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Abstract

Training load quantification methods may help optimize soccer performance. However, whole-body indicators potentially
underestimate biomechanical load. A new inertial sensor setup allows joint-specific biomechanical load quantification.
Good discriminative validity further supports the use of this method, and therefore the purpose of this study is to assess the
discriminative validity of this method during soccer-specific activities. Twelve national and sixteen regional soccer players
wore an inertial sensor setup and performed countermovement jumps, soccer kicks, and 30 m sprints. Between-group dif-
ferences in angular acceleration-based biomechanical load indicators Knee Load, Hip Load, and performance were assessed
using MANOVAs and Cohen’s effect sizes. Furthermore, relationships with performance were explored. National players
showed higher Knee Load during jumping (mean difference: 0.11 A.U., ES=0.93, p=0.02), kicking (mean difference:
1.94 A.U,, ES=0.94; p=0.02), and almost during sprinting (mean difference: 12.85, ES=0.77; p=0.05). Hip Load did
not differ between groups across all tasks, although national players outperformed regional players on all tests. Significant
relationships between Knee Load (rjym,=0.41, ri - 0.65), Hip Load (rj,,,=0.42), and performance were observed with
95% confidence intervals ranging from trivial to large. The results confirm discriminative validity of Knee Load for jumping
and kicking, but not for sprinting and Hip Load in general. The confidence intervals of the established relationships suggest
that the biomechanical loads might not entirely explain between-group differences in performance. The results can be used
as reference values for biomechanical load quantification in the field.
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1 Introduction

Soccer players train regularly to meet the physical demands
of the game. Within the training process, exercise volume,
frequency, and intensity (i.e. load) are balanced with suffi-
cient periods of rest to induce adaptations in cardiovascular
and musculoskeletal systems leading to improved perfor-
mance [1]. On the contrary, there is risk of injury when load
and recovery are imbalanced.

To better control the training process, feedback on exter-
nal or internal load, and on physiological and biomechanical
load can be provided [2]. External load is defined as physi-
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cal work prescribed in a training plan, while internal load
is defined as the consequent response depending on indi-
vidual player characteristics. A further subdivision can be
made between physiological and biomechanical load. Phys-
iological load involves stresses on the cardiovascular and
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metabolic system that induce adaptations in heart, lungs, and
oxidative capacity of muscles. Biomechanical load involves
stresses on the player’s musculoskeletal system leading to
adaptations in muscles, tendons, bones, or ligaments.

Many monitoring systems in soccer, such as local or
global positioning systems, include trunk sensors to quantify
external load [3]. External load in soccer is therefore mainly
quantified with whole-body indicators such as accelera-
tions or Playerload [3-5]. Although this might already give
insights into the physical load of soccer players, it does not
yield information on lower extremity biomechanical loads in
the forms of forces, stresses, or strains. For example, jump-
ing, kicking and passing are characterised by joint-specific
movements, rather than the general locomotive state of the
player [6]. These explosive activities impose high biome-
chanical loads on the lower extremities that are not captured
with conventional load indicators. This potential underes-
timation in biomechanical load might constrain adequate
periodization and performance optimization approaches,
because biomechanical load-adaptational pathways differ
from physiological pathways [2].

Current technological possibilities have limited abil-
ity to quantify internal (repetition of) forces, stresses, and
strains of lower extremity tissues [7]. Hence, field-based
biomechanical load estimations currently rely on surrogate
indicators to quantify forces, stresses, and strains [8—10].
Human movement is driven by an interplay of gravity, con-
tact forces (e.g. with the ground), segment interactions, and
muscle contractions [11]. This generates a net torque, result-
ing in joint angular accelerations that can be measured with
inertial sensor technology. The musculoskeletal system is
largely responsible for generating net torques during soccer
[6, 12, 13]. Consequently, using joint angular accelerations
may offer valuable insights into the lower extremity biome-
chanical loads.

