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Abstract

Rapid horizontal accelerations and decelerations are crucial events enabling the changes of velocity and direction integral
to sports involving random intermittent multi-directional movements. However, relative to horizontal acceleration, there
have been considerably fewer scientific investigations into the biomechanical and neuromuscular demands of horizontal
deceleration and the qualities underpinning horizontal deceleration performance. Accordingly, the aims of this review arti-
cle are to: (1) conduct an evidence-based review of the biomechanical demands of horizontal deceleration and (2) identify
biomechanical and neuromuscular performance determinants of horizontal deceleration, with the aim of outlining relevant
performance implications for random intermittent multi-directional sports. We highlight that horizontal decelerations have a
unique ground reaction force profile, characterised by high-impact peak forces and loading rates. The highest magnitude of
these forces occurs during the early stance phase (< 50 ms) and is shown to be up to 2.7 times greater than those seen during
the first steps of a maximal horizontal acceleration. As such, inability for either limb to tolerate these forces may result in a
diminished ability to brake, subsequently reducing deceleration capacity, and increasing vulnerability to excessive forces that
could heighten injury risk and severity of muscle damage. Two factors are highlighted as especially important for enhancing
horizontal deceleration ability: (1) braking force control and (2) braking force attenuation. Whilst various eccentric strength
qualities have been reported to be important for achieving these purposes, the potential importance of concentric, isometric
and reactive strength, in addition to an enhanced technical ability to apply braking force is also highlighted. Last, the review
provides recommended research directions to enhance future understanding of horizontal deceleration ability.

evidence-informed guidelines on how to best monitor, train
and coach this skill [4, 14-19].

In contrast, fewer studies have investigated the biome-
chanical and neuromuscular demands of horizontal decel-
eration. Subsequently, the potential factors underpinning
superior horizontal deceleration performance are far less
thoroughly understood. While deceleration has previously
been described as the “forgotten factor” in sport-specific
training [20], more recently, horizontal deceleration has
nevertheless been shown to underpin rapid change of direc-
tion (COD) manoeuvres in athletes participating in RIMD
sports [21-23]. Rapid horizontal deceleration ability also
enables athletes to reduce momentum during very short
time frames and distances to successfully evade or pursue
opponents (i.e. to rapidly create and close down spaces)

1 Introduction

Horizontal accelerations and decelerations are locomotor
skills enabling athletes to execute rapid changes in velocity
and direction, and are therefore crucial to sports requiring
random intermittent multi-directional (RIMD) movement
demands [1, 2]. As players perform frequent short-distance
sprints during match play, horizontal acceleration ability
is often regarded as the most critical skill for RIMD sport
athletes [3, 4]. Accordingly, prior research has extensively
examined the biomechanical and neuromuscular quali-
ties underpinning superior horizontal acceleration ability
in RIMD sport athletes [5—13], culminating in numerous
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[24, 25]. Indeed, data derived from miniaturised wearable
tracking technologies (i.e. global positioning systems) used
ubiquitously in RIMD sports competition illustrate that
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Horizontal deceleration ability is defined as an athlete’s
ability to proficiently reduce whole body momentum,
within the constraints, and in accordance with the spe-
cific objectives of the task (i.e. braking force control),
whilst skilfully attenuating and distributing the forces
associated with braking (i.e. braking force attenuation).

During horizontal deceleration, braking steps exhibit a
distinct ground reaction force profile characterised by
high-impact peak forces and loading rates.

Horizontal deceleration ability is an adaptive coordi-
nated outcome whereby neuromuscular and biomechani-
cal qualities interact to optimise braking impulse and
achieve desired reductions in whole body momentum.

high-intensity decelerations typically occur more frequently
than equivalently intense accelerations in the majority of
RIMD team sports [1]. For example, professional soccer
players may perform 80-104% more high-intensity decelera-
tions (n=>51-65), compared with accelerations (n=27-35),
during match play [26]. Accordingly, these actions have
been shown to precede goals [27] and be an important fea-
ture associated with winning official matches in professional
soccer [28]. Similar trends are reported in elite players in
court-based team sports, such as basketball, to the extent that
all positional roles perform significantly more high-inten-
sity decelerations (3.2—4.5 per minute) than accelerations
(0.8-1.5 per minute) during match play [29].

Although both accelerating and decelerating are regarded
as the major biomechanical loading components in RIMD
sports, they inevitably impose different physiological and
mechanical demands [1, 30-34]. For example, during the
single-leg support phase of stance, horizontal accelerations
require a large propulsive impulse, with predominantly con-
centric muscle action (i.e. muscle shortening to do positive
mechanical work) [34]. In contrast, horizontal decelerations
impose a large braking impulse with predominant eccen-
tric muscle action (i.e. muscle lengthening to absorb or do
negative mechanical work) [34]. Importantly, in comparison
to concentric muscle actions, eccentric muscle actions can
generate higher mechanical forces [35]. Therefore, in com-
parison to accelerating rapidly, the braking steps associated
with decelerating rapidly exhibit a unique ground reaction
force (GRF) profile, characterised by a higher impact peak
force and loading rate [30]. As such, intense decelerations
when performed during match play typically impose~41%

greater mechanical load per meter than equivalently intense
accelerations, and ~70% greater load per meter than other
match play activities, such as high-speed running following
an initial horizontal acceleration [36]. Accordingly, intense
horizontal decelerations (< —3 m-s~2) are a strong contribu-
tor to muscle damage in RIMD sports [37-40], and if not
appropriately managed (i.e. acute spikes or cumulative high
volumes of decelerations without sufficient recovery) may
heighten the risk of incurring time-loss injury [41, 42].
Indeed, intense horizontal decelerations are one of the most
common inciting events preceding non-contact anterior cru-
ciate ligament (ACL) injury in RIMD sports [43-48], thus,
further emphasising the importance of improving this skill
and the ability to cope with the high mechanical demands
it imposes.

