
Original Research 

Individualized Technique Feedback for Instant Technique       
Improvements and Knee Abduction Moment Reductions – A New          
Approach for ‘Sidestepping’ ACL Injuries?      
Kevin Bill1a, Patrick Mai1,2,3, Lasse Mausehund4, Sigurd Solbakken5, Tron Krosshaug4, Uwe G. Kersting1 

1 Institute of Biomechanics and Orthopaedics, German Sport University Cologne, 2 Department of Physical Performance, Norwegian School of Sport 
Sciences, 3 Institute of Advanced Biomechanics and Motion Studies, Offenburg University of Applied Sciences, 4 Oslo Sports Trauma Research Center, 
Department of Sports Medicine, Norwegian School of Sport Sciences, 5 Department of Sports Medicine, Norwegian School of Sport Sciences 

Keywords: biomechanics, injury, knee, prevention, sidestep cutting 

https://doi.org/10.26603/001c.116274 

International Journal of Sports Physical Therapy 
Vol. 19, Issue 5, 2024 

Background  
Sidestep cutting technique is highly individual and has been shown to influence knee 
joint loading. However, studies assessing whether individualized technique feedback 
improves technique and ACL injury-relevant knee joint loads instantly in a sport-specific 
task are lacking. 

Purpose  
To determine the instant effects of individualized augmented technique feedback and 
instructions on technique and the peak external knee abduction moment (pKAM) in a 
handball-specific sidestep cut. Additionally, to determine the effects of technique 
modifications on the resultant ground reaction force and its frontal plane moment arm to 
the knee joint center. 

Study Design   
Controlled laboratory cohort study 

Methods  
Three-dimensional biomechanics of 48 adolescent female handball players were recorded 
during a handball-specific sidestep cut. Following baseline cuts to each side, leg-specific 
visual and verbal technique feedback on foot strike angle, knee valgus motion, or vertical 
impact velocity using a hierarchically organized structure accounting for the variables’ 
association with performance was provided. Subsequently, sidestep cuts were performed 
again while verbal instructions were provided to guide technique modifications. 
Combined effects of feedback and instructions on technique and pKAM as well as on the 
resultant ground reaction force and its frontal plane moment arm to the knee joint center 
were assessed. 

Results  
On average, each targeted technique variable improved following feedback and 
instructions, leading to instant reductions in pKAM of 13.4% to 17.1%. High 
inter-individual differences in response to feedback-instruction combinations were 
observed. These differences were evident in both the adherence to instructions and the 
impact on pKAM and its components. 
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Conclusion  
Most players were able to instantly adapt their technique and decrease ACL 
injury-relevant knee joint loads through individualized augmented technique feedback, 
thereby potentially reducing the risk of injury. More research is needed to assess the 
retention of these adaptations and move towards on-field technique assessments using 
low-cost equipment. 

Level of Evidence:    
Level 3 

The anterior cruciate ligament (ACL) is a crucial struc-
ture of the knee joint that serves multiple vital functions, 
including resistance against anterior tibial translation, tib-
ial internal-external rotation, and varus-valgus angula-
tion.1 The importance of the ACL becomes especially evi-
dent in team ball sports, where non-contact ACL injuries 
are highly prevalent, especially in female athletes.2 These 
injuries often occur during dynamic jump landings or cut-
ting maneuvers,3,4 where the ligament’s ability to resist the 
aforementioned loads is paramount for maintaining knee 
joint stability and function. Regardless of whether a sur-
gical procedure or conservative approach is chosen, more 
than half the athletes sustaining an ACL injury will have 
developed osteoarthritis 10 – 20 years later, often resulting 
in chronic pain and disability.5,6 Therefore, preventing ACL 
injuries is essential to preserving the overall health and 
performance of athletes. However, since non-contact ACL 
tears occur rapidly, typically within 40 milliseconds after 
initial contact of the foot with the ground,3 sensory feed-
back strategies are too slow to correct the movement pat-
tern after contact between the foot and the ground has been 
made. This suggests that feed-forward strategies aiming at 
adopting a safe posture at initial ground contact need to be 
targeted in injury prevention programs to mitigate the risk 
of ACL injury. 

