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ABSTRACT

Field hockey players are exposed to high biomechanical loads. These loads often cannot be
adequately estimated with global navigational satellite systems (GNSS) since on-field
displacements during these movements are often small. Therefore, this study aims to explore
the potential of different proxies of biomechanical load in field hockey with use of a simple
inertial measurement unit (IMU) system. Sixteen field hockey players performed a range of field
hockey specific exercises, including running with stick on the ground, running upright, and
different types of shots and passes. All exercises were performed at two different frequencies
(i.e. number of actions per minute). A variety of proxies of biomechanical load (time spent with
forward tilted pelvis, time spent in lunge position, time spent with flexed thighs, and Hip Load)
were obtained using wearable IMUs. In addition, total distance was quantified using a GNSS
system. Linear mixed models were constructed to determine the effects of the different
exercises and action frequency on all quantified metrics. All metrics increased approximately
proportional to the increase in action frequency. Total distance and Hip Load were greatest for
the running exercises, but the different types of shots and passes had greater effects on specific
on the times spent in the demanding body postures. This shows that these proxies of
biomechanical load can be used to estimate field hockey-specific biomechanical loads. The use
of these metrics may provide coaches and medical staff with a more complete view of the
training load that field hockey players experience.

KEYWORDS
Biomechanical load; external
load; kinematics; team sports

Highlights

e New proxies of biomechanical load derived with inertial measurement units were used to
quantify field hockey specific biomechanical loads.

e These new biomechanical metrics are complementary to metrics obtained with global
navigation satellite systems and increased proportionally to a doubling of the exercise intensity.

o The presented biomechanical load metrics can help field hockey coaches to achieve a better
balance between load and recovery for their players.

Introduction . . .
(i.e. forces, strains etc.) on specific muscle groups are

An adequate balance between load and recovery may
help to optimize performance and reduce the risk of
injury (Vanrenterghem et al., 2017). To quantify this
load, current monitoring systems in field hockey
include global navigation satellite systems (GNSS) (Lim
et al,, 2021). These systems mainly focus on the whole-
body physiological load players experience (Vanrenter-
ghem et al, 2017), whereby total distance covered,
and distances covered at high running speeds are com-
monly used metrics. However, the biomechanical loads

assumed more important in the aetiology of musculo-
tendinous injuries (Vanrenterghem et al, 2017). For
example, it has been shown that field hockey players
who specialize in drag flicks, which is a short explosive
movement whereby players powerfully drag the ball
with their stick to shoot on goal, have an increased
injury risk compared to other players (Ng et al.,, 2016).
However, when executing a drag flick the displacement
of the player on the field is limited to a couple of meters
and the displacement velocity of the player remains low.
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Therefore, with the traditional GNSS-based metrics this
and other field hockey specific exercises will be categor-
ized as “low intensity”. Thus, GNSS systems are not sen-
sitive and specific enough to register such short field
hockey specific exercises that are accompanied by
high biomechanical loads on musculoskeletal tissues.
Actions that do not involve large or fast displacements
of the body should be included in training load monitor-
ing, since these are accompanied with high stresses on
muscles, tendons, and joints, and may therefore be
crucial in relation injury prevention.

To date, it is impossible to obtain estimates of muscu-
lotendinous stresses and strains in the field (Verheul et
al., 2020). However, it is possible to obtain a player’s
lower body kinematics without hindering the player
(Wilmes et al., 2020). Therefore, it may be possible to
derive proxies of biomechanical load by quantifying kin-
ematic patterns, which are known to be accompanied
with relatively high muscle forces. Thus, such proxy
metrics may be more representative of biomechanical
loads than the traditional GNSS-based metrics. In
addition, repetitive high forces on muscle tissue can
lead to tissue damage accumulation, which may ulti-
mately result in injury (Edwards, 2018). Because most
injuries in field hockey concern the muscles of the
thighs, hips, and lower back (Barboza et al., 2018), the
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Figure 1. Schematic representation of field hockey player in
lunge position with forward flexed trunk and measurement
setup with inertial measurement units (IMU) and global naviga-
tion satellite system (GNSS). The thigh angle is defined as the
angle between the vertical (dashed line) and the thigh,
whereby the angle is 0° when standing upright and positive
(thigh angle > 0°) when the knee is in front of the hip. The
pelvis angle is defined as the angle between the vertical and
the pelvis, whereby the angle is 0° when standing upright and
positive (pelvis angle > 0°) when the pelvis is tilted forward.

