistent on both hard and st
surfaces, across the gaits and between individuals.

The features were most obvious and distinctive when th
accelerometer was positioned on the dorsal hoof wal
orientated with the sensitive axis along the midline of the limt
(Fig. 4). Initial experiments with the accelerometer mounted o1
the lateral aspect of the proximal phalanx resulted ir
satisfactory acceleration features corresponding to the foot ¢
event; however, foot off became difficult to detect reliably,
especially on a soft surface.

In the first experiment, a total of 147 stance phases wel
collected (46 at walk, 75 at trot and 26 at canter). Mea
absolute error for foot on time was 2% at walk (median
error —2ms, inter-quartile range —2 to #is), 1.8ms at trot
(median —Ims, IQR -2 to +Ins), 2.0ms (median 1.8ns, IQR
+1 to +2ms) for the non-lead limb and 3@ (median 2.5ns,
IQR +1.5 to +3ms) for the lead limb at canter. Mean absolute
error for foot off time was 3.6s at walk (median -@&s, IQR
-5 to +1ms), 2.4ms at trot (median -#hs, IQR —4 to Ons),
5.0ms for the non-lead limb (median a#b, IQR —10 to
+9ms) and 2.38ns for the lead limb (median -As, IQR -7 to
—1ms) at canter.

In order to test the validity of the assumption that GRF:
follows a sinusoidal curve as required by equatiprwe
superimposed sine waves of the same base and area on €
GRFz curve generated in experiment one. The amplitude of tt
sine wave generated was subtracted from the peak GRI
measured in each case. This produced an error value, whi
was positive if the peak GRFz was overestimated and negati
if it was underestimated. Fi§. shows mean (£.0.) GRFz
curves across all strides recorded for front and hind limbs :
walk and trot and lead and non-lead forelimbs at canter. Tt
superimposed sine waves lie withirs.b. of the mean force
for between 40% and 70% of the stride for both front and hin
limbs at trot and canter. The mean value of the amplitude err:
was 0.3N kg1 (4% of peak GRFzN=72; range -1.1 to
+1.3N kg1 at walk, —0.8\ kg (7% of peak GRFzN=109;
range —2.1 to 0.R kg™ at trot, —0.6N kg! (5% of peak
GRFz;N=36; range —1.1 to 018 kg}) for the non-lead limb
at canter and —0M kg1 (3% of peak GRFz\=7; range —0.6
to —0.2N kg™ for the lead limb at canter (Fif).

The ratios of front to hind peak vertical force and front to
hind vertical impulse were calculated and are expressed
percentages and plotted against peak GRFz for all strides
Fig.7. Linear regression of front:hind force ratio against
absolute forelimb force showed that the force ratio was ga
dependent y=1.6198-0.0358 r2=0.272, P<0.0001). The
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Fig. 4. Comparison of different accelerometer mounting positions by
simultaneous collection of data from several accelerometer locations.
The output for the hoof-mounted accelerometer is always shown in
green, and the comparison location in red. The output during
locomotion on a hard surface of an accelerometer mounted on the
lateral aspect of the third metacarpal bone (MCP) at walk (A) and trot
(B), and the output of an accelerometer mounted on the proximal
phalanx (prox. phalanx) during walk (C) and trot (D) are shown. The
output during soft surface locomotion of an accelerometer mounted
on the proximal phalanx during walk (E), trot (F) and canter (G) is
also shown. Vertical broken lines indicate the time of foot on (a) and
foot off (b). Accelerometer output in volts cannot be converted to
m s2 due to automatic gain control within the analogue telemetry
system used.



3644 T. H. Witte, K. Knill and A. M. Wilson

Force (N kgh

=
o

a1

15

10

Fig.5. Mean (zs.0.; broken lines)

Error (% of actual peak force)

8
% 13% . .
38% S A 0 B vertical ground reaction force (blue)
L= =7 T N 6 relative to percentage of stance
- = \ - N duration for the forelimb and hind
4 = AN limb at walk (A,B) and trot (C,D),
S~T-- and lead and non-lead forelimbs at
2 canter (E,F). A sine wave of equal
Forelimb 0 Hindlimb base and area is superimposed in red
over the ground reaction force.
Trot Values in the upper left corner of
56% PN C 40% D each graph in'dicate the. percentgge
P = 10 - of the stance time for which the sine
// SN Z N wave lies within 1s.p. of the mean
p \\ , S force.
7 \\ 5 4 A \\
N N
W \\
Forelimb 0 Hindlimb X
Canter
15
54% Pl 1%
= ~ N N E -~ F
/,
, N 10 =
’ N N Cd \\
A\ 4 N
A\ 5 z
W
Non-lead forelimb 0 Lead forelimb
0 20 40 60 80 100 O 20 40 60 80 100
% Stance
20
A Walk B _ Trot
16
%
[] N
12
N -
8 —
[} a\B N [ o -
S 4 7 T
o 0 I Nolu A Vf;F
g GNP YO TONSIIRY SNEERCEERER
© 60
g C Non-lead limb at cantef (D 7 Lead limb at caner
s 50 T
40
30 -
20 7]
10 ¥
0 1 IN|
SERCN 7Y

Fig. 6. Histograms showing the distribution of errors in peak limb force prediction for individual stance phases using a sinsawevbase
and area at walk (A) and trot (B) and for the non-lead (C) and lead limbs (D) at canter.



