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ABSTRACT

Horizontal decelerations are frequently performed during team sports and are closely linked to sports
performance and injury. This study aims to provide a comprehensive description of the kinetic demands
of decelerations at the whole-body, structural, and tissue-specific levels of the musculoskeletal system.
Team-sports athletes performed maximal-effort horizontal decelerations whilst full-body kinematics and
ground reaction forces (GRFs) were recorded. A musculoskeletal model was used to determine whole-
body (GRFs), structural (ankle, knee, and hip joint moments and contact forces), and tissue (twelve lower-
limb muscle forces) loads. External GRFs in this study, especially in the horizontal direction, were up to six
times those experienced during accelerated or constant-speed running reported in the literature. To cope
with these high external forces, large joint moments (hip immediately after touchdown; ankle and knee
during mid and late stance) and contact forces (ankle, knee, hip immediately after touchdown) were
observed. Furthermore, eccentric force requirements of the tibialis anterior, soleus, quadriceps, and
gluteal muscles were particularly high. The presented loading patterns provide the first empirical
explanations for why decelerating movements are amongst the most challenging in team sports and
can help inform deceleration-specific training prescription to target horizontal deceleration performance,
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or fatigue and injury resistance in team-sports athletes.

Introduction

Rapid horizontal decelerations are essential movements in
team sports. A deceleration can be defined as a reduction of
the whole-body momentum, which is required to slow down
after a sprint or in preparation for a cutting manoeuvre. High-
intensity  decelerations (>2.5 m-s~?) especially, form
a substantial part of the total amount of running activities
performed by team-sports athletes (Akenhead et al., 2013;
Dalen et al., 2016; Vigh-Larsen et al., 2018), and are more
frequently performed than equivalent-intensity accelerations
(D. J. Harper et al, 2019). Moreover, decelerations are
a determining factor for performance (Martinez-Hernandez
et al,, 2023; Rhodes et al.,, 2021), and are deemed to expose
athletes to a high injury risk (Jaspers et al., 2018; Martins et al.,
2023). An in-depth understanding of the kinematic and kinetic
characteristics of horizontal decelerations is thus vital to under-
stand the athletic requirements of team sports.

Decelerating is a critical skill for team-sport performance. In
soccer, for example, horizontal decelerations have been shown
to be one of the most important movements preceding goals
(Martinez-Hernandez et al., 2023), and a high frequency of
decelerations is positively associated with match outcome
(Rhodes et al.,, 2021). In addition, completing a high number
of rapid decelerations can impair performance in sprinting,
accelerating, and decelerating (Akenhead et al., 2013; Lakomy
& Haydon, 2004). Therefore, the importance of examining and

training the specific mechanisms and skills that enable athletes
to rapidly decelerate have been highlighted as an opportunity
for performance enhancement in team-sport athletes
(D. J. Harper et al,, 2022; McBurnie et al., 2022). Nevertheless,
strong evidence for the effectiveness of targeted interventions
to improve deceleration performance is currently missing
(D. J. Harper et al., 2022; Marvin et al.,, 2023). A likely reason
for this is that although a substantial amount of literature exists
describing the distinct kinematic characteristics of decelera-
tions, the kinetic demands are still largely unexplored
(D. J. Harper et al., 2022). Consequently, potentially trainable
athletic features that can be targeted to enhance horizontal
deceleration skills are poorly understood.

Horizontal decelerations are commonly associated with
injury. The large external forces (i.e., whole-body level) required
to rapidly slow down the momentum of the body necessitate
high internal forces (i.e., structural and tissue level) which have
major damaging effects on individual structures and tissues
(D. J. Harper & Kiely, 2018). Especially the eccentric nature (i.e.,
active lengthening) of muscle contractions that are required to
rapidly brake and decelerate whole-body momentum is known
to induce muscle damage (Armstrong et al., 1983; Proske &
Morgan, 2001). An accumulation of such tissue damage over
time can subsequently lead to an increased risk of injury for
athletes. Indeed, a high intensity and large volume of decelera-
tion efforts have been shown to be linked with elevated blood
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markers of muscle damage (de Hoyo et al., 2016; Gastin et al.,
2019; Young et al., 2012) and a higher overall injury risk (Jaspers
et al, 2018; Martins et al,, 2023) in team-sports athletes. For
example, deceleration movements are known to be a high-risk
task for sustaining anterior cruciate ligament injuries (Cochrane
et al., 2007; Della Villa et al., 2020; Johnston et al., 2018).
Nevertheless, the functional role of individual muscles and
joints and the kinetic demands posed on these tissues and
structures during horizontal decelerations are not well under-
stood. Hence, a detailed kinetic assessment of the forces experi-
enced across the various levels of the musculoskeletal system is
required.

