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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 F; and F; representing
the horizontal (shear) forces and F; the vertical force, and
M,, M, and M, the three rotation moments around the corre-
sponding x, y and z force axes respectively. Force platforms
used to record this data may utilize a wide variety of force
transducer types (e.g. 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
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Fig. 2 Study overall design.

where the covariance between predictor and response vari-
ables is maximized [14]. This generally leads to a more accu-
rate regression model compared with, for example, Principle
Component Regression (PCR) which maximizes the variance
of the predictor variables without taking into account the re-
sponse variables. PLS is generally referred to as a multilinear
regression (MLR) technique, however, it is able to perform
nonlinear regression by projecting the data to a higher di-
mensional nonlinear space where the relationship between
the two variable types is linear [7]. First developed in the
1960’s, the characteristic of PLS to perform well with many
predictor variables but few examples was found to be a good
fit for statistical problems in the natural sciences [12, 27].
More recently, sparse PLS techniques have emerged which
can better deal with multivariate responses when some of the
predictor variables are noisy. Because of the economic nature
of marker-based motion capture representation (compared
with video for example) a secondary hypothesis for this study
is that sparse PLS will return the strongest predictor (mo-
tion capture plus mass, sex and height) to output (GRF/Ms)
response.

3 Methods
3.1 Design and Setup

The methodological design schematic of this study is shown
in Figure 2. Original setup and data capture was carried out at
one of the two UWA Sports Biomechanics Laboratories (Fig-
ure 4) over a 15-year period (2000-2015). All participants
used in the archive studies were from a young healthy athletic
population (male and female, amateur to professional) as op-

Fig. 3 UWA custom in-house marker set with the eight markers used
by this study highlighted.

posed to any medical or clinical cohort. Dynamic movement
trials included a wide variety of generic movement patterns
such as walking and running, but also sport-specific move-
ments such as football kicking and baseball pitching. UWA
employs a custom, repeatable and well published upper and
lower limb marker set comprising 67 full body retro-reflective
markers [11, 5, 15]. This includes markers placed arbitrarily
on body segments and markers positioned on anatomically
relevant landmarks used to define the joint centers and axes
required for anatomical coordinate system definition (e.g.
pelvis anterior superior iliac spines, lateral ankle malleoli).
Given that the marker set has evolved considerably over the
15-year period a subset of markers was identified that were
consistently and reliably present across all static and dynamic
trials of the motion data repository. With the goal of describ-
ing movement completely enough that PLS can establish the
motion—force relationship, and following earlier pilot testing
with larger and smaller marker subsets, the following eight
anatomically-relevant markers were selected for inclusion in
the present study (Figure 3):

C7, SACR sacrum (automatically constructed be-
tween LPSI and RPSI — posterior superior iliac spine
left and right), LMT]1 left hallux (big toe), LCAL left
calcaneus (heel), LLMAL left lateral ankle malleolus
(outer ankle), and likewise for the right foot RMTI,
RCAL, and RLMAL.

Between 12-20 Vicon near-infrared cameras across a
combination of model types (MCam2, MX13 and T40S)
were mounted on tripods and wall-brackets and aimed at
the desired reconstruction volume space (Figure 4). Cam-
era calibration (static and dynamic) for all data collection
sessions was conducted in accordance with manufacturer rec-
ommendations. An AMTI force plate (Advanced Mechanical
Technology Inc, Watertown, MA, USA) measuring 1,200 x
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Fig. 4 UWA Sports Biomechanics Laboratory, visible (top); as recon-
structed in Vicon Nexus (bottom). The force plate has been highlighted
blue.

1,200 mm, operating at 2,000 Hz and installed flush with the
floor was used to record the six GRF/Ms: F,, Fy, I, My, M,
and M. The biomechanics laboratory is a controlled space
which utilizes lights and wall paint with reduced IR proper-
ties. The floor surface coverings have varied over the 15-year
data collection period ranging from short-pile wool carpet
squares to artificial turf, both laid on the force plate surface
and the wood parquetry surrounding the platform. The rele-
vant proprietary motion capture software that was distributed
by the system hardware manufacturer at the time of data
collection was used to record and reconstruct the marker tra-
jectories. Irrespective of hardware and software configuration
at the time of data collection all reconstructed marker data
was compiled and stored in the industry standard c3d file
format for motion trajectory and analog data (‘coordinate
3D’, Motion Lab Systems, Baton Rouge, LA).

