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Background: The musculoskeletal system has a relatively large number of mechanical degrees of freedom. In order to
permit coordinated movement, it is thought that these degrees of freedom are constrained, reducing the
complexity of the motor control problem. For this reason, principal component analysis can be a powerful
technique for understanding the organisation of movement by calculating the number of functional
degrees of freedom present in a particular movement task.

Material and methods: In this study, we used principal component analysis to find the number of functional degrees of freedom
exhibited during vertical jumping. We applied the technique to both the inter-segmental moments and the
muscle forces (that were estimated based upon a publicly available musculoskeletal model of the lower
limb).

Results: We found that over 90% of the variance in the 3 dimensional inter-segmental moments could be described
by 3 principal components (PC1 = 61.0%, PC2 = 15.8%, PC3 = 13.4%), suggesting the presence of 3
functional degrees of freedom. Similarly, only 4 principal components (PC1 = 50.1%, PC2 = 22.5%, PC3
= 13.5%, PC4 = 4.8%) were required to capture 90% of the variance in muscle forces.

Conclusions: These results suggest that there is a marked inter-individual similarity in both moments and muscle forces
during vertical jumping.

Key words: principal component analysis, degrees of freedom, muscle force, proximal to distal, FreeBody, musculoskeletal
modelling.
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INTRODUCTION

Vertical jumping is an attractive model to use to study the coordination of
movement as it is a relatively simple but fundamental movement, with a strong
characteristic pattern of coordination (i.e. a proximal to distal pattern of segment
extension). It has served as a model for some of the finest minds in biomechanics
to study features of the musculoskeletal system that range from the stretch-
shortening cycle [1] to biarticular muscle function [2-5]. One problem that has
been of interest to a number of groups has been the muscular coordination
strategy that is found during vertical jumping [4, 6, 7] and it has generally been
argued that muscle activation follows a proximal to distal pattern [4, 6] that
mirrors the pattern of segmental rotations. However, one thing that has not
been addressed in this earlier work is how this pattern of activation is managed.

It is well known that for many movements we enjoy an abundance of possible
motor control strategies [8]. This can be represented by considering the number
of degrees of freedom (DOF) that are present for a given task. For instance, if
we simplify vertical jumping and just consider the movement of one limb, we can
count a potential 24 kinematic DOF (6 each for the foot, calf, thigh and pelvis
segments). Alternatively, the same limb will be actuated by approximately 39
different muscles [9] each of which could be considered to be a DOF within the
muscular control problem. These are thus complex systems, and the method
by which they are managed for optimal performance is far from clear.

One way in which the coordination task can be simplified is if the number of
DOF is reduced. This can be achieved by various means. Clearly, the structure
of the musculoskeletal system itself can provide constraints - for instance, the
bony and ligamentous structure of the joints can constrain the movement of
adjoining segments reducing the number of DOF. Similarly, we have recently
argued that other features of the lower limb provide mechanical constraints
that reduce the DOF [10, 11]. Alternatively, the central nervous system can
effectively simplify the control problem by coupling the activation of particular
muscles, effectively reducing the DOF.

A key hurdle in understanding the coordination of human movement is thus in
establishing how many effective DOF are present (sometimes called functional
DOF). One tool that is useful for this purpose is principal component analysis
(PCA) a data reduction technique that can be used to establish the effective
DOF present within a data set. We have recently employed PCA to demonstrate
that the sagittal plane moments impressed by the lower limb during vertical
jumping exhibit only 2 functional DOF [12]. The purpose of this study was
therefore two-fold: firstly, to expand on our previous work by examining the
moment production in all 3 dimensions, and secondly, to use PCA to evaluate
the functional DOF present within the muscular control problem.

MATERIAL AND METHOD

Firstly, the external mechanics of vertical jumping were measured using motion
capture and force plate technologies, and the inter-segmental moments calculated
using standard methodologies [13]. Secondly, a state of the art musculoskeletal
model [14] was used to estimate the muscular forces that produced the observed
movement. Thirdly, PCA was used to establish the functional DOF within the
moment and muscle force data.
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Twenty-one men (body mass = 85.0 £8.9kg, height = 1.75 £0.09m) and twelve
women (body mass = 63.1 +£6.3kg, height = 1.67 =0.07m) took part in this
study. All subjects were healthy and free from musculoskeletal injury at the
time of the study. The study was approved by the institutional review board of
St Mary’s University, Twickenham and all subjects provided written informed
consent prior to participating in the study.

instrumentations

Force plate and motion capture technologies were employed in this study. The
position of 18 retro-reflective markers placed on key anatomical landmarks
of the lower limb [14] was quantified using a Vicon motion capture system
(14 camera array, Vicon MX System, Vicon Motion Systems Ltd, Oxford, UK)
sampling at 200Hz. The ground reaction force was collected at 1000 Hz using
a Kistler force plate (Kistler 9287BA Plate, 600 x 900 mm, Kistler Instruments
Ltd., Hampshire, UK) that was synchronised with the Vicon system, and then
down-sampled to 200Hz.