While real-time feedback solutions on joint biomechan-
ics to facilitate motor learning have been proven successful 
in, e.g., gait retraining studies,7 the highly dynamic nature 
of landing and cutting tasks makes real-time solutions un-
suitable. Therefore, researchers are challenged with devel-
oping solutions to provide feedback shortly after the com-
pletion of the movement. A systematic review and 
meta-analysis8 investigating the effects of augmented feed-
back on jump landing technique found positive effects on 
sagittal plane hip and knee kinematics and vertical ground 
reaction forces (GRF). However, little effect was observed 
on frontal plane biomechanics, which are crucial for re-
ducing the magnitude of the peak external knee abduction 
moment (pKAM). Previous research strongly suggests that 
pKAM and the resulting knee valgus are main components 
of the injury mechanism.3,4,9,10 While a large amount of 
feedback interventions have focused on drop vertical 
jumps,8,11 this task might lack external validity and might 
therefore be unsuitable as a screening task for females par-
ticipating in team ball sports.12 Hence, adequately de-
signed studies investigating the immediate effect of aug-
mented feedback on team ball sport-specific tasks are 
lacking. Further, while previous work has mainly focused on 
a single a priori selected variable for feedback, an individ-

ualized approach with the feedback variable tailored to an 
individual’s technique might improve the outcome of feed-
back interventions. 

Therefore, the primary purpose of this study was to as-
sess the instant effect of individualized augmented tech-
nique feedback and instructions on technique and pKAM 
during a handball-specific sidestep cut. It was hypothesized 
that highly trained players are able to adapt their technique 
after a combination of visual and verbal expert feedback 
and internally- and externally directed verbal instructions. 
Furthermore, since injury prevention programs usually re-
port group means, thereby potentially concealing meaning-
ful individual responses,13 the relative shares at which the 
feedback-instruction combinations translated to technique 
improvements and pKAM reductions were determined. The 
secondary purpose of the study was to determine the effects 
of the feedback-instruction combinations on the individual 
pKAM components, i.e., the resultant GRF and its frontal 
plane moment arm to the knee joint center. It was hypothe-
sized that feedback aiming at improved foot strike angles or 
reduced vertical impact velocities reduces GRF magnitudes 
while feedback aiming at a reduction in knee valgus motion 
reduces the GRF moment arm to the knee joint center. 

MATERIALS AND METHODS 
SUBJECTS 

A total of forty-eight female high-level handball players 
were recruited. All played in the first, second or third Nor-
wegian division. Prior to the commencement of the study, 
all players confirmed that they were free from any injuries 
or pain. Informed written consent was obtained from all 
players, and the study protocol received approval from the 
University Ethics Committee. 

TESTING 

Each player was outfitted with a full-body marker set of 
82 retro-reflective markers. The marker data were acquired 
using a system comprising 23 infrared cameras (Qualisys, 
Gothenburg, Sweden, 200 Hz). Additionally, GRF data were 
recorded using two floor-embedded force platforms (AMTI, 
Watertown, MA, USA; 600 x 1200 mm, 1000 Hz). 

The players underwent a standardized warm-up and fa-
miliarization period. Subsequently, the players accelerated 
over a distance of six meters and approached the force plat-
forms at an approximate angle of 35° to the longitudinal 
axis of the runway. The players received a pass from an ex-
perienced handball player during the penultimate step and 
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Figure 1. Full feedback procedure.    
A: Players performed three valid handball-specific sidestep cuts on each leg that served as their baseline (PRE) values. The order of legs was randomized. B: Assessment of technique 
variables and their magnitudes of the first leg. C: Visual feedback with bar graphs and stick figures and standardized verbal feedback for the first leg. Feedback was provided on the 
peak external knee abduction moment (pKAM) and the first technique variable in the hierarchical order of foot strike angle (FSA), knee valgus angle (VAL), and vertical impact veloc-
ity (VIV) that exceeded its predefined cut-off value. D: Players performed three valid post-feedback (POST) cuts. Verbal instructions using a combination of internally- and externally-
directed foci of attention were provided before each POST cut to guide technique modifications. E: Assessment of pKAM and presentation of results (bar graphs, stick figures) to play-
ers. When feedback ceased, focus shifted to the other leg, starting with step C. 