66:34 S Walk

a Trot
* Non-lead cantef

64:36

o ko)
=1 %00 % 00 §
C 62:38 °
LL %]
% 60:40 é
S 5842 =
o g
> 56:44 5
'g >
£ 54:46 2
= £
© 52:48 IS
L S
50:50 L
4852 6 8 10 12 14

Peak vertical GRF from duty facto3645

64:36

62:38

60:40

58:42

56:44

54:46

52:48

50:50

48:52

2 14

Peak vertical GRF (N kg)

Fig. 7. (A) Plot of front:hind ratio of peak vertical ground reaction force (GRE®uspeak forelimb GRFz, expressed as percentages. Data
are shown for walk (red diamonds), trot (green triangles) and canter non-lead leg (filled blue circles). The linear régasditied to all
data y=1.6198-0.0358 r2=0.2722,P<0.0000). (B) Plot of front:hind vertical impulse ratiersuspeak GRFz, expressed as percentages.
Symbols are as for A. The horizontal red solid line shows the mean ratio across all speeds (1.33). The red broken énes.indécat the

blue broken lines indicate the inter-quartile range.

mean front:hind force ratio (£p.) was 1.44+0.12N=140) at
walk, 1.32+0.49=218) at trot and 1.18+0.1R£23) for the

in the subsequent calculations of predicted peak GRFz from
duty factor.

non-lead limbs at canter. The ratio of vertical impulse, A scatter plot of predicted peak GRFersusactual peak

however,
(y=1.3724-0.0064 r2=0.018, P=0.0081). The average
front:hind vertical impulse ratio was 1.33+0.11 (meanint).

was minimally affected by speed and gaiGRFz for all strides is shown in Fig. This shows that the

prediction is a slight overestimate for all walk strides, good for
all trot strides but underestimates the non-lead leg peak force

This equates to a percentage vertical impulse distributioand overestimates the lead leg peak force at canter. Error was
(front:hind) of 57%:43%. This impulse distribution was usednegative if the prediction underestimated the actual value. The
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Fig. 8. Scatter plot of predicted peak vertical ground reaction force .. . .
9 b P P g dJs difficult. Previous studies have mounted the accelerometer

(GRFz)versusactual peak GRFz. Both are normalised to body mas

mean error was 0 kg?! (13% of peak GRFz; range
0.3-1.5N kg™ at walk, —0.3N kg1 (3% of peak GRFz; range
—1.7 to 1.N kg™?) at trot, —2.N kg (17% of peak GRFz;
range —5.2 to —0.R kg for the non-lead limb at canter and
2.1N kg™ (19% of peak GRFz; range 1.5-3%kg™) for the

lead limb at canter. When the means of the lead and non-lead
limbs are plotted on the same graph, the point is very close to
the line of normality.

Fig. 9 shows the difference in peak MCP joint angle between
the forelimbs plotted against speed for four horses. Because
absolute angle values could differ due to differences in marker
placement between the left and right limbs, the data have been
normalised to ensure symmetry at a trot speedrofsd. At
canter, the mean difference in peak MCP angle between the
two limbs decreased by a factor of three from 7.0° at the lowest
speed (sl to 2.4° at the highest speed examined
(12ms.

Discussion
Determination of the timing of foot off with accelerometers

Data are shown for walk (red diamonds), trot (green triangles), nofR€rpendicular with the ground surface, whereas here we
lead leg at canter (blue circles) and lead leg at canter (black squarédeunted it along the dorsal hoof wall with the sensitive axis

The red line indicates the functignax. The red star shows the position
of the mean of the average lead and non-lead limb data.

