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Abstract

Purpose: Ground reaction forces (GRF) data have been introduced to
enhance the understanding of anterior cruciate ligament (ACL) injury pa-
thomechanics. However, translating GRF information into daily clinical
practice remains challenging for high-demanding movements such as cut-
ting manoeuvres. This study aims to describe GRF of the 90° change of
direction (COD) task, providing robust benchmark data and force-time curve
description to enhance their use in clinical practice, particularly ACL injury
prevention.

Methods: One thousand and two healthy football (soccer) players
(16.3 £ 2.8 years, 264 females) performed three preplanned 90° COD tasks
per limb at maximum intensity, with the cutting foot contact performed on an
artificial turf floor embedded force platform (AMTI), which collected GRF
data (frequency: 1000 Hz). Peak GRF (impact and propulsion phases, and
their ratio), ground contact time, rate of force acceptance (RFA), impulse
were presented as absolute values and normalised to body weight (BW).
Differences in kinetics metrics according to sex, level of play, limb domi-
nance were determined via Student's f-test (p<0.05). Multiple linear
regression analyses determined the association between players' char-
acteristics and kinetics.

Results: Six thousand and eight valid attempts were included. Vertical GRF
was 1516526 N (2.48+0.79 N/BW) and occurred 32.6 ms after initial
contact (10.4% of the cut stance). Vertical RFA was 95,200 + 48,138 N/s
(155.6 £ 75.5 N/s/BW). Male players had higher absolute and normalised
GRFs and vertical RFA than females (p <0.001). Elite players had smaller
impulse: propulsion ratio than subelite players (p <0.001). The regression
showed limited variance of GRF metrics (adjusted-R?=0.047-0.014,
p<0.001).

Abbreviations: ACL, anterior cruciate ligament; BMI, body mass index; BW, body weight; COD, change of direction; GCT, ground contact time; GRF, ground
reaction force; IC, initial contact; KAM, knee abduction moment; RFA, rate of force acceptance; RFD, rate of force development; RTS, return to sport.
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INTRODUCTION

Anterior cruciate ligament (ACL) injury rate in football
(soccer) is on the rise and young players (12—-18 years
old) seem the most affected [15, 34, 48]. Injury risk
mitigation strategies increasingly rely on the under-
standing of ACL injury pathomechanics and data-
driven functional testing [8, 17, 23]. However, translat-
ing the multitude of biomechanics information into daily
clinical practice remains challenging, especially when it
comes to high intensity, dynamic, multidirectional
movements such as change of direction (COD) tasks
[18, 17, 23, 26]. In this scenario, an underrated
potential lies in the clinical use of ground reaction for-
ces (GRF) during these tasks [18].

GRF metric analysis has been successfully
integrated in the assessment of jump and landing
performance: ground contact time (GCT), rate of
force development and acceptance (RFD and RFA,
derivate of force-time curve), impulse (area under
the force-time curve) and so on, showed the
potential to detect signs of poor neuromotor function
and performance [28-30, 33]. Few studies have
considered GRF metrics during cutting/COD man-
oeuvres [35, 36]. Robust benchmark data and a
clear description of force-time curves in COD tasks
is thus absent. Sports medicine and performance
practitioners would greatly benefit from a compre-
hensive understanding of GRF metrics in COD tasks
to enhance their integration in ACL injury prevention
and rehabilitation protocols [18, 23, 38].

The aim of the present study was to describe the
GRFs and the associated kinetic metrics (GCT, RFA,
impulse) of the 90° COD task. The analysis was con-
ducted on an extensive dataset (>6000 trials) of com-
petitive healthy football players within the ‘CUTtheACL’
project, a prospective epidemiology and biomechanics
investigation on risk factors for primary ACL injuries [9].
The ultimate goal is to provide the sports medicine and
performance practitioners with applied information to
integrate force platforms in their clinical routine for the
assessment of high-demanding movement tasks and
offer insights for ACL (re)injury risk mitigation.

THE ‘CUTtheACL’ STUDY

Conclusion: Normative data and explanation of clinically relevant GRF
features were provided. GRF features could enrich the understanding of
players' COD movement quality and performances. Sports medical and
performance practitioners may include the analysis of GRF during COD as
part of athlete screening for participation, injury risk and return to play,
potentially offering insights for ACL (re)injury risk mitigation.

Level of Evidence: Level IV, cohort study.

2D video-analysis, ACL, cut manoeuvre, football, ground reaction forces, return to sport

MATERIALS AND METHODS
Study population

The ‘CUTtheACL’ study is a prospective epidemiology
and biomechanics investigation on risk factors for pri-
mary ACL injury. The analysis was conducted in the
Education and Research Department of Isokinetic
Medical Group (Bologna, Italy). In brief, the overall
project aims to prospectively assess the risk of ACL
injury in young competitive football players after a
baseline screening of cut manoeuvre through a quali-
tative 2D video-analysis scoring system.

A total of 1002 football players belonging to elite
(n=286) and subelite (n=716) football team acade-
mies participated in the study. Inclusion criteria were
aged between 14 and 21 years with Tegner activity
level 27. Exclusion criteria were: (1) evidence of mus-
culoskeletal disorders or functional impairment; (2)
body mass index (BMI)>35; (3) cardiopulmonary or
cardiovascular disorders and (4) inability to perform the
required tasks.

For each player, the following information was col-
lected before the COD tests: sex, age, body mass,
dominant limb, first team level (elite, subelite), level of
aggressiveness in the field (self-assessed by each
player, ranked through a Likert scale from 1 = minimally
aggressive to 5=extremely aggressive). The mean
age was 16.3 +2.8 years; female players represented
more than one-fourth of the cohort (n =264, Table 1).

Study procedure

Each football player was asked to perform preplanned
90° COD tasks. The laboratory floor was equipped with
artificial turf, the cut direction was traced with cones
(Figure 1). The complete acquisition setting has been
presented in previous studies [9, 7]. In brief, each trial
consisted of the player accelerating linearly forward
to the force plate from a distance of 5m, with the
intention to perform a 90° COD, with reacceleration and
subsequent deceleration (3 m). Players were asked to
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TABLE 1 Demographics for the CUTtheACL study cohort.