subsequently executed a handball-specific sidestep cutting 
maneuver to pass a static human defender (Figure 1). Each 
player performed three valid cuts on each leg, which served 
as their individual baseline (PRE). 

Following the completion of the PRE cuts, the players 
received personalized feedback regarding their individual 
pKAM and cutting technique for each leg (see Variable se-
lection and feedback structure). 

FEEDBACK COMPONENT AND DATA PROCESSING 

The feedback component in this study was implemented 
using a custom MATLAB application (R2021b, The Math-
works Inc., Natick, Massachusetts, USA).14 The Automatic 
Identification of Markers (AIM) and Project Automation 
Framework (PAF) features, integrated into Qualisys Track 
Manager, were employed for automatic export of marker 
trajectories and GRF after each recorded trial. Concurrently, 
the MATLAB application continuously scanned the desig-
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nated folder in the background to immediately process any 
newly recorded trial and plot results. 

The joint centers of the ankle and knee were determined 
as the midpoint between the malleoli and epicondyle mark-
ers, respectively. The hip joint center was determined using 
the methodology described by Harrington et al.15 Segmen-
tal inertial properties were calculated based on regression 
equations from de Leva.16 The stance phase was defined 
as the period during which the unfiltered vertical GRF ex-
ceeded 30 N. All marker trajectories and GRF were filtered 
using a fourth-order low-pass Butterworth filter with a cut-
off frequency of 20 Hz.17,18 

To ensure the exclusion of invalid trials, a function was 
implemented to verify the accurate positioning of the foot 
within the boundaries of the force platform. After perform-
ing automated inverse dynamics calculations,19 pKAM nor-
malized to body mass within the first 60 milliseconds of 
stance and technique variables at initial ground contact 
were computed. Following all calculations, essential kine-
matic and kinetic data were plotted and visible to the prin-
cipal investigator to ensure data validity. The calculation 
and plotting of the results were completed within three sec-
onds after each recording. 

VARIABLE SELECTION AND FEEDBACK STRUCTURE 

Technique variables, i.e., foot strike angle (FSA), knee val-
gus angle (VAL), and vertical impact velocity of the center 
of mass (VIV), were chosen based on their established asso-
ciation with pKAM in female handball players.20,21 Cut-off 
values were set conservatively using a previously collected 
dataset.22 (Figure 1) Those cut-off values were: 

As high within-player differences in pKAM and tech-
nique were evident during pilot testing between cuts per-
formed with the left and right leg, feedback was provided 
leg-specific. Players received feedback on the first variable 
in the hierarchical order of 1) FSA, 2) VAL, and 3) VIV that 
exhibited values exceeding its cut-off. FSA served as the 
primary feedback variable due to its strong association with 
ACL injury and pKAM in various sports4,20,23‑26 and its as-
sociation with performance.27 Knee valgus angle served as 
the second priority despite its established association with 
pKAM and ACL injury4,20,26,28 due to its absent relationship 
with performance.27 While longer airtime might make the 
cuts less efficient, some athletes could rely on that tech-
nique to better execute a fake, however, sufficient data on 
this variable’s relationship with performance are lacking. 

Therefore, VIV feedback was the lowest priority in the feed-
back hierarchy (Figures 1 – 3). 

