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Abstract

This study used a computer simulation model to investigate various considerations that
affect optimum peak height in a running jump. A planar eight-segment computer
simulation model with extensor and flexor torque generators at five joints, was
formulated and customised to an elite male high jumper. A simulation was matched to a
recorded high jumping performance by varying the activation profiles of each of the
torque generators giving a simulated peak height of 1.99 m compared to the recorded
performance of 2.01 m. In order to maximise the peak height reached by the mass centre
in the flight phase the activation profiles were varied, keeping the same initial conditions
as in the matching simulation. Optimisations were carried out without any constraints,
with constraints on the angular momentum at takeoff, with further constraints on joint
angles, and with additional requirements of robustness to perturbations of activation
timings. A peak height of 2.37 m was achieved in the optimisation without constraints.
Introducing the three constraints in turn resulted in peak heights of 2.21 m, 2.14 m and
1.99 m. With all three types of constraint included the peak height was similar to that
achieved in the recorded performance. It is concluded that such considerations have a
substantial influence on optimum technique and must be included in studies using
optimised simulations.
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Introduction

Research on high jumping performance has included both experimental studies
(Briiggemann and Loch, 1992; Dapena and Chung, 1988; Dapena et al., 1990; Greig
and Yeadon, 2000) and theoretical studies (Alexander, 1990; Hubbard and Trinkle,
1985).  While optimal approach characteristics in high jumping have been
investigated by Alexander (1990) and Greig and Yeadon (2000), investigations into
optimal muscle activation timings are limited. —Optimal activation timing in
simulations of squat jumping has been investigated by Pandy et al. (1990) and van
Soest et al. (1994) who found that the heights reached by the models were broadly
comparable with actual performances. However, simply maximising the peak jump
height of the mass centre may result in a theoretical simulation that is inaccurate since
various factors will have been neglected.

One factor to be considered in the optimisation of jump height is the technical
requirements of the skill. For example, in a high jumping performance the
appropriate angular momentum at takeoff is crucial if the athlete is to complete the
necessary rotation in the air for a successful performance (Dapena, 1988). A second
factor is the anatomical range of movement at each joint since a simulation that
violates joint constraints may give an unrealistic jump height (Umberger, 2005). A
further factor for success in competitive elite sport is consistency of performance. In
order for an athlete to be consistent, performance should be robust to small changes in
activation timing. In targeted movements Harris and Wolpert (1998) demonstrated



that the time profile of the neural input could be explained by the minimisation of
endpoint error. Similarly in order to obtain consistent performance in high jumping,
the activation time histories may be optimised so as to give only small changes in
performance when the activation timings are perturbed. While the effect of each of
these factors has been investigated in differing activities no study has incorporated all
three factors to determine their relative effects in a single activity.

The purpose of this study was to investigate optimised simulated performance in
a running jump for height taking into consideration the appropriate angular
momentum, the anatomical ranges of movement and the requirement of robustness of
performance.

Methods

A planar torque-driven computer simulation model of the contact phase in a
running jump for height was developed and was used subsequently to investigate the
effect of imposing angular momentum, anatomical and robustness requirements on
maximum jump height.

An international male high jumper of height 1.89 m and mass 82 kg, with a
personal competition best of 2.31 m participated in the study. The athlete gave
informed consent for the procedures, which were carried out in accordance with the
protocol approved by Loughborough University Ethical Advisory Committee.
Ninety-five anthropometric measurements were taken on the athlete and segmental
inertia parameters were calculated using the geometric inertia model of Yeadon
(1990b). The approach, takeoff and flight phases of a high jumping trial were
recorded at an athletics track using two video cameras. 15 body landmarks were
reconstructed using the Direct Linear Transformation (Karara, 1980) with camera
synchronisation effected using the digitised landmark data (Yeadon and King, 1999).
The coordinate data and the inertia data were used to calculate the jumper’s
orientation and configuration angles throughout the movement, along with the mass
centre velocity and whole-body angular momentum about the mass centre (Yeadon,
1990a, 1990c). The component of angular momentum about an axis perpendicular to
the vertical plane through the mass centre velocity at takeoff (close to the sagittal
plane at touchdown) was calculated for subsequent use with the planar model of the
takeoff. The time histories of the orientation and configuration angles were fitted
using quintic splines (Wood and Jennings, 1979) in order to obtain angle and angular
velocity estimates throughout the movement. Although the recorded high jumping
performance was three-dimensional in many respects, the contact phase was
essentially planar since the mean deviation from the vertical plane through the mass
centre path was less than 5°.