Importantly, from the perspective of performance
and ability to perform agile manoeuvres during match
play, greater braking forces may enable decelerations to
be achieved more rapidly in shorter time frames and dis-
tances, in comparison to accelerating rapidly [33, 49].
To illustrate, during soccer match play, players across all
positional roles show higher magnitudes of decelerations
(= 5.7 to—6.3 m-s~2) than accelerations (4.4-4.7 m-s™?%)
[26]. Accordingly, rapid decelerations are vital to contem-
porary RIMD sports match play performance, especially as
they create space that allows players greater time to execute
technical skills and to transition into other high-intensity
movement actions that facilitate successful offensive and
defensive outcomes [1, 50]. Furthermore, evolutionary
developments in RIMD sports including tactical team forma-
tions and game models (e.g. fast pressing and counterattack-
ing playing styles) also suggest that these demands are likely
to further increase in the future, meaning new insights into
the biomechanical and neuromuscular demands of horizontal
deceleration could have increasingly important considera-
tions for RIMD sports performance and injury mitigation
[51-54].

Accordingly, with the view of identifying implications for
RIMD sports, the aims of this article were two-fold: (1) con-
duct an evidence-based review of the biomechanical demands
of horizontal deceleration and (2) identify currently known
biomechanical and neuromuscular performance (NMP) deter-
minants. This review specifically targets implications for the
future preparation of RIMD sport athletes for competition and
promotes future research into the biomechanical and NMP
requirements of horizontal deceleration.

2 Literature Search Methodology

Original and review journal articles were retrieved from
electronic searches of PubMed and MEDLINE (EBSCO)
databases. Additionally, Google Scholar and bibliographic
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searches of relevant articles with no limits on year of publi-
cation were also completed. The search strategy included the
following search terms and Boolean operators: “decelera-
tion” AND “strength”, “deceleration” AND “biomechanics”,
“deceleration AND “neuromuscular”, “deceleration” AND
“change of direction”, “deceleration” AND “gait termina-
tion”, “deceleration” AND “turning”, “deceleration” AND
“jump” and “deceleration” AND “braking”. The search con-
cluded in November 2021. Only studies that measured decel-
eration kinetics or kinematics during straight-line horizontal
acceleration-to-deceleration or severe COD tasks requiring
substantial deceleration (>90° turns) with physically active
participants (no restrictions on age) were included [55, 56].
Furthermore, for COD studies to be eligible, they also had to
include measurements during the preliminary deceleration
steps that are necessary to reduce whole body momentum
prior to the final foot contact of COD [57] or capture centre
of mass (COM) horizontal velocity instantaneously through-
out the COD task. The third and second to last foot contacts
with the ground prior to the final foot contact of COD are
referred to in the current article as the ante-penultimate and
penultimate foot contacts, respectively [21].

3 Biomechanical Demands of Horizontal
Deceleration

The kinetic and kinematic demands of horizontal decelera-
tion were previously compared to horizontal acceleration
by Hewit and colleagues in 2011, although at this time,
information was mostly qualitative and anecdotal [34].
More recent work has enhanced our understanding of the
unique kinetic and kinematic demands of braking during
rapid horizontal deceleration activities (Table 1). The next
section discusses the biomechanical demands of horizontal
deceleration using the sub-categories: (a) braking GRF, (b)
whole body external mechanical forces and (c) braking force
attenuation demands.

3.1 Braking Ground Reaction Forces

During maximal horizontal decelerations, the magnitude of
the rate of change in velocity has been reported to be ~17%
greater than during maximal horizontal accelerations [49].
Likewise, during 180° COD tasks, average rates of change
in velocity were 70-75% greater during the deceleration
(—4.43 to—6.82 m's™?) than the acceleration (2.55-4 m's™)
phase, owing to much shorter time frames in which changes
in velocity typically occur during rapid decelerations [32].
Consequently, when examining corresponding forces using
Newtonian principles (i.e. force = mass X acceleration),
the total exposure to GRFs are up to 2.7 times greater in
magnitude during the initial steps of a maximal horizontal

deceleration, than the corresponding steps of an acceleration
[30]. For a 75-kg athlete, this would equate to impact forces
of approximately 5.9 (58 N/kg) and 2.1 (21 N/kg) times the
body mass during the first to second step of deceleration
compared to acceleration [30]. As illustrated in Fig. 1, high-
impact peak forces and loading rates (i.e. ‘tall-thin’ impulse)
when braking during horizontal deceleration occur during
the first 10-40% of the stance, and must be rapidly attenu-
ated and distributed over very short time periods (<50 ms)
[30, 58, 59]. This is likely associated with the necessity for
an anterior foot placement during intense horizontal decel-
erations, where an initial heel-strike of the ground would
precede rapid plantar flexion of the foot [60, 61].

During COD tasks demanding significant deceleration
prior to turning (~ 135°-180°), similar GRF and trunk accel-
eration profiles have been reported during the preparatory
deceleration steps (i.e. ante-penultimate and penultimate foot
contact) prior to turning [21, 61]. In the study by Nedergaard
et al. [61], the ante-penultimate and penultimate foot contact
braking steps had ground contact times (GCT) of 230 and
235 ms, respectively, and comprised high-impact peak forces
and loading rates (Fig. 2). Similarly, Dos’Santos et al. [21]
reported mean GCTs of 199 ms in the ante-penultimate foot
contact during a 180° COD, but the penultimate foot contact
deceleration step was significantly longer (457 ms), perhaps
because of players adopting a ‘dual-foot’ turning strategy
(i.e. both feet in contact with the ground). Accordingly, an
ability to produce greater deceleration in the steps prior to
severe COD manoeuvres could be a deceleration strategy
that not only enhances COD performance [21, 22, 62], but
also reduces knee joint loads, which in turn could reduce
ACL injury risk factors as they are commonly associated
with turning during the final foot contact of COD manoeu-
vres [63-67].