Given the high number of deceleration efforts performed
during team sports, and their association with performance and
injury risk, some kinetic demands of horizontal decelerations
have been explored. These studies have either been qualitative
in nature (Hewit et al,, 2011) or are restricted to quantifications
of the external ground reaction forces (GRFs) (Cross et al., 2024;
Dos'Santos et al., 2021; Nedergaard et al., 2014), single-joint
loading (Cassiolas et al., 2023; Cross et al., 2024; Peel et al.,
2019), or individual muscle contributions (Mateus et al., 2020),
separately. However, a unified quantification to understand the
musculoskeletal forces of horizontal decelerations across the
whole-body, structural, and tissue-specific level (Verheul et al.,
2020), is yet lacking. The exact nature of the biomechanical
loads experienced (e.g., magnitude, timing), and the primary
locations of application within the musculoskeletal system,
thus remain uncertain. This study, therefore, aims to provide
a comprehensive description of the kinetic demands of hori-
zontal decelerations at the whole-body, structural, and tissue-
specific levels of the musculoskeletal system.

Methods
Participants

Fifteen recreational team-sport athletes participated in this
study (12 males and 3 females, age 23 + 4 years, height 178 +
9cm, body mass 73 £ 10kg). Participants were all healthy,
injury free for a minimum of six months, participated in team
sports (e.g., football, handball) for at least three hours per week
(7 £ 5 hours per week), and competed at a recreational level.
Each participant completed a readiness to exercise question-
naire and provided written informed consent prior to participa-
tion. This study was approved by Liverpool John Moores
University ethics committee (17/SPS/043).

Horizontal deceleration protocol

Following a warm-up of easy running and dynamic stretching,
athletes performed a series of horizontal deceleration trials.
Athletes were instructed to decelerate as quickly as possible
from maximal sprinting to immediate standstill, while landing
with one foot on a ground-embedded force platform for the
first or second step of braking. Given the technically challen-
ging nature of decelerations and to avoid athletes targeting the
force platform, participants were instructed to initiate their
deceleration from a visible line aligned with the edge of the
force platform, leading to the first or second deceleration step
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to be on the force platform. A minimum of ten successful trials
(i.e., full foot on the force platform; five on each leg) were
completed by each participant. These tasks were performed
as part of a broader assessment of team-sports movements —
for full details of the movement protocol see (Verheul et al.,
2019).

Kinematic and kinetic data collection

During the deceleration trials, three-dimensional kinematic
and kinetic data were synchronously recorded with Qualisys
Track Manager software (v2.16, Qualisys, Gothenberg,
Sweden). Ten infrared cameras (Qualisys Qqus 300+,
Gothenberg, Sweden) sampling at 250 hz were used, in
combination with a marker set of seventy-six reflective
markers, to collect full-body kinematics (for a detailed
description of marker placement see (Verheul et al., 2019)).
A ground-embedded force platform (Kistler 92878,
Winterthur, Switzerland) sampling at 3000 hz was used to
record GRF. A static calibration trial was captured for each
athlete at the start of the data-collection session. Marker
trajectories and GRFs were filtered at 15hz and 50 hz,
respectively, using a second order lowpass Butterworth fil-
ter. Data were then exported to MATLAB (R2022a,
MathWorks, Natick, USA) for further processing.

The OpenSim API (version 4.3, SimTK, Stanford, USA
(Seth et al., 2018)) was used to determine kinematics,
joint moments and contact forces, and muscle lengths
and forces. A full-body musculoskeletal model consisting
of 22 rigid bodies with 37 degrees of freedom, and 80 hill-
type muscle-tendon units (Rajagopal et al., 2016), adapted
to allow for high knee and hip joint flexion and calculat-
ing medial and lateral tibiofemoral joint contact forces
(Bedo et al., 2020), was used. The athlete-specific static
trials were used to scale the model’s segment lengths to
each athlete’s dimensions. Whole-body kinematics were
determined through inverse kinematics (i.e., minimising
the sum of squared errors between the measured marker
trajectories and virtual markers attached to the model).
The centre of mass of the model was used to determine
the initial velocity at the start of each deceleration step,
the change in velocity between touchdown and take off,
and the mean acceleration during the ground-contact
phase. Joint moments were calculated from inverse
dynamics, using the inverse kinematics results and mea-
sured GRFs, and muscle forces were estimated through
static optimization (i.e.,, minimising the sum of the
squared muscle activations). The maximum isometric
force for each muscle within the model was multiplied
by a factor of three to allow for the generation of suffi-
ciently high forces required for decelerations, and mini-
mise the contributions from the reserve torque actuators
(Hagen et al., 2023; Swinnen et al., 2019). Hip, knee (med-
ial and lateral), and ankle joint contact forces, and muscle
lengths, were determined using the joint reaction analysis
and muscle analysis respectively. For all OpenSim analyses,
custom MATLAB scripts based on a publicly available tool-
box (Bedo et al., 2021) were used.
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Biomechanical loads

