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ABSTRACT
Motion capture systems are used in the analysis and interpretation of

ARTICLE HISTORY
Received 15 May 2020

athlete movement patterns for a variety of reasons, but data integrity
remains critical regardless. The extent to which marker location or
constraining degrees of freedom (DOF) in the biomechanical model
impacts on this integrity lacks consensus. Ten elite academy footballers
performed bilateral overhead squats using a marker-based motion
capture system. Kinematic data were calculated using four different
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marker sets with 3DOF and 6DOF configurations for the three joint
rotations of the right knee. Root mean squared error differences
between marker sets ranged in the sagittal plane between 1.02 and
4.19 degrees to larger values in the frontal (1.30-6.39 degrees) and
transverse planes (1.33 and 7.97 degrees). The cross-correlation func-
tion of the knee kinematic time series for all eight marker-sets ranged
from excellent for sagittal plane motion (>0.99) but reduced for both
coronal and transverse planes (<0.9). Two-way ANOVA repeated mea-
sures calculated at peak knee flexion revealed significant differences
between marker sets for frontal and transverse planes (p < 0.05).
Pairwise comparisons showed significant differences between some
marker sets. Marker location and constraining DOF while measuring
relatively large ranges of motion in this population are important
considerations for data integrity.

Introduction

The assessment of injury risk is a key strategy for professional football teams in an attempt
to reduce injury occurrence in their players (McCall et al., 2015, 2017). Furthermore,
improving movement quality of footballer players has been reported as important for
reducing injury risk within this population (Bagwell et al., 2016; Smale et al., 2017). The
ability to accurately assess movement quality can support athletic development
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programmes (Bergeron et al., 2015; Bishop, Edwards et al., 2016; Marques et al., 2017;
McCall et al., 2017; Scibek et al., 2020) and improve return to play protocols when an
injury occurs (Ardern et al., 2018; Leporace et al, 2013; Whittaker et al., 2017).
A commonly evaluated movement pattern used within practice and investigative studies
is the bilateral overhead squat which encompasses a large range of knee flexion (Bishop,
Edwards et al., 2016; Donohue et al., 2015; Schoenfeld, 2010). Commonly, this assessment
of movement quality relies on the experience of relevant practitioners and can be some-
what subjective, or reliant on the ability to make a judgement based on less reliable
criterion (Onate et al., 2012). Therefore, the use of motion capture systems could enhance
movement analysis and provide practitioners with more reliable quantitative data for use
in subsequent athlete development programmes, rather than qualitatively ranking and
rating motion as is the current practice in football.

However, despite reported sub-millimetre accuracy, marker-based motion capture
systems are subject to the limitation of soft tissue artefact and muscle contraction that
affect the resultant knee kinematics (Fiorentino et al., 2017; Schulz & Kimmel, 2010). Soft
tissue artefact (STA), being site, participant and movement task-specific, will impact
upon the selection of marker locations and the subsequent biomechanical model utilised
(Benoit et al., 2006; Cockcroft et al., 2016; McFadden et al., 2020; Schulz & Kimmel,
2010). The use of bone pins or advanced imaging validation methods to optimise
kinematic data (Fiorentino et al., 2017; Mentiplay & Clark, 2018; Potvin et al., 2017) is
impractical in sports settings. While there is evidence of the impact of marker location
and biomechanical model building within literature (Cockcroft et al., 2016; Mentiplay &
Clark, 2018; Robinson et al., 2013; Slater et al., 2018) to our knowledge the consideration
of best practice in the selection of marker location and model configuration for assess-
ment of the overhead squat has not yet been investigated in professional footballers.
Furthermore, previous research on lower limb kinematics and injury risk reduction often
lack detail on both marker set and model configuration. Previously reported and vali-
dated marker locations include the Conventional Gait Model [CGM] and variations; the
Plug-in-Gait model; Helen Hayes marker sets (Baker et al., 2017; Duffell et al., 2014;
Schulz & Kimmel, 2010); Cluster-based model (Mentiplay & Clark, 2018) and 6DOF gait
models (Buczek et al., 2010; Collins et al., 2009; Schmitz et al., 2016; Zuk & Pezowicz,
2015). However, marker locations used in clinical gait analysis are often not validated for
other movement patterns (Mentiplay & Clark, 2018; Schulz & Kimmel, 2010).