Figure 1. Angle definitions for the eight-segment model.

A planar forward dynamics computer simulation model of the contact phase in
running jumps for height was developed and customised to the athlete using subject-
specific inertia, strength and visco-elastic parameters (King et al., 2006). The model
comprised eight segments representing foot, calf and thigh of the takeoff leg; shank
and thigh of the free leg; trunk + head; upper arm and lower arm (Figure 1). Torque
generators consisting of rotational elastic and contractile elements in series acted
around five joints (ankle, knee and hip of the takeoff leg; hip of the free leg and
shoulder) with extensors and flexors represented separately. The torque produced
during a simulation was given by the product of the activation and the maximum
voluntary joint torque function whose parameters were determined from dynamometer
measurements (King et al., 2006; Yeadon et al., 2006). Passive torque generators
which prevent joints from exceeding their anatomical limits were not included in the
model. The activation of each torque generator ranged from 0 to 1 during a
simulation and was specified by a time profile. Two different profiles were used to
represent the activation time histories of the agonist (ankle, knee and hip extensor;
shoulder and free hip flexor) and antagonist (ankle, knee and hip flexor; shoulder and
free hip extensor) muscle groups. For the agonists the activation was allowed to rise
as a quintic function of time from an initial level & to an upper level a, over a time
period t; and then at time tos fall to zero on a quintic over a time period tg, whereas for
the antagonists the activation was allowed to fall to zero from an initial level a; over a
time period ty and then at time to, rise to full activation over a time period t,. It was
thought that these profiles were sufficiently complex in that they allowed co-
contraction which could produce fast ramp times for the net joint torque but were not
over-complex for the short takeoff duration.
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Figure 2. (a) Six-parameter activation profile for the agonist torque generators in which the activation
rises as quintic function of time from an initial level to an upper level and then falls to zero on
another quintic function. (b) Similar five-parameter activation profile for the antagonist torque
generators in which the activation falls to zero from an initial level and then rises to full
activation.

Six parameters were needed to specify the activation time histories of each
agonist torque generator and five were needed for each antagonist torque generator,
resulting in a total of 11 activation parameters per joint (King et al., 2006). The
remaining two joints in the model (elbow and free knee) were angle-driven using the
splined joint angle time histories of the recorded jump since movement at these two
joints was expected to make only a small contribution to jump height. Wobbling
masses represented as moveable rigid bodies connected to fixed rigid bodies by non-
linear spring-damper systems were included in the shank and thigh segments of the
takeoff leg and in the trunk segment. The foot-ground interface was modelled as a
spring-damper system with vertical and horizontal non-linear stiffness and damping
components situated at the toe and the heel.

Visco-elastic parameter values for the wobbling masses and initial estimates of
the visco-elastic parameter values for the foot-ground interface of the torque-driven
model were obtained using an angle-driven version of the model (Wilson et al., 2006).
Input to the torque-driven model consisted of the kinematics at touchdown, the
activation time histories of the 10 torque generators, and the time histories of the
elbow and free knee angles. Model output comprised the time histories of the foot-
ground spring-damper displacements, joint angles and trunk orientation from which
mass centre position and velocity together with angular momentum about the mass
centre were calculated.

A simulation which matched the recorded performance during takeoff was
found by varying the 55 torque generator activation parameters and three stiffness
parameters (one horizontal and two vertical) of the foot-ground interface to minimise
the sum of a difference score and various penalties using the Simulated Annealing
algorithm (Corana et al., 1987). The three stiffness parameters were allowed to vary
by +50% from the initial estimates which were determined from performances on a
laboratory floor (Wilson et al., 2006) rather than an athletics track surface. The
difference score was the root mean square of five components based on the difference
between simulation and performance in terms of (1) trunk orientation, (2) joint angles,



(3) time of contact, (4) linear momentum, and (5) angular momentum similar to the
procedure of King et al. (2006). Penalties were used to ensure that the matching
simulation gave a peak height close to that of the performance and that joint angles
remained within anatomical limits.

Four optimisations were carried out which maximised an objective function
defined as the peak height reached by the mass centre during the flight phase of the
simulated jJump minus various constraint penalties. The peak height was calculated
from mass centre height and vertical velocity at takeoff. In each optimisation the
initial kinematics were set to be those used in the matching simulation (Table 1) and
the 55 torque generator activation parameters were varied using Simulated Annealing
to maximise the peak height reached subject to various constraints.