main focus of this study is to obtain proxies of biome-
chanical load for these body parts. For convenience
however, we refer to these proxies as biomechanical
load metrics. Yet, it should be noted that these do not
refer to the strict definition of “load” in the sense of
forces.

To reach the ball with their stick, field hockey players
must flex at least one of their knees and bend their trunk
and pelvis forward (see Figure 1). This body posture is
associated with high gluteal and hamstring muscle
activity (Farrokhi et al, 2008; Schoenfeld, 2010),
suggesting high loads on these muscles while playing
field hockey. This may also explain the relatively large
amount of overuse injuries (Barboza S et al, 2018),
with the thigh as the most frequently involved body
part (Barboza et al., 2018; Cornelissen et al., 2020; Rees
et al, 2020a) and the hamstrings as the most affected
muscle group (Rees et al., 2021; Rees et al., 2020a; Rees
et al, 2020b). In addition, field hockey players spent a
considerable amount of time with their trunk flexed
forward (Warman et al, 2019). When their trunk is
flexed forward, they must counteract the resulting hip
and back flexion moments by activating their back and
hip extensor muscles. This potentially leads to relatively
large biomechanical loads on these tissues in field
hockey players compared to other sports. This may
also be the reason for the relatively large burden of
lower back injuries (Rees et al., 2021). In this study, we
introduce a range biomechanical load metrics, which
capture the time spent in these demanding body pos-
tures. Time under tension is an important factor in
muscle fatigue. Muscle contractions lead to occlusion
of the blood flow (de Ruiter et al., 2007), which increases
anaerobic energy demands and accelerates muscle
fatigue. In turn, fatigue has been shown to relate to
injury risk. For example, most hamstring strains are sus-
tained in the later parts each half of football matches
(Ekstrand et al., 2023). Therefore, these metrics may
serve as an indication of the loads on the muscle
tissues involved in these postures.

The aims of present study are to explore the poten-
tial of different biomechanical load metrics in field
hockey that can be obtained with a simple to use iner-
tial measurement unit (IMU) system worn by the players
(Wilmes et al,, 2020), and to compare these to load
metrics derived from displacements on the field,
which are currently being obtained in practice using
GNSS systems. To this end, a range of field hockey
specific  movements were performed, including
running with the stick in the hands but not on the
ground, running with the stick on the ground to simu-
late running with the ball, and different types of hits
and passes. In addition, these exercises were performed



at two different action frequencies (number of field
hockey specific actions per unit time). The latter was
done to confirm that the biomechanical load metrics
would increase (double) in proportion to the increase
in load, which is important for any metric used for
load quantification. It was hypothesized that the IMU
system can be used to derive metrics that capture bio-
mechanical load of hockey specific actions, which may
be missed by GNSS due to the limited on-field displace-
ment during these actions. In addition, it was expected
that the IMU-derived biomechanical load metrics would
be sensitive to the frequency of these hockey specific
actions.

Methods
Participants

Sixteen active field hockey players participated in the
study (age: 23.2+4.1 years, weight: 67.9+10.6 kg,
height: 1.75+0.11 m) of whom eight were male and
eight were female. The sample included five defenders,
four midfielders, and seven attackers who played at
different levels ranging from trained to elite level
(McKay et al., 2022). On average, the participants
trained 3.9 £ 2.0 h per week, excluding matches.