It is also important to note that a player’s deceleration
strategy could also be influenced by a lower-limb strength
asymmetry or avoidance strategy, which manifests in a
reduced ability of one limb to contribute to the genera-
tion and distribution of braking forces [22, 68, 69]. Con-
sequently, one limb would disproportionately contribute to
braking, thereby exposing this limb to greater mechanical
loads, neuromuscular fatigue and injury risk, whilst also
reducing deceleration and COD performance. Long-term
exposure to asymmetrical braking forces, accompanied by
insufficient recovery periods, subsequently acts to increase
the potential for mechanical fatigue, thereby heightening the
likelihood of major tissue failure and/or overuse injuries,
such as tendonitis [70]. Accordingly, it would seem advanta-
geous from a performance and injury mitigation perspective
that athletes adopt a deceleration strategy that distributes
braking forces proportionately and symmetrically between
limbs. However, it should be acknowledged that asymmetri-
cal loading patterns are commonplace in RIMD sports where
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Performance Requirements of Horizontal Deceleration

a preferred limb is often used to predominantly perform
game-based activities, such as kicking, jumping take-offs,
and landings and the instigation of directional changes [71].
As such, each limb is exposed to differential magnitudes and
rates and frequencies of mechanical forces, culminating in
unique neuromechanical adaptations, especially in athletes
with greater training and competition exposure [71]. As hor-
izontal decelerations impose high mechanical forces, with an
habitual loading pattern driving specific neuromuscular and
structural adaptations, theoretically, performance would be
lower and the injury risk elevated when forced to decelerate
on the non-preferred less-frequently exposed limb. Accord-
ingly, supplementary exercises should be prescribed to pro-
mote development of the neuromechanical qualities required
to tolerate high braking forces, particularly for a player’s
non-preferred braking limb.

3.2 Whole Body External Mechanical Forces

Estimated whole body external mechanical forces generated
during horizontal accelerations have been extensively inves-
tigated using running velocity data, leading to insights into
player force—velocity capabilities and mechanical efficiency
[72]. However, few studies have investigated the mechanical
outputs associated with horizontal decelerations executed
during intense sporting manoeuvres [24, 32, 33, 73]. Dur-
ing maximal horizontal deceleration, the average external
mechanical power has been reported to be between~ 1.7
and ~2 times greater than during the maximal acceleration
phase of 5, 10, 15 and 20 m 180° COD tasks [32]. Similarly,
the peak external mechanical power during a 2-s maximal
horizontal deceleration is reported as~ 1.7 times greater than
that of a maximal horizontal acceleration recorded across
the same time period (~ —44 vs 26 W/kg, respectively) [33].
Harper et al. [24] reported similar high external peak hori-
zontal braking power (— 35 W/kg) outputs during a maximal
horizontal deceleration performed from average horizontal
sprint velocities of 7.35 m-s~'. Such high mechanical power
outputs, observed during rapid horizontal decelerations,
are likely due to the accentuated eccentric work, whereby
skeletal muscle properties facilitate higher forces owing to
stretching of passive tissue structures [74].

When examining different phases of horizontal decelera-
tion, the highest average horizontal braking power outputs
have been reported to occur during the early (peak velocity
[Vinax] t0 50% V,,00), compared to the late (50% V,,,, to mini-
mum velocity) horizontal deceleration phase (20 vs 13 W/
kg) [24]. Similarly, in the study by Gray et al. [33], peak
mechanical power also occurred during the early horizontal
deceleration phase (at~1 s of a 2.4-s deceleration) of an
intense deceleration event in team sport training, which was
just prior to the peak deceleration. Additionally, the peak
mechanical demand was reported to coincide with the peak

deceleration during the early horizontal deceleration phase
and was 16% greater than that measured during a maximal
horizontal acceleration (8.1 vs 6.8 J/kg-min~!, respectively)
during a 40-m horizontal sprint. It is important to note
that, in the study by Gray et al. [33], mechanical power and
mechanical demand were modelled from total mechanical
work calculated from velocity—time data captured using a
global positioning satellite device. As such, it may not be
surprising that the highest horizontal mechanical power
occurred during the early deceleration phase, as this is the
period when COM velocity is highest. Unlike mechanical
power, the highest average horizontal braking forces have
been reported to occur during the late deceleration phase
(—5.60 vs —3.66 N/kg, respectively) [24]. Collectively, these
findings highlight the importance of generating higher brak-
ing forces during the early deceleration phase, when momen-
tum is higher and the time to apply force is shorter [21].
Indeed, higher horizontal braking power outputs have been
observed in female team sport athletes with both faster 45°
and 180° COD times, presumably owing to higher forces
being generated with less GCT at higher approach veloci-
ties [75].

An initial braking period, during which only slight reduc-
tions in COM velocity occur, has previously been associated
with preparatory postural adjustments required to stabilise
COM and enhance braking force application [76, 77]. Subse-
quently, a longer braking preparation time, in the early decel-
eration phase, is likely associated with greater deceleration
demands and higher braking forces during the late decelera-
tion phase [78]. Alternatively, the longer preparatory braking
period could be driven by a deceleration strategy allowing
COM velocity to be slightly reduced, and dynamic stability
to be maintained up to a hypothetical ‘critical’ threshold
(i.e. self-regulated based on perceived physical capacity by
the player). Beyond this ‘critical’ threshold, the eccentric
forces encountered when braking exceed the load bearing
and braking force capacities of the player, highlighting the
potential ‘performance-injury conflict’ often observed when
performing intense COD manoeuvres [55].

3.3 Braking Force Attenuation Demands

Analysis of enforced horizontal decelerations during sub-
maximal runs has shown that the ankle and knee mus-
cle-tendon structures attenuate between 68 and 77% of the
impact forces emanating from foot ground contact [79]. In
the same study, when decelerations were more intense, the
demands on the ankle and knee muscle—tendon structures
to attenuate forces further increased, with the earlier brak-
ing steps (i.e. step 1 of 5) imposing greater peak segmental
acceleration and shock attenuation demands. Conversely,
when decelerations were less intense, impact forces were of
lower magnitude and distributed more evenly between limbs
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and across more steps. Aligning with this, Verheul et al. [58]
identified that the GRF impact peak when braking during a
rapid deceleration was caused by high peak segmental accel-
erations of the braking foot, shank and thigh. Accordingly,
peak segmental accelerations experienced when braking
hard make a substantial contribution to whole-body biome-
chanical load in RIMD sports with a high frequency of rapid
decelerations. Therefore, performing a higher frequency of
rapid decelerations (i.e. repetitive braking cycles) during
match play likely increases the onset of fatigue and the risk
of soft-tissue damage if the muscle—tendon structures are

Stance Time (ms)

not adequately recovered or optimally prepared for these
demands [70]. Theoretically, these risks are likely to be fur-
ther exacerbated following detraining of specific eccentric
NMP qualities [80] or during fixture congestion when play-
ers experience less recovery time between games [70].
During intense horizontal decelerations when the COM is
positioned posterior to the base of support, the knee exten-
sors counteract the large external knee flexor moments [55]
and are key contributors to attenuating the high-impact brak-
ing forces arising upon ground contact [81]. Indeed, the vasti
muscles demonstrate a high level of pre-activation prior to
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ground contact and, when required to attenuate eccentric
forces during ground contact, electromyograph values can
exceed 150% isometric maximal voluntary contraction [82].
As an indication of these extreme loading demands, values
for knee joint angular velocities have been reported between
469 and 493°/s during the braking steps of an intense hori-
zontal deceleration [60] and during the penultimate foot con-
tact of deceleration prior to COD [61]. Such high knee joint
angular velocities highlight the importance of knee extensor
pre-activation and fast eccentric force production capabili-
ties. Accordingly, during rapid deceleration, a high inter-
nal knee extensor moment is required to safely control and
attenuate forces across relevant knee joint flexion ranges,
particularly during the early phases of braking when high-
impact forces and loading rates may be experienced [63, 68].