All (n=1002) Female (n=264)
Age (years) 16.3+2.8 18.0+£3.2
Body mass (kg) 62.9+10.1 59.4+8.6
Height (cm) 169.9+9.7 162.1+6.8
BMI 21.7+2.8 226+29
Preferred limb®
Left 162 (16.2) 33 (12.5)
Right 840 (83.8) 231 (87.5)
Team level®
Elite 286 (28.5) 74 (28.0)
Subelite 716 (71.5) 190 (72.0)
Aggressiveness
1 (min) 26 (2.6) 9 (3.4)
2 119 (11.9) 38 (14.5)
3 440 (44.1) 102 (38.9)
4 331 (33.2) 88 (33.6)
5 (max) 82 (8.2) 25 (9.5)
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Male (n=738) Effect size® p value
156.7+23 0.89 <0.001
64.1+10.4 0.47 <0.001
172.7+£9.0 1.25 <0.001
21.4+27 0.42 <0.001
129 (17.5) 3.56 n.s.
609 (82.5)
212 (28.7) 0.05 n. s.
526 (71.3)
17 (2.3) 5.84 n. s.
81 (11.0)
338 (45.9)
243 (33)
57 (7.7)

Note: Data are presented as mean + standard deviation (95% confidence intervals) for continuous variables, count (percentage) for categorical variables.

@Cohen's d (continuous variables), X? (categorical variables).
PPreferred limb is intended as the kicking limb.
°The first team level.

FIGURE 1 Ground reaction forces (GRF) butterfly graph for a 90° change of direction. Visual inspection of GRF in frontal (left) and sagittal
(right) view could offer a first description of the change of direction movement quality and potential injury risk patterns.

complete the movements at the maximum intensity
and were given due rest if fatigued (typical time
between ftrials: 30 s, desired rest: 1-2 min). Before the
test, the participants performed a 10-min dynamic
warm-up (exercise bike and mobility) and performed

familiarisation attempts of the movement at sub-
maximal efforts. All players performed three maximal
valid left and right leg CODs. The players wore own
running shoes; no cleats were allowed to minimise
biases in shoe type and consistency with previous
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literature. Full foot contact on the force platform and
satisfactory performance of a 90° cut angle were
required to consider a trial valid. A floor embedded
force platform (AMTI 400*600) was used to collect GRF
data. Sampling frequency was 1000 Hz.

Data Processing

For the purpose of this study, the force platform data
were extracted from VICON Nexus (Vicon Motion
Systems Ltd.) and processed in Matlab (v2023b, The
MathWorks). The vertical (vGRF), anterior-posterior
(pGRF) and medial-lateral (nGRF) components of the
GRF were extracted. The vGRF component was posi-
tively defined; the pGRF was defined positive (+) for
anterior propulsion force and negative () for braking
forces; the mGRF force was defined positive (+) for
forces directed towards the cut medial-lateral direction
and negative (—) for forces directed opposite to the
medial-lateral direction. The GRF curves were divided
in two distinct phases according to the current litera-
ture: [14, 27] a ‘load acceptance’ phase, from the initial
contact of the foot on the force platform to the local
minimum in the curve (midstance), and a ‘propulsion’
phase, from the local minimum to the end of the curve.
The peak GRF value in each phase was extracted and
named ‘impact peak’ in the load acceptance phase and
‘propulsion peak’ in the propulsion phase. The time
from initial foot contact on the force platform (IC) to the
first peak, midstance and second peak were collected
for each of the three GRF components. Furthermore, a
third peak was noted in medial-lateral GRF: the nega-
tive peak (i.e., contralateral to the cut direction) oc-
curring close in time to the IC was identified as ‘lateral
MGRF peak’ (Figure 2). The GCT spent on the force
platform, the time from IC to the first peak, and the time
and percentage of cut stance for load acceptance and
propulsion phases were extracted.

The rate of force acceptance (RFA) from the IC to
the first peak (moving window: 10 ms) was also com-
puted to measure effectiveness in force absorption
through eccentric muscle contraction and the impulse
was computed to provide a metric of change in
momentum [4, 47].

The GRF, RFA and impulse metrics were presented
both absolute and normalised to players' body weight
(BW). The impact: propulsion ratio was also computed
for vGRF, mGRF, GCT and impulse.

Statistical analysis

The normal distribution of the data for each variable
was confirmed through the Shapiro-Wilk test and
homogeneity of variance was confirmed through Le-
vene's test. Regarding the normative data, the
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continuous variables were presented as meanz
standard deviation (95% confidence interval [CI]),
while the categorical variables were presented as a
percentage over the total and median with inter-
quartile range.

The two-tailed Student's t-test was used to assess
normally distributed variables differences between
male and female, dominant and nondominant limb, and
elite and subelite players. The Cohen's d effect size
and the mean difference between the groups (with 95%
Cl) were reported alongside the p-value. The effect
size was considered trivial, small, medium and large for
Cohen's d value of <0.2, 0.2, 0.5 and 0.8, respectively.
The chi-squared test was used to inspect differences in
categorical variables. The within-subject variability was
assessed through standard deviation and coefficient of
variation (% standard deviation/mean) out of the six
valid trials of each participant.

Multivariate linear regression analyses were per-
formed to inspect the influence of sex, limb dominance,
level of playing, family history of ACL injury (factors),
age, aggressiveness (covariates) on VGRF impact
peak, VRFA and impulse. Adjusted R? was presented
alongside p-values for each of the three regression
models. Differences were considered statistically sig-
nificant for p<0.05. The statistical analyses were
conducted in Matlab.

RESULTS

Overall, 6008 valid trials were included in the final
analysis. Four trials were excluded due to technical
issues of the force platform. Median (interquartile range
[IQR]) number of trials performed was 6 [6, 9]. Male
and female players differed in age, height, body mass
and BMI (Table 1).