3.2 Data Mining Phase
Over the past two decades, much attention has been paid to

identifying the biomechanical precursors to ACL injury and
consequently the analysis of change of direction (sidestep)

Fig. 5 Sidestep left motion capture and video overlay.

Fig. 6 Sidestep left shown by Nexus marker trajectories for the eight
markers used by this study. Other real and virtual/modelled markers
(gray) included to indicate whole body position.

maneuvers has been a strong research theme of the biome-
chanics group at UWA and their collaborators. Given this
long data collection history and the subsequent likelihood
of a large number of sidestepping motion trials within the
legacy motion capture repository, this paper focuses on estab-
lishing the motion—force relationship of a single motion trial
type: sidestep maneuvers to the left that are performed off the
right limb (i.e. right foot plant, Figures 5 and 6). Data min-
ing of the department’s motion/force plate capture repository
was carried out under UWA ethics exemption RA/4/1/8415.
Contrary to the traditional scientific method approach of the
sport sciences, the philosophy of this study was one of scale,
with a mandate to use data capture from as many different
sessions as possible (intra-laboratory, multiple testers), and
to avoid manual editing of source c3d files. Data mining was
conducted using MATLAB R2016b (MathWorks, Natick,
MA) in conjunction with the Biomechanical ToolKit v0.3 [3]
both running on Ubuntu v14.04 (Canonical, London, UK), a
development environment being well-suited to the prototype
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Fig. 7 Data structures motion capture predictor X, markers K(x,y,z); force plate response y, forces F' and moments M; marker number ,,, frame y and
sample (or trial) ;. Variables m, s, h stand for mass, sex and height respectively.

nature of the study. Hardware employed was a desktop PC,
Core i7 4GHz CPU, with 32GB RAM.

From a given top-level folder, the file-system was scanned
for motion capture standard c3d files, to which several pre-
processing steps were applied to confirm the integrity of the
marker trajectories and force plate data before a trial was
deemed acceptable and added to the overall data-set. First,
the data mining relied only on trials with contiguous mark-
ers being labeled and present in the trial and was agnostic
to any post-processing artifact associated with filtering or
biomechanical modeling (i.e. we only utilized the labeled
trajectories of eight real markers). Mass was considered a
mandatory input feature but it was theorized that sex (fe-
male = 1, male = 0) and height may also have an important
contribution, so they were added to the predictor (input) vari-
able set. These participant specific values (mass, sex and
height) were retrieved from the c3d file or the associated mp
file (mp is a proprietary extensible markup language XML file
format used by Vicon for session and anthropometric data).
At this time, children were excluded by rejecting trials where
the participant height was less than 1,500 mm (two standard
deviations below the average Australian adult female height
1,644 + 72 mm, age 19-25 years[36]).

The foot-strike event was automatically determined by
detecting vertical force F, greater than a threshold (20 N)
over a defined period (0.025 s) [28]. Compared with trials
where the foot-strike event was previously visually identified
by the biomechanist undertaking the original data collec-
tion, the mean correspondence of the automatic method was
=+ 0.0054 s. Analog force plate data sampled at frequencies
lower than 2,000 Hz and motion capture lower than 250 Hz
were time normalized using piecewise cubic spline interpola-
tion. The lead-in period before the foot-strike was deemed to
be more important for the predictor movement, and therefore
the marker data was trimmed around the foot-strike event

from -0.20 to +0.30 s (125 frames f), and force plate data
from -0.05 to +0.30 s (700 frames f).

A number of consistency checks were performed to con-
sider the overall integrity of the laboratory equipment setup
and calibration. Trials where the participant appeared to move
backward, where the vertical height of markers was unex-
pected, where all marker coordinates dropped to zero (i.e.
missing data), where the start and end vertical force value
was unexpected, or the foot-strike was incomplete, were re-
jected. Templates were used to automatically classify the
range of indoor movements found into one of six types:

Static (still), walk, run, run and jump, sidestep left
and sidestep right (regardless of whether the sidestep
was planned or unplanned, crossover or regular, or
foot strike technique).