The biarticular rectus femoris is a key quadriceps muscle
responsible for attenuating eccentric forces during decelera-
tion [81], especially when the trunk assumes a more erect
posture [83]. When the trunk adopts a more forward lean
in order to reduce quadriceps forces [82], help lowering
and control of COM [84], or when forward trunk excursion
cannot be controlled because of high deceleration rates (i.e.
sling shot effect) [85], the gluteus maximus and hamstrings
will likely contribute to controlling external hip flexion
moment and to attenuating and distributing forces [31, 81].
Indeed, in competitive matches, rapid horizontal decelera-
tions during defensive pressing actions are one of the major
situational patterns commonly associated with major lower
extremity injuries, such as ACL rupture [43, 45, 47, 48, 86,
87]. In these studies, a lack of trunk control, lowering of
COM (i.e. extended knee at initial contact), and lateral foot
placement when decelerating are often observed as the major
biomechanical causes of injury. The soleus has also been
identified as an important muscle contributing to the attenu-
ation of impact forces during deceleration, in addition to
resisting the vertical effect of gravity and preventing forward
sway by “locking the ankle” [81]. It is also important to note
that in addition to the hamstrings, the soleus also exerts a
posterior shear force that counteracts anterior translation of
the tibia that could decrease ACL strain and injury risk when
decelerating rapidly [81]. Therefore, although quadriceps
strength is clearly crucial for enhancing horizontal decel-
eration, other muscle groups meaningfully contribute to
horizontal deceleration management capabilities [88]. For
example, increasing maximal eccentric hamstring strength
may help reduce the decline in hamstring rate of force devel-
opment (RFD) and neuromuscular function (i.e. electrome-
chanical delay) following fatiguing exercise, which could be
critical for maintaining neuromuscular control and stability
of the knee joint during rapid horizontal decelerations [89].
Similarly, hamstring fatigue resistance has been shown to be
enhanced following a 7-week strength training intervention

focusing on developing hamstring strength-endurance in
female RIMD sport athletes [90].

Increasing the capacity of the muscle—tendon unit to
withstand high eccentric braking forces logically serves to
enhance deceleration ability and mitigate injury risk [83].
For example, when performing a deceleration from two dif-
ferent COD approach speeds (6.40 vs 7.11 ms™"), no differ-
ences in vastus lateralis and biceps femoris muscle activa-
tion profiles were observed, despite differences in forward
momentums at each speed [31]. Instead, when approaching
from the higher speed (7.11 ms™") players began decelerating
earlier, and subsequently decelerated over longer distances,
perhaps to maintain forces within what they perceive they
can safely tolerate. This observation implies the influence of
self-regulatory protective mechanisms and the “multi-step”
nature of intense horizontal deceleration challenges [91, 92].
Consequently, if these capacities are improved through train-
ing, it is plausible to conclude that deceleration distance will
be reduced, and overall COD performance time improved,
but this remains to be investigated.

4 Biomechanical Determinants
of Horizontal Deceleration

A summary of research studies that have investigated the
biomechanical determinants of horizontal deceleration abil-
ity are included within Table 2. We discuss these determi-
nants in the forthcoming section and include braking force
technical application and braking GRF magnitude.

4.1 Technical Ability

When performing a horizontal deceleration manoeuvre,
there is a complex sequence of muscle activation and de-
activation strategies to enable precise intra-limb and inter-
limb coordination to optimise the effectiveness of force
application when braking [93]. Similar to horizontal accel-
eration [94], the technical ability to apply a more horizon-
tally orientated GRF vector is important for facilitating more
effective braking and for achieving more rapid horizontal
deceleration ability [21, 84]. Lower vertical and more pos-
terior COM positions relative to the lead leg braking foot
are important postural positions to maintain dynamic sta-
bilisation and facilitate application of a more horizontally
orientated braking force [95]. These braking postures result
in less anterior COM excursion when braking, helping to
maintain COM position behind the lead limb braking foot,
thereby prolonging the time in which horizontal braking
forces can be applied (i.e. impulse-momentum relationship)
[85]. Indeed, players who are able to perform more rapid
deceleration during severe COD tasks have greater hip, knee
and ankle dorsi-flexion angles (i.e. triple flexion), allowing
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them to dynamically lower COM position to ensure more
horizontal component of the GRF when braking [84].

Whilst not previously considered in sports performance
research, the ability to dynamically lower and stabilise the
COM behind the lead limb braking foot during rapid decel-
erations is also reliant upon the coordinated actions of the
trailing limb [96]. Indeed, during rapid deceleration the tibi-
alis anterior and hamstrings are the main flexors at the ankle
and knee joints, respectively, helping to lower COM and
maintain it behind the lead limb braking foot [81]. Further-
more, strong activation of the tibialis anterior acts to inhibit
soleus plantar flexor propulsive impulses in the trailing limb
that help to prolong COM posterior position and braking
force application of the leading limb [96].