Ground reaction force and ground
reaction time

The average VGRF was 1516+ 528 N, equating to
2.48+0.79N/BW (Table 2). The pGRF and mGRF
impact peaks were less than half of the vVGRF impact
peak. Male players displayed higher absolute and nor-
malised GRFs than females (VGRF diff=0.26 N/BW,
p<0.001, Supporting Information S1: Appendix A1.1).
Elite players displayed lower impact and higher
propulsion vVGRF and mGRF than subelite players
(p<0.001, Supporting Information S1: Appen-
dix A1.2). No differences in GRFs between dominant
and nondominant limb were found (diff=0.2 N/BW,
p>0.05 Supporting Information S1: Appen-
dix A1.3). Impact: propulsion ratio was lower for elite
(1.29) than subelite players (1.42, p<0.001, Sup-
porting Information S1: Appendices A2.1 and A2.2).
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FIGURE 2 Average ground reaction forces (GRF) for a 90° change of direction in the vertical (top), anterior-posterior (middle) and medial-
lateral (bottom) components. Solid blue line represent mean over 6008 trials and shaded area represents standard deviation. Impact and
propulsion peaks are highlighted with red stars; load acceptance and propulsion areas of the curve and initial contact (IC) to impact (and lateral)
peak distance are highlighted with blue arrows. GRF are normalised on players' body weight (BW).

Examples of different GRF curve shapes with clini-
cally relevant implications were provided for each of
the three GRF components (Figure 3).

The GCT during COD was 317.4 £58.2ms. Load
and acceptance phases were 23.8% and 76.2% of the
cut stance, respectively (Table 2). vGRF impact peak
occurred on average at 32.6ms (10.4% of the cut

stance) after initial contact. Elite players had shorter
GCTs during the COD than subelite players, respec-
tively (19 ms lower total time, p<0.001, Supporting
Information S1: Appendices A1.1 and A1.2).

The multivariate linear regression showed that male
sex, lower age, subelite player level and higher
aggressiveness were statistically predictors of higher
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TABLE 2 Average and normalised ground reaction forces and ground reaction time for a 90° change of direction task.

Ground reaction force
Impact peak vVGRF
Propulsion peak vVGRF
Impact peak pGRF
Lateral peak mGRF
Impact peak mGRF
Propulsion peak mGRF

Ground contact time

Total cut time

Load acceptance phase
Propulsion phase
Impact peak vVGRF
Propulsion peak vVGRF
Impact peak pGRF
Lateral peak mGRF
Impact peak mGRF
Propulsion peak mGRF

Absolute (N)

THE ‘CUTtheACL’ STUDY

Normalised (N/BW)

Mean £ SD
1516.4 £527.5
1104.3 £232.3
-728.8 £267.9
-82.5+87.1
502.7 +205.3
482.5+138.2

Completion time (ms)

Mean + SD
317.4£58.2
74.7+42.1
242.7 +63.6
32.6+15.1
130.7 £49.6
48.0+£25.8
20.3+56.2
37.4+10.2
151.7 £65.1

95% CI Mean = SD 95% ClI
[1502.1; 1530.6] 2.48+0.79 [2.46; 2.50]
[1098.1; 1110.6] 1.80+0.28 [1.79; 1.81]
[-736.0; -721.6] -1.19+0.42 [-1.20; -1.18]
[-84.8; —80.2] -0.14+0.14 [-0.14; -0.14]
[497.2; 508.3] 0.82+0.31 [0.81; 0.83]
[478.8; 486.2] 0.79+0.19 [0.78; 0.80]
% Cut stance
95% ClI Mean + SD 95% ClI
[315.8; 319.0]
[73.5; 75.8] 23.8+12.7 [23.5; 24.2]
[241.0; 244 4] 76.2+12.7 [75.8; 76.5]
[32.2; 33.0] 10.4+4.7 [10.3; 10.6]
[129.4; 132.1] 41.5+£12.9 [41.1; 41.8]
[47.3; 48.7] 15.6+9.0 [15.3; 15.8]
[18.8; 21.8] 6.3+16.2 [5.8; 6.7]
[37.2; 37.7] 12.1+3.7 [12.0; 12.2]
[150.0; 153.5] 47.9+16.9 [47.4; 48.4]

Abbreviations: BW, bodyweight; Cl, confidence intervals; GRF, ground reaction force; m, medial; N, Newton; p, posterior; SD, standard deviation; v, vertical.

impact VGRF, although not clinically relevant as per
variance explained (adjusted-R®=0.047, p<0.001).

Rate of force acceptance and impulse

The average VRFA was 95,200+48,138 N/s (155.6 £
75.5N/s/BW) and the load acceptance impulse was
64.4+446Ns (0.10+0.07 Ns/BW, Table 3). Male
players showed higher absolute and normalised vRFA
(d>0.30, p<0.001) than female players (Supporting
Information S1: Appendix A1.1).

Propulsion and total impulse were higher in males
than female players (p <0.001, Appendix A1.1), while
no differences were found in load acceptance impulse.
Load acceptance and total impulse were higher
in subelite players than elite players (p<0.001,
Appendix A1.2).

The multivariate linear regression showed that male
sex, lower age, subelite player level and higher
aggressiveness were statistically significant predictors
of higher vRFA, although not clinically relevant as per
variance explained (adjusted-R?=0.038, p<0.001)
and that family history of ACL injury and subelite player
level was associated with high impulse (adjusted-
R?=0.014, p<0.001).

DISCUSSION

The most important finding of the present study was the
description of the GRFs of the 90° COD task from both
numerical and graphical perspectives. The GRF and
associated metrics (GCT, RFA, impulse) of the 90°
COD task were inspected according to players' char-
acteristics in the largest dataset so far in the literature
(>1000 players, >6000 trials). The present paper aimed
to provide normative data for the 90° COD kinetics that
could be extracted from a force platform only. Such
information may be beneficial both in football players'
screening and primary prevention for ACL injury, and
during the rehabilitation and return to sport (RTS)
continuum to inspect the regaining of normality range of
GRF, RFA and so on.