parallel to the long axis of the limb (Fig. Schamhardt and
Merkens, 1994). This means that during foot rotation prior to
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foot off, no component of the acceleration is transducet seen in Figs 3, 4, where input amplitude will vary but the
(Fig. 1). At foot off, however, the acceleration vector is alignedoutput amplitude remains the same.
with the long axis of the limb, and hence the sensitive axis of Equationl relies on the sinusoidal nature of the GRFz—time
the accelerometer, and the majority of the acceleration isurve. This assumption holds true for the running gaits, where
detected. Hoof mounting therefore provided clear andhe limb compresses and extends during the stance phase to
repeatable features during both hard surface and soft surfastere and return elastic energy. In comparison, walking gaits
locomotion at all gaits and represented the optimum site afre traditionally modelled as an inverted pendulum with the
accelerometer placement, although this location is lessunk vaulting over a relatively incompressible limb, resulting
convenient than higher up the leg. Due to its low mass and a bimodal GRF-time curve. It is interesting, therefore, that
small size, attachment of the accelerometer to the dorsal hotbfe technique presented still provides a reasonable estimate of
wall was straightforward and rarely failed. The Kevlar andimb force at walk. Indeed, the predictions for walking are
epoxy casing ensured that the electronic components remaineare accurate than those for slow cantering @&jigln the
safe even when the attachment failed. The connecting calfberse, walking still has spring-like properties although with
was found to be the weakest point, prompting the design oflass leg compression and reduced trunk lift at mid-stance.
strong, fatigue-resistant, yet highly flexible cable. During trot locomotion, the prediction of force from duty
The mass of the equine metacarpus and digit is §420factor was shown to be accurate. However, during canter
(Buchner et a) 1997). Horses commonly wear brushing bootdocomotion, equatiod provided an underestimate for the non-
(mass 200-4CQ) to prevent injury from interference betweenlead limb and an overestimate for the lead limb. A considerable
limbs during training and racing. The combined mass of thasymmetry therefore exists in the impulse applied by the two
accelerometer, telemetry unit, battery and exercise bandafmrelimbs since sine wave assumption was similar (Figs 5, 6).
(3769) is within the mass range of commercial brushing boots Equationl requires knowledge of the distribution of the
and is therefore unlikely to interfere with normal kinematicsmass of the animal between the front and hind limbs. This
In one study, attaching 8Bweights to the toes of Standardbredshould consider the ratio of the vertical impulses rather than
trotters had minimal effect on stride length, stride duration andimply the peak force since the equation is based upon
the relative duration of stance and swing phases as a percentagementum. This study shows that although the front:hind
of the stride (Willemen et al1994). Our equipment is mounted impulse distribution and the front:hind force distribution are
further proximal on the limb, where the effect on kinematicdoth similar at 57:43, the front:hind peak force ratio did
will be even less. In addition, the equipment could be maddecrease with gait from walk to trot and canter. The reason for
lighter by reducing the battery size (currentlygd&®r by using this change is unknown. The impulse distribution was shown
a smaller, and lower power, telemetry transmitter. not to change within the speed range studied and it is therefore
The four-limb telemetry system presented some technicappropriate to use the same ratio for all gaits in the calculation
difficulties during design. The effect of four transmitters inof peak force.
close proximity to one another and the reradiating and/or During this study, horses were examined on a treadmill at a
shielding effect of the horse was expected to significantlyange of canter speeds. As speed increased, the difference in
reduce the range from the manufacturers’ claimed line of sigtMICP joint extension angle (linearly related to vertical limb
ranges of up to Rm. However, during the series of force) between the lead and non-lead legs decreased. Using the
experiments described here, undertaken at ranges of up piceviously published population regression of limb force
300m, signal reception and strength was never a problenagainst MCP joint angle of McGuigan and Wilson (2003), this
Analogue telemetry links use automatic gain control to ensurequates to a reduction in lead—non-lead force difference from
that the dynamic range of the system is used. The outp@t8N kg—1to 0.5N kgL This indicates that as speed increases,
voltage is therefore proportional to acceleration through thémb function becomes more symmetrical. At maximum
stride, but actual acceleration values cannot be obtained. Thiscehorse running speed {181, therefore, the error in peak
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GRFz prediction may be greatly reduced. On the scatter plotcomparison of the leading and trailing fore- and hindlimbs at the canter.

of predictedversusactual force, the mean of lead and non-lead Edquine Vet. J. Suppi3,80-83. _ , _
limbs li | to the i f lity (F Thi Biewener, A. A.(1990). Biomechanics of mammalian terrestrial locomotion.
imbs lies very close to the line of normality (F&). This Science?50, 1097-1103.

confirms that the GRFz trace is inherently sinusoidal in naturBiewener, A. A., Thomason, J., Goodship, A. and Lanyon, L. §1983).
and that the non-lead Ieg simply generates a Iarger impulse. |Bone stress in the horse forelimb during locomotion at different gaits: a

- . comparison of two experimental methodsBiomech16, 565-576.
also suggests that the distinct tail of the canter GRFz tra%?ﬁrk, G. (1958). Studies on the draught forces of horses: development of a

(Fig. 5) does not contribute to prediction inaccuracy. It may be method using strain gauges for measuring forces between hoof and ground.
possible to generate a speed-dependent correction factofcta. Agric. Scan@, Suppl. 4.