4.2 Braking Ground Reaction Force Magnitude

In addition to possessing a greater technical ability to apply
a more horizontally orientated braking force, RIMD sport
players with faster COD performance times also generate
greater peak horizontal braking forces in the penultimate
foot contact prior to COD than those with slower COD per-
formance times [22]. This braking strategy reduces horizon-
tal momentum prior to the final foot contact and is suggested
to facilitate more effective weight acceptance and push-off
propulsive forces during the final foot contact of COD, con-
tributing to faster COD performance [22]. However, it is
important to note that this braking strategy was not evident
across both limbs (i.e. turning directions). This again high-
lights the importance of ensuring braking force capabilities
are developed across both limbs, to reduce potential multi-
directional performance deficits and injury risk resulting
from inadequate braking force production prior to COD,
and when required from less favourable turning directions.
In accordance with the technical ability to apply forces
in a more horizontally orientated direction, faster decelera-
tion and COD performance times have also been reported in
RIMD sport athletes who can produce greater peak and mean
magnitude of forces in the horizontal versus vertical direction
(i.e. ratio of forces) in both the ante-penultimate and penulti-
mate foot contact steps of COD [21, 84]. These findings align
with the impulse-momentum relationship, which signifies
that changes in horizontal deceleration are proportional to the
directional magnitude of the force applied. When comparing
the influence of the ante-penultimate and penultimate foot
contacts on COD performance times, the ante-penultimate
foot contact has been reported to have a much more substan-
tial role [21]. This is likely owing to braking being performed
in the sagittal plane, where more optimal postural positions
can be adopted to facilitate the application of a greater mag-
nitude of horizontal braking force, and subsequent decelera-
tion of momentum prior to COD. For example, the magnitude
of the mean horizontal and horizontal-to-vertical GRF ratio

generated during the ante-penultimate foot contact explained
between 55 and 61% of COD performance time, highlight-
ing the importance of being able to generate high horizontal
braking forces to enhance both deceleration and COD per-
formance. In contrast, the penultimate foot contact, in a 180°
COD manoeuvre (i.e. 505 test), could be viewed primarily
as a ‘positional’ deceleration step to facilitate weight accept-
ance and ‘drive-off” during the final foot contact [21, 97]. It is
important to acknowledge that braking strategies adopted in a
traditional 505 test may not accurately reflect those seen dur-
ing actual match play, when braking and turning manoeuvres
occur spontaneously in response to dynamically unfolding
events. Accordingly, future research is needed to substanti-
ate these findings across different COD and agility (i.e. with
less preparatory time) tasks, and to investigate the GRF pro-
files across the whole deceleration phase of COD and their
associations with deceleration, COD performance and lower
limb mechanical loading. Furthermore, as the preparatory
deceleration steps that have a greater impact on COD per-
formance seem to occur in the sagittal plane, future research
should investigate if deceleration capabilities measured dur-
ing a COD task are associated with performance in that task
only, or also with the deceleration capabilities in tasks with-
out a COD. Such findings could lend further support for the
use of horizontal acceleration-to-deceleration tasks without a
COD for: (1) profiling a player’s ability to decelerate rapidly
prior to COD, (2) identifying athletes at a heightened risk of
injury because of high-impact forces and knee joint loads [98,
99] and (3) helping to determine when an athlete is ready to
return to sport following injury [100-103].

5 Neuromuscular Determinants
of Horizontal Deceleration Ability

Previously, although anecdotal, the four major NMP deter-
minants of deceleration were suggested as: (1) eccentric
strength, (2) reactive strength, (3) power and (4) dynamic
balance [20]. Table 3 provides a summary of studies that
have investigated the NMP determinants of deceleration
ability, including eccentric, reactive, and concentric strength
qualities and RFD.

5.1 Eccentric Strength Qualities

The importance of eccentric muscle strength for enhanc-
ing rapid horizontal deceleration ability has been widely
acknowledged in reviews on COD, for both performance
enhancement [55, 57, 104] and injury risk reduction [100,
101, 105, 106]. Indeed, a number of studies have demon-
strated moderate to very large associations between unilat-
eral isokinetic eccentric knee extensor (quadriceps) strength
measured at slower joint angular velocities (i.e. 30-60°/s)
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and horizontal deceleration ability [25, 91, 107, 108]. In
addition to maximal unilateral eccentric quadriceps strength,
large associations have also been reported between rapid
(0-100 ms) eccentric quadriceps torque and horizontal
braking force, power and impulse during a rapid horizontal
deceleration [108]. The authors suggested that the ability to
generate rapid eccentric quadriceps torque increases pas-
sive torque rise and the contribution of passive tissue struc-
tures to the generation and management of high GRF when
braking during maximal horizontal deceleration manoeu-
vres. A comparison of players with high and low eccentric
quadriceps strength showed that those with superior eccen-
tric strength had a significantly greater ability to generate
horizontal braking forces [91]. Consequently, these players
were able to approach COD at higher speeds because of
being able to produce and tolerate greater braking forces,
contributing to both quicker decelerations prior to COD and
faster overall COD performance times. Furthermore, in the
study by Graham-Smith et al. [25], greater eccentric quadri-
ceps and hamstring strength contributed to better horizontal
deceleration ability, measured using the ‘deceleration gra-
dient’, an indicator of how much speed per metre a player
could decelerate. Interestingly, this study also highlighted
the substantial distances spent decelerating across the vari-
ous sprint-to-stop activities most commonly encountered by
RIMD sport athletes during match play. Deceleration dis-
tances varied between 2.39 and 7.93 m for 5-m and 20-m
sprint-to-stop distance trials, distances equivalent to between
58 and 40%, respectively, of the total distance covered
(Fig. 3). Although the deceleration distance to stop is likely
to vary between different athletic populations with different
physical capacities and individual horizontal deceleration
abilities, these findings demonstrate the importance of hori-
zontal deceleration, in addition to horizontal acceleration, to
RIMD sports performance outcomes. Thus, the competitive
advantage for players with enhanced braking capabilities
might be a reduction in their deceleration distance and time
to stop, allowing them to attain a greater percentage of their
maximal sprinting speed prior to decelerating by having
more time and distance to accelerate prior to deceleration.
Eccentric peak force and eccentric-deceleration RFD,
measured during vertical countermovement jumps (CMJs),
have also been reported to be significantly greater in players
with high compared with low horizontal deceleration ability
when quantified using average deceleration (m-s~2) from a
maximal horizontal deceleration following a maximal 20-m
sprint [73]. Both eccentric peak force and eccentric-decel-
eration RFD occur during the downwards phase of a CMJ
when knee joint flexion velocities, of around 133-199°/s,
need to be decelerated prior to transitioning into the upward
phase of the jump [109]. Accordingly, these CMJ met-
rics may be indicative of similar NMP qualities required
to decelerate horizontal momentum prior to a severe COD

task, providing a good proxy for horizontal deceleration abil-
ity. Additionally, these findings highlight the importance of
evaluating and training various eccentric NMP qualities
for enhancing maximal horizontal deceleration ability. For
example, fast eccentric loading exercises could be deployed
to enhance eccentric-deceleration RFD [110].