Attempts to improve the fidelity of segment and segmental interaction data, particularly
for the lower limbs include the use of rigid cluster marker sets placed on the thigh and shank
(Buczek et al., 2010; Collins et al., 2009; Schache et al., 2008) and constraining the degrees of
freedom within the model for anatomical joints in an attempt to reduce the influence of
STA (Duprey et al., 2010; Gasparutto et al., 2015; Potvin et al., 2017; Richard et al.,, 2017).
However, there remains some ambiguity around the influence of these decisions on data
reliability which may be in part attributable to the nature of the study participants and the
type of movement patterns under scrutiny. Additionally, while some marker location and
DOF decisions have been reported as reliable in sagittal and frontal plane rotations (Slater
et al.,, 2018), others reported agreement only in the sagittal plane, with no improvement in
data reliability when rigid clusters of markers were used (Mantovani & Lamontagne, 2017;
Schulz & Kimmel, 2010). In addition, constraining the knee joint to 3DOF has been
previously reported not to influence the accuracy of the kinematic outcomes and was
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reported to have contributed to increased error (Andersen et al., 2010; Fiorentino et al.,
2017; Mentiplay & Clark, 2018; Potvin et al., 2017; Richard et al., 2017; Wen et al., 2018). In
contrast, marker set test retest reliability of 3DOF and 6DOF models was deemed good to
excellent for all except the transverse plane motion, with slightly higher agreement of the
6DOF marker set models reported (Mentiplay & Clark, 2018).

In practice, the ability to accurately report normative 6DOF knee kinematics that includes
joint translation is important within professional football, but a challenge for motion capture
systems (Lu & O’ Connor, 1999; Mentiplay & Clark, 2018; Ojeda et al., 2014; Richard et al,,
2017; Smale et al., 2017). This joint translation may be important to quantify in developing
athletic populations who may present with underlying hypermobility influenced by growth
rates and maturation stage resulting in an increased risk of injury (Ryan et al., 2018; Smale
et al., 2017). These inconsistencies within the literature regarding appropriate marker
locations and model constraints, particularly when measuring large-amplitude athletic
movement tasks prompted this study. The purpose of this study was to compare knee
joint kinematics derived using four different lower limb marker sets and two degrees of
freedom models (6DOF and 3DOF), while tracking the overhead squat in an elite youth
football population. The null hypothesis was that there would be no difference between the
eight configurations in the determination of knee kinematics during the overhead squat.

Methods

Ethics approval was obtained from the National University of Ireland, Galway, Medical
Ethics Committee and individual informed consent gained from each participant before
testing. All participants were informed of the purpose of testing and advised that they
could withdraw at any stage. All data was stored in accordance with GDPR guidelines,
including ensuring anonymity of all participants.

Participants

Ten Academy Elite football players (n = 10) of mean age (SD): 18.5 (+1.3) years, height
1.83 (£0.04) metres and weight 79.2 (+6.2) kg, volunteered to participate in this study. All
participants self-reported their right leg as their dominant kicking leg. Participants wore
tight-fitting clothing to reduce extraneous marker movement and the same footwear to
standardise testing protocols.

Inclusion criteria

All participants were physically able to perform the overhead squat motion without any
restriction. Participants were full-time Premier League academy football players for
a minimum of two years and were engaged in supervised strength training. All partici-
pants had achieved full maturation status or 100% of Peak Adult Height at the time of
testing (Khamis & Roche, 1994; Malina et al., 2015).
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Exclusion criteria

Participants were excluded if they reported any musculoskeletal injury or illness that
hindered participation in full training or games within the preceding 3 months.

Overhead squat

All participants were instructed using the same verbal and visual demonstration of the
overhead squat (Figure 1). Participants were requested to stand with their feet shoulder-
width apart, holding a 120-cm wooden dowel pressed overhead with extended arms at
the initiation of the trail and then to asked to complete the squat to maximum depth with
good trunk control (Bishop, Edwards et al., 2016). The squat depth was self-determined
by participants as per standardised functional movement assessment protocols (Cook
et al., 2006; Scibek et al., 2020). Motion timing was controlled to two seconds down, and
two seconds to return to the start position (Bishop, Villiere et al., 2016). All participants
familiarised themselves with the movement prior to data collection under the supervision
of a Chartered Physiotherapist.