Equipment

Three time-synchronized (see [ de Ruiter & van Dieén,
2019] for synchronization procedure) 9-DOF IMU'’s
(MPU-9150, Invensense, San Jose, CA, USA), which
measure 3D linear acceleration, 3D angular velocity,
and 3D magnetic field strength, were attached to the
thighs and pelvis of each participant (Figure 1) accord-
ing to procedures described previously (Wilmes et al.,
2020). Data was sampled at 500 Hz and stored on a
local SD-card, which was embedded in a small casing
together with the IMU and a battery (size: 35x25x 15
mm; total weight: 11 gr). Three dimensional orien-
tations of each sensor were continuously estimated
using a Madgwick gradient descent algorithm with
filter gain 3 (determines weight between orientation
update based on gyroscope measurements and orien-
tation update based on accelerometer and magnet-
ometer measurement) set to 0.043 as recommended
for dynamic measurements (Madgwick et al., 2011). In
addition, participants performed a standard sensor-to-
segment calibration procedure (Wilmes et al, 2020),
so the three-dimensional orientations of each body
segment could be obtained. The sensor to segment cali-
bration procedure included a static pose to determine
the longitudinal axis of each body segment and a
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functional calibration (thigh rises and forward bending
of the trunk) to determine the sagittal axis of each
body segment. The algorithm to determine the body
segment kinematics was validated for a variety of foot-
ball-specific movements (see [ Wilmes et al, 2020;
Kamstra et al, 2022] for details), and was deemed
appropriate for this study. Furthermore, participants
wore a vest with a GNSS unit (JOHAN V4, JOHAN
Sports, Noordwijk, The Netherlands) between their sca-
pulae (Figure 1), which sampled positional data at a fre-
quency of 10 Hz.

Procedures

Participants performed a self-selected warm up of
approximately ten minutes before the experiment,
after which the participants were equipped with
the IMU and GNSS systems as mentioned above. Sub-
sequently, participants performed seven different field
hockey specific actions. These actions included the fol-
lowing: (1) a 23 m run with a stick in the hands but
not on the ground, (2) a 23 m run with a stick on
the ground to simulate running with a ball, (3) a
push shot whereby the ball is dragged along the
ground with the stick before it is released, (4) a
sweep pass whereby the stick is sweeped parallel to
the ground before it hits the ball, (5) a forehand hit
whereby the ball is hit on the right side of the body,
(6) a backhand hit whereby the ball is hit on the left
side of the body, and (7) a drag flick which is a special-
ized type of shot used with penalty corners whereby
the ball is dragged along the ground for a few steps
to give the ball maximal speed before it is released.
Each of these actions were performed for one
minute and executed at two different action frequen-
cies. The two action frequencies were three times
per minute and six times per minute. After every
minute of exercise, the participants had one minute
of standing rest.

Data processing

All data were processed using custom written MATLAB
scripts (version 2021a, Mathworks Inc, MA, USA). The
three-dimensional body segment orientations were
used to compute the angle of each body segment
with respect to the vertical (Figure 1) using a “Y-X-Z"
Euler decomposition of the orientation quaternions.
These angles were then used to calculate several
different proxy biomechanical load metrics for each
one-minute of exercise, which quantified the time
spent in body postures that are known to induce bio-
mechanical loads on specific anatomical structures.
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The more time spent in such body postures during a
training or match, would mean a higher cumulative
training load. These proxy biomechanical load metrics
included the following: (1) Time spent in a lunge pos-
ition with forward flexed trunk, whereby this position
was defined as a minimum thigh angle of 30° (front
leg) with a concurrent minimum pelvis angle of 30°
This was calculated for both the left (Timeynge Left)
and right (Timey,nge Right) leg. (2) Time spent with a
flexed thigh position, which was defined as time
spent with a minimum thigh angle of 30°. This was cal-
culated for both the left (Timemignex Left) and right
(Timehignnex Right) leg. (3) Time spent with a forward
tilted pelvis (Timepenicrin), Which was defined as a
minimum pelvis angle of 30° In addition, the recently
introduced Hip Load metric that has been shown to
be a useful proxy metric for biomechanical load in foot-
ball was calculated for the left (HL Left) and right (HL
Right) hip(Bastiaansen et al., 2022; Wilmes et al,
2022). Hip Load is expressed in arbitrary units (A.U.)
and is the squared magnitude of hip angular accelera-
tion () divided by a scale factor to improve readability
(see equation 1). The angular acceleration the hip is
related to the total joint moment, and in the HL
metric it is squared to give higher intensity bouts a
greater weight in the load estimate.

