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Abstract

Optimal control simulations of the standing long jump were developed to gain insight into the mechanisms of enhanced
performance due to arm motion. The activations that maximize standing long jump distance of a joint torque actuated model were
determined for jumps with free and restricted arm movement. The simulated jump distance was 40 cm greater when arm movement
was free (2.00 m) than when it was restricted (1.60 m). The majority of the performance improvement in the free arm jump was due
to the 15% increase (3.30 vs. 2.86 m/s) in the take-off velocity of the center of gravity. Some of the performance improvement in the
free arm jump was attributable to the ability of the jumper to swing the arms backwards during the flight phase to alleviate excessive
forward rotation and position the body segments properly for landing. In restricted arm jumps, the excessive forward rotation was
avoided by “holding back™ during the propulsive phase and reducing the activation levels of the ankle, knee, and hip joint torque
actuators. In addition, swinging the arm segments allowed the lower body joint torque actuators to perform 26 J more work in the
free arm jump. However, the most significant contribution to developing greater take-off velocity came from the additional 80J
work done by the shoulder actuator in the jump with free arm movement.
© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Successful execution of the standing long jump
requires the coordination of both upper and lower body
segments. In an experimental study of the standing long
jump (Ashby and Heegaard, 2002), subjects jumped over
36cm farther when arm motion was allowed. Greater
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velocity of the center of gravity (CG) accounted for
24cm of this improvement. Several explanations have
been proposed, but the exact mechanisms for how
greater take-off velocity is generated with arm move-
ment have not been established. The purpose of this
study was to evaluate three theories for the increased
take-off velocity in the standing long jump when arm
motion is allowed.

The “‘hold back™ theory suggests that without the
ability to swing the arms to remedy excessive forward
rotation that would prevent proper landing, the jumper
must “hold back™ or limit activation of the lower-limb
extensors during the propulsive phase. The “joint torque
augmentation” theory (Lees et al., 2004) suggests that
arm swing generates a downward force at the shoulder
on the rest of the body during the propulsion phase,
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which slows the shortening velocities of the lower body
joint extensors and allows for greater muscle torque
production (Feltner et al., 1999; Harman et al., 1990).
However, as was pointed out by Lees et al. (2004) in
their analysis of vertical jumps, the combined effect of
greater joint torques with lower angular velocities does
not necessarily result in greater power or work genera-
tion. The “impart energy” theory is that the muscles
crossing the shoulder and elbow joints do work and
impart energy that is transferred to the rest of the body
(Lees et al., 2004). This added energy of the system may
serve to increase the horizontal and vertical displace-
ment and augment the velocity of the CG at take-off.

Optimal control simulations that include a mathema-
tical representation of the objective of a task can provide
insight into motor coordination principles (Zajac, 1993).
The objective of the standing long jump is clear:
maximize the horizontal displacement of the foot
without falling upon landing. In the present study,
optimal control simulations were developed to find the
joint torque activations that maximize performance for
jumps with free and restricted arm movement. The
results of these simulations were used to evaluate the
three theories for the increase in the take-off velocity of
the CG in jumps with free arm movement. To address
the “hold back” theory, the optimal activations were
examined to see if they were lower during the propulsive
phase in restricted arm jumps to enable proper
positioning of the body segments at landing. The “‘joint
torque augmentation” theory was tested by analyzing
the resulting lower body joint torques—and the work
done by those torques—to see if they were greater in
jumps with free arm movement due to slower extension
velocities of the lower body joints. To address the
“impart energy’’ theory, a work/energy analysis was
performed to quantify the effect of any additional
energy imparted at the shoulder joint in jumps with free
arm movement.

