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on Different Track Surfaces

E. BARREY,' B. LANDJERIT? and R. WOLTER!

HL.aboratoire de physiologie sportive INRA, Ecole Nationale Vétérinaire d’4lfort,
94704 Maisons Alfort Cedex, France and *Laboratoire de biomécanique
de PENSAM, 151 Boulevard de 'Hdapital. 75013 Paris, France

ABSTRACT. Forelimb hoof impact was studied at the trot in 8 sound horses on a
number of different track surfaces. A uniaxial accelerometer, fixed on the lateral
hoo! wail, provided measurements for 2 seconds at a sampling rate of 2034 per
second. Each horse was trotted at a mean speed of 4 m 5™, on the reference surface
(i.e. asphalt) and on several different track surfaces. The acceleration curves of the
impacts were anafysed with software which calculated measurements of shock (i.e
maximum amplitude, duration) and vibration (i.e. mean frequency, total duration,
mean root square). For each track surface tested, density, and composition were
measured. Results were analysed by a multivariate procedure. Impact intensity was
related to density and composition of the track in synthetic and mineral materials,
The damping of the track susface depended on the density, particle size distribution
and rheolopical properties of the track materials It was possible to predict impact
characteristics such as shock acceleration, vibration freguency and power content,
The results of the multivariate analysis suggested that tracks could be classified inte
three types of mechanical behaviour, namely dense hard surfaces, surfaces with
friction damping and surfaces with structural damping
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INTRODUCTION

Force plates studies provide forceftime
curves of three orthogonal components of
the ground reaction forces during the stance
phase. 5222 The vertical component usually
comprises two dynamic processes;'? high fre-
quency forces occurring immediately after
hoof impact®0'% and low frequency forces
occurring later in the stance phase. High fre-
quency, passive, initial and impact are ex-
pressions used to describe the initial high
loading forces.!’ These impact forces attain
their peak and then vibrate at high frequen-
cy. The vibrations are considered to have
potentially damaging effects on the locomo-
tor system of human athletes'*!>?! and per-
formance horses.’’ A relationship between
repeated exposure o shock and onset of
chronic injuries has been established in hu-
man medicine’ and in some animal mod-
el.’®!? Low frequency, active, and propulsive

are the terms used to describe the lower load-
ing forces.'” The active force has a support,
decelerative and propulsive function which
implicates muscular activity.

The resilience of the track surface has a
great influence on the intensity of the impact
forces!! and amplitude of the vertical hoof
force.>’ To minimize orthopaedic injury and
to maximize sporting performance of human
athletes, it has been suggested that a track
should have a stiffness about three times that
of the runner’s stiffness."?

Two methods have been used to test the
mechanical properties of eguine tracks; the
drop hammer technique**'7* and record-
ing of hoof acceleration of the running
horse."!7 The purpose of this study was to
compare different equestrian tracks by
measuring hoof acceleration parameters in
trotting horses.
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Fig 1 The location of the acceierometer fixed on
the lateral wall of the left hoof The transducer
measured the acceleration along the foot axis

MATERIALS AND METHODS

Track surfaces

An asphalt road was used as the reference
surface and then 8 equestrian tracks were
tested. In addition, 2 horses were tested on a
treadmill with a rubber belt (Sito, Sweden)
(Table 1). The tracks were all located at the
National Eguestrian School in Saumur,
France Six tracks were outdoors and 2
tracks were indoors. All were regularly used

for dressage, jumping and three-day event
training and were harrowed daily. Before
testing, a sample of the loose track cushion
from a randomly chosen location was taken
for physical analysis. Parameters calculated
were: dry density {(DENS), water content
{WATER), percentage of organic materials
{ORGA) and particles size distribution (<1
mm, -2 mm, 2-4 mm, >4 mm).