The GRF curves were analysed according to the
load acceptance (shock absorption) and propulsion
(force production) phases. In each phase, a peak force
could be identified. The impact vVGRF peak was the
highest in magnitude (2.48 N/BW on average) and was
in line with previous studies inspecting 90° and 110°
COD tasks kinetics [12, 44]. The propulsion peak vVGRF
was on average 39.4% lower than the impact peak
(0.7x N/BW). Uniquely, we reported and described the
nonnegligible mMGRF peak components. Other than the
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FIGURE 3 Example of ground reaction forces (GRF) curves for a 90° change of direction in the vertical (top), anterior-posterior (middle) and
medial-lateral (bottom) components. Left-side player is thought to put a greater load on the anterior cruciate ligament (high impact, anticipatory
strategy and lateral force at initial contact) than right-side player (soft impact, no anticipatory strategy, no lateral force at initial contact).

AP, anterior-posterior; BW, body weight; IC, initial contact; KAM, knee abduction moment; ML, medial-lateral.

TABLE 3 Average and normalised rate of force acceptance from initial contact to impact peak and impulse (work) for a 90° change of

direction task.

Absolute (N/s)

Normalised (N/s/BW)

Mean £ SD
Rate of force acceptance
Impact peak VGRF 95,200 + 48,138
Impact peak pGRF 22,105+17,103

Impact peak mGRF 39,900 + 21,873

Impulse

Total 251.8+62.0
Load acceptance phase 64.4+44.6
Propulsion phase 187.4 £65.1

95% ClI Mean + SD 95% CI
[93,906: 96,495] 155.6+75.5 [153.5; 157.6]
[21,645; 22,565] 36.5£28.5 [35.7; 37.3]
[39,312; 40,488] 65.2+34.4 [64.3; 66.2]
[250.1; 253.5] 0.41+0.07 [0.41; 0.41]
[63.2; 65.6] 0.10£0.07 [0.10; 0.10]
[185.7; 189.2] 0.300.09 [0.30; 0.30]

Abbreviations: BW, bodyweight; Cl, confidence intervals; GRF, ground reaction force; m, medial; N, Newton; p, posterior; SD, standard deviation; v, vertical.

impact and propulsion peak, an initial (contra) lateral
MGRF peak could be noted. The RFA and impulse
were also presented as metrics of force absorption and
dissipation [4]. The present analysis therefore provides
both a set of metrics deducible immediately after a
COD test through graphical inspection and a subset of

metrics requiring data postprocessing, offering a com-
prehensive view of the 90° COD GRF profile.

Male players exhibited higher GRFs and longer
GCTs than females during the CODs. Although a higher
absolute force is not surprising, there were still higher
values for males when expressed in relation to BW
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(although with a smaller effect size, males 11% higher).
The differences in GCT were due to the longer pro-
pulsion phase for males than female players (+19 ms),
while impact phase was comparable (-1 ms). More-
over, VRFA and impulse were greater for males than
females (8%—19%). This could be related to a more
performance-oriented approach in young male football.
It has been shown that male players have higher
functional demand than female players in training and
game, with females having lower capacity to sustain
such rapid decelerative demands at both professional
and youth levels [3, 37]. Further research should
quantify differences in peak force metrics in relation to
strength capacity (e.g., ratio of COD loads and peak
lower limb force capabilities, such as isometric mid-
thigh pull or squat assessment). When testing players
in 90° COD, a vGRF of 2.3 and 2.6 N/BW for female
and male, respectively can be considered as normative
values, with a sex-related difference of 0.3x N/BW
expected.

Players belonging to an elite football team exhibited
lower impact forces and higher propulsion forces than
subelite players both in vertical and medial-lateral
directions. Thus, elite players showed a lower impact:
propulsion ratio than subelite players (1.29 vs. 1.42).
The higher propulsion impulse for elite than subelite
players suggests a higher movement efficiency in the
former. This suggests elite players approach the COD
at greater speeds, are able to eccentrically accept more
load, do it with lower peaks, and produce subsequently
higher propulsion forces, suggestive of enhanced
stretch-shortening cycle function and COD perform-
ance. All these resulted in a GCT 19 ms less in elite
versus subelite players. GRF features related to the
propulsion phase, for example, the force production
peak, could be therefore considered as indicators of
better performance during the 90° COD and indicate a
more efficient management of the injury-performance
conflict in elite players than subelite counterparts
[14, 13].

The multiple regression analysis failed to identify
factors explaining variance in GRF outcomes (VGRF,
VRFA, impulse, Supporting Information S1: Appendi-
ces A3.1 and A3.2). Despite being significant
(p<0.05), adjusted-R? for the multiple regression
analyses ranged between 0.014 and 0.047, thus,
potentially indicating low clinical utility. According to the
analysis, being a male player, younger, with higher
aggressiveness, and playing in a subelite team was
associated with higher impact peak vGRF, vRFA and
load acceptance impulse. Although players with such
characteristics are considered at risk of sustaining an
ACL injury [8, 11], further studies are required to
understand clinically relevant factors associated with
COD Kkinetics, including, e.g., the occurrence of non-
contact ACL injuries, players’ neuromuscular perform-
ance and braking technique.

THE ‘CUTtheACL’ STUDY

The vGRF impact: propulsion was on average 1.39,
but with variance between individuals (coefficient of
variation = 33.2%, Figure 3). One in six (16%) trials had
a peak impact: propulsion force <1. A high impact to
propulsion peak ratio implies a difference in braking (or
deceleration) and propulsion (or acceleration) features
during COD. A very high vGRF (up to 7 N/BW) indi-
cates a reduced ability of the neuromuscular system to
eccentrically absorb force, leading to a more rapid and
less controlled dissipation of forces and/or an
increased decelerative demand on the final step, likely
due to suboptimal deceleration during penultimate and
antepenultimate steps [14, 13]. Research has shown
higher final step forces when penultimate step forces
are lower [13, 20]. In these cases, players may dissi-
pate the body momentum during a single final step
(‘tall-thin’ impulse shape [20]). These higher peak for-
ces during the decelerative aspect of the COD would
expose the lower limb to higher and potentially dan-
gerous forces, which would need to be accepted via the
passive restraints (e.g., tendon, ligament, joint). From a
kinematic perspective, a higher vGRF has been asso-
ciated with reduced knee and hip flexion (stiff landing
strategy) and increased foot dorsiflexion (heel strike
pattern) [6, 21, 32].