. - . Buchner, H. H., Savelberg, H. H., Schamhardt, H., Merkens, H. W. and
to increase the accuracy of the force predlctlon du”ng Barneveld, A. (1994). Habituation of horses to treadmill locomotion.

asymmetrical gaits; however, the lead—non-lead difference in equine Vet. J. Suppl7, 13-15.
absolute peak limb force is variable between individual@uchner, H. H., Savelberg, H. H., Schamhardt, H. C. and Barneveld, A.

(Fig. 9). The reduction in peak angle asymmetry seen at higherglg,%w)' Inertial properties of Dutch Warmblood horde&iomech30, 653-

speeds suggests that such a correction may be unnecessaryci¥agna, G. A., Saibene, F. P. and Margaria, R1964). Mechanical work
studies of maximum speed locomotion. The peak angle in running.J. Appl. Physiol19, 249-256.

- . vagna, G. A., Heglund, N. C. and Taylor, C. R1977). Mechanical work
asymmetry seen here at hlgh speed IS genera"y less than terrestrial locomotion: two basic mechanisms for minimizing energy

found previously (7.7°), where only one leg per horse was expenditureAm. J. Physiol233 R243-R261.
analysed (McGuigan and Wilson, 2003). Cavanagh, P. R., Hennig, E. M., Bunch, R. P. and Macmillan, N. 1983).

: : A new device for the measurement of pressure distribution inside the shoe.
The superimposed sine wave of the same base and area d@iomechanics”_B 1089-1096.

have a similar shape to the GRFz curve at both trot and cantefayton, H. M., Lanovaz, J. L., Schamhardt, H. C. and van Wessum, R.
This demonstrated that the method can also be used to estimat@999). The effects of a rider's mass on ground reaction forces and fetlock

; inematics at the troEquine Vet. J. SuppB0, 218-221.
GRFz with reasonable accuracy throthOUt stance at theéﬁman, H. (1938). The measurement of the external forces in walking.

gaits and not just at mid stance. ScienceBs, 152.
The system of limb-mounted accelerometers described ifgrley, C. T. and Taylor, C. R.(1991). A mechanical trigger for the

; ; in fi e trot—gallop transition in horseScience253 306-308.
this paper proved to be practical for use in field COndmOnsl’—'rzlrley,gc. T?, Glasheen, J. and McMahoneT T. A(1993). Running springs:

making it possible to estimate the mechanical environment of speed and animal sizé. Exp. Biol.185 71-86.

the skeleton in individual horses and consider the factors th&tederick, F. H., Jr and Henderson, J. M. (1970). Impact force
limit gallop speed in horses under different environmental Jieasurement using preloaded transducam. J. Vet. Res31, 2279-
conditions. In the future, it may be possible to automate thgambaryan, P. P.(1974). Gaits of mammals. Islow Mammals Run:
detection of the features in the accelerometer output in orderAnatomical Adaptationgpp. 14-62. New York: John Wiley & Sons.

; ; ; Hennig, E. M., Cavanagh, P. R., Albert, H. T. and Macmillan, N. H.
to reduce the time required for data analysis. (1982). A piezoelectric method of measuring the vertical contact stress
. beneath the human foak Biomed. Eng4, 213-222.
Conclusions Hildebrand, M. (1989). The quadrupedal gaits of vertebraBisScience39,

; ; ; 766-775.
It is possible to accurately predict peak GRFz from dut oyt, D. ., Wickler, . 3. and Cogger, E. A(2000). Time of contact and

factor i'_" the horse. For asymmetrica:' gaits, a correction factor giep length: the effect of limb length, running speed, load carrying and
is required to compensate for the difference between the leadncline.J. Exp. Biol.203 221-227.

and non-lead limbs of a pair Mean peak limb force CanHrteac, A. (1993). Determinants of the gait transition speed during human
) ' locomotion: kinetic factorsGait Posturel, 217-223.

however, be accurately determined for asymmetrical gaits. Thegelshofer, J.(1982). Vergleichende Kraft- und Belastungszeit-Messungen
system described offers the potential for studying peak forcesan den Vorderhufen von gesunden und an Podotrochlose erkrankten
and bone and tendon loading during field exercise. PferdenPh.D. ThesisUniversity of Zurich.
Kai, M., Aoki, O., Hiraga, A., Oki, H. and Tokuriki, M. (2000). Use of an
instrument sandwiched between the hoof and shoe to measure vertical
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