The first optimisation was carried out with no constraints. To determine the
maximum peak height reached with a constraint on the angular momentum a second
optimisation was performed with a penalty subtracted from the peak height if the
angular momentum at takeoff differed from that in the recorded performance by more
than 10% (an amount that could be accommodated by means of configuration changes
during flight). For each 1% of angular momentum outside of the permitted range a
penalty of 0.05 m was imposed. In the third optimisation in addition to the angular
momentum penalty the knee and ankle joint angles of the takeoff leg were constrained
to be less than 180° and 160° respectively both at takeoff and during the first 200 ms
of the flight phase assuming constant angular acceleration using penalties of 0.01 m
for every degree beyond each limit. This was done since these were the only joints
that approached their anatomical limits in the matching simulation and then only at
takeoff. The assumption of constant joint angular acceleration is a simplification and
while possibly conservative it is certainly better than the usual procedure of not
considering violations in the flight phase.

Once the optimum simulation with both angular momentum and anatomical
constraints had been found, perturbations to joint torque generator activation timings
were incorporated into the optimisation process. A sensitivity analysis was conducted
and simulations were found to be most sensitive to changes in the activation timings
of the knee and hip extensor torque generators. The onset timings of the torque
generators of these two joints were varied by 5 ms (keeping the same ramp times)
producing four additional simulations (+5 ms at the knee, -5 ms at the knee, +5 ms at
the hip, -5 ms at the hip). The fourth optimisation was then run in which the score to
be maximised was taken to be the average score (including constraint penalties) of the
four perturbed simulations. This produced an optimised (unperturbed) simulation that
was expected to be more robust to perturbations in activation timing than the third
optimisation. The sensitivities of optimisations 3 and 4 to timing perturbations of
+5 ms were then determined using individual simulations.

Optimisation 1 was started from the matching simulation and each subsequent
optimisation was started from the solution of the previous optimisation. In order to
ensure that a global optimum was found by the Simulated Annealing algorithm, two
additional independent optimisations were carried out for each of the four
optimisations by starting from a different initial simulation and by changing the order
of the optimisation parameters. Additional optimisations were started from either the
matching simulation or a different optimisation solution. In each optimum solution
each penalty score was zero and so the penalty weightings were suitable and did not
affect the optimum. It was anticipated that a given set of activation profiles would
correspond to unique time histories of net torque at each joint. If this were not the



case then the optimisation algorithm might be expected to have difficulty in
converging to a solution.

Results

The matching simulation resulted in a peak height of 1.99 m compared to the
recorded height of 2.01 m with a root mean square difference score of 7.8%
comprising individual scores of: 8.5°, 13.8°, 1.3%, 6.2%, and 0.4% for each of the
five components (trunk orientation, joint angles, time of contact, linear momentum,
and angular momentum). In the matching simulation no violations of either angular
momentum or anatomical constraints occurred. The horizontal stiffness parameter
value at the heel and toe was 63% of the initial estimate taken from Wilson et al.
(2006) while the vertical stiffness parameter values were 69% and 99% of the initial
estimates at the heel and toe respectively.

Table 1. Initial conditions of the matching simulation

variable Value variable Value
Vomx 7.4 ms* Vemy -0.58 ms*
0, 85° 0, 201°5
0y 157° 0y -58°s*
0, 141° o, 218°s*
0, -59° 05 881°s"
0, 92° 0e -1320°s
Orh 209° O -228°s
01 68° O, 1271°s*
0, 80° 8, -46°s

Note: See Figure 1 for angle definitions; vemx and
Vemy are the horizontal and vertical velocities of the
mass centre at touchdown.

With no constraints imposed the optimised mass centre peak height was 2.37
m (optimisation 1). In this simulation, however, the angular momentum was more
than twice that of the matching simulation (Table 2) resulting in an unrealistic
performance in which over-rotation about the lateral axis occurred. With angular
momentum constraints imposed, the optimised peak height decreased to 2.21 m
(optimisation 2). Again, this solution was not realistic as the knee and ankle angles
exceeded their anatomical limits during the flight phase (Table 2). In the third
optimisation in which anatomical constraints were also imposed, the peak height was
reduced further to 2.14 m. Repeating optimisations 1-3 with different starting points
or reading in the 55 torque activation parameters in a different order into the
Simulated Annealing algorithm resulted in the same optimum simulations suggesting
that a global rather than a local optimum had been found. The optimum activation