Measwring method

The measuring system consisted of an accel-
erometer fixed to the hoof and a data acqui-
sitton system (Fig. 1). The accelerometer
provided continuwous measurements of the
axial acceleration of the hoof The acceler-
ometer  (Egasy-250D-FR, Entran  sarl,
France} was selected to record shocks and
vibrations of the hoof impact which require
both laige amplitude scale (+2500 m s~%)
and high natural frequency (2000 Hz). The
accelerometer was fixed on the lateral wall of
the left hoof on the widest transverse axis to
ensure that it was the same relative location
for each hosse

The data acquisition system consisted of
an amplifier, an analog-digital interface
{Kap 303, KAP sarl, Paris) and a portable
microcomputer {Canon X-07). Wires were

Table 1. Track surfaces tested and their physical characteristics

Particle size distribution

Track Typeof  Densily <imm {-2mm 2-4mm >4mm Organic Water
composition track {gem™Y (%) (%) (%) (%) (%) (%)
Asphall Road 27 - - - 100 - -
Gravel + sand Jumping .31 493 333 136 1.4 25 473
Wood fibers Training  0.28 49 8 17.0 200 132 70.3 48 |
Sand Training [ 38 946 36 13 0.5 i5 g6
Sand Steeple 1.33 399 55 23 23 41 56
Gravel + sand Dressage  1.40 5332 268 151 49 29 4.5
Sawdust + sand Manege (.64 0.4 312 153 29 24 6 283
Woaod chips Manege 021 337 194 236 236 705 411
Gravel Pathway 1.40 250 10.0 60.0 5.0 10 200
Rubber belt Treadmill 1.19 - - - 100 - -




' Acceleralion
~g05 | (m/s)

i
|
‘ Braak-over
' i
gt A — -
l Slanco phose ::
: Sldde durclion
345 el Y
Time (10°'5)

Fig 2 Hool scceleration/time curve of a trotting
stride on the asphalt road {G = gravity accelera-
tion).

taped to the limb and connected to the am-
plifier attached to the saddle. A person mov-
ing beside the horse carried the microcom-
puter-A/D interface pack wired to the ampli-
fier with a cable 10 m long. During each
trial, the person could start the recording
and the data acquisition occurred at the rate
of 2034 per sccond over 2 seconds, After
transferring the data to another microcom-
puter the acceleration/time curves were ana-
lyzed with software which calcuiated kine-
matic and stride parameters.

Track-testing
Fach surface was tested with several horses
to minimize individual effect on the results,
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Seven sound saddle horses shod with stand-
ard steel shoes were ridden for track testing
by the same rider (70 kg). Data acquisition
was performd at the trot in a straight line as
soon as the gait reached a regular cadence.
The acceleration measurements were collect-
ed over 2 or 3 strides. The horses trotted at
the average speed of 4 m s~ (+0.54). The
velocity was determined by measuring the
time required o trot 20 m. A total of 31
track tests were performed on the reference
surface (asphalt), and the 8 equestrian tracks
and 2 tests on the treadmill belt (Table 2).

Kinematic paranieters

A computer prograrm provided quantitative
information about shock, vibration and the
temporal stride parameters. For each track
test these parameters were averaged over 2
or 3 strides.

Shock parameters: Peak of acceleration
(SHOCK) was maximum deceleration re-
corded at hoof impact. Shock duration
(SHODUR) was measurement of time be-
tween the beginning of impact and the return
to zero acceleration.

Vibration parameters: Mean {requency
(FREQ) was the ratio between total number
of vibrations and duration of impact vibra-
tions. Vibration duration (VIBDUR) was
time between the beginning of impact and
the end of oscillatory acceleration. Root
mean square (RMS) was the mean value ob-

Table 2. Details of the horses used for the track test

G = gelding, S = stallion

Age Weight Track test number
Horse (yrs) Scx (kg)
1 8 G 613 1, 6,10, 14, 16
2 i G 695 2,7, 11, £5, 17, 20, 23, 36
3 16 G 613 3,812, 18
4 17 G 610 4,9, 13,19, 21,24 27 29
5 g G 550 5,22,25 28
6 3 S 475 Al T1
7 4 5 485 A2, T2
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Fig 3 Hoof acceleration/time curve of a trotting
stride on a track composed of wood fibers (G =
gravity acceleration)

tained by the following formula®;
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Fig 4 Hoof acceleration/time curve of 4 trotting
stricle on the treadmill (G = gravity acceleration).