An inertial sensor setup offers a valid approach for cap-
turing lower extremity kinematics in field conditions [9,
10], and therefore provides a feasible option to quantify
lower extremity biomechanical load. Knee Load and Hip
Load were introduced as new surrogate external biome-
chanical load indicators based off inertial sensor meas-
ured angular accelerations [14]. Because Knee Load and
Hip Load rely on angular accelerations, the term “load”
does not refer to the biomechanical force definition but
rather serves as a construct to describe player activities
in the field [15]. To prevent confusion these terms will be
referred to in italic. Nevertheless, the terms Knee Load and
Hip Load will be used for ease of understanding through-
out the manuscript. Knee Load and Hip Load demonstrated
acceptable to good reliability and construct validity in
the field [14, 16]. To further support construct validity
of these indicators, the ability to discriminate constructs
that are expected to differ between groups can be explored
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during soccer-specific field tests [17-19]. This technique
to assess discriminative validity is often referred to as the
known-groups difference technique [20].

Considering discriminative validity has not been
assessed yet, utilizing the known-groups difference tech-
nique would be a logical step in the validation process
[20]. Good discriminative validity would further support
the validity of this method, provide reference values for
level of play, and demonstrate the feasibility of using
inertial sensors in the field. Furthermore, understanding
relationships between training load indicators and sport
specific performance outcomes would help improve train-
ing practice used to achieve the most optimal performance
outcomes. However, perfect outcomes cannot be expected
since other factors might play a role, such as task execu-
tion. Ideally, trainers, coaches, and sport practitioners will
use this information for adequate training load manage-
ment so that player performance improves.

Therefore, this study aims to assess the discriminative
validity of two new angular acceleration-based biome-
chanical load indicators Knee Load and Hip Load. Dis-
criminative validity was assessed using the known-group
difference technique. Biomechanical load and performance
of national and regional soccer players was assessed dur-
ing soccer-specific field tests. Based on superior capaci-
ties, it is anticipated that national players demonstrate
higher Knee Load and Hip Load. Second, relationships
with performance will be explored to assess whether high
Knee Load and Hip Load values would translate into bet-
ter performance.

2 Methods
2.1 Equipment
2.1.1 Inertial sensor setup

Five inertial measurement units (MPU-9150, Invensense,
San Jose, California, USA) were used to obtain lower
extremity kinematics (Fig. 1) [9, 10]. The sensors were
placed at the lower back, both thighs and both shanks fol-
lowing procedures detailed elsewhere [9]. An additional sen-
sor was used on a mechanical time gate to time align the data
with a local position measurement system, as detailed later.
Each sensor measured 3D linear acceleration (+ 16 G), 3D
angular velocity (+2000°s.), and 3D Earth magnetic field
strength (+ 1200 uT) with a sample frequency of 500 Hz.
The data was locally stored on an SD card embedded in
a protective plastic casing (size; 35 x25x 15 mm, weight;
11.0 g). Before measurements, the inertial sensors were time
aligned, as described elsewhere [9, 21].
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Fig. 1 Illustrative example

of sensor locations and local
coordinate systems. The inertial
sensor setup is displayed from
the front (a), back (b), and side
(c)

2.1.2 Local position measurement system

A local position measurement system (Inmotio, Zeist, The
Netherlands) was used to obtain positional data. The system
is validated for recording football-specific movements (static
accuracy: 3 cm, less than 2% difference with optoelectronic
measurement system during movement) [4, 22]. It has a sam-
pling frequency of 1000 Hz divided by the number of tran-
sponders present on the field. Five transponders were used
during experiments. Participants wore a single vest with a
transponder between shoulder blades and two antennas that
sent a signal to ten base stations located around an artificial-
turf soccer field. Four additional transponders were placed
on the soccer field to create a sprint start and finish line.
Hence, the system sample frequency was 200 Hz.

2.1.3 Force plate

A floor mounted force plate was used to quantify jump
height (MotekForce Link, Amsterdam, Netherlands;
dimensions: 0.70 X 0.70 m). The force plate was calibrated
following manufacturer instructions. Data was collected
using commercially available software (Vicon Nexus,
version 2.8.1, Vicon Motion Systems Ltd., Oxford, UK).

Each jump was recorded separately with a 1000 Hz sample
frequency.