Applying the same approach as for technique variables, 
a mean pKAM cut-off value of 1.45 Nm/kg was determined. 
This, along with the number of technique variables sur-
passing cut-off values at PRE, defined the maximum num-
ber of feedback cycles (see Communication to Players and 
Post-feedback Testing). 

COMMUNICATION TO PLAYERS AND POST-FEEDBACK 
TESTING 

Players received instant visual feedback through bar graphs 
displaying the magnitude of pKAM and technique variables, 
along with stick figure representations of their movements 
including the GRF vector (Figure 2), displayed on a 65-inch 
screen. All players received standardized information on 
knee abduction moments and feedback (Table 1) on the 
first technique variable in the hierarchy exceeding a cut-
off value. Subsequently, players performed three post-feed-
back (POST) cuts. Verbal instructions combining internally- 
and externally directed foci of attention were provided by 
the static human defender for each technique variable be-
fore each POST cut to guide technique modifications (Fig-
ure 1 and Table 1). Due to the previously reported relation-
ship between approach speed and pKAM (20), a function in 
the custom MATLAB application rendered all POST trials 
performed with less than 90% of the mean PRE approach 
speed invalid. Following the POST cuts, outcomes were dis-
cussed. If pKAM was ≥ 1.45 Nm/kg at PRE and POST, and 
more than one technique variable exceeded its cut-off value 
at PRE, feedback on the next technique variable in the hi-
erarchy exceeding its cut-off at PRE was provided. If PRE 
pKAM was < 1.45 Nm/kg or POST pKAM fell below that cut-
off, or if only one technique variable exceeded its cut-off at 
PRE, the focus shifted to the other leg, and the same pro-
cedure consisting of PRE information and feedback as well 
as three POST cuts with verbal instructions was followed. 
For legs with no technique variable in excess of a cut-off 
value, sham feedback was provided on the first technique 
variable of the contralateral leg exceeding the cut-off. If no 
technique variable exceeded a cut-off in either leg, sham 
FSA feedback was provided for both legs (Figure 1). Hence, 
feedback was offered to all players after each leg. As the 
present study was an initial step in a comprehensive inter-
vention study, this choice warranted uniform conditions for 
both intervention and control groups at the start of the pro-
gram. Nevertheless, potential effects of sham feedback were 
disregarded in the analysis. 

STATISTICAL ANALYSES 

POST values for technique variables (FSA, VAL, and VIV) 
and pKAM were compared to their respective PRE values. 
Additionally, to better understand the mechanisms through 
which feedback affects pKAM, the resultant GRF at pKAM 
and its frontal plane moment arm to the knee joint center 
were compared between PRE and POST. 

Data normality was assessed, and Student t-tests and 
Wilcoxon signed-rank tests were performed for normally 

• Mean FSA ≤ 6.8° (67th percentile in previously col-
lected dataset; a negative angle corresponds to a 
rearfoot strike), 

• Mean VAL ≤ -4.1° (67th percentile in previously col-
lected dataset; a negative value corresponds to an in-
crease in knee valgus at initial ground contact rela-
tive to the standing reference trial), and 

• Mean VIV ≥ 1.67 m/s (33rd percentile in previously 
collected dataset; a higher value corresponds to an 
increased vertical impact velocity of the center of 
mass). 
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Figure 2. Visual feedback provided to a player after three baseline (PRE) cuts per leg.              
The left and right stick figures represent the player’s posture during the most recently performed cut at initial ground contact and at peak external knee abduction moment (pKAM), 
respectively. The bar graphs from top to bottom indicate pKAM within the first 60 milliseconds of stance, foot strike angle (FSA), knee valgus angle (VAL), and vertical impact velocity 
(VIV). Gray bars represent left-legged cuts, black bars represent right-legged cuts, vertical lines represent means over three cuts. Red patches indicate values exceeding the cut-off 
(not shown for VIV since magnitudes for this player were well below that cut-off). This player went on to receive FSA feedback for the right leg and VAL feedback for the left leg. 