2. Methods
2.1. Model

The standing long jump was simulated with a two-
dimensional, five-segment (foot, shank, thigh, head-
neck-trunk, arm), seven degree-of-freedom link model
(Fig. 1). The arm segment consisted of upper arm and
fore arm segments fused at a fixed elbow joint angle. For
restricted arm jumps, the shoulder angle was also fixed
throughout the jump. The segmental moments of
inertia, lengths, masses, and mass center locations along
with the elbow and shoulder joint angles were deter-
mined by averaging the respective values from experi-
mental standing long jump studies (Ashby and
Heegaard, 2002).

o~
o
\) J
T4// v T, = ankle torque
/ “ /\ T, = knee torque
/ \ T; = hip torque
/ 2\ \ T, = shoulder torque

g; = X position of toe
g, =Y position of toe
gs = foot angle

g4 = ankle angle

gs = knee angle

ge = hip angle

g, = shoulder angle

Fig. 1. Two-dimensional, five-segment, seven degree-of-freedom link
model actuated by four joint torques used for optimal control
simulations.

The ankle, knee, hip, and shoulder were actuated by
joint torques. The magnitude of each torque depended
on the activation («), the joint angle (¢), and the joint
angular velocity (¢) according to:

T(a7 q, q) = aTmax(q)Tvel(q)a (1)

where Tp.x represented the maximum isometric torque
that can be generated as a function of the joint angle and
Tye; Was a scaling factor representing the dependence of
the torque on the angular velocity of the joint.

The activation (@) of each joint torque could take any
value between —1.0 and 1.0. A positive value for a
activated the hip and knee extensors, ankle plantar
flexors, and shoulder flexors. A negative value for a
activated the hip and knee flexors, ankle dorsiflexors,
and shoulder extensors. The shapes of the T, curves
were obtained by fitting experimental measurements
(doubled to represent both left and right joints) of the
maximum isometric joint torques at the ankle (Marsh et
al., 1981; Sale et al., 1982), knee (Murray et al., 1977,
Scudder, 1980; van Eijden et al., 1987), hip (Inman et al.,
1981; Nemeth et al., 1983), and shoulder (Garner and
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Pandy, 2001). The joint angular velocity scaling factor
(Tye) used when the activation was positive (a similar
relationship was used when the activation was negative)
was expressed by:

mathematically by:

1y
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Ligaments at the ankle, knee, hip, and shoulder were
modeled by exponential springs (Anderson and Pandy,
1999) to prevent hyperextension or hyperflexion at the
extremes of joint motion. The passive ligament torques
(Tyg) were expressed as a function of joint angle (g)
according to:

Tig = —100e>24=Gmax =005 4 100e ™0 min+0.05) (3)

where ¢min and ¢max represented the minimum and
maximum values for the joint angles (70° and 145° for
the ankle, 40° and 180° for the knee, 60° and 190° for the
hip, and —45° and 180° for the shoulder).

2.2. Optimization

The optimal activations to generate maximum length
jumps were found using a simulated annealing algorithm
(Corana et al., 1987; Goffe et al., 1994). The activations
for the joint torques were each discretized into nodes at
every 0.05s and each node was varied independently
during the simulated annealing optimization procedure.
The values for the activations in between nodes were
determined by linear interpolation.

The equations of motion governing the jumping
models were formulated using analytical Lagrangian
dynamics techniques for multibody systems. The vertical
and horizontal ground contact at the toe was modeled
using an augmented Lagrangian formulation that
satisfied the inequality constraints at the ground exactly
(Ashby, 2004). At each step of the optimization, the
equations of motion were integrated from an initially
crouched configuration. The initial joint angles and joint
angular velocities were consistent with experimental
standing long jump studies (Ashby and Heegaard,
2002).

The optimal control problem was to find the
values for the joint torque activations (a) that
minimized a scalar cost function (J) subject to equality
constraints that satisfied the equations of motion and
inequality constraints that bounded the activations
(—=1.0<a<1.0). The cost function was represented

where ¢ represented jump performance and L included a
penalty for activations that did not improve jump
distance and a penalty for passive ligament torques
throughout the movement.