An additional potentially important research finding is
the lower association between eccentric hamstring strength
(isokinetic knee flexion) and horizontal deceleration, than
between eccentric quadriceps (isokinetic knee extension)
strength and horizontal deceleration performance [25, 91,
107, 108]. However, as the muscle group also contributes
to hip extensor movement during horizontal decelera-
tion [68], future research should also assess associations
between hip extensor strength and horizontal deceleration
ability. Nonetheless, higher quadriceps than hamstring acti-
vation is observed during horizontal deceleration activity
[31, 82], presumably necessary to counteract high external
knee flexion moments and to facilitate the generation of the
high braking impulses required to quickly reduce momen-
tum. It has also been suggested that lower associations may
be due to the muscle group functioning primarily isometri-
cally when braking during horizontal deceleration [108].
Subsequently, these authors highlighted the importance
of future research investigating hamstring function dur-
ing horizontal deceleration manoeuvres. It is also possible
that increased eccentric hamstring force generation could
be more associated with unanticipated horizontal decelera-
tion, as opposed to pre-planned manoeuvres, owing to an
increasing demand for eccentric hamstring force generation
for trunk and pelvic control and rapid knee joint stabilisa-
tion [111].

5.2 Reactive Strength Qualities

Reactive strength has previously been proposed to be an
important NMP determinant of deceleration ability [20].
However, only one prior study by Harper et al. [78] has
investigated the associations between this quality and maxi-
mal horizontal deceleration ability using drop jump (DJ)
reactive strength index (RSI; jump height/GCT) measured
from both 20-cm and 40-cm drop heights. Both had large
significant correlations with average horizontal decelera-
tion ability, and it is noteworthy that they also had signifi-
cant large correlations with average horizontal deceleration
during the early deceleration phase (i.e. V. t0 50% V,,,.).
but not with the late deceleration phase (i.e. 50% V,,,, to
minimum velocity). These findings suggest that greater DJ-
RSI scores, particularly from higher drop heights, are likely
representative of a player’s ability to rapidly adjust posture
and generate greater braking impulses during the earlier
deceleration phase when much shorter time frames to gen-
erate forces are available. Furthermore, DJ-RSI measured
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0.59), M moderate (0.60-1.19), L large (1.20-1.99), VL very large (2.0-4.0)], r correlation [interpreted as: M moderate (0.30-0.49), L large (0.50-0.69), VL very large (0.70-0.89)], FFC final
foot contact, GCT ground contact time, HBF horizontal braking force, HBP horizontal braking power, H-VBF horizontal-to-vertical braking force, H-VGRF horizontal-to-vertical ground reac-

acceleration, APFC ante-penultimate foot contact, COD change of direction, COM centre of mass, DEC horizontal deceleration, ES effect size [interpreted as: T trivial (0-0.19), S small (0.20—
tion force, PFC penultimate foot contract, RBF resultant braking force, RGRF resultant ground reaction force

3D three-dimensional, 505,,,, modified 505 change of direction test with 5-m approach distance, 505y, traditional 505 change of direction test with 15-m approach distance, ACC horizontal

Table 2 (continued)

from similar drop heights (~50 cm) has also been reported to
have significant large correlations (r=0.60, R> =36%) with
maximal isoinertial eccentric squat strength performed at a
controlled descent of ~30°/s [112]. Indeed, only one longi-
tudinal study to date has examined the influence of enforced
decelerations on various isokinetic knee strength capacities
[113]. Here, only the group that included enforced decelera-
tions demonstrated a significant increase in DJ 40 cm-RSI
and maximal eccentric isokinetic hamstring strength, high-
lighting the potential stimulus of this training modality for
lower limb eccentric strength development. Together, these
findings confirm the importance of lower limb reactive and
eccentric maximal strength as NMP determinants of rapid
horizontal deceleration ability. Consequently, training inter-
ventions that can enhance reactive and eccentric strength,
and the underpinning NMP qualities of reactive strength,
seem to be important considerations for enhancing horizon-
tal deceleration ability.

5.3 Concentric Strength Qualities

Whilst not previously considered as a determinant of rapid
deceleration ability, concentric strength capabilities have
also been identified as potentially important NMP qualities
contributing to rapid horizontal deceleration abilities [73,
107, 108, 111]. In the study by Harper et al. [107], isokinetic
concentric quadriceps and hamstring strength measured at
faster (180°/s™") velocities had large-to-very large associa-
tions with deceleration distance and time to stop, with the
largest associations being reported in the non-dominant
kicking leg. Greig and Naylor [111] also reported that
isokinetic concentric quadriceps strength at faster veloci-
ties (180°/s~!) provided further predictive value (increase
of 8%) of the deceleration distance to stop, in addition to
various isokinetic eccentric hamstring strength qualities,
during an unanticipated deceleration task in recreational
RIMD sports players. Large associations have also been
reported between concentric quadriceps strength at faster
joint angular velocities (240°/s~!) and maximal horizontal
braking power during a rapid horizontal deceleration [108].
These authors also reported that a rapid rate of concentric
hamstring-to-quadriceps torque ratio, indicative of dynamic
agonist—antagonist knee joint control, had large associations
with maximal horizontal braking power. It was hypothesised
that optimal balance between rapid hamstring-to-quadriceps
torque would contribute to lower limb stiffness to enhance
force attenuation, knee joint stability and force generation
when braking hard during maximal horizontal decelerations.
A significant increase in isokinetic concentric quadriceps
strength of the left leg at 240°/s~! was also observed fol-
lowing 6 weeks of speed and agility training with enforced
decelerations, although this was not observed on the right
leg, or in a group of players who followed the same speed
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and agility programme with no enforced decelerations [113].
Interestingly, in the same study, no significant changes in
concentric hamstring strength at faster velocities (240°/
s7!) were observed following each training programme.
However, players who performed enforced decelerations
had a significant increase in asymmetry in this NMP qual-
ity. Consequently, practitioners should be cognisant of the
potential that deceleration training in individuals opting to
brake harder, and more frequently, with a ‘preferred’ braking
limb could promote greater inter-limb strength asymmetries.
Thus, practitioners should train athletes to initiate and end
horizontal deceleration manoeuvres with both limbs, and
use other strength and conditioning modes to support the
development and balance of these inter-limb NMP quali-
ties. Whilst further research is required to investigate the
transference of fast velocity concentric strength gains to
rapid deceleration abilities, training interventions that can
enhance fast velocity concentric strength qualities seem to
be important for enhanced horizontal deceleration ability.
In contrast, current research highlights a lower association
between slower than higher angular velocity knee flexor and
extensor concentric strength and horizontal deceleration per-
formance. This is especially the case for the dominant leg in
both male and female soccer and rugby players [107, 108,
113] and could be attributed to a lack of specificity to the
fast joint angular velocities and muscle actions associated
with rapid limb repositioning and braking during horizontal
deceleration.