The vGRF curve may also provide implications for
COD performance, since a high impact peak that
cannot be translated into high propulsion describes a
less efficient force production and sprint in the cut
direction. According to this study results (Supporting
Information S1: Appenidx A1.2), high propulsion peak
VvGRF (>1.83N/BW) is advisable when inspecting
players' progress during (p)rehabilitation. The ratio
between impact and propulsion peak vGRF could also
be a surrogate metrics for players' deceleration/accel-
eration strategy. Further research is warranted to
understand the factors associated with high and low
impact: propulsion ratios and the clinical implication in
COD performance analysis and injury prevention.

The pGRF is usually adopted to describe the
braking forces in unidirectional movements (sprints,
running). However, due to the multidirectional nature of
the 90° COD, this parameter provides potentially in-
teresting information regarding the player's strategy
during the COD. Despite a potentially equal force ex-
erted in the first peak, the propulsion phase could be
either absent in AP direction (middle Figure 3, red
graph) or present a peak (middle Figure 3, green
graph). In the former case, no force exerted in AP
direction means that the player has already turned into
the new direction of movement, that is, describing an
anticipatory strategy; [39] in the latter case, the player
spends more time absorbing the forces in the sagittal
plane before redirecting one's body mass. On the one
hand, anticipatory cut strategies have been associated
with higher COD performances but with an increased
risk of inducing rotational components in the whole
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body, resulting in higher risk of ACL overload [14, 26].
Conversely, optimal shock absorption in sagittal plane
is targeted during the RTS phase to enhance move-
ment quality and reduce the risk of re-injury to the ACL
[9, 31, 42, 46]. Despite previous research has under-
lined the relation between high braking forces and
overuse injuries in running [40], it is important to con-
trast horizontal kinetic features with kinematics to
delineate the clinical relevance towards COD move-
ment quality in (ACL) injury prevention.

The mGREF is often neglected in biomechanical as-
sessments due to its lower magnitude compared to the
vGRF and pGRF. However, medial-lateral forces play a
pivotal role in 90° COD movements: being either ipsi-
lateral or contralateral to the cut direction, these forces
contribute to generating external knee abduction moment
(KAM) by acting on the knee moment arm (Figure 3). The
KAM has been identified as the strongest biomechanical
predictor of primary and secondary ACL injury occur-
rence [24, 25, 41]. In particular, the first contralateral
(negative) peak occurs 20.3 ms after the initial contact
and could be seen as a surrogate metrics for KAM.
Changes in lateral GRF have been found to explain a
significant portion of KAM and knee joint load distribution
variance in gait [1, 5, 45]. In high-dynamics movements,
for example, decelerations and cuts, such an association
has been identified by Havens and Sigward, Jones et al.
and Donelon et al. [11, 16, 25, 44], for what concerns both
magnitude and timing of the KAM. Despite the absence of
prospective studies and the need of further research, the
presence of a high lateral peak immediately after the
initial contact could been argued as a potential risk factor
for high KAM and subsequent risk for ACL injury. On the
other hand, higher mGRF propulsion force could be
linked to better capacity of sprinting in the new direction,
being an indication of improved performance. In the
present study, elite players showed higher mGRF than
their nonelite counterparts (Supporting Information S1:
Appendix A1.2).

The movement task under investigation was a pre-
planned COD, according to a validated protocol [9, 7].
Recent literature is suggesting the adoption of
unplanned COD tasks to challenge the players also from
a neurocognitive perspective and highlight potential risk
factors for ACL injury [10, 19, 22, 49]. Future work
should include the assessment of planned and
unplanned COD tasks with the addition of sport-specific
elements to mimic in-game situations and improve the
understanding of clinically relevant variations in GRF
features [2, 19].

The present study has some limitations. First, the
biomechanical analysis was conducted with a cross-
sectional design, so no day-to-day differences from
relevant football season time points (during competitive
season vs. season break) could be inspected [43].
Within-participant variability was presented to provide a
further clinically useful dispersion metric based on
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individual performance (Supporting Information S1:
Appendix A4). Second, no EMG data were collected
through the tests to minimise the setup complexity.
Such data could have offered interesting insights into
the joint and muscle force absorption and production in
response to the GRFs, paving the way for musculo-
skeletal modelling simulations. Last two limitations
come from the cohort under investigation. The players
were all relatively young (mean age 16.3 years) at the
time of the test. Therefore, normative data most reliably
apply to young population and might not be gen-
eralisable to adult (professional) football players. Fur-
thermore, the players were all uninjured at the time of
the test. Thus, no difference between injured and
noninjured players is possible at the current state of the
project and optimal rehabilitation progression cannot
be determined through such an analysis. Future works
on the CUTtheACL study will focus on the prospective
assessment of players biomechanics according to the
current injury surveillance.

The clinical relevance of the present study is the
production of robust benchmark data for 90° COD task
GRF and associated kinetic variables that could be
used by sports medicine and performance practitioners
involved in football players' testing. Moreover, the
description of the force-time curves presented could
help practitioners in the interpretation of the COD
movement quality immediately after a test, with no
need for technical skills and long postprocessing time.

Differences in GRF metrics within and between the
players might be adopted to inspect the eccentric and
concentric capacities of the players towards both ACL
injury prevention, RTS continuum and performance
analysis. Such practical information could help boost
the clinical use of GRFs in daily clinical environments in
the testing of football players. Further studies based on
such a benchmark might allow the understanding of the
risk factors for primary and secondary ACL injury pre-
vention [38].

CONCLUSION

Normative data and explanation of clinically relevant
GREF features were provided. Vertical and medio-lateral
GRFs and RFA could highlight poor neuromuscular
control, movement strategies that put high load on the
ACL and discriminate between male/female and elite/
subelite COD performances. Sports medicine and
performance practitioners may include the analysis of
GREF in the clinical routine for the assessment of high-
demanding movement tasks and offer insights for ACL
injury prevention.