Several markers of biomechanical load across the different
levels of the musculoskeletal system — whole-body, structural,
and tissue level (Verheul et al., 2020) — were selected for further
analysis.

To represent loads at a whole-body level, GRFs were exam-
ined. Forces were normalised to each athlete’s body weight
(BW). Peak GRFs were determined as the maximal force values
in in anteroposterior and vertical direction. Vertical loading
rates were calculated as the peak GRF divided by the time to
reach this peak. Force impulses (i.e., area under the GRF curve)
were calculated as the integral of the anteroposterior and
vertical GRFs during the ground-contact phase. The ratio of
forces was calculated as the anteroposterior force divided by
the resultant force in the sagittal plane (Fratio:%), aver-
aged over the ground-contact phase and “expréssed as
a percentage (Bezodis et al., 2021; Morin et al., 2011). The
corresponding angle of body inclination was calculated as
a = sin™(Fratio) and expressed in degrees.

At a structural level, joint moments and contact forces for
the hip, knee, and ankle were examined. Joint moments and
contact forces were normalised to each athlete’s body mass
and weight, respectively. Peak moments were determined in
both directions. Peak compressive contact forces were calcu-
lated as the maximal force during the ground-contact phase
along the axial direction of the distal segment of each joint.
Joint contact force impulses were determined as the area under
the force curve throughout the ground-contact phase. For the
knee joint, compressive contact forces for the medial and lat-
eral tibiofemoral joints were determined separately, and the
total anteroposterior shear forces at the proximal end of the
tibia was calculated.

At a tissue level, muscle forces and lengthening velo-
cities were examined for twelve muscles (gluteus maxi-
mus, gluteus medius, biceps femoris, semitendinosus,
semimembranosus, vastus medialis, vastus lateralis, rectus
femoris, gastrocnemius medialis, gastrocnemius lateralis,
soleus, tibialis anterior). Peak forces and force impulse

tro

| Fr-dt) were calculated for each muscle and normalised
trp

to BW. Peak muscle velocities were determined as the first
derivate of the muscle length and only positive peak
values (i.e., lengthening) were considered. To allow for
between-muscle comparisons, muscle forces were normal-
ised to their maximum isometric force (FS,,,) as defined in
Rajagopal et al. (2016). Since eccentric muscle contractions
are well known to particularly induce muscle damage
(Armstrong et al., 1983; Proske & Morgan, 2001), the velo-
cities and timings of positive lengthening velocities (i.e.,
eccentric muscle contraction) were determined, to exam-
ine the potentially damaging nature of horizontal decel-
erations for individual muscles. Muscle lengthening
velocities were expressed relative to each muscle’s resting
length (L9).

Tendon forces on the patellar and Achilles tendons
were calculated as the sum of the quadriceps (vastus
lateralis, medialis, and intermedius, and rectus femoris) or
calf (gastrocnemius lateralis and medialis, and soleus)
muscle forces respectively, and normalised to each ath-
lete’s BW. Peak forces and force impulse were then calcu-
lated for the patellar and Achilles tendons. Moreover, to
account for the non-linear relationship between cumula-
tive tendon loading and damage (Edwards, 2018),
a weighted force impulse was calculated according to
{J.ZZ F?endon

factor for the both tendons (Firminger & Edwards, 2021).