Greater concentric force production capabilities have also
been reported in CMJ and DJ assessments in RIMD sport
athletes categorised with high compared with low horizon-
tal deceleration abilities [73]. However, it is important to
note that these jump assessments are not isolated concen-
tric actions, but rather stretch—shortening activities in which
pre-impact muscle activations and eccentric muscle actions
influence concentric phase performance and kinetics [114].
Indeed, Harper et al. [78] observed very large significant
associations between DJ eccentric mean force and both con-
centric mean force (0.64-0.77) and GCT (—0.73 to—0.93),
but only when measured from higher drop heights (i.e. 40
but not 20 cm). This suggests that eccentric mean force is
important for greater concentric force and reduced GCT,
likely owing to enhanced reflexes and a greater contribution
of passive elastic structures in those capable of generating
greater eccentric forces upon ground contact. Accordingly,
developing greater eccentric force production capabilities
appears to be an important pre-requisite for developing high
concentric force production outputs in tasks that employ a
rapid countermovement (i.e. stretch—shortening). These find-
ings further support the importance of developing various
eccentric force production and stretch—shortening qualities
for generating the large braking forces necessary to rapidly
reduce momentum, and for expanding a player’s repertoire

of horizontal braking capabilities. It is also likely that
greater lower limb strength facilitates reductions in eccentric
work demands during eccentric braking activities, thereby
facilitating dampening strategies that subsequently enhance
deceleration efficiency [115].

5.4 Rate of Force Development

The ability to pre-activate muscles to generate pre-tension
prior to ground contact is an important NMP quality for
enhancing horizontal deceleration ability especially when
rapid adjustments of COM and high braking forces need
to be generated in very short time frames (i.e. impulse),
as illustrated in Figs. 1 and 2. Indeed, the NMP quality of
‘explosive’ strength (i.e. the ability to increase force pro-
duction rapidly), as quantified by impulse during single-leg
drop landing (at 25 ms) and isometric mid-thigh pull (at 100
and 300 ms) tests was associated with better performance in
tasks with greater deceleration and braking demands [116,
117]. Similarly, both Behan et al. [118] and Jakobsen et al.
[119] demonstrated the importance of isometric ankle plan-
tar flexor rate of force development for enabling rapid adjust-
ments and control of posture during highly dynamic sport-
ing manoeuvres. This was suggested to be especially the
case when a distal to proximal muscle activation sequence
occurs, such as when braking during rapid horizontal decel-
erations. Accordingly, training interventions that enhance
RFD, particularly of the ankle, seem especially important
for enhancing horizontal deceleration ability, and should be
investigated as a component of training interventions.

6 Summary of Deterministic Factors
Underpinning Horizontal Deceleration

Using the previously identified biomechanical and neuro-
muscular determinants of horizontal deceleration, a sum-
mary of the deterministic factors is illustrated in Fig. 4a.
The diagram displays horizontal deceleration ability as an
interaction between the various neuromuscular and biome-
chanical qualities required to optimise braking impulse and
to achieve the desired reductions in whole body momentum
(i.e. reflecting the impulse-momentum relationship). This is
underpinned by lower limb strength capacities and coordina-
tive abilities that enable precise orientation and effectiveness
of braking force application to be attained (i.e. large and
rapid magnitude of braking force over a short time interval
in the posterior direction), whilst proficiently distributing
and attenuating impact forces throughout the lower limbs to
minimise tissue damage.

Based upon these considerations, we propose that hori-
zontal deceleration ability could be defined as a “player’s
ability to proficiently reduce whole body momentum, within
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Fig. 3 Distance spent accelerat- 20 4
ing (ACC) and decelerating
(DEC) from different sprint-to-
stop distance trials (percentage
time is illustrated in brackets).
Data from Graham-Smith et al.
[25]

-
(%)

Acceleration and Deceleration Distances (m)
2 =]

mDEC

mACC

0 l
5m
the constraints, and in accordance with the specific objec-
tives of the task (i.e. braking force control), whilst skilfully
attenuating and distributing the forces associated with brak-
ing (i.e. braking force attenuation)”, these two key compo-
nents are illustrated in Fig. 4b. Figure 5 provides further

illustration of the key kinematic factors underpinning maxi-
mal horizontal deceleration ability.

7 Limitations and Future Research
Directions

Currently, the known biomechanical and NMP determinants
of horizontal deceleration have been identified from cross-
sectional observational studies. Subsequently, causality can-
not be assumed. Nevertheless, these determinants provide a
basis for the design of future research and training interven-
tions. The ‘next step’ is to investigate if training interven-
tions targeted to improve one or more of these underlying
factors lead to improvements in horizontal deceleration abil-
ity. Potentially, there may also be a ‘ceiling’ value beyond
which the key determinants of horizontal deceleration
highlighted in this review provide no additional benefits to
that ability. As such, the association between, and potential
contribution of strength increases to horizontal decelera-
tion ability would depend on the range of strength levels
within the analysis, and the individual’s initial strength
levels, respectively. This could be particularly relevant for
higher performing athletes with elevated strength capacities.
In such contexts, these athletes may require more highly
focused training interventions that target specific horizontal
deceleration deficiencies or NMP qualities that may better

10m 15m 20m

discriminate horizontal deceleration ability in higher level
performers or those with a more extensive training history.
This rationale supports the importance of methodologies to
profile the muscles and NMP qualities underpinning hori-
zontal deceleration ability. Critically, future research should
investigate the degree to which improvements in various
NMP qualities transfer to increases in horizontal decelera-
tion ability (i.e. transference effect) across sexes and differ-
ent standards of athletes.