AUTHOR CONTRIBUTIONS
Stefano Di Paolo and Francesco Della Villa conceived
the study. Luca P. Capitani, Luca Ciampone, Filippo

35U017 SUOWIWOD aAIER.D a|qedljdde ay) Aq pausenob ake sapie O 95N Jo Sa|nJ 1oy Arlq1auljuQ 8|1\ UO (SUONIPUOI-pUe-SWLB)/W0D AS | IM° A Riq 1 jpuljuo//Sdny) SUOIIPUOD pue SWid | 3Y) 89S *[9202/T0/.2] uo AriqiauluQ ABjIM ‘(Pepiues ap 0LBXSIUIA) UOSIAOLY [EUOTEN aUeIyd0D Usiteds AQ /T00.BS)/200T 0T/I0p/wod A8 | 1M Aiq i pul|uo's leuno exssa//sdny wouy pepeojumoq ‘TT ‘S20Z ‘LYELEEVT



4068
W[ L EY—Knee Surgery, Sports Traumatology, Arthroscopy

Tosarelli and Alfredo Bravo-Sanchez conducted the
data collection. Stefano Di Paolo and Margherita
Mendicino performed the data analysis, tables/figures
designs and statistical analysis. Stefano Di Paolo,
Matthew Buckthorpe and Alberto Grassi contributed to
data interpretation. Stefano Di Paolo and Matthew
Buckthorpe drafted the manuscript. Francesco Della
Villa and Stefano Zaffagnini supervised the study and
provided the equipment. All the authors revised and
approved the final version.

ACKNOWLEDGEMENTS

The authors want to thank the entire study group
involved in the CUTtheACL project and Amelie Roy for
their support in data analysis. Open access funding
provided by BIBLIOSAN.

CONFLICT OF INTEREST STATEMENT

Each author certifies that he or she has no commercial
associations (e.g., consultancies, stock ownership,
equity interest, patent/licensing arrangements, etc) that
might pose a conflict of interest in connection with the
submitted article.

DATA AVAILABILITY STATEMENT

The data that support the findings of this study are
available from the corresponding author upon reason-
able request.

ETHICS STATEMENT

This study obtained the approval from Institutional
Review Board (IRB approval: n. 283861 of 04/11/2021)
of Bioethical Committee of University of Bologna. All
the participants or their legal tutor signed informed
consent before entering the study.

ORCID
Stefano Di Paolo
1761-7352

https://orcid.org/0000-0002-

REFERENCES

1. Baniasad M, Martin R, Crevoisier X, Pichonnaz C, Becce F,
Aminian K. Knee adduction moment decomposition: toward
better clinical decision-making. Front Bioeng Biotechnol. 2022;
10:1017711. https://doi.org/10.3389/fbioe.2022.1017711

2. BoltR, Heuvelmans P, Benjaminse A, Robinson MA, Gokeler A.
An ecological dynamics approach to ACL injury risk research: a
current opinion. Sports Biomech. 2021;23(10):1592—-605.

3. Bradley PS, Dellal A, Mohr M, Castellano J, Wilkie A. Gender
differences in match performance characteristics of soccer
players competing in the UEFA Champions League. Hum
Movement Sci. 2014;33:159-71.

4. Buckthorpe M. The time has come to incorporate a greater
focus on rate of force development training in the sports injury
rehabilitation process. Muscles Ligaments Tendons J. 2017;
7(3):435-41.

5. Byrnes SK, Holder J, Stief F, Wearing S, Bhm H, Dussa CU,
et al. Frontal plane knee moment in clinical gait analysis: a
systematic review on the effect of kinematic gait changes. Gait
Posture. 2022;98:39-48.

6.

10.

1.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

THE ‘CUTtheACL’ STUDY

Cannon J, Cambridge EDJ, McGill SM. Anterior cruciate liga-
ment injury mechanisms and the kinetic chain linkage: the effect
of proximal joint stiffness on distal knee control during bilateral
landings. J Orthop Sports Phys Ther. 2019;49(8):601-10.
Della Villa F, Di Paolo S, Santagati D, Della Croce E,
Lopomo NF, Grassi A, et al. A 2D video-analysis scoring system
of 90° change of direction technique identifies football players
with high knee abduction moment. Knee Surg Sports Traumatol
Arthrosc. 2021;30(11):3616-25.

Della Villa F, Tosarelli F, Ferrari R, Grassi A, Ciampone L,
Nanni G, et al. Systematic video analysis of anterior cruciate
ligament injuries in professional male rugby players: pattern,
injury mechanism, and biomechanics in 57 consecutive cases.
Orthop J Sports Med. 2021;9(11):23259671211048182. https://
doi.org/10.1177/23259671211048182

Della Villa F, Di Paolo S, Crepaldi M, Santin P, Menditto I,
Pirli Capitani L, et al. Kinematics of 90° change of direction in
young football players: insights for ACL injury prevention from
the CUTtheACL study on 6008 trials. Knee Surg Sports
Traumatol Arthrosc Off J ESSKA. 2024.

Di Paolo S, Nijmeijer E, Bragonzoni L, Dingshoff E, Gokeler A,
Benjaminse A. Comparing lab and field agility kinematics in
young talented female football players: implications for ACL
injury prevention. Eur J Sport Sci. 2022;23(5):859-68.
Donelon TA, Dos'Santos T, Pitchers G, Brown M, Jones PA.
Biomechanical determinants of knee joint loads associated with
increased anterior cruciate ligament loading during cutting: a
systematic review and technical framework. Sports Med Open.
2020;6(1):53.

Dos'Santos T, Thomas C, Jones PA. The effect of angle on
change of direction biomechanics: comparison and inter-task
relationships. J Sports Sci. 2021;39(22):2618-31.

Dos'Santos T, Thomas C, Jones PA, Comfort P. Mechanical
determinants of faster change of direction speed performance in
male athletes. J Strength Cond Res. 2017;31(3):696-705.
Dos'Santos T, Thomas C, McBurnie A, Comfort P, Jones PA.
Biomechanical determinants of performance and injury risk
during cutting: a performance-injury conflict? Sports Med. 2021;
51(9):1983-98.