2
| Qhip |

Hip Load = 1
ip 108 (1

Furthermore, the total covered distance (m) was
obtained using the GNSS signals.

Statistics

Separate linear mixed models were used to quantify the
effects of different field hockey specific movement and
action frequency on each load metric. The models
were constructed using the “Ime4” package (Bates
et al., 2014) in R version 2022.02.3-492 (Team RC,
2021). To allow for comparison between the different
load metrics, each load metric was scaled to its respect-
ive standard deviation across all testing conditions. The
type of movement and action frequency were modeled
as fixed factors together with an interaction term
between the type of movement and action frequency.
In addition, the models included a random intercept
for each participant to account for inter-individual differ-
ences in baseline values for the different load metrics.
Differences in outcomes between the different exercises
for each load metric were assessed separately for each
level of action frequency using Turkey contrasts for mul-
tiple pairwise comparisons. Results were regarded as sig-
nificant when p < 0.05.

Results

The results of the different load metrics for all exercises
and exercise frequencies are shown in Table 1. It can be
observed that all load metrics increased roughly pro-
portionately to the increase in action frequency. The
expected values resulting from the linear mixed
models and their respective 95% confidence intervals
are shown in Figure 2. Parameter estimates of the
linear mixed models and their respective confidence
intervals are shown in supplementary materials.

Timeynge Left was highest in the sweep pass for both
action frequencies. In addition, Time,q. Left was signifi-
cantly higher in the push, and sweep pass compared to
the forehand and backhand hit (p <0.001 - p=0.015),
and the 23 m runs (p<0.001 - p=0.029) for the
highest action frequency. Timey,nge Right was higher in
the backhand hit compared to all other exercises (p <
0.001) for the highest action frequency, but only com-
pared to the 23 m upright runs for the low action fre-
quency (p=0.031). Furthermore, Timeumighrex Left and
Timemignaex Right were higher during the 23 m runs
with stick on the ground compared to all other exercises
(p <0.001) performed at the highest action frequency,
except Timemignaex Right compared to the backhand
hits (p=0.077). Timepepictir Was highest in the 23 m
runs with stick on the ground and the drag flick. In
addition, in accordance with the hypothesis, HL Left HL
Right, and total distance were higher in the 23 m runs
compared to all other exercises (p <0.001), but there
were no differences between the 23 m runs with stick
and the 23 m upright runs (p =0.962 - p = 1.000).

Discussion

The aims of present study were to explore the potential
of different biomechanical load metrics in field hockey
that can be obtained with a simple IMU system worn
by players, and to compare these biomechanical load
metrics with covered distance. To that end, different
proxies of biomechanical load that were expected to
capture the hockey specific load were obtained for a
variety of field hockey specific exercises performed at
two different exercise frequencies. All the tested
metrics approximately doubled when the action fre-
quency doubled (Table 1). Total distance and Hip
Loads were relatively high for the running exercises,
but low for the different types of shots and passes. More-
over, the biomechanical load metrics that quantified the
time spent in demanding body positions were generally
higher for the different types of shots and passes,
especially compared to running with the stick not on
the ground.



Table 1. Results load metrics. Results are presented as means + standard deviations.
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Action Total

Frequency distance Timelunge Timelunge Timethighﬂex Timethighﬂex Timepelvicrilt HI—Ieft HLright

Exercise type (actions/min) (m) Left (s) Right (s) Left (s) Right (s) (s) (A.U.) (A.U.)
23 m upright 3x 72+2 1.0+0.2 02+04 45+3.1 51+£29 07+1.2 64+19 67 £23
runs 6X 141+3 1.5+43 07+1.0 13.4+82 122+42 35+6.0 153+50 161+60
23 m runs stick 3x 75+2 20+27 1.7+£22 10.8+4.3 99+25 13.7£14.1 63 +20 71+£31
on the ground 6X 143 +3 38+56 22+26 19.1+£7.0 16.8 £4.1 170+ 153 153+54 170+76
Push shot 3x 14+4 33+42 2.0+4.1 58+45 3.1+43 6.1+5.2 8+5 10+6
6X 25+4 74+78 29+58 13.0+£7.9 48+6.6 147 £12.2 15+6 18+8