Data collection

Kinematic data were collected using eight infrared cameras (Miqus, Qualisys Medical
Ltd., Sweden) operating at 100 Hz surrounding the capture space; a dedicated area
adjacent to the strength and conditioning facility of the Academy. The capture volume
was calibrated according to the manufacturers’ instructions with the camera system
showing a maximum calibration residual of 1 mm for each camera.

Figure 1. (a) Full lower limb marker sets detailing the cluster with medial and lateral knee joint
markers. The SCS for the knee joint axes was aligned with (X) positive axis in mediolateral direction,
positive (Y) axis anterior/posterior and positive (Z) axis vertical directions respectively. (b) Full thigh
four marker cluster detailing the Anterior partial cluster (grey), Posterior partial cluster (white) makers
that were used with medial and lateral knee joint markers.
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Qualisys Track Manager ™ (QTM, Version 2.16 Qualisys Medical Ltd., Sweden) was
used to reconstruct the three-dimensional coordinates of each of the 19 mm spherical
reflective markers placed on the following sites: right and left Anterior Superior Iliac
Spine (ASIS), right and left posterior superior iliac spine (PSIS) right and left medial
and lateral femoral condyles, right and left medial malleoli ankle and right and left
lateral malleoli ankle. Rigid clusters were placed on the right and left lateral thighs and
shanks. The markers on the lateral thigh and shank consisted of a rigid plate (131
x 80 mm) consisting of four markers with the top two markers width 7 cm apart and
lengthwise 9 cm (Figure 2(b)). The rigid plate was attached with adhesive tape and
velcro strapping to the lateral thigh approximately midway between the greater tro-
chanter and the lateral knee markers. Markers were placed on all participants by the
same musculoskeletal physiotherapist with over 20 years of experience, under the
guidance of a biomechanist with over 15 years of motion capture experience. All
reflective markers were visible in all repetitions of the movement to ensure concurrent
data collection. A static trial was collected in the anatomical position for subsequent
segment definitions before completing the four overhead squat movement trials
Figure 2.

Data processing

Kinematic models for each participant were created using Visual 3D™ (version 6.01.16,
C-motion, Germantown, MD, USA) as follows:

Segmental and joint centre definitions

Using the right-hand orthogonal rule, the segment coordinate system (SCS) axes were
aligned with the (X) positive axis in the mediolateral direction, positive (Y) axis in the

7am

Thigh cluster
specifics

™ Cluster

Figure 2. Bilateral overhead squat movement test to compare marker set and models.
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anterior/posterior direction and positive (Z) axis in the vertical direction (Figure 2(a)). The
hip and knee joint centres were determined using a functional joint methods approach and
individualised for all participants (Schwartz & Rozumalski, 2005). The squat motion
served as the calibration method for the determination of segmental interaction to define
the mediolateral knee joint axis (Philp et al., 2019), and the hip joint centre. The long-
itudinal axis of the femur was defined as the line between the functional hip joint centre
and the midpoint between the medial and lateral femoral condyle markers projected onto
the functional knee axis. All eight marker set model configurations used the same func-
tional hip centres and functional knee axes to define segment interaction according to
(Schwartz & Rozumalski, 2005). The shank and pelvis segments were tracked in the same
way throughout the overhead squat. Thus, the primary difference between the eight
models was how they track the segments articulating at the knee joint. A Cardan rotational
sequence of X, Y, Z (Lees et al., 2010) was applied to the model.

Segment Tracking

Eight different segment reconstructions were created in Visual 3D™ using the 4 marker
location sets and two joint constraint methods, 3DOF and 6 DOEF. For the 3DOF models,
DOF was constrained to the three rotations only.

(1) Anatomical (Ana3DOF, Ana6DOF): this model used the functional hip joint
centre and the medial and lateral knee markers to track the thigh (Schulz &
Kimmel, 2010; Slater et al., 2018).

(2) Anterior Partial Cluster Knee (Ant3DOF, Ant6DOF): this model used two anterior
thigh cluster markers and the medial and lateral knee markers to track the thigh.

(3) Cluster (Clust3DOF, Clust6DOF): all four markers on the rigid thigh cluster marker
was used to track the thigh (Mentiplay & Clark, 2018; Schulz & Kimmel, 2010).

(4) Posterior Partial Cluster Knee (Post3DOF, Post6DOF): this model used the two
posterior thigh cluster markers and the medial and lateral knee markers to track
the thigh.