To test whether “hold back™ was necessary to
position the body segments properly for landing, the
activations that maximized performance were deter-
mined for two different cases. The objective for Case 1
was to maximize the horizontal position of the body’s
CG at landing (7x|anding) Without consideration for the
landing configuration of the segments. The objective for
Case 2 was to maximize the horizontal position of the
toe (¢;) at landing while maintaining an acceptable
landing configuration.

For Case 1, jump performance was measured by:

d) = rxllanding- (5)

Neglecting air friction, given the position and velocity of
the CG at any point in the flight path, and using the
equations for projectile motion, r,|j,ding Was determined
uniquely according to:

v cos 0
rx|1anding =Tx g
(im0 /075004200, = 1, e )-

(6)

where r, is the horizontal position of the CG, ry is the
vertical position of the CG, v is the magnitude of the
velocity of the CG, 0 is the orientation of the velocity of
the CG with respect to the horizontal, g is the
gravitational constant, and ry|jungine 18 the vertical
position of the CG at landing.

For Case 2, jump performance was measured by:

¢ =—q, + Kca, (7

where ¢; was the horizontal position of the toe and Kcg
was a term that penalized solutions where the CG was
too low at landing or where the toe was too far ahead of
the CG at landing. To be consistent with experimental
jumps (Ashby and Heegaard, 2002), the maximum
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distance between the toe and CG at landing was allowed
to be 2cm greater for jumps with free arm movement.

2.3. Work/energy analysis

An energy analysis was performed at the beginning
of the movement and also at take-off for Case 2
(constrained landing) simulations. At these two points
in time, the total energy, kinetic energy, and potential
energy were calculated for the entire system, the
body (all segments except the arms), and the arms
alone. The work performed for Case 2 simulations
between the start time and take-off was calculated
for each of the joint actuators by integrating the
power (P = T¢q) over this period. The work done by
the joint actuators was also calculated for Case 1
(unconstrained landing) simulations to determine the
effects of arm movement on enhancing performance
independent of the effects introduced by the landing
constraints.

3. Results
3.1. Jump performance

When the landing configuration of the body was
constrained (Case 2), the simulation jumped almost
40cm farther with free arm movement (2.00m) than
without (1.60m) (Fig. 2). According to Eq. (6), the
3—-4cm increases in the horizontal (r,) and vertical
(r,) CG positions at take-off with free arm movement
(Table 1) added about 8cm to r, at landing. The
remaining improvement with arm motion was due to the
greater CG take-off velocity for the free arm jump
(3.30m/s) than for the restricted arm jump (2.86m/s)
(Animations 1-4).

3.2. Hold back

With free use of the arms, the horizontal position of
the CG (r,) at landing was 1.68 m when there were no

Free arm jump

(a) (b) (©) (d)

(®) ® (€3] (h)
Restricted arm jump

(i) () (k) )

(m) (n) (0) ®

Fig. 2. Body configuration for constrained landing jumps (Case 2) with free (top) and restricted (bottom) arm movement at eight instants in time.
For the free arm jump, during the ground contact phase (a—) the arms were swung forwards until take-off (c). During the flight phase (d—h), the arms
were swung backwards to properly position the body for landing (h). In the restricted arm jump, the horizontal and vertical displacement of the mass
center at take-off (k) was less because the model could not extend the arms ahead and above the body. The horizontal displacement of the toe at
landing (h and p) was 40cm less in the restricted arm jump. Also see animations of the jumps in the supplementary website material.
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Table 1
Kinematic parameters at take-off and landing for free and restricted arm jumps

Free arms Restricted arms

Case 1 Case 2 Case 1 Case 2
q, (horizontal position of toe) at landing (m) n/a 2.00 n/a 1.60
r, (horizontal position of CG) at landing (m) 1.68 1.66 1.37 1.29
r, (horizontal position of CG) at take-off (m) 0.53 0.52 0.49 0.49
r, (vertical position of CG) at take-off (m) 0.90 0.90 0.87 0.86
v (CG velocity magnitude) at take-off (m/s) 3.32 3.30 2.93 2.86
0 (CG velocity angle w/r to horizontal) at take-off (°) 36.0 36.1 37.1 34.1

Case 1: maximize horizontal position of the CG (r,) at landing with no landing constraints.