If the motion capture and force plate data passed these
checks for quality, it was reassembled into the data-set ar-
rays X (predictor samples x input features) and y (response
samples x output features) typical of the format used by
multiple regression [27], Figure 7. Trials with duplicate X
data were rejected, therefore avoiding the situation where
the same motion capture input referred to multiple pre and
post-filtered analog force plate data.

Ethics approval was based on the only personal infor-
mation collected (that of mass, sex and height) being de-
identified and acknowledged that the new data science tech-
niques being employed by the current investigation are within
the scope of the original studies and would have been in-
cluded had they existed at the time. In terms of intellectual
property of the motion capture pipeline, only the first step of
labeling and gap-fill is required by this study, later analysis
including modeling, filtering and classification by meta-data
is disregarded.
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Table 1 Comparison of PLS methods. Correlation coefficient r(Mean + SD) of 10-fold experiments, and n. to estimate GRF/Ms.

PLS Method

ne

r(Fx)

r(Fy)

()

EVRI-pls NIPALS
EVRI-pls SIMPLS
EVRI-pls Direct Scores

R-pls Kernel PLS

R-pls Wide Kernel PLS
R-pls SIMPLS

R-pls Orthogonal Scores

R-spls Kernel PLS
R-spls Wide Kernel PLS
R-spls SIMPLS

R-spls Orthogonal Scores

57
54
57

54
54
53
54

50
53
55
50

0.9665 =+ 0.0080
0.9656 £ 0.0085
0.9660 £ 0.0082

0.9672 £ 0.0071
0.9673 + 0.0071
0.9672 £+ 0.0070
0.9672 £ 0.0071

0.9651 =+ 0.0068
0.9660 =+ 0.0069
0.9669 =+ 0.0068
0.9651 =+ 0.0068

0.9830 + 0.0056
0.9836 + 0.0054
0.9830 + 0.0055

0.9836 + 0.0049
0.9836 + 0.0049
0.9838 £ 0.0051
0.9836 + 0.0049

0.9836 + 0.0053
0.9837 £ 0.0053
0.9847 + 0.0053
0.9836 + 0.0053

0.9884 + 0.0022
0.9886 =+ 0.0022
0.9883 £ 0.0022

0.9883 £ 0.0022
0.9883 =+ 0.0021
0.9884 £ 0.0023
0.9883 =+ 0.0022

0.9895 £ 0.0022
0.9895 =+ 0.0026
0.9898 + 0.0025
0.9895 £ 0.0022
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Fig. 8 Sidestep left eight marker trajectories shown by MATLAB, for one training-set (353 examples = 80%). The physical location of the markers

is given in Figure 3.

Table 2 Comparison PLS to single hidden layer NN, r by GRF/Ms.

Movement  Samples  r(Fy) r(Fy) r(F;) r(M,) r(M,) r(M;)  r(Fnean)  r(Muean)
Oh et al. [31], maximum r Walking 48 0.9180 0.9850 0.9910 0.9870 0.8410 0.8680 0.9647 0.8987
R-spls SIMPLS, maximum r Sidestep 441 0.9985 0.9981 0.9994 0.9762 0.9956 0.9877 0.9987 0.9865
R-spls SIMPLS, Table 1 Sidestep 441 0.9669 0.9847 09898 0.8807 0.9405 0.9216 0.9804 0.9143

3.3 Training Phase

We performed 10-fold cross-validation using a number of
PLS methods to test whether our description of movement
and force was sufficient, the goal being a strong correlation
coefficient. The data-set was randomly shuffled and split into
ten training-sets (353 samples = 80%, illustrated for each
of the eight markers in Figure 8) and corresponding test-
sets (88 samples = 20%), then for each PLS method, the

predicted GRF/Ms were compared with the actual recorded
force plate analog output. The use of 10-fold experiments
decreased the risk of overfitting [16]. A total of eleven PLS
methods were compared, three from PLS_Toolbox v8.1.1
(EVRI Eigenvector Research, Inc., Manson, WA, USA), four
from the R-pls package [27], and four from the R-spls Sparse
PLS package [12]. PLS_Toolbox runs directly in MATLAB
while pls and spls functions were executed using system calls
from MATLAB to R [35]. Handshake protocols were used
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Table 3 Relative influence (RI)? of inputs on GRF/Ms output determined by R-spls SIMPLS.