Table 1. Standardized feedback information and instructions provided to the players after baseline (PRE) and              
before each post-feedback (POST) cut, respectively.       

Variable Expert information after PRE cuts Verbal instructions 
provided before each 

POST cut 

External knee 
abduction 
moment 

“An external knee abduction moment is a rotational force around your knee joint 
that can cause your knee to move inward, increasing the risk of knee injuries. By 
reducing the force, illustrated by the length of the arrow here, or bringing it closer 
to the knee joint, we aim to decrease the knee abduction moment shown in this 
graph. Targeted instructions will be provided to help you achieve this reduction.” 

– 

Foot strike angle “The foot strike angle indicates how your foot lands when you cut. Landing 
flatfooted or with the heel first, corresponding to low or negative values in the 
graph, is associated with elevated knee abduction moments. To avoid this, try to 
land softly and with your forefoot first, corresponding to high values in the graph.” 

“Land softly and on 
your forefoot first.” 

Knee valgus angle “The knee valgus angle indicates the alignment of your knee between your foot 
and hip when you land. If your knee moves inward, corresponding to negative 
values in the graph, it can contribute to elevated knee abduction moments. To 
avoid this, press your foot and knee out to maintain proper alignment, 
corresponding to values close to zero in the graph.” 

“Avoid your knee 
falling inward by 
pressing your foot 
and knee out.” 

Vertical impact 
velocity 

“The vertical impact velocity indicates how fast your body moves downward and 
results from the height of your jump before the cut. High vertical impact 
velocities, corresponding to high values in the graph, are associated with elevated 
knee abduction moments. To make your cut more efficient, try jumping less high 
before the cut, corresponding to low values in the graph.” 

“Make your cut more 
efficient by jumping 
less high before the 
cut.” 

and non-normally distributed data, respectively. Effect 
sizes were calculated using Cohen’s d (for normally distrib-
uted data) and the rank biserial correlation coefficient, rrb 
(for non-normally distributed data). Significance was set at 
α = .05, and all statistical analyses were performed with 
JASP (Version 0.16.3, University of Amsterdam, Amster-
dam, The Netherlands). 

RESULTS 

Forty-eight female high-level handball players (mean ± SD: 
16.7 ± 0.9 years, height: 1.72 ± 0.06 m, weight: 68.7 ± 8.9 kg) 
voluntarily participated in this study. The players reported 
their weekly handball training, strength training, and active 
game minutes as 480 ± 121 minutes, 216 ± 65 minutes, and 
42 ± 23 minutes, respectively. From the initial sample of 
96 legs (48 players), four legs were excluded due to four 
players having difficulties performing sidestep cuts on the 
non-preferred leg. As a result, a final sample of 92 legs was 
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Figure 3. Flow chart of the provided feedback and instructions.         

considered for analysis. Among this refined sample, sham 
feedback was administered on 17 occasions, with sham FSA 
feedback being provided in 15 instances, and sham VAL and 
sham VIV feedback each provided once. These instances of 
sham feedback were subsequently excluded from the analy-
sis. The final analysis comprised 75 legs (Figure 3). 

FEEDBACK DISTRIBUTION 

In total, 29 legs exhibited pKAM ≥ 1.45 Nm/kg at PRE. Out 
of these 29 legs, 14 legs also displayed multiple technique 
variables exceeding their cut-off, thus rendering them eli-
gible for multiple cycles of feedback. Of these 14 legs, eight 
legs went through a single cycle of feedback before falling 

below the pKAM cut-off of 1.45 Nm/kg, while six legs went 
through two cycles of feedback. No leg went through all 
three cycles of feedback. 