There is a simple relationship between the
RMS-value and the power content of impact
vibrations. Maximum modulus of the Fast
Fourier Transform (MODFFET) was ampli-

Table 3. Mean kinematic parameters measured on the different track surfaces (£ 8D)

Track SHOCK SHODUR FREQ VIBDUR RMS
Track test no. {ms™%) (ms) {Hz) {ms) {m s~Y)
Asphall 1-5 707.9 12 592 325 123.5
n="7 Al-A2 +66.5 +02 +141 +122 +232.5
Gravel + sand 69 60.3 1.8 361 219 25.1
M= +34.3 +0.8 +36 +11.5 +134
Wood fibers 10-13 69.3 12.4 64 578 327
Mt +46.2 +38 +28 +122 +8
Sand 14-15 41 8 20 310 95 21,8
n=1 +79 +1.0 +354 +2.5 +86
Sand 16-19 586 16 238 28.1 261
n=4 +15.2 F2d 158 1038 +9.5
Gravel + sand 20-22 37.6 135 49 757 132
H=3 +289 +0.0 *11 +20 +47
Sawdust -+ sand 23..25 31.1 298 41 54 2 126
Him3 +89 +112 +7 +6.9 +2.6
Wood chips 26-28 484 19.0 47 95 2 18.7
=3 +16.8 +36 +10 +38.1 +52
Gravel 29 372.5 2.5 392 45.0 60.0
n=1
Rubber beli T1-T2 2329 3 282 24.0 571
n=2 +259 +0.0 +117 +11.3 +14.0
Significance p<0.01 p<0.01 p<0.01 p<0.01 p<0.01




tude of the first harmonic from the frequen-
cy spectrum obtained by the Fast Fourier
Transform of the impact acceleration.

Temporal  stride  characteristics Stance
phase duration {(STAND) was measurement
of the time between the beginning of impact
and the lft-off of the toe (Fig. 2). Stride
frequency (SFREQ) was the number of
s{rides per unit {ime obtained from measure-
ment of stride duration This temporal stride
parameter was the time required to complete
one stride measured as the interval between
the beginning of the impact from 2 succes-
sive strides (Fig. 2).

Statistical analysis

The mean parameters obtained for each
track with different horses (Table 3) and the
mean parameters measured with each horse
on different tracks (Table 4) were tested to
distinguish the influence of track and horse
on the parameter values. To identify signifi-

STAND  SFREQ
MODEFT  (ms) (Hz)
| 027 276.4 137
+488  +285 +0 04
630 290.8 1.29
+1627 233 +0.05
| 342 278.8 1.25
+10 *17.9 +0 08
456 249 5 122
+209 %115 +0.05
827 2825 125
+318 145 +0 07
2738 324.7 1.31
+1 161 +582 +0.05
} 228 3213 127
+161 +40 1 +0.05
3133 350 3 1.3
£1265  +528 +0.02
1 366 2690 140
662 1265 1.25
+291 +47 4 +0,13
p<00l NS NS

8909067 ICEEP
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cant differences between groups (i.e. tracks
or horses) a one-way analysis of variance was
used with p<0.01.

To compare all physical and kinematic pa-
rameters in the different tracks multivariate
statistics were used."*? A principal compo-
nents analysis was applied to the data ob-
tained for each track test.

RESULTS

Accelerationltime curves

The acceleration/time curves revealed a
wide range of impact intensity with regard to
the hardness of the track surface (Figs. 2, 3,
4). On each curve, the stance phase and the
swing phase were distinguishable The stance
phase began and ended with vibrations peri-
ods. Between the impact and the break-over
the hoof stayed at rest and the acceleration
reached a constant value. During the swing
phase, hoof acceleration changed continu-
ously, but the variation of amplitude was too
small to be clearly observed at the scale used
in Figs. 2-4.