procedure

Subjects first performed a standardised warm up consisting of body weight
squats, lunges, inchworms, hip rotations and practice vertical jumps. They
then performed 5 maximum effort vertical jumps with their hands on their
hips. Recovery between jumps was self selected.

data analysis

The mechanical data captured in this study was analysed using FreeBody [14-18]
a publicly available musculoskeletal model of the lower limb. FreeBody permits
the estimation of the muscle and joint contact forces seen during movement
and has been extensively tested in terms of its sensitivity to key modelling
assumptions [18-21], its validity [14, 22, 23] and its reliability [24]. Firstly, all
the data was filtered with 5th order Woltring filter (cut-off frequency = 10 Hz).
Only the propulsive phase of the jump was taken for analysis - this was defined
to be from the point that the marker on the right anterior iliac spine began to
descend until the point where the ground reaction force was zero. Secondly the
marker positions were used to specify the location and orientation of the rigid
bodies used to model the pelvis and the thigh, calf and foot segments of the right
lower limb using the method of Horn [25]. Next the kinematics of the individual
segments were calculated based upon the position data and the anthropometry
of de Leva [26]. The musculoskeletal model of the lower limb was based on the
cadaveric data of Klein Horsman and colleagues [9] and was scaled based upon
the size of the subject. The moment arms and lines of action of 163 muscle and
14 ligament elements were calculated based on the musculoskeletal geometry.
The equations of motion of the lower limb were then posed based upon the
geometry of muscle, joint and ligament forces and the external kinetics (GRF) and
kinematics. There were 22 equations of motion and 193 unknowns - that is, an
indeterminate problem. The optimal solution was found using the optimization
toolbox of GNU Octave (https://www.gnu.org/software/octave/) by minimising the
sum of the maximum muscle stress cubed and the ligament force relative to the
failure limit of the ligaments cubed [17, 27, 28]. The maximum muscle force of
each subject was scaled relative to their body mass, but if a solution could not be
found for a particular frame then the maximum muscle force was incrementally
increased. Only those trials for which a solution could be found for every frame
were included in the final analysis.
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statistical analysis

The output from FreeBody was the time series representing muscle and joint contact
forces during each jump. Each jump was time normalised such that the duration
of the propulsive phase was 1 unit. Each data series was then spline interpolated
in order to provide the values in increments of 1% of the propulsive phase. This
then allowed composite curves of the time series of each subject to be created by
calculating the average at each time point. Finally composite curves for the whole
cohort were calculated by taking the average of each subject’s composite curves.

Principal component analysis (PCA) was performed on the composite curves of
the subject level muscle force and inter-segmental moment data. In particular,
the 40 muscle force time series for each subject were combined ina 101 x 1320
input matrix for the first PCA and the 9 inter-segmental moment time series for
each subject were combined ina 101 x 297 input matrix for the second PCA. The
inter-segmental moments in the saggital plane only were analysed in a third PCA
with a 101 x 99 input matrix. In each case, only the principal components (PCs)
that were necessary to describe 90% of the variance in the data were retained.
The original data was then projected onto the new (reduced) coordinate space
and is presented here as the principal component scores (PCS).

RESULTS

Only 2 PCs were required to explain over 90% of the variance in saggital
plane only inter-segmental joint moments (PC1 = 76.9%, PC2 = 21.4%, sum
= 98.3%), 3 PCs were required for the 3 dimensional inter-segmental joint
moments (PC1 = 61.0%, PC2 = 15.8%, PC3 = 13.4%, sum = 90.2%), and 4
PCs were needed for the muscle forces (PC1 = 50.1%, PC2 = 22.5%, PC3 =
13.5%, PC4 = 4.8%, sum = 90.9%; Figure 1). There was a marked qualitative
similarity between the PCS of the joint moments and the muscle forces for
both the first and third PCs (Figure 1).
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Figure 1. Principal component scores (PCS) for the principal component analysis of the inter-
segmental moments and the muscle forces (normalised relative to the maximum moment or force)
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There were a number of similarities between the force-time curves of the individual
muscles. In particular, we identified 6 characteristic patterns that showed a clear
correspondence with the PCS (Figure 2). For instance, the force-time graph for
around half of the muscles resembled a simple bell curve (left hand side of Figure
2), however there was some variation in the timing of the peak force. For 9 of
the muscles, including vastus medialis and intermedius, gluteus medius, and
the long head of biceps femoris, the peak force occurred between 66% and 68%
of the time interval. A further 7 muscles (including vastus lateralis) exhibited a
peak force between 71% and 77%. Finally, the force in soleus, gluteus medius,
rectus femoris, and adductor magnus peaked between 82% and 88% of the time
interval. The shape of the force-time curve for the muscles that peaked between
66% and 68% was well approximated by the first PCS. In addition, the bell
curve described by the first PCS could be shifted towards the right (delayed) by
combining it with the third PCS (Figure 2).
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Figure 2. Mean muscle forces during vertical jumping (normalised relative to the maximum muscle force)
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The peak joint contact forces ranged between 4.7 and 6.9 x body weight, and
occurred prior to the peak in the ground reaction force (Figure 3). The tibiofemoral
joint was relatively evenly loaded at the start of the jump, but became increasingly
more medially loaded as the ground reaction force increased.
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Figure 3. Mean ground reaction and joint contact forces during vertical jumping