-dtr - with b=5.7 as the common weighting

Results

A total of 161 deceleration trials were collected and
included in the analysis. The horizontal approach velocity
for the decelerations was 5.65+0.65 m-s”', across all ath-
letes and trials. The average duration of the ground-
contact phase was 0.16 £0.04 s during which the change

in whole-body centre of mass velocity was —0.8 +0.24
1

(i.e.,, integral of the force during ground contact, m-s~ . The mean centre of mass acceleration during the
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Figure 1. Ground reaction forces in vertical, anteroposterior, and mediolateral direction during the ground-contact phase of decelerating. Forces are normalised to
body weight (BW). Black dotted curves represent the mean forces for each athlete. Red curves and shading represent the mean and standard deviations across all

deceleration trials and athletes. TD = touchdown, to = take off.
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ground-contact phase (i.e., the deceleration intensity) was

—-5.07 £ 1.5 m-s™2.

Whole-body loading

At a whole-body level, the peak GRFs were 4.48 +1.11 BW
in vertical

and -1.67+0.27 BW

direction, respectively (Figure 1). The average loading
rates were 132.02+45.7 BW-s™' (vertical) and 49.24+
12.57 BW-s™' (horizontal), and force impulses were 0.23 +
0.04 BW:s (vertical) and —0.08 £ 0.02 BW:s (horizontal). The
force ratio between the vertical and anteroposterior GRF
components was —29.79 + 9.93%, with an average angle of

and anteroposterior inclination a of —17.43 +5.98 degrees.
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Table 1. Muscle force and velocity characteristics. Forces are normalised to body weight (BW) and shown as mean * standard deviation. Muscle
lengthening velocities are expressed relative to each muscle’s resting length (L%). Muscle lengthening durations are expressed a percentage of the
ground-contact time. Note that the three hamstring muscles only acted concentrically (shortening) during ground contact.

Muscles Peak force (BW) Force impulse (BW-s) Peak lengthening velocity (l.?,,os”) Lengthening duration (%)
Gluteus maximus 5.18 + 1.36 0.15 + 0.05 0.8 £ 0.39 459 + 235
Gluteus minimus 1.57 £ 1.09 0.04 £ 0.02 1.21 £ 0.61 55.7 £ 216
Biceps femoris 1.49 + 0.48 0.04 +0.02 - -
Semitendinosus 0.58 + 0.25 0.01 + 0.01 - -
Semimembranosus 2.63 +0.76 0.06 + 0.02 - -
Vastus medialis 1.06 = 0.41 0.07 £ 0.05 1.6 £0.23 95.7 £13.1
Vastus lateralis 39+ 146 0.26 + 0.17 1.55+0.21 95.7 +13.1
Rectus femoris 3.78 £1.25 0.19 £ 0.08 1.05 £ 0.13 998+ 14
Gastrocnemius medialis 217 £ 1.41 0.05 + 0.03 0.39 £ 0.22 26.8 +16.3
Gastrocnemius lateralis 1.46 + 0.87 0.04 + 0.02 04 +0.24 258+ 16.9
Soleus 3.86 + 1.06 0.21 £0.1 1.03 £ 0.27 46.5 + 6.7
Tibialis anterior 295 £ 1.07 0.08 + 0.04 1.36 £ 0.38 57 £83

Joint kinematics and loading

At touchdown, the ankle plantarflexed for the first ~20%
of ground contact, after which a gradual dorsiflexion

occurred, before plantarflexing again prior to take off
(Figure 2). Peak ankle dorsi- and plantarflexion angles
respectively.

were 4+10 and

-24+7

degrees,
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Throughout the ground-contact phase the knee was in
flexion which increased from 12.8 +3.6 at touchdown to
81+ 13 degrees at take off. Likewise, the hip was flexed
throughout ground contact with peak angles ranging on
average from 25 to 44 degrees.

Joint moments and contact forces showed similar pro-
files across athletes (Figures 3 and 4). Ankle dorsiflexion
moments (peak 0.87 +0.34 Nm-kg™') during the first ~15%
were followed by a plantarflexion moment (peak —2.19+
0.81Nm-kg™") for the remainder of ground contact. Peak
knee moments ranged from 2.63 +1.81 Nm-kg_1 (flexion)
immediately after touchdown, to -2.99+0.87 Nm-kg_1
(extension). In contrast, peak hip extension moments
(-=9.93 +4.07 Nm-kg_1) occurred during the first~25% of
ground contact, whereas the peak hip flexion moments
(2.74 +0.78 Nm-kg™") were in preparation for take off.