For the purpose of data extraction, the start of the overhead squat was defined as the instant
when the pelvis vertical downward velocity reached a threshold of 0.1 m-s~', and the end at
the instant the participant returned to the original upright stance position. The data was
time normalised to 101 data points between these two events. A 4™ order low-pass
Butterworth filter of 7 Hz was applied to the data (Cortes et al., 2014).

Data analysis

The time series of all three knee joint rotations during the overhead squat was evaluated
for each marker and DOF configuration. The post-processed knee joint kinematics were
examined using summary statistics, and the kinematic difference analysed. The range of
differences in measurement between all eight models was expected to fall between 3 to 5
degrees (McGinley et al., 2009; Slater et al., 2018).

Root mean squared error (RMSE) was used to determine the kinematic differences
between all marker sets and model configurations over the whole time series. RMSE values
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within a five-degree kinematic threshold were considered of ‘high fidelity’ (Slater et al.,
2018). Cross-Correlation Function (Baxter et al., 2016) compared the kinematic agreement
between all marker set and model combinations over the time series. A correlation of less
than 0.9 was deemed substantially different (Slater et al., 2018). RMSE and cross-correlation
values were calculated using R (R CoreTeam, 2019).

Peak knee joint flexion was identified as the maximum knee flexion angle at the
deepest point of the overhead squat motion. The corresponding knee frontal and
transverse kinematics were determined and compared at this event, as peak knee
flexion kinematics reflect the risk of knee injury (Hewett & Bates, 2017; McLean
et al., 2005; Myer et al., 2015). The effect of marker sets and model constraint on the
derived knee joint kinematic data at peak knee flexion were examined using two-way
repeated measures ANOVAs. The assumption of sphericity was verified following the
method of Girden (1992). Paired t-tests with Bonferroni correction with 95% CI were
carried out to identify the mean differences between the four marker sets. One-way
within-subject ANOVAs with Bonferroni correction examined any significant inter-
action. Partial eta® was used to determine the effect size. The assumption of normal-
ity was checked by visual inspection of the histogram, q-q plot and the box plot of
the data within the groups. Z-values of skewness and kurtosis and a Shapiro-Wilks
test were also performed on the data. There were no violations of these assumptions.
Statistical analyses were completed using the statistical software package SPSS (ver-
sion 25, SPSS Inc., USA) with a significance level of p < 0.05.

Results

The results for the mean of the time series for the right knee kinematics of all participants
using the four marker sets and the 3 and 6DOF models are illustrated in Figures 3-5. The
time series for the non-sagittal plane marker set and models demonstrate variation.

Sagittal plane

All RMSE values were below the suggested 5-degree threshold for error. The lowest
RMSE between models was found between the Anterior Partial Cluster-3DOF (Ant-
3DOF) and the Posterior Partial Cluster-3DOF models (Post-3DOF) (1.02 SD 1.08
degrees) with a cross correlation function of r = 0.99 (SD 0.00). The largest RMSE was
noted between the Posterior Partial Cluster knee-6DOF (Post-6DOF) (4.19 SD 1.41
degrees) and the Cluster-3DOF model (Clust-3DOF) with a cross correlation function
of r =0.99 (SD 0.00). The calculated kinematic data for all the configurations in this plane
correlated well (0.99) (See supplementary material).

At mean peak knee flexion, each of the marker set and DOF model combinations showed
similar values (Figure 6). The 2-way ANOVA for repeated measurements in this plane
revealed a significant main effect for marker set, (F (1.77,15.92) = 6.00, p = 0.014, r]pz = 0.40).
Pairwise comparisons revealed a significant difference only between the Anterior Partial
Cluster and Cluster marker set of 2.43 degrees (95% CI [0.24, 4.62]). No significant main
effects for DOF or the interaction between marker set and DOF were observed.
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G

A\ Configuration
Ana3DOF
AnaBDOF

— Ant3DOF
AntSDOF

— Clust3DOF
ClustsDOF

— Post3DOF
Post6DOF

Right knee angle (degrees)

50
Normalized time

Figure 3. Group mean (n = 10) of the full time-series for the overhead squat in the sagittal plane using
the four marker sets and both model configurations (3DOF, 6DOF). The right knee flexion angles are
negative.

