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Abstract Anunderstanding of athlete ground reaction forces
and moments (GRF/Ms) facilitates the biomechanist’s down-
stream calculation of net joint forces and moments, and as-
sociated injury risk. Historically, force platforms used to
collect kinetic data are housed within laboratory settings and
are not suitable for field-based installation. Given that New-
ton’s Second Law clearly describes the relationship between
a body’s mass, acceleration and resultant force, is it possible
that marker-based motion capture can represent these param-
eters sufficiently enough to estimate GRF/Ms, and thereby
minimize our reliance on surface embedded force platforms?
Specifically, can we successfully use Partial Least Squares
(PLS) regression to learn the relationship between motion
capture and GRF/Ms data? In total, we analyzed eleven PLS
methods and achieved average correlation coefficients of
0.9804 for GRFs and 0.9143 for GRMs. Our results demon-
strate the feasibility of predicting accurate GRF/Ms from raw
motion capture trajectories in real-time, overcoming what has
been a significant barrier to non-invasive collection of such
data. In applied biomechanics research, this outcome has the
potential to revolutionize athlete performance enhancement
and injury prevention.
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Fig. 1 Laboratory motion and force plate data capture overlay. The
force plate is highlighted blue, markers used are shown artificially en-
larged and colored red/orange/green, those not used have been reduced
and grayed (real and virtual/modelled markers).
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1 Introduction

One of the strongest criticisms of sports biomechanics is that
measurements of GRF/Ms, necessary for the estimation of
internal and external musculoskeletal loads and associated
injury risk, can only be collected in controlled research labo-
ratory environments using external force transducers. Subse-
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quently, the sport biomechanist is forced to trade ecological
validity of the more desirable field-based data collection for
laboratory-based methods in order to record higher fidelity
data outputs (Figure 1) [10, 19, 4, 30].

Knee anterior cruciate ligament (ACL) injury can be
a season or career-ending event for a professional athlete
and increases the risk of later osteoarthritis pathology [13,
20]. The majority of ACL injuries (51 to 80%) occurring
in team sports such as Australian Rules Football, basketball
and hockey are non-contact in nature, with more than 80%
suffered during a sidestep maneuver or single-leg landing [18,
32]. In-silico, in-vitro and laboratory studies have identified
an increase in knee joint moments as indicators of ACL
injury risk [17, 21, 15] and an understanding of on-field
GRF/Ms constitutes the first step towards the development
of a monitoring system that estimates knee joint moments,
thereby providing an early warning system for ACL injury
risk. The ability to monitor real-time ACL injury risk enables
the development of counter-measure preventative strategies
including new biofeedback measures.

Previous studies have attempted to improve the ecolog-
ical validity of laboratory based GRF/Ms data collections,
with Miiller et al. [29] investigating properties of artificial
turf using varying shoe stud configurations. Samples of turf
were mounted to the surface of a force plate and 50 m? of
the surrounding area. Similarly, Jones et al. [22] tested the
effects of different artificial turf types on landing and knee
biomechanics by mounting samples in a tray fixed above the
force plate. Others have attempted to measure GRF/Ms in the
field through a variety of in-shoe pressure-sensitive sensors
or attachments [24, 26, 38, 33], however, such devices suffer
from being cumbersome to the athlete and measure points
of contact or pressure distributions (rather than center of
pressure). Importantly, the reported values differ significantly
from those derived directly from force plates, although Sim et
al. [33] did cite improvements via the use of neural networks
(NNs). Researchers have derived GRF/Ms from kinematics
using linear statistics, or again from NNs [23, 31], with these
studies conducted indoors using gait trials. Jung et al. [23]
tested ten participants at speeds up to 3.0 m/s while Oh et al.
[31] trained a single hidden layer NN using 48 participants
(one trial per participant) each walking at a self-selected pace.
Efforts to predict GRF/Ms using non-invasive computer vi-
sion techniques show promise but either lack validation to
a gold standard or criterion reference [34, 37] or relevance
to sporting tasks [9]. This paper proposes a novel approach,
where the scale of historically collected big data is used to
predict GRF/Ms using the input variables: (1) eight marker
motion capture trajectories, and (2) participant mass, sex and
height [1].

The School of Human Sciences at The University of West-
ern Australia (UWA) was one of the first to establish a Sport
Science/Human Movement university degree in the south-

ern hemisphere and houses one of the largest sports related
marker-based movement data repositories in the world [6].
This study capitalizes on this data by employing PLS [27]
and its kernel variants to learn linear and nonlinear models
whereby, given a new sample of motion capture data (marker-
based data) we can estimate a participant’s GRF/Ms in the
absence of a force plate. The accuracy and validity of this
approach is confirmed by reporting the mean correlations
between GRF/Ms traditionally derived, and those predicted
by the PLS methods. We aim first to test the hypothesis that
our interpretation of mass and acceleration (via motion cap-
ture marker data) and force (recorded from a force plate) is
complete enough that PLS can establish a strong relationship
between these variables.

2 Background

For over thirty years, Vicon (Oxford Metrics, Oxford, UK)
has been developing motion capture technology, and the com-
pany is considered the world leading gold standard manufac-
turer of passive marker-based motion analysis systems. High-
speed video cameras together with near-infrared (IR) light
strobes are used to illuminate small spherical retro-reflective
markers attached to the body [10, 25], with Carse et al. [8]
citing the reconstruction error of such optical systems at less
than 0.3 mm [19].

Often captured concurrently with motion data, force plat-
forms/plates are used to measure the forces and moments ap-
plied to its top surface as a participant stands, steps (walk/run),
jumps from or lands on it. Three orthogonal force (axes) and
three moment components are measured when a participant
is in contact with the plate including Fy and Fy representing
the horizontal (shear) forces and F, the vertical force, and
My, My and M; the three rotation moments around the corre-
sponding X, ¥ and z force axes respectively. Force platforms
used to record this data may utilize a wide variety of force
transducer types (€.9. piezo-resistive, piezo-electric) which
are generally located in each of the four corners of the plat-
form. Installation of force plates must be carried out in such
a manner as to minimize vibration, and with regard to the
frequency and absolute force of the intended movement to be
captured. For this reason, specialized force plate mounting,
directly inside a concrete pad during laboratory construction,
produces the best ongoing results [2] but which makes the
platform difficult to move or install in sporting environments.
GRF/Ms are fundamental to the calculation of joint kinetics,
the forces that lead to movement [38], and consequently this
information is critical for all research that seeks to gain an
understanding of the mechanism behind performance, injury
and disease.

PLS is a class of supervised multivariate regression tech-
niques which projects data to a lower dimensional space