Geertsema C, Geertsema L, Farooq A, Hargy J, Oester C,
Weber A, et al. Injury prevention knowledge, beliefs and strat-
egies in elite female footballers at the FIFA Women's World Cup
France 2019. Br J Sports Med. 2021;55(14):801-6.

Ghasemi M, Sigurdsson HB, Sveinsson b, Briem K. Boys dem-
onstrate greater knee frontal moments than girls during the impact
phase of cutting maneuvers, despite age-related increases in girls.
Knee Surg Sports Traumatol Arthrosc. 2023;31(5):1833-9.
Gokeler A, Welling W, Zaffagnini S, Seil R, Padua D. Devel-
opment of a test battery to enhance safe return to sports after
anterior cruciate ligament reconstruction. Knee Surg Sports
Traumatol Arthrosc. 2017;25(1):192-9.

Gokeler A, Grassi A, Hoogeslag R, van Houten A, Lehman T,
Bolling C, et al. Return to sports after ACL injury 5 years from
now: 10 things we must do. J Exp Orthop. 2022;9(1):73.
Grooms DR, Chaput M, Simon JE, Criss CR, Myer GD,
Diekfuss JA. Combining neurocognitive and functional tests to
improve return-to-sport decisions following ACL reconstruction.
J Orthop Sports Phys Ther. 2023;53(8):415-9.

Harper DJ, McBurnie AJ, Santos TD, Eriksrud O, Evans M,
Cohen DD, et al. Biomechanical and neuromuscular perform-
ance requirements of horizontal deceleration: a review with
implications for random intermittent multi-directional sports.
Sports Med. 2022;52(10):2321-54.

Heering T, Rolley TL, Lander N, Fox A, Barnett LM, Duncan MJ.
Identifying modifiable risk factors and screening strategies
associated with anterior cruciate ligament injury risk in children
aged 6 to 13 years: a systematic review. J Sports Sci. 2023;
41(14):1337-62.

35U017 SUOWIWOD aAIER.D a|qedljdde ay) Aq pausenob ake sapie O 95N Jo Sa|nJ 1oy Arlq1auljuQ 8|1\ UO (SUONIPUOI-pUe-SWLB)/W0D AS | IM° A Riq 1 jpuljuo//Sdny) SUOIIPUOD pue SWid | 3Y) 89S *[9202/T0/.2] uo AriqiauluQ ABjIM ‘(Pepiues ap 0LBXSIUIA) UOSIAOLY [EUOTEN aUeIyd0D Usiteds AQ /T00.BS)/200T 0T/I0p/wod A8 | 1M Aiq i pul|uo's leuno exssa//sdny wouy pepeojumoq ‘TT ‘S20Z ‘LYELEEVT


https://orcid.org/0000-0002-1761-7352
https://orcid.org/0000-0002-1761-7352
https://doi.org/10.3389/fbioe.2022.1017711
https://doi.org/10.1177/23259671211048182
https://doi.org/10.1177/23259671211048182

THE ‘CUTtheACL’ STUDY

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Heuvelmans P, Di Paolo S, Benjaminse A, Bragonzoni L,
Gokeler A. Relationships between task constraints, visual
constraints, joint coordination and football-specific performance
in talented youth athletes: an ecological dynamics approach.
Percept Mot Skills. 2024;131(1):161-76.

Hewett TE, Bates NA. Preventive biomechanics: a paradigm
shift with a translational approach to injury prevention. Am
J Sports Med. 2017;45(11):2654—64.

Hewett TE, Myer GD, Kiefer AW, Ford KR. Longitudinal
increases in knee abduction moments in females during ado-
lescent growth. Med Sci Sports Exercise. 2015;47(12):
2579-85.

Jones PA, Herrington LC, Graham-Smith P. Technique de-
terminants of knee abduction moments during pivoting in female
soccer players. Clin Biomech. 2016;31:107-12.

King E, Richter C, Daniels KAJ, Franklyn-Miller A, Falvey E,
Myer GD, et al. Biomechanical but not strength or performance
measures differentiate male athletes who experience ACL re-
injury on return to level 1 sports. Am J Sports Med. 2021;49:
918-27.

Kluitenberg B, Bredeweg SW, Zijlstra S, Zijlstra W, Buist I.
Comparison of vertical ground reaction forces during over-
ground and treadmill running. A validation study. BMC
Musculoskelet Disord. 2012;13:235.

Kotsifaki A, Korakakis V, Whiteley R, Van Rossom S, Jonkers |.
Measuring only hop distance during single leg hop testing is
insufficient to detect deficits in knee function after ACL
reconstruction: a systematic review and meta-analysis. Br
J Sports Med. 2020;54(3):139-53.

Kotsifaki R, Sideris V, King E, Bahr R, Whiteley R. Performance
and symmetry measures during vertical jump testing at return to
sport after ACL reconstruction. Br J Sports Med. 2023;57(20):
1304-10.

Kuntze G, Nettel-Aguirre A, Lorenzen KN, Kipper J, Ronsky JL,
Whittaker JL, et al. Vertical drop jump biomechanics of patients
with a 3- to 10-year history of youth sport-related anterior cru-
ciate ligament reconstruction. Orthop J Sports Med. 2021;
9(12):23259671211058105. https://doi.org/10.1177/232596712
11058105

Leppanen M, Pasanen K, Krosshaug T, Kannus P, Vasankari T,
Kujala UM, et al. Sagittal plane hip, knee, and ankle biomechanics
and the risk of anterior cruciate ligament injury: a prospective
study. Orthop J Sports Med. 2017;5(12):2325967117745487.
https://doi.org/10.1177/2325967117745487

Leppanen M, Pasanen K, Kujala UM, Vasankari T, Kannus P,
Ayramé S, et al. Stiff landings are associated with increased
ACL injury risk in young female basketball and floorball players.
Am J Sports Med. 2017;45(2):386-93.

Lisee C, Birchmeier T, Yan A, Geers B, O'Hagan K, Davis C,
et al. The relationship between vertical ground reaction force,
loading rate, and sound characteristics during a single-leg
landing. J Sport Rehabil. 2020;29(5):541-6.