Input m s h RMTI1

RI 100%  100%

RCAL RLMAL C7
100% 65% 58% 57% 41%

LCAL SACR LMTlI LLMAL
39% 31% 24% 7%

1To score 100%, all three axes of a marker (x/y/z) must be selected by the PLS method in all motion capture frames.

between MATLAB and R to ensure success/fail conditions
were exchanged. Within this mix of three proprietary and
open source PLS packages, different fit algorithms were in-
vestigated for their prediction power, performance, and in
the case of sparse implementations, variable selection, for
the given multivariate data-set where the number of predic-
tor variables (3003) was much greater than the number of
training samples (353). Model training and prediction times
were used to illuminate differences between methods such as
Kernel and Orthogonal Scores PLS which produce the same
results. Overall, PLS methods were selected for relevance
to (a) perceived state of the art, (b) anticipated benefits of
including non-linear kernel methods to match non-linearity
in the source data, and (c) sparse methods to capitalize on
the ranking importance of predictor input markers rather
than the traditional PLS approach of simply maximizing the
covariance between predictors and response.

The primary tuning parameter for PLS is the number
of hidden internal components, n.. For every sample in the
test-set, the mean correlation coefficient r was calculated
by comparing the six vectors Fy, Fy, F;, M,, M, and M, of
ground truth force plate data with that predicted by the speci-
fied PLS method. A range of n. from 1 to 81 (in steps of 5)
was used to select n, via the corresponding maximum r by
GRF/Ms for the subsequent 10-fold experiments. This range
was arrived at empirically using the root mean squared error
of prediction (RMSEP) function in R-pls; use of the mean
squared prediction error (MSPE) in R-spls; and by noting
the maximum value at which MATLAB exhausted system
memory. MSPE was also used to determine the sparsity tun-
ing parameter eta of 0.9. Although this granular approach
increased the risk of missing the precise optimal value of n,,
meaningful results were observed. The average n. over all
GRF/Ms for each PLS method gave a range of training times
from 00:00:10.534 (hh:mm:ss.sss) for R-pls Wide Kernel
PLS to 00:18:28.552 R-spls Orthogonal Scores PLS (mean
timing over ten iterations).

4 Results and Discussion

A high-potential subset of the entire historical archive con-
taining 20,066 c3d files was scanned, and after quality as-
surance and automatic categorization of movement type, a
total of 441 sidestep left-directed motion trials were identi-
fied. The original data capture for these trials was carried out
between February 7, 2007 and November 12, 2013 using a
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Internal Components n,

Fig. 9 R-spls SIMPLS performance against the data-set over the range
of n. from 1 to 81.

range of Vicon proprietary software (from Workstation v5.2
to Nexus v2.2).

The mean correlation coefficient r between the estimated
and actual GRF/Ms was calculated using the n, derived by the
earlier cost analysis, for which the prediction times ranged
from 00:00:00.064 (hh:mm:ss.sss, mean timing over ten it-
erations) for EVRI-pls Direct Scores PLS to 00:00:00.403
R-pls Kernel PLS. The Mean £ SD between each of the ten
folds, and prediction times, by PLS method and by GRF/Ms
are given in Table 1 (and illustrated by animation Online
Resource 1), in which the best values of r by GRF/Ms are
shown in bold, as are r(Fjyeqn) and r(Mypeqn) for the strongest
package overall. The highest correlation was seen in the ver-
tical r(F;), explained by the influence of mass in this axis
and the corresponding greater variation for PLS to associate
with. R-spls SIMPLS was identified as the strongest method
overall, with average r of 0.9804 for GRFs and 0.9143 for
GRMs. These high correlation coefficients proved the hy-
pothesis, that our interpreted force, mass and acceleration by
the abstract methods of marker-based motion capture were
sufficient enough to establish a strong relationship with the
analog force plate output.The combined Mean + SD results
r(Fnean) 0.9796 £+ 0.0004 and r(Myeqn) 0.9113 £ 0.0036
illustrate the proximity of all the PLS methods investigated.