2.2 Participants

Twenty-eight male soccer players participated which
were divided into a national group and a regional group
(Table 1) in line with regulations of the Netherlands Royal
Soccer Association (KNVB). National players competed
in national divisions (Eerste Divisie, n =4; Derde Divi-
sie, n=1; Hoofdklasse, n=7), whereas regional players
competed in lower ranked divisions (Reserve Hoofdklasse,
n=1; le klasse, n=1; 2e klasse, n=1; 3e klasse, n=13; 4e
klasse, n=1; Se klasse, n=9). Participants were at least
16 years old, had at least 1 year experience, and trained at
least once a week. Participants were injury free during the
study. They were informed about the study protocol and
written informed consent was obtained before participa-
tion. The study was approved by the local ethical commit-
tee of the Center for Human Movement Sciences from the
University Medical Center Groningen (research register
number: 202000503).

Table 1 Main characteristics

. Age (years) Weight (kg) Height (m) Training Position

of the participants (mean

values + standard deviation) (h/week) D M A
National (N=12) 222+2.1 773+7.3 1.83+0.04 571+54 4 2 6
Regional (N=16) 24.1+4.7 78.3+8.6 1.87+0.07 0.94+1.1 6 6
Mean difference -1.96 -1 -0.04 4.77
95% CI —-4.9-1.0 —-74-53 —0.09-0 1.9-7.6
Effect size 0.51 0.13 0.73 1.31
P value 0.19 0.73 0.07 0.001

D defender; M midfield; A attacker

Significant differences are displayed in bold (p <0.05)
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2.3 Design

This cross-sectional cohort study used a between-groups
design. National and regional soccer players performed three
counter movement jumps, five maximal instep kicks, and
three linear 30 m sprints in this fixed order. Between-group
differences in Knee Load and Hip Load were assessed to
evaluate discriminative validity. To further evaluate these
results, between-group differences in performance and rela-
tionships between Knee Load, Hip Load, and performance
were assessed. The study was conducted during the COVID
pandemic between February 2021 and May 2022.

2.4 Procedures

Players performed a 10 min warming-up routine including
jumps, kicks, runs at submaximal intensity, and sprints.
Thereafter, a short calibration procedure was performed
to ensure accurate data registration of the inertial sensor
setup [9, 10]. The calibration procedure involved a 5 s static
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Fig.2 Representative example of centre of mass (COM) position,
counter movement force plate data, and squared magnitude of angu-
lar accelerations. Data of concentric phase was included for analysis.
Abbreviations: m=metre; s =seconds; N =Newton

calibration where participants stood still in upright pose,
followed by a dynamic calibration where participants raised
their left upper leg, raised their right upper leg, and bowed
their trunk forward. This procedure was repeated between
tests.

After calibration, participants performed three counter
movement jumps. The test is able to identify performance
differences between level of play and is highly reliable [17,
23]. Participants were instructed to jump with hands on their
hips and as high as possible. Trials were interspersed with
30 s rest to avoid fatigue effects. The trial with highest jump
height was included for further analysis. Biomechanical
load was calculated for the concentric phase (Fig. 2) since
instructions were focussed on maximal performance. Also,
high forces, muscle moments, joint powers occur during
this phase [24]. Consequently, it was expected that between-
group differences in angular accelerations would be the larg-
est in this phase.

Thereafter, participants performed five maximal instep
kicks with a rest period of 30 s. Participants kicked a ball
5 m from a normal full-sized goal as forcefully as possible
without accuracy demands. Participants were free in how
to approach the ball. The test is reliable [25] and discrimi-
nates between level of play [18]. Based on the relationship
between ball speed, the kick with highest knee extension
velocity of the kicking leg was included for further analysis
[18, 26]. Analysis was conducted for the full instep kick,
without the run-up, from minimal hip angle until peak knee
extension (Fig. 3).

Thereafter, participants performed three 30 m linear
sprints interspersed with a 1 min resting period. The 30 m
linear sprint test discriminates between levels of play and is
reliable [19]. Participants stood with their preferred foot in
front of a marked line on the field and ran 30 m distance as
fast as possible. The fastest trial was included for statistical
analysis. Knee Load and Hip Load were calculated for the
complete 30 m sprint (Fig. 4).

Fig.3 Representative example
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Fig.4 Representative example of sprint data. Acceleration,
speed, and magnitude of joint accelerations are displayed. Abbre-
viations: m/s?>=metre/second?; s=second; m/s=metre/second;
degrees/s = degrees/second?