Kinematic parameters
The kinematic parameters of the 33 tests
represented 68 strides from 7 horses. Aver-
aging of all the tests obtained on the same
track indicated a variety of responses to the
hoof impact (Table 3). SHOCK ({(coefficient
of variation = [44%) and FREQ (coeffi-
cient of variation = 96 %) were quite differ-
ent in accordance with the hardness of the
track surface. The maximum value of the
shock impact recorded on asphalt reached
—806 m s~

The analysis of variance on the mean par-
ameters obtained for each horse on the var-
ious tracks were not different (p>0.11) for
SHOCK, SHOCKDUR, FREQ, VIBDUR,
RMS or MODFFT, while the stride parame-
ters STAND and SFREQ were different
{p<0.01) {Table 4).

Multivariate analvsis
The data for the first {wo component axes
have been summarised in (Figs. 5 and 6).
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Fig 5 Results of princi-
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axes: diagram of the corre-
lations between the para-
meters and principal com-
ponent axes,

Table 4. Mean kinematic parameters measured on the different testing hoises (£ 50)

SHOCK SHODUR FREQ VIBDUR RMS MODFFT STAND SFREQ
Horse {m s~ {ms) {H2) {ms) (ms™3) {ms) (Hz)
Horse 1 176.2 49 181 323 502 1 049 2536 1.23
=S #2567 +52 +122 +269 +44.3 =609 #1539 x008
Horse 2 156.3 7 318 348 41.3 044 270.6 133
=8 +2097 +56 + 289 +17.3 +46.4 +413 12 2003
Horse 3 2208 55 404 364 48.7 946 3025 1.23
n=4 =284 8 +6.7 +249 =142 +372 + 262 +156 +006
Horse 4 1723 118 213 6132 339 1 680 3181 1.34
n=8§ +364 8 1t + 220 34 | +321 1074 +44.7 =005
Horse 3 176.5 18 3 167 675 358 2466 3398 127
ET +3245 1 +13.1 +217 352 +37.8 #1623 +47.6 006
Horse 6 5037 25 521 345 772 1 086 337 128
E +408 9 +0.7 +222 +35 #4323 + 309 +325 =018
Hozse 7 463 2 i3 407 215 795 541 291 5 1.41
n=2 +3997 + 141 +293 +78 =177 +120 2.1 {001
Signifi-
cance NS NS NS NS NS NS p<Q01 p<00l

NS = no significant differences between horses
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These illustrations give a synthetic view of

the relationships between parameters (Fig.
5) and compared the track surfaces with re-
gard to their properties (Fig. 6). The {irst and
second axes explained 46.9% and 21.5% of
the total variation; the diagram represented
68 4% of the total variation.

In Fig. 5, the first component axis distin-
guished the more significant parameters:
DENS, WATER, ORGA, SHOCK, FREQ,
VIBDUR, SHODUR and RMS. It also par-
tially separated the track surfaces by particle
size. The second component axis distine
guished the tracks in respect of their fine
particle size (<! mm) The parameters
ORGA, WATER and VIBDUR only partial-
ly differentiated the tracks.

There were many significant correlations
{p<0.05) between the physical and kinemat-
ic parameters. DENS was highly correlated
with SHOCK, FREQ, RMS. Particle size

distribution (2-4 mm, -2 mm and <1 mm),
WATER and ORGA were negatively corre-
lated with SHOCK, FREQ and RMS,
SHOCK and RMS were positively correlated
with SFREQ. FREQ increased simuita-
neously with SHOCIK . FREQ was positively
correlated with RMS. SFREQ was positively
correlated with DENS and negatively corre-
lated with the small particle size distribution
(<1 mm)

The results of the principal component
analysis were plotted relative to the first two
component axes (Fig. 6). Away from the ori-
gin, the nearer the tracks to one another, the
more similar their properties. The harder
tracks were located on the left and the softer
tracks on the right. The treadmill belt was
tested by two horses (T1, T2) that also trot-
ted on the asphalt (A, A2) Asphalt was on
the left and the tracks composed of wood
and sand on the right along an oblique line.
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The gravel pathway and the treadmill belt
were located at mid-distance between the
harder and softer tracks The obligue line
contained wooden materials in the upper
part and mineral materials in the lower part.