MacAlpine EM, Talwar D, Storey EP, Doroshow SM,
Lawrence JTR. Weight gain after ACL reconstruction in pedi-
atric and adolescent patients. Sports Health Multidiscipl
Approach. 2020;12(1):29-35.

Maniar N, Schache AG, Cole MH, Opar DA. Lower-limb muscle
function during sidestep cutting. J Biomech. 2019;82:186-92.
McBurnie AJ, Dos'Santos T, Jones PA. Biomechanical associ-
ates of performance and knee joint loads during a 70-90° cut-
ting maneuver in subelite soccer players. J Strength Condition
Res. 2021;35:3190-8.

McFadden BA, Walker AJ, Bozzini BN, Sanders DJ, Arent SM.
Comparison of internal and external training loads in male and
female collegiate soccer players during practices vs. games.
J Strength Cond Res. 2020;34(4):969-74.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

4069
Knee Surgery, Sports Traumatology, Arthroscopy—W] LEY

van Melick N, Senorski EH, Krolikowska A, Prill R. Anterior
cruciate ligament reconstruction rehabilitation: decades of
change. Knee Surg Sports Traumatol Arthrosc. 2025;33(4):
1178-82.

Mornieux G, Gehring D, First P, Gollhofer A. Anticipatory
postural adjustments during cutting manoeuvres in football and
their consequences for knee injury risk. J Sports Sci. 2014;
32(13):1255-62.

Napier C, MacLean CL, Maurer J, Taunton JE, Hunt MA. Kinetic
risk factors of running-related injuries in female recreational
runners. Scand J Med Sci Sports. 2018;28(10):2164-72.
Navacchia A, Bates NA, Schilaty ND, Krych AJ, Hewett TE.
Knee abduction and internal rotation moments increase ACL
force during landing through the posterior slope of the tibia.
J Orthop Res. 2019;37(8):1730-42.

Paterno MV, Kiefer AW, Bonnette S, Riley MA, Schmitt LC,
Ford KR, et al. Prospectively identified deficits in sagittal plane
hip-ankle coordination in female athletes who sustain a second
anterior cruciate ligament injury after anterior cruciate ligament
reconstruction and return to sport. Clin Biomech. 2015;30(10):
1094-101.

Prill R, Krolikowska A, de Girolamo L, Becker R, Karlsson J.
Checklists, risk of bias tools, and reporting guidelines for
research in orthopedics, sports medicine, and rehabilitation.
Knee Surg Sports Traumatol Arthrosc. 2023;31(8):3029-33.
Sigward SM, Cesar GM, Havens KL. Predictors of frontal plane
knee moments during side-step cutting to 45 and 110 degrees
in men and women: implications for anterior cruciate ligament
injury. Clin J Sport Med. 2015;25(6):529-34.

Simic M, Hinman RS, Wrigley TV, Bennell KL, Hunt MA. Gait
modification strategies for altering medial knee joint load: a
systematic review. Arthr Care Res. 2011;63(3):405-26.
Thompson JA, Tran AA, Gatewood CT, Shultz R, Silder A,
Delp SL, et al. Biomechanical effects of an injury prevention
program in preadolescent female soccer athletes. Am J Sports
Med. 2017;45(2):294-301.

Tillin NA, Jimenez-Reyes P, Pain MTG, Folland JP. Neuromuscular
performance of explosive power athletes versus untrained in-
dividuals. Med Sci Sports Exercise. 2010;42(4):781-90.

Watson A, Mjaanes JM, LaBella CR, Brooks MA, Canty G,
Diamond AB, et al. Soccer injuries in children and adolescents.
Pediatrics. 2019;144(5):e20192759. https://doi.org/10.1542/
peds.2019-2759

Weir G, van Emmerik R, Jewell C, Hamill J. Coordination and
variability during anticipated and unanticipated sidestepping.
Gait Posture. 2019;67:1-8.

SUPPORTING INFORMATION

Additional supporting information can be found online
in the Supporting Information section at the end of this
article.

How to cite this article: Di Paolo S, Buckthorpe
M, Capitani LP, Ciampone L, Bravo-Sanchez A,
Mendicino M, et al. Boosting the clinical use of
ground reaction forces in anterior cruciate ligament
injury prevention: the ‘CUTtheACL’ study. Knee
Surg Sports Traumatol Arthrosc. 2025;33:4059-69.
https://doi.org/10.1002/ksa.70017

35U017 SUOWIWOD aAIER.D a|qedljdde ay) Aq pausenob ake sapie O 95N Jo Sa|nJ 1oy Arlq1auljuQ 8|1\ UO (SUONIPUOI-pUe-SWLB)/W0D AS | IM° A Riq 1 jpuljuo//Sdny) SUOIIPUOD pue SWid | 3Y) 89S *[9202/T0/.2] uo AriqiauluQ ABjIM ‘(Pepiues ap 0LBXSIUIA) UOSIAOLY [EUOTEN aUeIyd0D Usiteds AQ /T00.BS)/200T 0T/I0p/wod A8 | 1M Aiq i pul|uo's leuno exssa//sdny wouy pepeojumoq ‘TT ‘S20Z ‘LYELEEVT


https://doi.org/10.1177/23259671211058105
https://doi.org/10.1177/23259671211058105
https://doi.org/10.1177/2325967117745487
https://doi.org/10.1542/peds.2019-2759
https://doi.org/10.1542/peds.2019-2759
https://doi.org/10.1002/ksa.70017

	Boosting the clinical use of ground reaction forces in anterior cruciate ligament injury prevention: The 'CUTtheACL' study
	INTRODUCTION
	MATERIALS AND METHODS
	Study population
	Study procedure
	Data Processing
	Statistical analysis

	RESULTS
	Ground reaction force and ground reaction time
	Rate of force acceptance and impulse

	DISCUSSION
	CONCLUSION
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGEMENTS
	CONFLICT OF INTEREST STATEMENT
	DATA AVAILABILITY STATEMENT
	ETHICS STATEMENT
	ORCID
	REFERENCES
	SUPPORTING INFORMATION