. Configuration

3 —

) - Ana3DOF

2 - ™\ AnasDOF

3 - -

- - ————— — ANt3DOF

2 — — ANtDOF

&

2 . / — Clust3DOF

3 \

= 4 — T L ~— ClustsDOF

£ - R — /

b \ T ~—_ e ) J PoSt3DOF
N e ——— / / ~— PostsDOF

50 75 100
Normalized time

Figure 4. Group mean of the full time series for the overhead squat in the frontal plane for the four
marker sets and both DOF model configurations (3DOF, 6DOF). Abduction (negative) and adduction
(positive) angles.

Frontal plane

Lowest RMSE differences for the frontal plane were revealed between the Anterior Partial
Cluster knee-6DOF (Ant-6DOF) and the Posterior Partial Cluster-6DOF models (Post-
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~—F ““ Configuration
. . ) \ Ana3DOF
T T h NN AnagDOF
N e _— \ ANIDOF
- ANEDOF
§ ) } — ClustaDOF
T ~ S ‘:f* ClustsDOF
/ \ e A 7 — Post3DOF
/ B NN e AN PostSDOF

Right knee angle (degrees)

50
Normalized time

Figure 5. Group mean of the full time series for the overhead squat in the transverse plane for all four
marker sets and both model configurations (3DOF, 6DOF). Internal rotation (positive) and external
rotation (negative) angles.

6DOF) (1.30 SD 0.93 degrees) with a cross-correlation function of r = 0.92 (SD 0.09). Highest
RMSE values were found between the Posterior-6DOF (Post-6DOF) and the Cluster-3DOF
(6.39 SD 2.77 degrees) with a cross correlation function of r = 0.42 (SD 0.36) (See
supplementary material). The majority of configurations in this plane demonstrated lower
agreement and differences > 5 degrees. Frontal plane kinematics at the moment of peak knee
flexion are presented in Figure 7. A significant main effect was again noted for marker set,
F(2.06,18.6) = 11.37, p = 0.001, qu =0.56. Post hoc pairwise comparisons for the main effect
of marker set showed that when comparing frontal plane angles at maximal knee flexion,
significant mean differences were noted between the Anatomical and Anterior Partial
Cluster marker sets (-2.22 degrees, 95%CI [-3.42, —1.01), Anatomical and Posterior
Partial Cluster (-3.89 degrees, 95% CI [-6.31, —1.47]) and Cluster and Posterior Partial
Cluster (—3.83 degrees, 95% CI [-7.38, —0.28]) respectively. The Posterior partial cluster and
both marker set models revealed mean rotations in opposite directions. No significant effects
for DOF or interaction between marker set and DOF were observed.

Transverse plane

The RMSE was smallest between the Anterior Partial Cluster-6DOF (Ant-6DOF) and the
Posterior partial Cluster-3DOF (Post-3DOF) (1.33 SD 0.56 degrees), with a cross corre-
lation function of r = 0.92 (SD 0.08). The largest difference was found between the
Posterior partial Cluster-6DOF (Post-6DOF) and the Cluster 4-3DOF models (Clust-
3DOF) (7.97 RMSE SD 2.66 degrees), with a cross correlation function of r = 0.65 (SD
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Knee angle around the x-axis

Anatomical AntClusterKnee Cluster PostClusterknee

-40

-60

m6DoF
80 3 DoF

Angle (degrees)

-100

F T T

-140

p=0.028

-160

Figure 6. Mean Peak flexion angles in the sagittal plane for the overhead squat using all four marker
sets and both model configurations (6DOF, 3DOF). Flexion (negative) and extension (positive) angles.
Examination of the significant main effect for marker set in the pairwise comparisons showed only
a significant difference between the Anterior Partial Cluster (AntClusterKnee) and Cluster marker sets,
averaged over DOF models.

0.31). Many of the models in this plane revealed lower agreement and differences greater
than 5 degrees (See supplementary material).