FSA feedback was given a total of 60 times. While 36 legs 
were eligible for VAL feedback and 12 legs were eligible for 
VIV feedback (Figure 3), VAL and VIV feedback were pro-
vided only 16 and five times, respectively, due to the hi-
erarchical feedback structure (Figure 1). In short, the 20 
instances in which VAL feedback was not provided can be 
explained by 11 cases in which these legs also exhibited 
poor foot strike angles (≤ 6.8°) but low pKAM (< 1.45 Nm/
kg) at PRE so that only feedback on the foot strike angle 
was provided. In the remaining nine cases, the legs also ex-
hibited poor foot strike angles (≤ 6.8°) combined with high 
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pKAM (≥ 1.45 Nm/kg) at PRE while successfully decreasing 
their pKAM below 1.45 Nm/kg at POST so that no feedback 
beyond the one targeting the foot strike angle was provided. 

FEEDBACK RESPONSE 

FSA feedback resulted in an improvement in foot strike an-
gle of 12.7° (95% CI [10.5, inf]) on average (PRE vs. POST: 
-4.8 ± 8.4° vs. 7.9 ± 10.3°; p < 0.001, d = -1.26). Out of 
60 legs, 41 legs (68.3%) showed improvements above the 
cut-off value of 6.8° at POST (Figure 4A). Importantly, FSA 
feedback resulted in a median reduction in pKAM of 0.14 
Nm/kg (95% CI for Hodges-Lehmann Estimate [0.04, 0.24]) 
or 13.4% on average (PRE vs. POST: 1.19 ± 0.47 vs. 1.03 ± 
0.46; p = 0.003, rrb = .40). Among the 20 legs with pKAM ≥ 
1.45 Nm/kg at PRE, 14 legs (70%) improved to values below 
the cut-off at POST (Figure 4D). The resultant GRF at pKAM 
decreased by 2.7 N/kg (95% CI [1.0, inf]) or 13.8% on aver-
age (PRE vs. POST: 19.6 ± 6.2 N/kg vs. 16.9 ± 6.2; p = 0.004, 
d = 0.36). Changes in the frontal plane GRF moment arm to 
the knee joint center at pKAM (-0.2 cm, 95% CI [-0.9, 0.5], 
or -3.0%) were not statistically significantly different (PRE 
vs. POST: 6.6 ± 2.9 cm vs. 6.4 ± 2.7 cm; p = 0.590, d = 0.07) 
(Figure 4G). 

VAL feedback resulted in a reduction in knee valgus an-
gle of 1.5° (95% CI [0.3, inf]) on average (PRE vs. POST: 
-6.8 ± 2.1° vs. -5.3 ± 2.1°; p = 0.022, d = -0.55). Among the 
16 legs, four legs (25%) successfully improved beyond the 
cut-off of -4.1° after VAL feedback (Figure 4B). Importantly, 
VAL feedback significantly reduced pKAM by 0.28 Nm/kg 
(95% CI [0.05, 0.51]) or 17.1% on average (PRE vs. POST: 
1.64 ± 0.54 vs. 1.36 ± 0.44; p = 0.020, d = 0.65). Among 
the 11 legs with PRE pKAM ≥ 1.45 Nm/kg, six legs (54.5%) 
improved to values below the cut-off at POST (Figure 4E). 
Changes in the resultant GRF at pKAM (-0.43 N/kg, 95% CI 
[-3.0, 2.1], or -2.3%; PRE vs. POST: 17.4 ± 5.4 N/kg vs. 17.0 ± 
7.0; p = 0.725, d = 0.09) and the frontal plane GRF moment 
arm to the knee joint center at pKAM (-0.8 cm, 95% CI [-inf, 
0.3], or -8.2%; PRE vs. POST: 9.7 ± 1.2 cm vs. 8.9 ± 2.9 cm; p 
= 0.110, d = 0.32) were not statistically significantly differ-
ent (Figure 4H). 