Case 2: maximize toe position (g;) at landing with landing constraints.

requirements on the landing configuration (Case 1).
When an acceptable landing configuration was required
(Case 2), r, at landing was decreased by only just over
1 cm. When arm motion was restricted, r, at landing was
1.37m for Case 1 and 8 cm less (1.29 m) for Case 2. The
landing requirements reduced jump performance in
restricted arm jumps more than in free arm jumps,
indicating that the simulated jumper had to “hold back™
during the propulsive phase in jumps with restricted arm
movement to position the body segments properly for
landing.

The lower body activations for jumps with free arm
movement were virtually indistinguishable for the
constrained (Case 2) and unconstrained (Case 1) landing
cases (left column of Fig. 3). Little modification in the
control strategy was necessary when the constraint on
the landing configuration was introduced, because the
extra control provided by the arms allowed the model to
successfully manipulate the body segments for landing.
However, in jumps with restricted arm motion, the
lower body activations were different when the landing
constraint was imposed (right column of Fig. 3). For
restricted arm jumps, the ankle activation was lower
from —0.15s to —0.075s, the knee activation was lower
until —0.075s, and the hip activation was lower from
—0.025s until take-off in the constrained landing jump
(Case 2) than in the unconstrained landing jump (Case
1). The solutions found by the optimization routine
show that when arm movement was not allowed, the
simulation had to “hold back™ and limit activation of
the lower body joints to maximize jump distance while
landing properly.

3.3. Joint torque augmentation

The torque generated by the hip joint actuator was
greater throughout the ground contact phase for the
constrained landing jump (Case 2) with free arm
movement (top plot in Fig. 4). Until —0.12s, the hip
torque was greater when arm motion was allowed
because the activation was higher (middle plot in Fig. 4).

After that time, the difference in joint torque was caused
by the difference in hip extension velocities (bottom plot
in Fig. 4). In the jump with free arm movement, the
shoulder flexion torque and greater downward reaction
force at the shoulder slowed the backward rotation
of the trunk, which slowed the extension velocity of
the hip.

Until about —0.10s, the knee extension torque was
greater (top plot in Fig. 5) for the constrained landing
jump (Case 2) with restricted arm movement because the
activation was higher (middle plot in Fig. 5). After
this time, the knee joint torque levels were similar until
take-off.

The torque generated at the ankle was greater
throughout the ground contact phase for the con-
strained landing jump (Case 2) with free arm movement
(top plot in Fig. 6). Greater activation for most of this
period when arm motion was allowed (middle plot in
Fig. 6) was the primary cause of the greater torque.
However, for the period between —0.075s and —0.025s
when the ankle actuators were fully activated for both
types of jumps, the torque was greater for the jump with
free arm movement because the extension velocity of the
ankle was lower (bottom plot in Fig. 6). Through
complex interactions among the rotating segments,
swinging the arms slowed the rate of extension of the
ankle over this period and allowed for greater torque
generation.

Enhanced joint torques do not necessarily lead to
enhanced performance. Since the increased joint torques
at the hip and ankle were achieved because of lower
angular velocities, the resulting joint power and work
done (joint power integrated over time) might not have
been higher. When the landing configuration was
constrained (Case 2), the lower body joints combined
to do 26 J more work in jumps with free arm movement
(Table 2). In the free arm jump, the ankle and hip
actuators both performed more work (25J and 21J
more, respectively), but the knee actuator performed
197 less. Some of this increase in work was due to the
simulation “holding back™ in restricted arm jumps.
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Fig. 3. Activations for lower body joint (ankle, knee, and hip) actuators for jumps with free (left column) and restricted (right column) arm
movement for unconstrained (Case 1-—gray dashed line) and constrained (Case 2—solid line) landing. For free arm jumps, the activations were
almost indistinguishable for the two cases indicating that when arm movement was allowed, the simulations did not have to alter the optimal
activations during the ground contact phase to handle the landing constraints. For restricted arm jumps, the activations were noticeably different for
the two cases indicating that when arm motion was restricted, the simulations had to make significant changes in the optimal control strategies (i.c.,

“hold back”) to handle the landing constraints.