The terms ‘structural damping' and ‘fric-
tion damping’ describe the damping system
of the track surface (SHOCK reduction) in
relationship with its composition and parti-
cle size { <1 mm). Structural damping means
that impact loading is damped by deforma-
tion of viscoelastic particles. Friction damp-
ing means that impact loading is damped by
displacement of small particles over the oth-
ers. The track surfaces having structural
damping were separated by a higher ORGA,
WATER and 2-4 mm values and lower
SHOCK wvalues. The track surfaces having
friction damping were separated by a lower
ORGA and WATER values and higher
SHOCK and <] mm values.

DISCUSSION

Few studies in hosses have used acceleration
measurements to describe the kinematics of
motion. %17 However, the range of shock ac-
celeration measured on the different track
surfaces was consistent with the results ob-

tained in other hoof acceleration studies of

horses' 2! and human athletes 71! The ac-
celeration/time curves recorded at the mo-
ment of impact in this study were similar in
amplitude® " and shape? to observations re-
ported previously, The measurement of the
acceleration during the complete Himb cycle
appears to be the first quantitative study of
the hoof shock and vibration in horses. For
example, the maximum passive force at im-
pact on asphalt could be estimated to be
1 842 N for a trotting horse of 578 kg body

weight (i.¢. the digit mass is about 0.45% of

body weight** and mean maximum decelera-
tion on asphalit was —708 m s™2). During
impact, the hoof would be exposed to a vi-
brating force at 590 Hz which progressively
decreases because of the viscoelastic damp-
ing. The shock at impact seems to increase
with the stride frequency.

Most track testing has used the drop ham-
mer technique which provides acceleration,
force and displacement measurements of an
impactor falling from a few ecm %1210 The
apparatus could not reproduce the same me-
chanical strains as the hoof of a moving
horse, and s0 a horse equipped with a hoof
accelerometer could be a valuable track test-
ing method.

The mechanical track properties had a
great influence on the shock and vibration
parameters. DENS seems to be the primary
factor which influences SHOCK, FRE(Q and
RMS of itmpact. The shock and vibration
were reduced on the track surfaces com-
posed of a high percentage of ORGA (e.g.
wood), WATER and small particle size dis-
tribution.

The destructive power of the undamped
impact could be minimized by riding on
track surfaces which absorb the initial shock
of the hoof From this point of view, the
more efficient track tested here seemed to be
the one with structural damping. The tracks
composed of a large proportion of organic
particles had the greatest damping ability,
ep. tracks containing wood fibers, wood
chips and sawdust. In another study,’ leather
chips and pieces of polymer mixed with sand
appeared to have structural damping proper-
ties similar to wood fibers.

The loose sand, which is a two phase sys-
tem (i.e. particles and water), has a fiiction
damping capacity that could be controlled
by the water content. It was demonstrated
that the optimum water content depended
on the particle size distribution and was
about 8 to 17%.**7 This range of moisture
content provided the maximum compaction
of the sand layer.

Measurement of hoof acceleration has
been shown to be a useful method for com-
paring the effects of different track surfaces
on the dynamic parameters of hoof impact.
The variety of dynamic responses of the
track surface suggested that the choice of the
track materials could influence the gait bio-
mechanics. The results of the muitivariate
analysis indicated the track surfaces could be




classified into three types of mechanical be-
haviour; dense hard surfaces (e.g. asphalt),
surfaces with friction damping (e.g. sand)
and surfaces with structural damping {c.g.
wood fibers). However, more investigations
are necessary to match the track to the bio-
mechanics of the moving horse in order to
prevent the destructive effects of undamped
impact and to improve athletic performance.
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