2.5 Data processing
2.5.1 Knee load and hip load

Lower extremity kinematics were obtained with gyroscope
data, filtered with a 12 Hz second-order low-pass But-
terworth filter, which was based on visual inspection of
the data and similar studies [10]. Sensor orientation with
respect to the global earth frame was obtained using a gra-
dient descent algorithm with filter gain f§ set to 0.043 fol-
lowing recommendations for dynamic measurements [27].
Joint angles and angular velocities were then obtained by
expressing the difference in sensor orientation between
distal and proximal body segments [10].

Angular accelerations of the knee and hip joint from the
preferred kicking leg were used to quantify lower extrem-
ity biomechanical load. Following previous work [14],
gyroscope signals were filtered using an 8 Hz fourth-order
low-pass Butterworth filter. This was determined through
fast Fourier transform and visual inspection of the data.
Joint angular accelerations were then obtained by differ-
entiation of the filtered angular velocities. The magnitude
of 3D joint accelerations was calculated at each time point.
Then, the magnitude was squared to emphasize high inten-
sity movements in the outcome, since these activities are
more demanding [14]. The cumulative sum of the squared
magnitudes was then divided by an arbitrary scale fac-
tor for readability, representing Knee Load or Hip Load
(Eq. 1):

|aKnee,Hip ’ ’ (1 )

Knee load and hip load = 5
108

where ., i denotes the knee or hip joint angular accel-
eration magnitudes (degrees per second?).

2.5.2 Local position measurement system

Inmotio software (version v6.2.0.383, Inmotio, Zeist, The
Netherlands) was used to extract player position, velocity, and
acceleration data at 50 Hz using a weighted Gaussian average
filter set at 85%. Four extra transponders were used during the
tests to determine start and end points for the sprint test. Two
local position measurement transponders formed a time gate,
both at start and finish line. Sprint times were obtained by
subtracting the difference in time between finish line and start.

2.5.3 Force Plate

Vicon Nexus software (version 2.8.1, Vicon Motion Systems
Ltd., Oxford, UK) was used to export the force plate data.
Take-off and touchdown were determined from the vertical
ground reaction force data, based on a fixed threshold of 20 N.
From these instances, jump height could be determined with
Eq. 2 [28], where g stands for the gravitational constant (9.81
m/s?), and ¢ for flight time (s).

2
Jump height = % 2)

2.5.4 Time alignment

A custom-written algorithm in MATLAB (R2020b, The Math-
Works, Inc., Natick, MA, USA) was developed to time align
and process the data. Inertial sensor data of the lower back
were used to determine touchdown during the counter move-
ment jump. The vertical angular acceleration was filtered with
a 2 Hz low-pass fourth-order Butterworth filter. Trapezoidal
integration of the vertical acceleration signal was used to deter-
mine velocity, which was subsequently filtered with a 0.1 Hz
fourth-order zero-lag Butterworth filter to minimize integra-
tion drift [29]. The minimal velocity then defined touchdown.
Touchdown caused a peak in both datasets, used to time align
the inertial sensors and force plate.

The local position measurement system and IMU data were
time aligned manually using a time gate located at the 30 m
sprint finish. This time gate consisted of two local position
measurement transponders laying on the field, and an inertial
sensor attached to a mechanical gate [21]. Participants passed
this gate three times during the protocol, which caused a peak
in both datasets. The mean time difference between measure-
ment systems was used to manually time align the data.

2.6 Statistical procedures
Outcome measures were presented as means, and standard

deviations. Data were checked for outliers and subsequently
normality with skewness, kurtosis, and the Shapiro-Wilk
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test. In some cases (2/18), assumptions were violated, but
since this did not influence main findings, we decided to
present parametric analysis only. Between-group differences
in participant characteristics, Knee Load, Hip Load, and per-
formance were assessed by MANOVA tests, followed by
pairwise comparisons with Bonferroni corrections in case
of significance. Cohen’s effect sizes and 95% confidence
intervals were calculated to interpret the magnitude of dif-
ferences. Pearson correlation analysis was performed to
explore relationships between performance and Knee Load
or Hip Load. Effect sizes and correlation coefficients were
interpreted following Cohen’s recommendations [30]. Statis-
tical analysis was performed in R Studio (Version 3.0.3), and
statistical significance was accepted when p <0.05.