When the landing constraint was removed (Case 1), the
lower body joints still did more work in free arm jumps,
but only 13 J more. Thus, the results of these
simulations support the theory that arm swing augments
the ability of lower body muscles to both generate
torque and perform work.

3.4. Impart energy

At the start time for the constrained landing simula-
tions, the model with free arm movement already had
87J more total energy than the model with restricted
arm movement (624 J compared with 537J). Most of the
difference was due to an 80J difference in the kinetic
energy of the swinging arm segments.

At take-off, the total energy of the system increased to
11907 for the free arm jump and 996J for the restricted
arm jump, a difference of 194J (Table 3). A small part
(27J) of this difference was due to the difference in
potential energy of the two models that was mostly due
to the extra height achieved by the arms. Most (167 J) of

the difference in total energy was due to the increased
kinetic energy in the jump with free arm movement. The
kinetic energy of the arms (104 J greater) and the rest of
the body segments (63 J greater) were both substantially
greater at take-off when arm motion was allowed.

The increase in total energy between the start time
and take-off is entirely due to the work done by the joint
torque actuators. During this period, 566 J of work was
performed in the free arm jump and 460J of work was
performed in the restricted arm jump, a difference of
106J (Table 2). Most (807J) of this difference was due to
the additional work done at the shoulder joint in the
jump with free arm motion.

The “impart energy” theory that the muscles spanning
the shoulder do work and impart energy to the system
that can be used to increase the CG velocity at take-off is
supported by these simulations. The extra energy at take-
off in free arm jumps came primarily from two sources:
(1) the extra kinetic energy in the swinging arms (801J) at
the start time of the simulation and (2) the extra work
done by the shoulder joint torque actuators (8017J).
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Fig. 4. Hip torque (top), activation (middle), and angular velocity
(bottom) for constrained landing jumps (Case 2) with free and
restricted arm movement. Until —0.12s, the torque is higher in the free
arm jump because the activation is higher. From —0.12 s until take-off,
the torque is higher in the free arm jump because the hip extension
velocity is lower.

4. Discussion

This study showed that arm motion enhances stand-
ing long jump performance because of the increased
horizontal and vertical positions and velocities of the
CG at take-off. The ‘“hold back”, “joint torque
augmentation”, and “impart energy”’ theories for how
the extra take-off velocity of the CG is generated were
all tested and found to contribute to performance
improvement in the standing long jump. The mechan-
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Fig. 5. Knee torque (top), activation (middle), and angular velocity
(bottom) for constrained landing jumps (Case 2) with free and
restricted arm movement. The knee torque for the restricted arm jump
was higher until —0.10's because the activation was higher. From this
point the knee torques were similar until take-off.

isms involved in all three of these theories worked
together to develop greater take-off velocity. The most
significant contribution came from the additional energy
imparted to the system by the work done by the
shoulder actuator.