Figure 9 illustrates the performance of R-spls SIMPLS
for r(Fpean) and r(My,eqn) over the range of n. from 1 to
81. Ahead of n. 55 selected by the cost analysis for this
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Fig. 10 Ground truth GRF/Ms (blue ticks) and predicted (red), plotted as F, Fy, F;, My, M, and M, versus force plate frame for the same sample
using each of the strongest PLS methods by package: EVRI-pls SIMPLS, R-pls SIMPLS and R-spls SIMPLS. The sample was selected for having

the highest r(Fyeqn) with R-spls SIMPLS.

PLS method, the high r(Fjeq,) offsets the gradual decline
in r(Myyean). At greater n, this relationship breaks down as
r(Mean) is increasingly affected by noise.

With R-spls SIMPLS outperforming other methods, the
second hypothesis that a sparse PLS method would prevail
was also proven. The individual sample with the highest
r(Fnean) was identified for R-spls SIMPLS and Figure 10
shows the predictions for this sample by the SIMPLS imple-
mentation by each of the three packages.

The mean R-spls SIMPLS results exceed the maximum
correlation coefficients r for the six vectors as reported by
Oh et al. [31] and shown in Table 2. Using PLS, rather than a
single hidden layer NN, with a data-set an order of magnitude
greater (441 versus 48 samples), our study demonstrated
greater correlations for a more complex movement pattern
(sidestep versus walking gait), and the importance of data
scale for NNs.

Sparse PLS methods by nature retain the input features
useful for prediction, and therefore R-spls SIMPLS can
be used to illustrate the relative influence of markers and
mass/sex/height. Using fold one of the training-set/test-set
split, the movement type is confirmed as sidestep left by
virtue of the greater emphasis on the markers of the right

stance foot (RMT1, RCAL and RLMAL) at the expense of
those on the swing limb on the left (Table 3).

5 Conclusions

To the best of our knowledge, this is the first study which
mines big data to predict GRF/Ms of a complex movement
pattern from marker-based motion capture (and using a re-
duced marker set). We investigated the connection between
PLS and the relationship of marker-based motion capture
to force plate output. Using historical movement and force
data (441 sidestep samples), and eleven PLS methods, we ob-
served average correlation coefficients between ground truth
and predicted of 0.9804 for GRFs and 0.9143 for GRMs thus
proving our first hypothesis. This strongest response was pre-
dicted by the R-spls SIMPLS sparse method in support of
our second hypothesis.

Our results using PLS methods against a complex sidestep
movement pattern improved on those reported using a single
hidden layer NN and a simple gait pattern by Oh et al. [31]
illustrating the relevance of big data. We intend to extend
this work through greater intra and inter-laboratory historical
data, to analyze other movement patterns, validate in real-
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time with a dual data capture in the laboratory, then ultimately
test in the field of play with outdoor cameras and less inva-
sive methods of motion capture. The information provided by
R-spls allows for fine-tuning of motion and force temporal
input parameters, and an investigation of the relative impor-
tance of markers and the discrete features mass/sex/height.
The success of PLS methods suggests this data is a candidate
for deep learning. This study begins to address the significant
barrier to non-invasive collection of real-time on-field kinetic
data to inform athlete performance enhancement and injury
prevention.

Acknowledgements This project was partially supported by the ARC
Discovery Grant DP160101458 and an Australian Government Research
Training Program Scholarship. We gratefully acknowledge NVIDIA for
providing a GPU through its Hardware Grant Program, and Eigenvector
Research for the loan licence of PLS_Toolbox. Portions of data included
in this study have been funded by NHMRC grant 400937.

References

1. Jacqueline Alderson and William Johnson. The person-
alised ’digital athlete’: An evolving vision for the cap-
ture, modelling and simulation, of on-field athletic per-
formance. In 34th International Conference on Biome-
chanics in Sports, 2016.

2. AMTIL. Biomechanics Platform Instruction Manual. Ad-
vanced Mechanical Technology Inc, Watertown, MA,
2004. ISBN 1134298730.

3. Arnaud Barre and Stphane Armand. Biomechanical
toolkit: Open-source framework to visualize and process
biomechanical data. Computer Methods and Programs
in Biomedicine, 114(1):80-87, 2014. ISSN 0169-2607.

4. Roger Bartlett. [Introduction to sports biomechanics:
Analysing human movement patterns. Routledge, New
York, NY, 2007. ISBN 1134298730.