3 Results
3.1 Counter movement jump

National players had higher Knee Load (mean difference:
0.11 A.U.,, CI (95%): 0.01 to 0.21, ES=0.51, p=0.02) than
regional players, but Hip Load was similar between groups
(mean difference: 0.04 A.U., CI (95%): —0.02 to 0.09,
ES=0.51, p=0.2). Furthermore, jump height was higher
for national players (mean difference: 0.04 m, CI (95%): 0
to 0.08, ES=0.93, p=0.02) and moderately related to Knee
Load (r=0.47, CI (95%): 0.12 to 0.72, p=0.01) and Hip
Load (r=0.42, CI (95%): 0.05 to 0.69, p=0.03) (Fig. 5).

3.2 Instep soccer kick

National players had higher Knee Load (mean difference:
1.94 A.U., CI1 (95%): 0.23 to 3.65, ES=0.94, p =0.02) than
regional players. However, Hip Load was similar between
groups (mean difference: 0.01 A.U., CI (95%): —0.72 to 0.70,
ES=0.02, p=0.97). Furthermore, knee extension velocity
was higher for national players (mean difference: 214°/s, CI
(95%): 26 to 402, ES=0.95, p=0.02) and strongly related
with Knee Load (r=0.65, CI (95%): 0.36 to 0.82, p <0.001).
However, Hip Load did not relate to knee extension velocity
(r=0.20, CI (95%): —0.19 t0 0.53, p=0.31) (Fig. 6).

3.3 Sprint test

Knee Load (mean difference: 12.85, CI (95%): —1.2 t0 26.9,
ES=0.77, p=0.05) and Hip Load (mean difference: 3.74
A.U.,CI(95%): =5.1t0 12.6, ES=0.35, p=0.37) were simi-
lar between groups, although national players sprinted faster
(mean difference: 0.22s, CI (95%): 0.36 to 0.09, ES =—1.36,
p=0.002). Furthermore, both Knee Load (r=0.26, CI
(95%): —0.57 t0 0.13, p=0.19) and Hip Load (r=-0.03 CI
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(95%): —0.4 to 0.34, p=0.87) did not relate to sprint time
(Fig. 7).

4 Discussion

The main findings were that national players had higher
Knee Load during the counter movement jump, while Hip
Load was similar between groups. Moreover, Knee Load
and Hip Load had moderate relationships with jump perfor-
mance. Second, national players had higher Knee Load dur-
ing the instep kick, but Hip Load remained similar between
groups. National players reached higher knee extension
velocities, which were strongly related to Knee Load. Third,
Knee Load and Hip Load were similar between groups dur-
ing the sprint task, despite better sprint performance by
national players. In addition, no significant relationships
were observed between Knee Load and Hip Load and sprint
performance. The results confirm the hypothesis for Knee
Load in jumping and kicking tasks, while the hypotheses
were not confirmed for Knee Load during sprinting and Hip
Load in general.

4.1 Counter movement jump

National players had higher Knee Load and better perfor-
mance than the regional counterparts. A well-known dis-
criminative factor for countermovement jump performance
is the amount of force application and its duration (i.e. net
impulse) [24, 31]. This can be achieved by generating high
hip net extensor moments or knee power production during
the concentric phase of the counter movement jump [24, 32].
It was therefore expected that players with better explosive
jump abilities would demonstrate larger joint accelerations.
In line with expectations, national players displayed higher
Knee Load during the concentric phase. However, Hip Load
remained similar between groups and only moderate rela-
tionships between Knee Load or Hip Load and jump height
were observed. Consequently, the explained variance was
only 22 and 17% with confidence intervals ranging from
trivial to large. Other factors than Knee Load and Hip Load
might therefore be more related to jump performance and
explain the remaining variance, such as the proximal-to-
distal timing sequence of joint and segment actions [33].
Furthermore, the current inertial sensor setup does not meas-
ure ankle joint accelerations and thus important information
might be missing.