“Joint-torque augmentation” due to swinging the
arms has also been shown to occur in experimental
studies of the standing high jump (Feltner et al., 1999;
Lees et al., 2004). However, Lees et al. (2004) rejected
the “‘joint torque augmentation” theory, noting that in
free arm jumps during the periods where the joint
torques were higher because of lower angular velocities,
less power was being generated. While this is true, the
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Fig. 6. Ankle torque (top), activation (middle), and angular velocity
(bottom) for constrained landing jumps (Case 2) with free and
restricted arm movement. Between —0.075s and —0.025s the ankle
actuators were fully activated for both types of jumps, but the torque
was greater for the free arm jump because the ankle angular velocity
was lower. The ankle torque was higher in the free arm jump during
the remaining periods of the ground contact phase because the
activation was higher.

key measure in imparting energy to the system is work,
not power (the time derivative of work). They reported
that between the low point in the countermovement
jump to the apex of the flight phase, the work done at
the ankle and knee was basically the same for the two
types of jumps, but the work done at the hip was 14%
greater in free arm jumps. Thus, in their study, arm
swing enhanced the hip extensors’ ability to do work.

Table 2
Work done until take-off for constrained landing jumps (Case 2)
Free arms Restricted Difference
arms
Total work done 566 460 106
W)
Work done at lower 486 460 26
body joints
Wankie 135 110 25
Winee 99 118 -19
Whip 253 232 21
Work done at 80 0 80

shoulder (Whoulder)

All units are J.

Table 3
Energy breakdown at take-off for constrained landing jumps (Case 2)
Free arms  Restricted arms  Difference
Total energy 1190 996 194
Potential energy (PE) 637 610 27
PEpody 521 516 5
PE.rms 116 94 22
Kinetic energy (KE) 553 386 167
KEpody 389 326 63
KE,ims 164 60 104

All units are J.

Many of the results from these simulations are
consistent with the results from the experimental studies
(Table 4) (Ashby and Heegaard, 2002). The experimental
jump distances (horizontal position of the toe at landing)
were 9—12cm greater. Most of that difference is due to
the greater horizontal and vertical positions of the CG at
take-off in the experiments. The main reason for this
difference is that the simulation did not include a segment
for the phalanges (toes). Including an 8-10cm long toe
segment would have allowed the body to extend that
much farther at take-off. The CG velocities at take-off for
jumps with free and restricted arm movement were both
within 3% of the experimental take-off velocities.

As with all simulations, the assumptions and simpli-
fications made in constructing the model limit the types
of questions that can be addressed. First, using joint
torque actuators instead of musculotendon actuators
limits the model’s ability to answer questions about the
role of individual muscles in jumping. Second, activa-
tion dynamics describing the time lag between the neural
excitation and the corresponding muscle (or joint
torque) activation (Zajac, 1989) was not included in
these simulations. Therefore, the optimal control
routines solved for the optimal activations rather than
the optimal neural controls. Implicit in this simplification
was the assumption that a set of neural controls exist
that could produce these activations. Third, the landing
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Table 4

Comparison of kinematic results at take-off and landing from optimal
control simulations for constrained landing jumps (Case 2) and
experimental studies of the standing long jump (Ashby and Heegaard,
2002)

Free arms Restricted arms

Experiment Simulation Experiment Simulation

¢, at landing (m) 2.09 2.00 1.72 1.60
r, at take-off (m) 0.57 0.52 0.49 0.49
r, at take-off (m) 0.97 0.90 0.95 0.86
v at take-off (m/s) 3.32 3.30 2.95 2.86

phase was not modeled. By modeling impact at landing,
the hypothesis that free arm movement allows the
jumper to extend the toes farther in front of the CG at
landing could be evaluated. Fourth, these simulations
assumed that the standing long jump is executed in the
sagittal plane. For the most part this is a valid
assumption, but experimental studies have shown that
some jumpers use out-of-plane movements with their
arms during portions of the flight phase (Ashby and
Heegaard, 2002). A 3-D simulation could be useful in
determining what benefits, if any, this out-of-plane
movement provides. Finally, the simulation began in a
crouched position, so the optimal activations were
determined only for the propulsive phase of the move-
ment. When the simulation began, the jump with free
arm movement had already developed 87 J more energy.
Solving for the activations in the earlier stages of the
movement would provide additional insight into the role
of arm motion in enhancing jump performance.
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