Ankle joint contact forces were the largest of all joints
with average peak forces of 24.49 +9.49 BW and contact
force impulses of 1.25+0.26 BW-s. The total peak com-
pressive knee contact forces were 12.86 +£3.76 BW across
all athletes and were higher on the medial (8.38+2.85
BW) compared to the lateral (6.69 +2.47 BW) tibiofemoral
joint. Knee contact force impulses were 0.6+0.19 BW:s
(medial) and 0.49 £ 0.14 BW:s (lateral). The total peak ante-
rior shear force on the knee joint was 1.06 £ 0.73 BW. Peak
hip joint contact forces were 13.76 £4.97 BW, with an
average force impulse on the hip joint of 0.91 £0.32 BW:-s.

Muscle and tendon loading

At a tissue level, nine of the twelve examined muscles con-
tracted eccentrically during the ground-contact phase of
decelerating (Figure 5; Table 1). The hip extensors and abduc-
tors (gluteus maximus/medius) produced the largest forces
eccentrically during the first ~ 45-55% of ground contact. The
hamstrings (biceps femoris, semitendinosus, semimembrano-
sus) were the only muscles that did not show any active
lengthening, whereas the quadriceps (vastus medialis/latera-
lis, rectus femoris) acted eccentrically throughout the entire

ground-contact phase. Of the shank musculature, the tibialis
anterior produced its largest forces whilst lengthening during
the first ~20% of ground contact. This was followed by an
active lengthening phase of the calf muscles (gastrocnemius
medialis/lateralis, soleus) after which the tibialis anterior
acted eccentrically during the final ~30% before take off
(Figure 5; Table 1). Across the nine eccentrically acting mus-
cles, the average peak lengthening velocity ranged between
0.39 and 1.6 L%s™" (Table 1).

Peak forces on the patellar and Achilles tendons (Figure
6) were 7.42 +1.84 BW and 5.58 + 1.8 BW, respectively. The
tendon force impulses were 0.65 + 0.24 BW-s (patellar) and
0.37+0.16 BW:s (Achilles), whereas the weighted tendon
force impulses were 3.92 +0.97 BW-s (patellar) and 2.71 £
0.77 BW-s (Achilles).

From the reported loading patterns presented above,
three general phases of ground contact were distin-
guished. These phases were defined as being from 1)
touchdown to~30% of ground contact, 2) ~30-80% of
ground contact, and 3) 80% to take off (Figure 7).

Discussion

The aim of this study was to provide a comprehensive
description of the kinetic demands of horizontal decelera-
tions at the whole-body, structural, and tissue-specific
levels of the musculoskeletal system. To the best of our
knowledge, this is the first unified quantification and in-
depth examination of deceleration-specific loading pat-
terns across different levels.

The peak vertical GRFs occurred during the first 30% of
ground contact (phase 1) and were ~ 1.5-3 times (up to 6.3
BW) the peak vertical forces experienced during other
common running tasks in team sports, such as accelerated
or constant-speed running (Cavanagh & Lafortune, 1980;
Nagahara et al.,, 2018; Verheul et al., 2019, 2021). Peak
horizontal GRFs on the other hand, were up to four
times (1.9 BW) the external forces experienced during
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Phase 1 — 0-30%

1 vertical/anteroposterior GRF
ankle dorsiflexion/knee flexion moment
1 hip extension moment
1 ankle/knee/hip contact force
1 eccentric glute/tibialis anterior force
concentric hamstring force

Phase 2 — 30-80%

vertical/anteroposterior GRF
1 ankle plantarflexion/knee
extension moment
ankle/knee/hip contact force
1 eccentric quadriceps/soleus force

Phase 3 — 80-100%

1 knee extension moment
hip flexion moment
ankle contact force
eccentric tibialis anterior force
1 eccentric rectus femoris force

Figure 7. Visual representation of the three phases of ground contact during horizontal deceleration. The key loading mechanisms for each phase are highlighted in red
(high load) or yellow (moderate load) for the joints and muscles. Striped straight arrows represent the external ground reaction force (GRF), solid straight arrows

represent joint contact forces, solid curved arrows represent joint moments.

other running tasks (Cavanagh & Lafortune, 1980;
Nagahara et al., 2018). This indicates that increases in
the external force demands when rapidly decelerating
are more pronounced in the horizontal component. This
is not surprising, since the horizontal GRF impulse is
essential for slowing down the horizontal velocity of the
body and can thus be regarded as a key contributor to
deceleration performance. An important question, how-
ever, is which characteristics of the horizontal GRF profile
should be targeted to improve deceleration performance.
For example, mean horizontal forces have previously been
found to be associated with acceleration performance, but
not the peak horizontal force (Nagahara et al., 2021).
Similarly, horizontal force impulse, vertical-horizontal
force ratio, or the angle of inclination, rather than peak
horizontal force, may be important performance indicators
when decelerating. Although the presented data cannot
answer this question directly, it adds further quantification
of GRFs to the limited body of knowledge on external
forces experienced during horizontal decelerations and
can function as a benchmark for future investigations.
Such investigations may focus on identifying specific hor-
izontal force characteristics that are associated with

deceleration performance at various approach speeds, dif-
ferent deceleration steps, the state of fatigue, or distinct
force profiles between males and females.