Furthermore, current investigations have focused on
understanding the importance of single-joint strength
capacities and multi-joint assessments with a vertical force
component. Accordingly, there is a need for future research
to investigate the importance of horizontal force and power,
particularly as these tests may possess greater specificity
to the demands of braking during horizontal decelerations
[120]. Motorised resistance devices, currently used more
extensively for the assessment and training of horizontal
acceleration and top speed capabilities [121-123], may
provide useful applications here through means of assisted
loads, which can augment braking demands during hori-
zontal jumping and deceleration COD manoeuvres [124].
Another potential limitation of current research is that the
determinants of horizontal deceleration have been identi-
fied mainly through performance in pre-planned horizon-
tal deceleration tasks, with deceleration evaluated through
whole body performance outcomes (e.g. distance to stop
[metres], time to stop (seconds), average deceleration
[m-s~2]). Accordingly, new technologies such as wearable
sensors (e.g. inertial measurement units, foot force/pres-
sure sensing insoles) and marker-less motion tracking com-
bined with evolving machine learning algorithms may help
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a HORIZONTAL DECELERATION
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Fig.4 a Biomechanical and neuromuscular determinants of horizontal deceleration ability and b illustration of ‘braking force control’ and ‘brak-
ing force attenuation’ components. COM centre of mass, COP centre of pressure, RFD rate of force development
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Fig.5 Kinematic factors underpinning maximal horizontal deceleration ability. COM centre of mass, COP centre of pressure, 1 indicates
increase, | indicates decrease, <> indicates maintain/control
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to advance insights into the inter-limb braking demands of
horizontal deceleration, alongside whole body decelera-
tion performance outcomes [51, 125]. Given that horizontal
decelerations during match play are largely unanticipated,
future research should seek to determine how the importance
of the biomechanical and neuromuscular determinants iden-
tified here for pre-planned horizontal deceleration ability
might differ in their associations with un-anticipated hori-
zontal deceleration ability. It also seems essential to gain fur-
ther contextual information on why horizontal decelerations
are performed during match play to better inform training
prescription. Furthermore, the evident frequency, severity
and importance of horizontal decelerations during RIMD
sports highlight the importance of future research to further
investigate the determinants of repeated horizontal decelera-
tion ability. For example, what is the interaction between the
ability to produce a one-off maximal horizontal deceleration
and the ability to perform repeated intense horizontal decel-
erations? The latter may be particularly important because
repeated intense horizontal decelerations are associated with
muscle damage and residual decrements in various NMP
qualities that could affect not only deceleration performance,
but also performance in other important high-intensity sport-
ing actions [126, 127].

Accordingly, our definition of horizontal deceleration
identifies the potential importance of an individual’s abil-
ity to attenuate high-impact forces when braking, particu-
larly during intense horizontal decelerations. We have
also identified muscle groups that contribute to braking
force attenuation, whilst also enabling higher braking force
application. This raises some potentially important ques-
tions for future research that may have important implica-
tions for both performance and injury risk mitigation in
RIMD sport athletes. For example, how do muscle—tendon
units function during intense horizontal decelerations in
different muscle groups? How do different muscle—tendon
architectural properties enhance force attenuation capabili-
ties during intense horizontal decelerations? Can different
training methods enhance force attenuation capabilities
and resistance to fatigue caused by repeated intense hori-
zontal decelerations? Are different muscle fibre typologies
better suited to meet the challenges of repeated intense
decelerations in RIMD sports? Clearly, developing “new
knowledge” in the areas identified in this review has the
potential to improve player preparation for match play in
a number of ways. First, by enhancing on-pitch perfor-
mance through increased horizontal deceleration ability,
which may also transfer to enhanced acceleration and COD
abilities. Second, by increasing the capacity to perform
horizontal decelerations more frequently and at a higher
intensity. Finally, and ultimately, the improved horizon-
tal deceleration ability may improve tissue tolerance and
the ability to attenuate forces across both limbs leading

to injury risk reduction. It is also important to note that
the consequence of greater research on horizontal decel-
eration will be the development of a greater database of
normative data that practitioners can use to compare their
athlete’s horizontal deceleration performance, similar to
what is available for horizontal acceleration. This may also
provide a better understanding of the neuromuscular and
biomechanical factors that may be less important or even
detrimental to horizontal deceleration ability, in addition
to how the importance of these factors may change for dif-
ferent population groups (e.g. sub-elite vs elite). We there-
fore take this opportunity to encourage future research into
horizontal deceleration, and hope that this will lead to a
more balanced understanding of how athletes slow down,
in addition to speeding up!

8 Conclusions

Recent information on match play movement demands in
various RIMD sports illustrates that high-intensity decel-
erations are performed more frequently than equivalently
intense accelerations. Intense horizontal decelerations
require application of high braking forces in very short time
periods to enable rapid reductions in whole body momen-
tum. Similar to horizontal accelerations, horizontal decelera-
tions require a highly co-ordinated sequence of lower-limb
movements and rapid postural adjustments to achieve an
effective application of braking force (i.e. braking techni-
cal ability). However, compared with other locomotor skills,
horizontal decelerations have higher impact peaks and load-
ing rates (i.e. tall thin impulse) that require an ability to
attenuate forces efficiently throughout the lower limbs when
braking. The increased demand to attenuate and distribute
forces during horizontal decelerations places greater demand
on eccentric muscle action, particularly during stances when
muscles are trying to resist and control joint flexion. Accord-
ingly, our review highlights that various eccentric strength
qualities may contribute to improvements in both braking
force application and attenuation capabilities. This review
also illustrates that superior horizontal deceleration may be
underpinned by isometric, concentric and reactive strength
qualities, of which the latter may be an indicator of a player’s
ability to pre-activate and pre-tension musculature prior to
foot ground impact. Sports science and medicine practition-
ers can use the insights contained within this review to help
prepare players for the horizontal deceleration demands of
RIMD sports competition. We suggest a “mixed-method”
approach, integrating traditional (local specificity) and coor-
dinative (global specificity) training activities, is most likely
to drive optimal adaptations across braking force applica-
tion, braking force attenuation and overall horizontal decel-
eration abilities [128].
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