4.2 Instep soccer kick
National players had higher Knee Load and better perfor-

mance, while Hip Load was similar. Kicking requires play-
ers to generate muscle moments to accelerate the lower leg
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[6, 34]. Thus, expectations were that players with better
strength capacities would generate higher muscle moments
which would consequently lead to higher joint accelera-
tions. However, Hip Load did not differ between groups,
nor was it related to performance. A potential explana-
tion could be how players formed a tension arc (i.e. task
execution), which is an important factor for instep kicking

performance [6, 18]. Players can increase hip extension,
knee flexion or trunk rotation to the non-kicking side to
accelerate segments, and release energy to the ball into
a proximal-to-distal sequence. It might be that national
players achieved better performance by increasing knee
range of motion, while using similar hip strategies. By
doing so, more time is available to produce force, which

INTERNATIONAL SPORTS ENGNEERING ASSOCATION
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would result in higher accelerations around the knee joint
and ultimately better performance.

4.3 Sprint test

Knee Load and Hip Load were similar between groups,
although national players had better performance. Sprint
speed is a product of step length and frequency, so play-
ers use one or both to achieve maximal performance. Step

INTERNATIONAL SPORTS ENGNEERING ASSOCATION

frequency can be increased through shorter ground contact
time during stance or decreasing flight time [35]. Especially
a decreased flight time has implications for Knee Load and
Hip Load because joints need to accelerate to prepare the
swinging leg for the next ground contact during stance.
However, Knee Load and Hip Load were similar between
groups. Furthermore, Knee Load and Hip Load were unre-
lated to performance. Other factors might therefore be
more relevant to explain the observed difference in sprint
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presented. Abbreviations: s =seconds; A.U.=arbitrary units

performance, such as the horizontal force production during
stance [35] or the role of the ankle joint during the first steps
of the sprint [36].

4.4 Strengths, limitations, and future studies
This study confirmed differences in physical performance

between level of play using soccer-specific field tests and
assessed the discriminative validity of new biomechanical

load indicators in a standardized setting. The activities in
this study mimic soccer-specific movements during match
play. The participants in this study were chosen from vari-
ous playing levels, and thus reference values were created
for soccer players which can be used by coaches and play-
ers for future performance assessments. The inertial sensor
setup can be integrated in shorts or tights [37] that might
improve future biomechanical load estimations for optimal
player performance.
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This study has some limitations that must be considered.
First, soccer competitions and training were suspended
because of the COVID pandemic. Assessment of individual
data points showed within-group variation, as well as over-
lap between the groups. Although national players trained
more hours per week, differences in jump, kick, and sprint
performance were relatively small. Therefore, the differ-
ences between the national and regional players might have
been insufficient to provide contrast in biomechanical load
between groups. Second, it must be acknowledged that deri-
vation of jump height directly from an inertial sensor could
have been a more practical method to obtain jump height.
However, we chose not to do this because a force plate is
a more accurate method for evaluating counter movement
jump performance, ensuring robust and precise performance
assessments in this study. Furthermore, kicking performance
was based on knee extension velocity. Although knee exten-
sion velocity is related to ball speed, an alternative would be
to measure ball speed with “gold standard” equipment such
as a radar gun. Third, the relationship with adequate periodi-
zation strategies has not been explored yet, and therefore, it
remains to be determined how both Knee Load and Hip Load
contribute to performance optimization in real practice.

In the current study biomechanical load indicators were
obtained using a cross-sectional design and standardized
tests. To further demonstrate the practical relevance of these
load indicators future studies might assess biomechanical
load during standardized match simulations or during the
return to sport process where training is progressively built
up towards performance.

5 Conclusions

The results confirm discriminative ability of angular accel-
eration-based biomechanical load indicator Knee Load dur-
ing jumping and kicking, but discriminative ability of Knee
Load during sprinting and Hip Load in general is not con-
firmed. Although significant relationships with performance
were observed, the magnitude ranged from trivial to large.
This suggests that the angular acceleration-based indica-
tors Knee Load and Hip Load only explain the difference
in performance to a limited extent and other factors should
be explored, such as task execution. The results provide
further understanding of how to use angular acceleration-
based training load indicators derived from a lower extrem-
ity inertial sensor setup for sport performance evaluations.
Furthermore, this study provided reference values of angu-
lar acceleration-based biomechanical load indicators for the
lower extremities and performance during soccer-specific
field tests. These values can be used by coaches, trainers,
and staff to evaluate player performance.
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