Immediately after landing (phase 1), a short ankle dorsiflex-
ion moment is required to slow down the foot and rapid
plantarflexing movement. To achieve this, a substantial
eccentric force is required of the tibialis anterior muscle (peak
2.95 £ 1.07 BW). These forces are up to six times the peak tibialis
anterior forces produced during running and sprinting, which
are required during the swing phase (i.e.,, in the absence of
external forces) and primarily concentric in nature
(Almonroeder et al., 2013; Dorn et al., 2012; Hamner & Delp,
2013). This combination of large forces and eccentric contrac-
tion are likely to put the tibialis anterior at increased risk of
muscle damage and fatigue when performing a high volume of
horizontal decelerations, and contribute to an increased risk of
shank injuries, such as tibial stress fractures or chronic anterior
compartment syndrome (Mayor, 1956; Tweed & Barnes, 2008).
In addition, the peak ankle joint contact forces, which coincided
with the peak GRFs during the first 30% of ground contact,
were ~ 2-2.5 times greater compared to constant-speed run-
ning (at 4.3 m-s™") (Rooney & Derrick, 2013). Large ankle forces
may contribute to the high ankle injury burden observed in



court and team sports (Fong et al., 2007) during which decel-
erations are known to be common (D. J. Harper et al., 2019).
A focus on training the eccentric tibialis anterior strength, as
well as the other ankle-stabilising musculature, is thus likely to
be beneficial for athletes who frequently perform horizontal
decelerations.

Forces produced by the calf muscles were not consid-
erably large. The peak gastrocnemius and soleus forces
were substantially smaller than the peak forces required
of the calves for accelerated running or sprinting (Dorn
et al., 2012; Pandy et al., 2021). Indeed, the gastrocnemius
and soleus do not appear to play a major role in deceler-
ating the horizontal velocity of the body, but rather in
providing vertical support during ground contact (Hamner
& Delp, 2013; Maniar et al., 2019; Mateus et al., 2020). Calf
muscle strength capacity does, therefore, not appear to be
a major factor for deceleration performance beyond the
typical requirements of team-sports movements. However,
the coincidence of peak soleus forces and a relatively high
lengthening velocity, may predispose the soleus to accu-
mulating muscle damage and fatigue due to repeated
deceleration efforts. Eccentric training is thus likely to be
beneficial to enhance fatigue (and possibly injury) resis-
tance of the soleus muscle.

For a short period after touchdown (phase 1), a knee flexion
moment is required. This moment is produced by the ham-
string muscles to reduce the anterior velocity of the shank.
After this, a knee extension moment is primarily required to
resist knee collapse from ~ 25-80% (phase 2) of ground contact.
The peak knee extension moments in this study (-2.99 + 0.87
Nm-kg™") are in line with previous horizontal deceleration stu-
dies (Fitzwilliam et al., 2024; Nedergaard et al., 2014; Peel et al.,
2019) and are accounted for by the rectus femoris and vasti
muscles - making the quadriceps the key muscle group that
reduce the horizontal centre of mass velocity (Hamner & Delp,
2013; Maniar et al., 2019; Mateus et al., 2020). It is important to
note that the knee continues to flex throughout ground con-
tact, leading to the quadriceps muscles to produce forces whilst
lengthening only (i.e., eccentric action), with potentially dama-
ging effects to the muscles and increased risk of fatigue or
injury. Furthermore, the compressive knee joint contact forces
in this study were found to be higher compared to previous
investigations. Peak tibiofemoral joint contact forces were
between 20-45% (medial) and up to 36% (lateral) greater com-
pared to constant-speed running (Saxby, Modenese, et al.,
2016), decelerations (Cassiolas et al., 2023) (note: approach
speeds were not reported in this study and a direct comparison
cannot be made), and 45° and 90° changes of direction
(Cassiolas et al., 2023; Saxby, Modenese, et al., 2016).
However, the peak anterior shear forces in the knee (mean
1.06 BW) were similar (0.97-1.16 BW) compared to running,
decelerations, and 45° sidestepping (Moon et al., 2023; Peel
et al,, 2019). This highlights the emphasised loading posed on
the knee joint in axial direction during decelerating at a high
intensity. Rapid horizontal decelerations may thus also elevate
the risk of sustaining injuries that have been associated with
high compressive tibiofemoral joint contact forces, including
rupture of the anterior cruciate ligament (Beaulieu et al., 2023;
Wojtys et al., 2016) and post-traumatic knee osteoarthritis
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(Buckwalter et al., 2013; Lohmander et al., 2007; Saxby, Bryant,
et al., 2016).

