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The Ground Reaction Force Pattern from the Hindlimb of the Horse

Simulated by a Spring Model
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Abstract. A model consisting of a spring loaded by a time-dependent mass is presented simulating the vertical
and longitudinal horizontal ground reaction force patterns obtained from the hindlimb of a walking horse.

Introduction

The horizontal and vertical ground reaction forces of
the horse at normal walk show very characteristic patterns
[Merkens et al., 1986]. The first peak in the vertical reac-
tion force occurs following ground contact and loading of
the limb. The second peak occurs during push-off at the
end of the support phase. The transverse horizontal force
shows also two peaks, but their amplitude is less than [0%
of the vertical force. The positive and negative peaks in the
longitudinal horizontal ground reaction force tracing cor-
respond to the deceleration and propulsion phases, respec-
tively. Similar force patterns can be observed in human
walking [Jarrett et al., 1980].

Kinematic analysis revealed [Wentink, 1978] that the
hindlimb, when rotating over the hoof during the stance
phase, shows only small changes in knee. tarsal and proxi-
mal digital joint angles. Consequently, the total limb can
be considered as a single rigid element that is slightly
compressed along the hip-to-hoofline. Since most joints in
the hindlimb of the horse are stabilized by several tendons.
it may be expected that the mechanical behaviour of the
limb can be described by an elastic spring that rotates in
a sagittal plane. The present study was undertaken to test
this hypothesis and to simulate the ground reaction force

pattern when this ‘rotating spring model’ was loaded by a
time-dependent mass. Comparison with experimental
force plate tracings was used to optimize the model param-
eters.

Materials and Methods

Model Description

During normal walk of the horse both front and hindlimbs are loaded
sequentially with short overjaps at the onset and end of the stance phase.
When only one hindlimb has ground contact. the fraction of the animal’s
body mass loading that limb is approximately 0.4 [Merkens et al., 1986].
Both hindlimbs contribute to bearing of the trunk when they are simul-
taneously in contact with the ground, As an approximation, the mass rest-
ingon a hindlimb is assumed to increase linearly to the stance phase value
my, being 0.4 times the animal’s body mass. to remain at that value during
single supportand to decrease to zero at the end of the stance phase (fig. 1)
when multiple support occurs again. In mathematical terms:

M(t) =my (/1) for 0<t<ty
M(t) =m, for y<t<t, 9]
M) =my 1+222 _ for t,<t<t +1,,
(gt
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In the model the limb is six"h‘pliﬁed to a massless spring with constant
k(fig. 1), loaded by the time-dependent mass M(t) as defined above. The
model is constrained to move in a sagittal plane. Let us assume initially
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Fig.1. Model of the hindlimb of the horse consisting of a spring with
constant k. loaded during the stance phase by a mass M(t) that varies as
shown in the right hand panel. The hindlimb is loaded maximally with
mg. 0.4 times the animal’s body mass. The angle, &(t). that the limb
makes with the vertical increases linearly in time [equation (8)].

that the limb does not rotate and is loaded verucally. The equation of
motion is:

M) [a(t)—g]+ k- ut)=0. (2)

where u(t) is the distance over which the spring is compressed and g is
the acceleration due to gravity. The magnitude of the vertical ground
reaction force Fg(t) equals the spring force k-u(t). or:

Fe(t)y=k u(t)=M(t)- [g— ()] (3)

However. if the rotation of the limb is taken into account. both the
vertical and the longitudinal horizontal ground reaction forces can be cal-
culated. If the angle the limb makes with the vertical is O(t). the equation
of motion becomes:

M) { (1) —g- cosO(1) + [[g— u(H]O(V*) + k- u(t)=0. (4)

where 1, is the resting length of the spring and 6(1) the angular velocity
of the rotating imb. The terms between braces represent inertial. gravita-
tional and centripetal accelerations. respectively. The total ground reac-
uon force Fg(t) is:

Fg(h=k u(t)=M(1)- {g cos@ (1)~ ()= [Ty — u(t)) A1)} (5
and the horizontal and vertical components become:

Fy(t)=Fg(1) sin@(t) (6)
Fz(t)= Fg(1)- cos@(1). (7

Movement Analvsis

The overlap and stance phase durations of a group of 20 selected.
clinically sound horses were derived from high-speed film analvsis [Mer-
kens et al.. 1986]. In three animals of this group the angle that the long
axis of the limb (hip to hoof) makes with the vertigal. the corresponding
angular velocity and the ‘compression’ of the limblalong the hip-to-hoof
line were determined. ’
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Fig.2. Typical example of the longitudinal horizontal (F: a) and ver-
tical (F,: b) ground reaction forces of the hindlimb of a horse. normalized
1o the animal’s body mass. Curves’a are original recordings. curve@]was
found using the model of the verucally loaded spring [equation (3)} and
curves{care from the model of the spring that rotates in the sagitial plane
[equation (7)].

Results and Discussion

The ground reaction force curves of all 20 horses were
similar in shape and amplitude [Merkens et al.. 1986]. As
a typical example we present the data of one horse of this
group and the corresponding curves. calculated using the
model described in this study (fig.2). The overlap and
stance phase durations. equation (1). were 0.16 and 0.80 s,
respectively. The angle that the hip-to-hoof line makes
with the vertical could be approximated by the relation-
ship:
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15 .
o= A /s

()=A"t+ O, r (8)

[cf. Schryver et al.. 1978] where A=1.15 rad/s and @y=
0.44 rad. In this animal the initial length of the spring was
ly=1.3 m and the initial velocity 1(0)=0.8 m/s. Figure
2b. curve b. shows the calculated Fz when the model was
loaded vertically. The parameter my and k appeared as the
quotient my/k in the solution of equation (5). This param-
eter describing the degree of compression of the spring was
varied. A good fit between experimental (fig.2; curve a)
and model-calculated data occurred using my/k = 0.003 s*
Increasing my/k resulted in higher peaks that were shifted
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both Fz and Fy of the rotating spring model. are plotted “_ -

in figures 2a and b (curves ¢), using mp/k=0.006 s*. The
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loading-induced compression of the spring corresponding \,) Ic/h-f /{6{

to this value was calculated to be 6 cm. a value that is close
to the reduction in hip-to-hoof distance derived from film
analysis. A better fit of the curves could be obtained using

ﬂ w(0)=0.25 cm. This implies that the spring is slightly
SN

compressed prior to loading. or in other words. the limb
as a certain pre-tension before ground contact occurs.
The present study illustrates that a simple model of the
hindlimb of the horse. consisting of a rotating spring
loaded by a time-dependent mass. can be used to simulate
longitudinal horizontal and vertical ground reaction
forces that closely approximate those in the living animal.
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