Sweep pass 3x 15+3 54+59 19+£29 9.5+11.5 27+34 87+72 8+t4 8+t4
6X 27 £5 80+56 3.0+£5.1 13.3+£6.5 44+6.1 16.0 £ 8.9 17+8 17+8

Forehand hit 3x 14+3 1.6+23 14+1.9 56+3.6 22+34 49+39 107 945
6X 26+5 3.6+43 2.8+4.2 11.6+7.4 50+63 12.8+10.5 20+10 20+8

Backhand hit 3x 18+4 1.1+£14 3.0+19 27+25 6.6+54 6.3+3.9 1M+7 10+5
6X 33+7 23+3.1 7.0+5.1 6.1+5.0 13.5+£6.7 13.1+£8.2 25+14 23+12
Drag flick 3x 28+9 39+3.2 1.5+£1.2 6.6+5.2 35+24 134+73 2011 23+13
6X 54+18 6.9+26 32+30 13.6+7.7 81+53 184+9.2 50+37 53+30

In accordance with our hypothesis, all load metrics
approximately doubled when the action frequency
doubled, which is an important prerequisite for every
load metric since the value of a load metric should
increase proportionally to the increase in load that it
aims to measure. Furthermore, the values of Hip Loads
and total distance were greater for the running exercises
compared to the different types of shots and passes.
These results indicate that for exercises performed in
this study, Hip Loads and total distance capture training
load resulting from running-based activities but fail to
capture biomechanical loads resulting from demanding
body postures, which occur during the different types of
shots and passes. Because these movements are fre-
quently performed during field hockey training and
matches, a considerable amount of biomechanical load
may be missed when only GNSS systems are used for
training load monitoring. Therefore, the present results
highlight the potential value of training load monitoring
systems capable of quantifying the biomechanical loads
endured by field hockey players.

To be able to play the ball, field hockey players must
flex their trunk forward and bend one of their knees,
such that they can reach the ground with the end of
their stick. When the trunk is flexed forward, the centre
of mass of the upper body is in front of the hips. There-
fore, hip extension and back extension moments gener-
ated by the hip and back extensor muscles are required
to maintain this posture (Faber et al., 2016; Leinonen
et al., 2000; Takahashi et al., 2006), leading to biomecha-
nical loads on these tissues and the spine (Takahashi
et al, 2006). As shown before, field hockey players
spent a considerable amount of time with their trunk
flexed forward (Warman et al, 2019), which is also
reflected by present results. Compared to running
upright, Timepepictir Was higher in all exercises that
required the stick to be on the ground for at least

some amount of time. Although the pelvic tilt angle
cannot be directly compared to the trunk angle, they
both indicate the centre of mass of the upper body
being in front of the hips, and thus the required hip
extension and back extension moments. This aspect of
biomechanical load is unique to sports that are being
played with a stick and is overlooked with the training
load monitoring systems that are currently available.
Importantly, these loads may also be the reason for
the relatively large burden of lower back injuries in
field hockey compared to other sports (Rees et al.,
2021). Although the dynamics of a movement are not
captured with Timepepictii, it serves as rough indication
of the cumulative loads and time under tension on the
lower back muscles. Therefore, we think that including
this metric leads to a more complete view of the total
training load in field hockey players, which might help
practitioners to reduce injury occurrence.