5. Thor F. Besier, Daina L. Sturnieks, Jacque A. Alderson,
and David G. Lloyd. Repeatability of gait data using a
functional hip joint centre and a mean helical knee axis.
Journal of Biomechanics, 36(8):1159-1168, 2003. ISSN
0021-9290.

6. John Bloomfield. From ugly duckling to soaring swan:
The story of sport science at The University of Western
Australia. Round House Press, South Fremantle, WA,
Australia, 2012.

7. Anne-Laure Boulesteix. PLS dimension reduction for
classification with microarray data. Statistical applica-
tions in genetics and molecular biology, 3(1):1-30, 2004.
ISSN 1544-6115.

8. Bruce Carse, Barry Meadows, Roy Bowers, and Philip
Rowe. Affordable clinical gait analysis: An assessment
of the marker tracking accuracy of a new low-cost optical

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

3d motion analysis system. Physiotherapy, 99(4):347—
351, 2013. ISSN 0031-9406.

. Nutan Chen, Sebastian Urban, Christian Osendorfer,

Justin Bayer, and Patrick Van Der Smagt. Estimating
finger grip force from an image of the hand using convo-
lutional neural networks and gaussian processes. In 2074
IEEE International Conference on Robotics and Au-
tomation (ICRA), pages 3137-3142. IEEE, 2014. ISBN
1479936855.

Lorenzo Chiari, Ugo Della Croce, Alberto Leardini, and
Aurelio Cappozzo. Human movement analysis using
stereophotogrammetry: Part 2 instrumental errors. Gait
& Posture, 21(2):197-211, 2005. ISSN 0966-6362.
Aaron Chin, David Lloyd, Jacqueline Alderson, Bruce
Elliott, and Peter Mills. A marker-based mean finite
helical axis model to determine elbow rotation axes and
kinematics in vivo. Journal of Applied Biomechanics,
26(3):305-315, 2010. ISSN 1065-8483.

Hyonho Chun and Sndz Kele. Sparse partial least squares
regression for simultaneous dimension reduction and
variable selection. Journal of the Royal Statistical So-
ciety: Series B (Statistical Methodology), 72(1):3-25,
2010. ISSN 1467-9868.

R. J. Dallalana, J. H. Brooks, S. P. Kemp, and A. M.
Williams. The epidemiology of knee injuries in English
professional rugby union. American Journal of Sports
Medicine, 35(5):818-30, 2007. ISSN 0363-5465 (Print)
0363-5465 (Linking). doi: 10.1177/0363546506296738.
Tijl De Bie, Nello Cristianini, and Roman Rosipal.
Eigenproblems in pattern recognition, pages 129-167.
Springer-Verlag Berlin Heidelberg, 2005. ISBN 978-3-
540-28247-1. doi: 10.1007/3-540-28247-5.

Alasdair R. Dempsey, David G. Lloyd, Bruce C. Elliott,
Julie R. Steele, Bridget J. Munro, and Kylie A. Russo.
The effect of technique change on knee loads during
sidestep cutting. Medicine & Science in Sports and
Exercise, 39(10):1765-1773, 2007. ISSN 0195-9131.
Pedro Domingos. A few useful things to know about
machine learning. Communications of the ACM, 55(10):
78-87,2012. ISSN 0001-0782.

Cyril J. Donnelly, David Gavin Lloyd, Bruce C. Elliott,
and Jeffrey A. Reinbolt. Optimizing whole-body kine-
matics to minimize valgus knee loading during sidestep-
ping: Implications for acl injury risk. Journal of Biome-
chanics, 45(8):1491-1497, 2012. ISSN 0021-9290.
Cyril J. Donnelly, Chamnan Chinnasee, Gillian Weir,
Siriporn Sasimontonkul, and Jacqueline Alderson. Joint
dynamics of rear-and fore-foot unplanned sidestepping.
Journal of Science and Medicine in Sport, pages 1-6,
2016 (in press). ISSN 1440-2440.