A significant interaction was observed between both marker set and DOF in this plane
(F (1.33,12.00) = 13.05, p = 0.002, r|p2 = 0.59) (see Figure 8). Further examination using
paired t-tests and one-way repeated measures ANOVAs revealed significantly higher
mean differences for the 6DOF versus 3DOF models for the Anatomical (3.59, 95%CI
[0.49, 6.69] degrees) and Cluster marker sets (3.03, 95%CI [1.06, 4.99] degrees) respec-
tively. While the Posterior Partial Cluster (6DOF) revealed significantly lower values
compared with the 3DOF model (mean difference —3.67, 95%CI [-5.83, —1.51] degrees).
A one-way repeated measures ANOVA comparing all marker set (6DOF) models was
also significant, F (1.65,14.87) = 93.46, p < 0.001, n),” = 0.91. Pairwise comparisons of the
6DOF models highlighted significant differences between all marker sets except between
the Anterior Partial Cluster and Posterior Partial Cluster marker sets. These 6DOF
significant differences ranged from the lowest mean difference between the Anatomical
and Anterior Partial Cluster of 2.01 degrees, 95% CI [0.78, 3.24], to the highest mean
difference of 7.31 degrees, 95% CI [5.08, 9.54] between the Anterior Cluster and Cluster
6DOF pairs. For the 3DOF models there was also a significant main effect for marker set,
F (1.40,12.61) = 5.75, p = 0.024, n,” = 0.39. However, a significant difference was only
observed between the Anterior Partial Cluster (Ant3DOF) and Cluster (Clust3DOF)
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Knee angle around the y-axis

Anatomical AntClusterKnee Cluster PostClusterKnee

W6 DoF
3 DoF

Angle (degrees)
&

p=0.001
-10

p=0.003
12

p=0.033

14

Figure 7. Mean frontal plane angles at the peak knee flexion event during the overhead squat, using
four marker sets and both models (6DOF and 3DOF). Abduction (negative) and adduction (positive)
angles. Examination of the significant main effect for marker set, revealed significant differences
between the anatomical, anterior partial cluster and the posterior partial cluster respectively and
cluster and posterior cluster marker sets. No significant effect was noted for DOF. The posterior partial
cluster marker sets by DOF model revealed rotations in opposing directions.

(3.85 degrees, 95%CI [1.79, 5.91) models. A large SD was evident for all marker sets in
this plane (Figure 8).

Discussion and implications

This study explored the influence of four different marker sets using both 3DOF and
6DOF models on the derived knee kinematic data during the bilateral overhead squat in
elite youth footballers. The sagittal plane results at peak knee flexion showed similar
mean values below the suggested kinematic fidelity threshold of 5-degrees for motion
capture error (McGinley et al., 2009; Slater et al., 2018) with low RMSE values and
excellent correlation. However, significant differences were revealed between the
Anterior Partial Cluster and Cluster marker sets (2.43 degrees).

In this study, the difficulty in evaluating the quality of movement during the overhead
squat in the frontal and transverse plane due to marker set and model configuration is
highlighted by the differences at peak knee flexion being greater than the suggested
5-degree threshold of agreement, with higher RMSE and lower cross correlation function
values. The frontal plane kinematics demonstrated significant differences between the
Anatomical and both the Anterior Partial Cluster and posterior partial cluster respec-
tively, and between the Cluster and Posterior partial cluster marker sets. The findings in
the transverse plane, revealed many large differences, a large SD variation and
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Knee angle around the z-axis

Anatomical AntClusterKnee Cluster PostClusterKnee
40

p=0.001

35
p<0.001

p<0.001
p=0.002

20 p<0.001

p=0.002

N
«

W6 DoF

3DoF
p=0.007

Angle (degrees)
S

-
«

p=0.028 p=0.004

Figure 8. Mean transverse plane angles at the peak knee flexion event during the overhead squat for
all four marker set and both models (6DOF and 3DOF). Internal rotation (positive) and external
rotation (negative) angles. The P-values are indicated for the significant comparisons based on the
significant interaction between marker set and DOF model. Significant differences between the 6DOF
and 3DOF models were noted between all marker sets except the Anterior Cluster (AntClusterKnee).
For all 3DOF models (lighter coloured bar chart) only significant differences were noted between the
AntClusterKnee and Cluster marker sets. Large SD were revealed for all models in this plane.
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a significant interaction for marker set and DOF. Our results reflect other studies where
the combination of smaller angles and difficulty tracking both these planar motions was
reported (Andersen et al., 2010; Duffell et al., 2014; Richard et al., 2017), in particular
during the quasi-squat (Clément et al., 2018, 2015). Moreover, the frontal and transverse
plane results at peak knee flexion revealed physiologically implausible kinematic data
specifically for the Anatomical (6DOF), Cluster, and Posterior partial-cluster marker sets,
when considered using the benchmark of gold standard validated motion (Bennett et al.,
2018; Benoit et al., 2006; Donohue et al., 2015; Philp et al., 2019; Potvin et al., 2017;
Richard et al,, 2017; Sangeux et al., 2017; Sauret et al., 2016; Smale et al., 2017). Based on
these results, these marker sets do not appear to provide valid calculated knee kinematic
data for tracking a larger range of motion task in an athletic population.