A substantial hip extension moment is required immediately
after landing (phase 1). This large moment is primarily pro-
duced by the gluteus maximus muscle (Mateus et al., 2020)
and is essential to stabilise the pelvis, prevent anterior collapse
of the trunk, and maintain a relatively low hip range of motion
of ~19° throughout ground contact (compared to, e.g., >50°
during running (Hamner et al., 2010)). As a result, the gluteus
maximus produced the largest forces from the muscles exam-
ined in this study, which were 2.5-5 times the maximal gluteus
maximus force required during running and sprinting (Dorn
et al,, 2012; Hamner & Delp, 2013). Accordingly, the hip joint
contact forces also were found to be substantial — 36-43%
higher than those reported for running at 4.3 m-s™' (Rooney &
Derrick, 2013). Although the gluteus maximus forces in this
study were largely eccentric in nature, its lengthening velocity
and duration was considerably smaller compared to the vasti,
and thus less likely to have a major damaging, fatiguing, or
injurious effect. From a performance perspective, however,
these findings warrant a focus on training the maximal force
capacity of the gluteus maximus to enable the production of
sufficiently high hip extension moments to achieve appropriate
trunk stabilisation.

Eccentric forces were produced at the highest lengthening
velocities by the vasti muscles, followed by the tibialis anterior,
gluteus minimus, rectus femoris, and soleus muscles. Moreover,
the quadriceps muscles lengthened for the entire ground-
contact phase. Other muscles, however, contracted eccentri-
cally for only half (46-57%; tibialis anterior, soleus, and glute
muscles) or a quarter (~26%; gastrocnemius muscles) of ground
contact. These findings are in line with previous studies that
have shown the quadriceps to be the primary moderators of
braking (Hamner & Delp, 2013; Maniar et al., 2019; Mateus et al.,
2020). The observed combination of substantial force produc-
tion, high muscle-lengthening velocities, and long duration of
eccentric muscle contraction, exposes the quadriceps to the
highest risk of accumulating muscle damage and fatigue due to
horizontal decelerations. Although this may lead to muscle
soreness or injury to the quadriceps, it can also elevate the
injury risk for other musculoskeletal structures. For example,
the quadriceps are an important stabiliser of the knee joint and
reduced muscle functioning (e.g., due to fatigue) may expose
athletes to an increased risk of knee injuries, such as the ante-
rior cruciate ligament. Decelerations have indeed been found
to be one of the foremost movements during which anterior
cruciate ligament injuries are sustained (Cochrane et al., 2007;
Della Villa et al., 2020; Johnston et al., 2018). Eccentric condi-
tioning of the quadriceps, in particular in the range of the
reported muscle-lengthening velocities, may thus be useful to
help prevent injuries that are associated with decelerations.
Future work should investigate the most appropriate move-
ments and exercises during which such muscle-lengthening
velocities are achieved.

Peak patellar and Achilles tendon loading was found on
average to be 7.42 BW and 5.58 BW, respectively. Previous
studies have reported peak patellar tendon forces to range
between ~ 6-9.22 BW for constant-speed running at 4.4-9
m-s™' (Dorn et al., 2012; Hagen et al., 2023; Hamner & Delp,



2250 J. VERHEUL ET AL.

2013), and peak Achilles tendon forces from ~ 6.3-11.9 BW for
running at 5-9 m-s~' (Dorn et al.,, 2012; Hamner & Delp, 2013;
Scott & Winter, 1990; Starbuck et al., 2021) (note: if tendon
forces were not reported, individual muscle forces were
summed as in this study to get an estimate of tendon loading
for comparison). Moreover, Achilles tendon force impulses have
been found to be 0.47-0.85 BW-s for running at a relatively easy
speed of ~3.6m-s”' (Almonroeder et al., 2013; Rice & Patel,
2017), compared to 0.37 £ 0.16 BW:-s in this study. Both tendons
thus do not appear to experience biomechanical loads during
decelerations beyond those typically experienced during other
common running tasks. Hence, the initial steps of horizontal
decelerations are unlikely to pose an excessive risk of patellar-
or Achilles-tendon injuries beyond that of constant-speed
running.