onset timings at the knee and hip for optimisation 3 were perturbed by +5 ms
producing four additional simulations. The peak heights reached by the mass centre
in these simulations varied from 2.06 m to 2.17 m but all four simulations violated
anatomical or angular momentum constraints (Table 3). In the fourth optimisation
where the average of the four heights reached in perturbed simulations was
maximised a peak height of 1.99 m was obtained (Table 2). When 5 ms timing
perturbations were introduced into this optimum simulation the peak height was also
1.99 m, with no violations of either the angular momentum or anatomical constraints
(Table 3). Repeating optimisation 4 from different starting simulations and changing
the order of the parameters to be varied in the Simulated Annealing algorithm resulted
in optimum simulations with peak heights ranging from 1.93 m to 1.99 m. In all
optimisations Simulated Annealing had reduced the step length of each parameter
affecting the final activation profile to a small value. This was an indication that the
algorithm had converged to a solution.

Table 2. Output values of the matching simulation and the four optimisations

peak angular knee knee ankle ankle
height | momentum angle angle in angle angle
atTO flight atTO in

[m] | [kgm?s’] [°] ] ]| flight

[

Match | 1.99 234 161 180 126 156
Opt1l 2.37 55.0* 180 255* 145 246*
Opt 2 2.21 24.9 158 427* 147 777>
Opt 3 2.14 25.2 160 179 131 149
Opt 4 1.99 22.8 170 172 120 144

Note: Opt 1 — no constraints; Opt 2 — angular momentum (AM) constraint;
Opt 3 — AM and anatomical constraints; Opt 4 — as Opt 3 but with
robustness requirement. * indicates a constraint violation.



Table 3. Effect of perturbations on optimisations 3 and 4.

peak angular knee knee ankle ankle
height | momentum | angle | anglein | angle | anglein
atTO flight atTO flight
ms m | [kgm’s™] | [°] [l [ [
Opt 3
knee +5 2.16 30.4* 166 175 130 155
knee -5 2.08 18.1* 152 288* 134 298*
hip +5 2.17 32.4* 169 178 130 153
hip -5 2.06 17.3* 149 285* 134 293*
none 2.14 25.2 160 179 131 149
Opt 4
knee +5 1.99 24.9 174 175 124 160
knee -5 1.99 20.7 166 175 124 137
hip +5 1.99 24.1 174 175 124 148
hip -5 1.99 21.0 164 167 123 139
none 1.99 22.8 170 172 120 144

Note: * indicates a constraint violation

The activation profiles used for each of the joints in optimisation 4 (robust
solution) are shown in Figure 3. The agonists at the ankle, knee, hip and free hip
joints all showed similar patterns of activation initially, with a fairly rapid rise from
the initial level to the maximum level. The agonists and antagonists of each joint
started with similar levels of activation with the exception of the hip joint of the
takeoff leg where very little co-contraction occurred (Figure 3). The shoulder joint
showed co-contraction throughout the movement.
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Figure 3. Activation profile of the flexors and extensors of the ankle, knee, hip, free hip and shoulder

joints for the robust optimisation.

The knee activation profiles used in optimisation 1 (no constraints) and
optimisation 3 (angular momentum and anatomical constraints) showed similar trends
for the extensors but not for the flexors (Figure 4). In optimisation 4 the knee flexor
profile was similar to that in optimisation 3 whereas the knee extensor profile showed
a drop from the upper level in contrast to the profiles in optimisations 1 and 3 (Figure

4).
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Figure 4. Activation profiles of the knee extensors and flexors for (a) optimisation 1 (no constraints),
(b) optimisation 3 (angular momentum and anatomical constraints), and (c) optimisation 4
(robustness requirement).