Bruce Elliott and Jacqueline Alderson. Laboratory ver-
sus field testing in cricket bowling: A review of current
and past practice in modelling techniques. Sports Biome-



William R. Johnson! et al.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

chanics, 6(1):99-108, 2007. ISSN 1476-3141.
Stephanie R. Filbay, Ilana N. Ackerman, Trevor G. Rus-
sell, Erin M. Macri, and Kay M. Crossley. Health-related
quality of life after anterior cruciate ligament reconstruc-
tion: A systematic review. The American Journal of
Sports Medicine, 42(5):1247-1255, 2014. ISSN 0363-
5465.

Javad Hashemi, Ryan Breighner, Naveen Chandrashekar,
Daniel M. Hardy, Ajit M. Chaudhari, Sandra J. Shultz,
James R. Slauterbeck, and Bruce D. Beynnon. Hip ex-
tension, knee flexion paradox: a new mechanism for
non-contact acl injury. Journal of Biomechanics, 44(4):
577-585, 2011. ISSN 0021-9290.

Philippa L. Jones, David G. Kerwin, Gareth Irwin, and
Len D.M. Nokes. Three dimensional analysis of knee
biomechanics when landing on natural turf and football
turf. Journal of Medical and Biological Engineering, 29
(4):184-188, 2009. ISSN 1609-0985.

Yihwan Jung, Moonki Jung, Jiseon Ryu, Sukhoon Yoon,
Sang-Kyoon Park, and Seungbum Koo. Dynamically
adjustable foot-ground contact model to estimate ground
reaction force during walking and running. Gait & Pos-
ture, 45:62-68, 2016. ISSN 0966-6362.

Tao Liu, Yoshio Inoue, and Kyoko Shibata. A wearable
ground reaction force sensor system and its application
to the measurement of extrinsic gait variability. Sensors,
10(11):10240-10255, 2010.

D.G. Lloyd, J. Alderson, and B.C. Elliott. An upper limb
kinematic model for the examination of cricket bowling:
A case study of Mutiah Muralitharan. Journal of Sports
Sciences, 18(12):975-982, 2000. ISSN 0264-0414.
Kurt T. Manal and Thomas S. Buchanan. Biomechan-
ics of human movement, pages 5.1-5.27. McGraw-Hill
Professional, New York, NY, 2002. ISBN 0071356371.
Bjrn-Helge Mevik and Ron Wehrens. The pls package:
Principal component and partial least squares regression
in R. Journal of Statistical Software, 18(2):1-24, 2007.
Clare E. Milner and Max R. Paquette. A kinematic
method to detect foot contact during running for all foot
strike patterns. Journal of Biomechanics, 48(12):3502—
3505, 2015. ISSN 0021-9290.

Clemens Miiller, Thorsten Sterzing, Justin Lange, and
Thomas L. Milani. Comprehensive evaluation of player-
surface interaction on artificial soccer turf. Sports Biome-
chanics, 9(3):193-205, 2010. ISSN 1476-3141.

Lars Miindermann, Stefano Corazza, and Thomas P. An-
driacchi. The evolution of methods for the capture of
human movement leading to markerless motion capture
for biomechanical applications. Journal of NeuroEngi-
neering and Rehabilitation, 3(6):j1-11, 2006. ISSN
1743-0003.

Seung Eel Oh, Ahnryul Choi, and Joung Hwan Mun.
Prediction of ground reaction forces during gait based

32.

33.

34.

35.

36.

37.

38.

on kinematics and a neural network model. Journal of
Biomechanics, 46(14):2372-2380, 2013. ISSN 0021-
9290.

Yohei Shimokochi and Sandra J. Shultz. Mechanisms of
non-contact anterior cruciate ligament injury. Journal
of Athletic Training, 43(4):396-408, 2008. ISSN 1062-
6050.

Taeyong Sim, Hyunbin Kwon, Seung Eel Oh, Su-Bin
Joo, Ahnryul Choi, Hyun Mu Heo, Kisun Kim, and
Joung Hwan Mun. Predicting complete ground reaction
forces and moments during gait with insole plantar pres-
sure information using a wavelet neural network. Jour-
nal of Biomechanical Engineering, 137(9):091001:1-9,
2015. ISSN 0148-0731.

Hyun Soo Park and Jianbo Shi. Force from motion:
Decoding physical sensation in a first person video. In
Proceedings of the IEEE Conference on Computer Vision
and Pattern Recognition, pages 3834-3842, 2016.