Despite recent emphasis on the importance of training
deceleration skills (D. Harper et al., 2024; D. J. Harper et al,,
2022; McBurnie et al., 2022), there is a current lack of strong
longitudinal evidence for the effectiveness of targeted inter-
ventions to enhance deceleration performance (D. J. Harper
et al, 2022; Marvin et al., 2023). One possible reason is that
eccentric training and adaptation mechanisms are yet not well
understood (Hody et al., 2019; LaStayo et al., 2003). Another
likely reason is that the kinetic characteristics which contribute
to deceleration ability, have not previously been specified or
comprehensively quantified in detail. Hence, it is our desire that
the biomechanical loads at a whole-body, structural, and tissue
level, as described in this study will help inform training pre-
scription. Although several recommendations are highlighted
above, we encourage future investigation to thoroughly exam-
ine the effectiveness of targeting specific loading mechanisms,
to promote enhanced deceleration performance or aid injury
prevention.

Similar to most musculoskeletal modelling studies, a Hill-
type muscle model (Millard et al., 2013; Zajac, 1989) was used to
describe muscle mechanics. It has been well documented that
the Hill-model does not model history-dependent muscle
dynamics, such as residual force enhancement due to active
muscle lengthening, well (Ettema & Meijer, 2000; McGowan
et al., 2013; Yeo et al., 2023). Since eccentric contractions are
common in the lower-limb muscles during horizontal decelera-
tions, we did not examine the underlying muscle dynamics
(e.g., fibre lengths, pennation angles) predicted by the Hill-
type model for each muscle. Nevertheless, it is likely that the
absence of history-dependency in the Hill-type model is com-
pensated for by adjustments in muscle excitations (McGowan
et al.,, 2013). The overall forces produced and experienced by
each muscle-tendon unit as presented in this study are thus
likely to be truthful estimates of the actual forces experienced
by individual muscles during horizontal decelerations.

The biomechanical loads presented in this study are for the
initial steps of decelerating after a straight sprint. Given the
high deceleration intensity (i.e., change of centre of mass velo-
city) of the first deceleration steps, it is likely that the muscu-
loskeletal system also experiences the highest forces during
these steps. These loading patterns are expected to differ for
subsequent steps and are affected by various other factors,
such as approach speed, change of direction or pivot angle,
or anticipating follow on tasks (e.g., kicking, tackling, etc).

Moreover, how such movement variations affect the loads
experienced are likely to vary across the whole-body, structural,
and tissue level. We thus recommend that future work exam-
ines the musculoskeletal demands of deceleration efforts with
whilst introducing movement variations, using the loads pre-
sented in this study as a reference point.

Some caution should be exercised in the interpretation and
generalisation of the results presented in this study. For exam-
ple, it is important to acknowledge the relatively small sample
size (n=15) from a homogenous athletic background (i.e.,
recreational team sports) used to describe the distinct kinetic
demands of horizontal decelerations. Moreover, specific indivi-
dual characteristics (e.g., sex or athletic experience and profi-
ciency) can be expected to affect the loading patterns
experienced during horizontal decelerations. Therefore, we
recommend future studies to extend this foundational descrip-
tive work by examining larger sample sizes across a higher
diversity of athletic populations. Although the loading patterns
described in this study can be used to understand the general
deceleration-specific demands on the musculoskeletal system,
detailed individualised training recommendations cannot be
made.

Conclusions

In this study we examine the biomechanical loads across the
whole-body, structural, and tissue level during horizontal decel-
erations. This is a further step towards the understanding of
deceleration performance characteristics and provides the first
empirical explanations for why decelerating movements can be
particularly damaging and injury-inducing. The external GRFs,
lower-limb joint moments and contact forces, and eccentric
force requirements of the tibialis anterior, soleus, quadriceps,
and gluteal muscles are particularly high during horizontal decel-
erations. Although the generalisation of these findings to other
athletic groups remains to be established, the identified loading
patterns in this study may help inform deceleration-specific
training prescription, to target horizontal deceleration perfor-
mance, or fatigue and injury resistance in team-sports athletes.
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