Discussion
This paper investigated the effect of constraints on optimum performance in a
running jump for height. The matching simulation inherently included the constraints
of the actual (close to optimal) performance and produced a peak height of 1.99 m
compared to the performance height of 2.01 m. The difference of 0.02 m in peak
height is a measure of the ability of the model to reproduce an actual performance.
The optimised simulations gave peak heights varying from 2.37 m when there were
no constraints to 1.99 m when angular momentum and anatomical constraints were
imposed together with robustness requirements. This shows the substantial effect that
such constraints have on performance. The final optimised simulation height of 1.99
m was close to the matching simulation height of 1.99 m indicating that the inclusion
of the appropriate constraints in the optimisation of a sports movement will result in a
simulation that is similar to an actual performance. This close correspondence also
suggests that 5 ms is the order of magnitude of perturbation that can be
accommodated by an elite high jumper and that the actual performance was close to
optimal for the given touchdown conditions.
Besides the technical constraint on angular momentum a similar constraint
could be imposed on the horizontal velocity at takeoff to ensure that there was a
realistic amount of travel in flight. However such a constraint would not affect the
final optimisation since the robust simulation produced a similar horizontal takeoff
velocity to the actual performance. Similarly anatomical joint constraints could be
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required at the other joints but again these would have no effect on the final
optimisation since these joints did not approach their anatomical limits in the robust
simulation. An additional requirement for robustness to timing perturbations could be
imposed at the ankle and this would tend to reduce the optimised height or
equivalently reduce the perturbation time from 5 ms. Such a reduction, however, may
be small since the hip and knee were chosen as the most sensitive to timing
perturbations. Moreover, the use of more complex activation profiles could permit
larger perturbations to be accommodated. It is crucial that consideration is given to
such constraints in simulation studies in order that the results are of realistic
magnitude. Having identified and given consideration to constraints which should be
incorporated into a simulation model of jumping, further optimisation studies such as
the optimisation of initial conditions will be able to be carried out with some
confidence.

Chow and Hay (2005) noted that unconstrained optimisations of long jumping
lead to unrealistically large angular momentum values at takeoff. In the present study
the unconstrained optimisation used twice the angular momentum component required
for an actual high jump while the optimisation with the constrained angular
momentum at takeoff reduced the peak height by 0.16 m. The additional inclusion of
anatomical joint constraints reduced the peak height by a further 0.07 m highlighting
the necessity for this constraint in order to avoid hyper-extension of joints and the
overestimation of performance. This is in agreement with the finding of Umberger
(2005) that there was a reduction of 0.11 m in the height of a vertical counter-
movement jump when penalties were imposed to reduce protective passive joint
torques during the contact phase. The final decrease of 0.15 m in peak height to 1.99
m indicates the substantial effect of requiring consistent performance. A similar but
smaller effect was obtained by Bobbert and Zandwijk (1999) who found that
maximum jump heights decreased by 0.03 m as jumping performances were made
more robust to 5 ms perturbations. While the effects of the three constraints have
been identified in various jumping activities as noted above, each has been considered
in isolation rather than cumulatively as in this study which gives an indication of their
relative magnitudes.

The activation profiles of the torque generators can give a clearer insight into
what is occurring in a simulation and what effect the constraints have on optimal
activation technique. A sharp rise in the activation level of the knee flexors towards
the end of the simulation occurred in the constrained optimisation 3 (Figure 4b) but
not in the unconstrained optimisation 1 (Figure 4a). This indicates that the anatomical
constraint included in optimisation 3 resulted in the flexors being activated to prevent
hyper-extension of the knee. The activation of the knee extensor in optimisation 1
and optimisation 3 remained at the upper level until almost the end of the simulations.
In contrast to this, in the robust optimisation 4 the activation level of the knee
extensor started to drop off fairly rapidly after about 100 ms (Figure 4c). Although
optimisation 3 did not violate any of the anatomical constraints it was close to doing
so as shown by the perturbation effects in Table 3. Optimisation 4 overcame this
problem at the knee by reducing the knee angular velocity to almost zero at takeoff
(Table 3). The de-activation of the knee extensors in optimisation 4 helped to prevent
the knee from hyper-extending. This de-activation of the knee extensors plays an
important role in the generation of a simulation that is robust to small perturbations in
torque generator activation timings in terms of both peak height and anatomical limits.
While it has been recognised that such anatomical constraints may have an effect on
performance (van Soest et al., 1993), the inclusion of such considerations in
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simulation studies has been typically confined to incorporating passive spring systems
for restricting joint movement (e.g Ashby and Delp, 2006). In this study no such
passive constraints were used since compliance with anatomical constraints is
normally effected by the neuromusculoskeletal system employing appropriate
activation timing and since passive structures typically sustain injury when they are
required to produce large torques.

The optimisation of human movement using modelling procedures has been
largely confined within mechanical constraints whereas optimisation in biological
systems takes place under wider considerations (Newell, 1985). Humans adopt a
process of self-optimisation to find a stable and realistic solution within a context of
constraints and perturbations. The imposed constraints are those associated with the
activity, those which are dependent on the structure of the system and those which are
associated with environmental conditions (Newell, 1986). Since the human system
must work within such constraints when learning any task it is likely that the
evolution of coordination patterns has incorporated these requirements. As a
consequence the influence of constraints may have as much relevance to sub-maximal
movements as to maximal performance.
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