DISCUSSION

In this study we found that the three-dimensional inter-segmental moments
of 34 subjects performing a vertical jump can be represented by just 3 PCs.
This is similar to our recent work where we showed that the sagittal plane
inter-segmental moments during jumping could be described by 2 PCs [12].
It is notable here that only one further PC is required to capture 90% of
the variance in the joint moments, despite the fact that the addition of the
remaining two planes effectively triples the number of kinetic DOF in the
input data. In our previous work, the input data comprised 189 individual
jumps performed by 38 subjects, that isa 101 x 567 input matrix and there
were 3 potential sources of variance within the data - inter- and intra-subject
variability and inter-joint variability. We argued that two main conclusions
were suggested by the reduction of the 567 potential DOF in the input data
to just 2 functional DOF. Firstly, that the coordination strategy employed
during vertical jumping is remarkably similar between and within individuals.
Secondly, that the movement of the segments is mechanically coupled in some
way (and we suggested, based on some of our earlier work [10], that this
might be the mechanical coupling of the femur and tibia by the patella). The
results of this study lend support to these arguments. In particular, only one
further functional DOF is required to capture the variance in the frontal and
transverse planes. This suggests that the movement in these planes is quite
tightly linked to the movement in the sagittal plane. Furthermore, it seems
unlikely that there is much inter-individual variability in the three-dimensional
inter-segmental moments - if there were we would expect to need further PCs
in order to capture this variability.
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This Study
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Figure 4. Comparison of muscle activations found in this study to Bobbert and van Ingen Schenau
[6] and Anderson and Pandy [7]
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Grey bars indicate periods when muscular activation was above 75% of the
maximum value reported during the jump. The data of Bobbert and van Ingen
Schenau is based on the electromyographic record from one subject during
a countermovement jump with hands on hips and only the period from the
bottom of the countermovement is presented. The data of Anderson and
Pandy is the muscle excitation history predicted by their model during a squat
jump (starting from a static flexed position with arms across chest and no
countermovement). In order to facilitate comparison, the muscular activations
presented for this study only cover the time period from the bottom of the
countermovement. The black lines for this study represent the time of peak
muscle force and NS = not specified.

When comparing muscle activation patterns (Figure 4) to previous highly
cited papers of Bobbert and van Ingen Schenau [6] and Anderson and Pandy
[7] it is clear this study supports the contention that the control of muscular
activation broadly follows a proximal to distal pattern [4,6]. In extending
our understanding of the muscular control in vertical jumping, the PCA of
the estimated muscle forces within this study demonstrated that 90% of the
variance could be described by just 4 PCs. If we accept the suggestion that
the production of inter-segmental moments is governed by 3 functional DOF,
the additional PC that is required for the muscle forces seems most likely to
describe the inter-individual variability in the way in which the muscle forces
combine to impress the inter-segmental moments. This again represents a
remarkable degree of inter-individual similarity in the muscular coordination
strategy employed in maximal effort vertical jumping. It is well known that
even if the movement outcome is the same, that there are many different
muscular recruitment strategies that can be employed to achieve it - this
is often described as the principle of motor redundancy or abundancy [8].
What these results suggest is that, despite the theoretical possibility of a wide
range of muscular recruitment strategies, in practice, the strategies that are
employed are much more constrained. The challenge for future researchers
is to establish the mechanisms by which these constraints are applied.

The left hand side of Figure 2 demonstrates that the pattern of activation for
over half of the muscles can be approximated by the simple parabola provided
by the first PCS. However, these muscles can be categorised into 3 separate
groups based upon the timing of the peak force. Figure 2 shows how the
linear combination of the first and third PCS can shift the peak of the curve
to provide this variation. It is notable that the third PCS has approximately
double the frequency of the first PCS, and that the two PCS are in phase.
This means that the two PCS can be readily combined to shift the peak of the
muscular force curve in the way that is described. Researchers that use PCA
to interrogate muscular activation strategies in the way that is used here need
to become adept at seeing how the linear combination of PCS can produce
different patterns of muscular force.

It is important to understand that the heavily reduced number of DOF in this
study doesn’t mean that the muscular activation patterns of all people are alike.
The combination of PC1 and PC3 permit the expression of a wide number of
different curves, with different amplitudes and where the peak force occurs at
different times. Similarly, the relative timing of the peak forces for different
muscle groups could vary between individuals, and this could still be described
by the PCS found in this study. What these results do show is how tightly the
muscular activations are constrained relative to each other.
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CONCLUSIONS

In conclusion, this study builds on our previous work studying the DOF present
in vertical jumping. Our results suggest that the 3 dimensional pattern of
moment production is governed by just 3 DOF, implying that there is a great
deal of inter-individual similarity in the way that individuals jump. Furthermore,
the muscular forces that produce these moments are governed by 4 DOF, which
provides evidence that the inter-individual variation in muscular coordination
strategy is also quite tightly constrained.
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