Besides the loads resulting from the forward flexion of
the trunk, movements with the ball, such as a drag flick,
also cause biomechanical loads on the lower limbs that
may not be captured with GNSS systems because they
do not involve large displacements of the body.
Timejynge Left was higher in all types of shots and
passes whereby the execution requires the stick to be
at least somewhat parallel to the ground (push, sweep
pass, and drag flick) compared to the running exercises,
except the backhand hit. However, Timey,g. Right was
higher in the backhand hit compared to all other exer-
cises. All these different types of hits and passes are
complex coordinative movements, which are character-
ized by a proximal-to-distal transfer of kinetic energy
from the trunk to the ball (Ibrahim et al., 2017). Field
hockey players “step out” with their lead leg, which
acts as the braking leg to allow for the forward accelera-
tion of the trunk (Van Trigt et al., 2018), and thus the
transfer of kinetic energy to the ball. As a result, field
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hockey players end up in a lunge position with a forward
flexed trunk, whereby the lead leg must absorb most of
the braking force. The time spent in this demanding
body position is quantified with Timejng.. Because
players are only allowed to play the ball with the flat
side of the hockey stick, the ball is always played on
the right side on the body with the push, sweep pass,
and drag flick, whereas this is mostly on the left side
with the backhand hit. Therefore, the lead leg that
absorbs the braking forces is the left leg in the push,

sweep pass, and drag flick but usually the right leg in
case of a backhand hit. This is also reflected by the
results presented in Figure 2, indicating a higher
Timey,nge for the left leg during the push, sweep pass,
and drag flick, and thus a higher estimated cumulative
load on the left leg compared to the right leg. All in
all, Timeyynge is @ metric that is aimed to reflect the cumu-
lative biomechanical loads on the lead leg during the
various types of passes and hits and can be used to dis-
tinguish between the loads on the left and right leg.



This study was not without limitations. First, there are
no gold standard methods for measuring biomechanical
load on body tissues (i.e. muscle forces, joint forces,
muscle strains, etcetera) in the field (Verheul et al.,
2020). Therefore, the time spent in body postures that
are known to induce biomechanical loads on specific
anatomical structures were used as proxies. Although
the presented approach is a simplification of the actual
biomechanical loads, it does allow coaches and
medical staff to get an idea on the magnitude of these
loads, which can otherwise not be quantified in the
field. Second, a short explosive action is arguably associ-
ated with greater mechanical loads than a longer period
in a static position. Practitioners should be aware that
the biomechanical load metrics presented in this paper
do not take these dynamical aspects of the executed
movements into account. Further studies that consider
the dynamic aspects of the field hockey specific move-
ments are therefore suggested. For example, IMU-
based estimations of ground reaction forces (Johnson
et al, 2020) could be used in combination with the
metrics presented in this paper. Third, in some exercises
some of the participants leaned on their stick during the
recovery periods between movements. When a player
leans on the stick, the force through the stick generates
a back extension and hip extension moment, which
reduces the required muscle forces to maintain this
posture. Some participants leaning on their stick
during the recovery periods has led to slightly higher
values and standard deviations for some of the biome-
chanical load metrics. However, this did not alter the
conclusions of the study. Finally, this study only included
well defined and separate field hockey specific move-
ments. While this does provide valuable insights for
the use of IMU-derived biomechanical load metrics, it
remains to be seen how these load metrics would
compare to GNSS-derived load metrics during actual
play. In addition, similarly to GNSS-derived load
metrics (Jennings et al., 2012), the biomechanical load
may be different between the different player positions
and between playing styles. Therefore, future research
should be aimed at quantifying (proxies of) biomechani-
cal loads of field hockey during exercises representative
of training sessions and matches. Moreover, further work
is required to establish to what extent the different
metrics presented explain changes in injury risks.

Practical applications

The proxies of biomechanical load metrics in this paper
can help field hockey coaches to quantify the biomecha-
nical loads to which their players are exposed. Although
in this study separate sensors were used, current
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developments in the integration of IMUs and electronics
in wearables will make the presented methods accessi-
ble for daily practice (Steijlen et al., 2021).

Conclusions

The insights gained from this study may be of assistance
to training load monitoring in field hockey. All proxies of
biomechanical load increased proportionally to the
increase in action frequency, which confirms that these
metrics can quantify increases in load. Moreover, the
presented IMU-derived proxies of biomechanical load
can be used estimate field hockey specific biomechani-
cal loads, which cannot be measured or captured
using GNSS systems. This allows coaches and medical
staff to get a more complete view of the training load
of their field hockey players.
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