R Core Team. R: A language and environment
for statistical computing. R Foundation for Sta-
tistical Computing, Vienna, Austria, 2016. URL
http://wwuw.R-project.org.

Stephen Ward. Anthropometric data and australian pop-
ulations do they fit? In HFESA 47th Annual Conference
2011, 2011.

Xiaolin Wei and Jinxiang Chai. Videomocap: Modeling
physically realistic human motion from monocular video
sequences. In ACM Transactions on Graphics (TOG),
volume 29, page 42. ACM, 2010. ISBN 1450302106.
David A. Winter. Biomechanics and motor control of
human movement. John Wiley & Sons, Hoboken, NJ,
2009. ISBN 0470398183.

William R. Johnson is a Chartered
Professional Engineer who received
his BEngHons degree in Computer
Systems Engineering from The Univer-
sity of Bristol in 1989 and pursued an
information technology career in the
resource industry before achieving his
MEzxerSc degree in Exercise Science
(Strength and Conditioning) from Edith

Cowan University in 2014. He is currently a PhD Candidate
(Biomechanics) in the School of Human Sciences at The
University of Western Australia. His research areas of
interest span computer vision, deep learning, motion capture,
wearable sensors and sports analytics.



Predicting Athlete Ground Reaction Forces and Moments from Motion Capture 11

Ajmal Mian is an Associate Professor
of Computer Science at the University
of Western Australia. He received two
prestigious fellowships from the Aus-
tralian Research Council, the Australian
Postdoctoral Fellowship and the Aus-
tralian Research Fellowship for three
and five years respectively. He has se-
cured AU$3 million in research funding
mainly from the Australian Research Council and the Na-
tional Health and Medical Research Council. He received
the West Australian Early Career Scientist of the Year award
in 2012. He is also the recipient of the Australasian Distin-
guished Doctoral Dissertation Award, the UWA Outstanding
Young Investigator Award, the Vice-Chancellors Mid-Career
Research Award and the Aspire Professional Development
Award. His research interests include computer vision, ma-
chine learning, 3D shape and human action analysis, hyper-
spectral image analysis, and multimodal biometrics.

Cyril J. Donnelly holds a Bachelor
of Kinesiology degree from McMaster
University, a Master of Science degree
from the University of Waterloo and a
Doctorate of Philosophy in Biomechan-
ics from The University of Western Aus-
tralia. He uses musculoskeletal model-
ing and simulation to inform best prac-
tice injury/disease prediction, and sub-
ject specific movement prescription. His overriding research
goal is to understand the mechanical aetiology of muscu-
loskeletal injury and disease to inform best practice injury
and disease management among sporting and clinical popu-
lations.

David Lloyd is a neuromusculoskele-
tal Biomechanical Engineer whose re-
search has focused on the causes and
prevention of musculoskeletal disease
and injury. Professor Lloyd and his col-
leagues have attracted over AUD$17
million in grants from funding bodies
which include ARC, NHMRC and NIH.
He is an international leader in compu-
tational biomechanical modeling and simulation, particularly
EMG-informed neuromusculoskeletal modeling, culminat-
ing in the release of CEINMS software. His current research
focus is to develop these computational methods to predict
loading of artificial and biological implants, control wearable
robotic devices, and provide real-time biofeedback of muscu-
loskeletal tissue loading via personalised digital models of
patients and athletes.

Jacqueline Alderson is an Associate
Professor at The University of West-
ern Australia who has authored or co-
authored 100+ peer reviewed text books,
book chapters, research papers and con-
ference proceedings in the areas of
sports performance, sports injury pre-
vention and biomechanical modeling.
She is a fellow and former director of
the International Society of Biomechanics in Sport. She has
an extensive academic, community and industry engage-
ment portfolio that includes grant and consultancy funding
of AUD$2 million from groups such as The Australian Re-
search Council, Australian Institute (AIS) and associated
State Institutes of Sport, New Zealand Accident Compen-
sation Corporation, Swimming Australia, Cricket Australia
and the International Cricket Council among others. She is
interested in obtaining a fundamental understanding of hu-
man motion with a specific interest in the technologies and
methodologies used to record, measure and report it. From
an application perspective her research seeks to understand
mechanisms behind injury and disease in sporting and clini-
cal domains.