The cluster marker set findings conflict with the existing recommendations, which
have suggested that the use of clusters helps to reduce the kinematic error (Buczek et al.,
2010; Collins et al., 2009). The cluster marker sets using both 3DOF and 6DOF
performed poorly when tracking the frontal and transverse plane motion, with high
RMSE values (frontal plane; 4-5 degrees, transverse plane; RMSE > 5 degrees) and poorer
cross correlation values, in agreement with (Mentiplay & Clark, 2018). Further, recent
results mapping soft-tissue artefact distribution suggest that marker clusters do not
compensate for the kinematic error, particularly in the thigh (Barré et al., 2015).
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However, the Anatomical marker set which excluded the thigh cluster markers did not
compare well with other models in this study, in contrast to previous findings
(Mantovani & Lamontagne, 2017; Schulz & Kimmel, 2010; Slater et al., 2018). Using
a four marker cluster with no additional tracking markers, or markers which are defined
solely by anatomical structures did not appear to be an optimal solution for assessing the
overhead squat movement in an athletic population.

Reaching consensus on the optimal modelling solution during the overhead squat,
particularly in the transverse plane, is difficult. Constraining the knee joint motion to
3DOF revealed significant differences between only one pair of marker sets and suggests
that this may be the solution to improve data fidelity during the overhead squat
supported by some previous findings (Andersen et al., 2010; Duprey et al., 2010). The
lower mean differences between marker sets in 6DOF found in this study suggested that
the 6DOF models may be superior. However, the 6DOF marker set comparison revealed
all three marker sets were significantly different in contrast to some previous findings
(Buczek et al., 2010; Fiorentino et al., 2017; Mentiplay & Clark, 2018; Potvin et al., 2017).
The transverse plane DOF, pairwise comparisons between 3DOF and 6DOF models,
revealed significant differences for all marker sets except the anterior partial cluster
models, which is of interest given the larger thigh muscle mass in trained athletic
populations (Milsom et al., 2015; Peek et al., 2018). These results highlight the impor-
tance of DOF constraints, particularly in the transverse plane for future research and
corroborate the findings of (Schellenberg et al., 2017). The findings suggest that future
investigation of marker location and biomechanical modelling during other commonly
assessed athletic movement tasks, including more dynamic movement tests, is required
in order to improve the fidelity and usefulness of derived data using marker-based 3D
motion capture. Further, the nature of participants could be a determining factor in the
selection of marker locations and joint constraints.

There are limitations to this study, including the small sample size and the reliance
upon consistent marker placement for accurate joint definitions between participants.
Marker set crosstalk was not controlled for in this study (Smale et al., 2017). The absence
of direct skeletal measurement using the gold standard, despite these methods under-
estimating abnormal kinematics, is an additional limitation (Akbarshahi et al., 2010; Li
et al.,, 2012). The overhead squat in this study was performed at a relatively slow velocity,
which may not be representative of more dynamic tasks and which may result in different
outcomes.

Conclusion

Marker location and model configuration are important considerations when assessing
athletic movement tasks. The significant differences between marker sets and model
combinations during the overhead squat at peak knee flexion, particularly in the frontal
and transverse planes highlight these inconsistencies. Therefore, caution is needed when
comparing studies using different marker sets, models, motion tasks or populations.
While it was out with the scope of this study to determine an optimal configuration for
this population, primarily due to the inability to compare with reliable alternative tools,
the Anterior Partial-Cluster using either the 3DOF or 6DOF models, appeared to be the
most robust method for analysing knee rotational kinematics during the overhead squat
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in an athletic population. The benefit of not constraining DOF may also be useful in
practice and research where joint translations are of interest. Further, these results
suggest further research is necessary concerning marker set and model when assessing
more dynamic athletic movement tasks, particularly for research into the mitigation of
lower limb injury risk.
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