VIV feedback significantly reduced the vertical impact 
velocity by 0.35 m/s (95% CI [0.15, inf]) or 19.0% on average 
(PRE vs. POST: 1.84 ± 0.14 m/s vs. 1.49 ± 0.17 m/s; p = 
0.010, d = 1.66). Out of five legs, four legs (80%) achieved 
values below the cut-off of 1.67 m/s at POST (Figure 4C). 
Changes in pKAM (-0.20 Nm/kg, 95% CI [-0.68, 0.29], or 
-14.4%; PRE vs. POST: 1.32 ± 0.54 vs. 1.13 ± 0.52; p = 0.328, 
d = 0.50) were not statistically significantly different. None 
of the two legs with pKAM ≥ 1.45 Nm/kg at PRE improved 
to values below the cut-off at POST (Figure 4F). Changes in 
the resultant GRF at pKAM (-2.8 N/kg, 95% CI [-inf, 1.3], or 
-17.3%; PRE vs. POST: 16.2 ± 4.7 N/kg vs. 13.4 ± 4.2; p = 
0.108, d = 0.66) and the frontal plane GRF moment arm to 
the knee joint center at pKAM (-0.1 cm, 95% CI [-1.9, 1.8], 
or -1.2%; PRE vs. POST: 8.4 ± 2.2 cm vs. 8.3 ± 2.7 cm; p = 
0.925, d = 0.05) were not statistically significantly different 
(Figure 4I). 

DISCUSSION 

The primary objective of this study was to investigate the 
effect of individualized augmented feedback and instruc-
tions on cutting technique and pKAM during handball-spe-
cific sidestep cutting in female athletes. On average, all 
three targeted technique variables improved with medium 
to very strong effect sizes. Interestingly, despite large vari-
ations in both sample size and relative adherence to the 
instructions, all three targeted technique modifications 
yielded similar relative reductions in pKAM with medium 
effect sizes. This finding supports the high potential of 
feedback interventions addressing knee joint loading and 
suggests that even minor technique adjustments, as ob-
served following VAL feedback, can lead to substantial re-
ductions in pKAM. However, it is important to acknowledge 
the high inter-individual differences in technique and 
pKAM that persisted even after feedback and instructions. 
Adherence to the provided instructions did not consistently 
lead to reductions in pKAM, highlighting the complex na-
ture of technique modifications and individual responses to 
feedback. 

In scenarios where multiple variables exceeded their 
predefined cut-off value, the selection of the feedback vari-
able was contingent upon PRE pKAM magnitudes and the 
variables’ performance-related relevance. Foot strike angle 
served as the primary feedback variable due to its strong 
association with ACL injury and pKAM in various sports4,

20,23‑26 and its positive effect on performance.27 Knee val-
gus angle was believed to be more challenging to modify in-
stantaneously and seems to have no relationship with per-
formance.27 It was therefore selected as the second priority 
for feedback despite its established association with pKAM 
and ACL injury.4,20,26,28 Spending more time airborne could 
reduce the efficiency of cuts, yet it might enable players to 
more effectively deceive or misdirect opponents. Therefore, 
VIV feedback was the last priority in the feedback hierar-
chy. The authors believe that reducing the vertical impact 
velocity might hold a distinct advantage over previously 
proposed variables such as the knee flexion angle or range 
of motion that are common targets for technique mod-
ifications.29‑31 Increasing the knee flexion range of mo-
tion aims at dragging out the deceleration period to reduce 
the peak vertical GRF. By doing so, ground contact times 
might increase, and performance deteriorate.27 Lower ver-
tical impact velocities reduce the need for high vertically-
directed decelerating forces, thereby reducing the need for 
prolonged deceleration phases and increased contact times. 

Knee valgus angle and vertical impact velocity have been 
previously shown to be consistently increased in handball 
players showing high pKAM across handball-specific side-
step cuts of varying complexity.21 The authors of that study 
therefore suggested these variables might be part of the 
players’ inherent movement strategy. In that same dataset, 
the same task complexity used in the present study was 
the only one that, on average, provoked a rearfoot strike 
and, additionally, produced the highest pKAM across dif-
ferently complex cutting maneuvers. Other technique vari-
ables such as the width of the cut, cutting angle, and ap-
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Figure 4. Results for the three feedback-instruction combinations targeting the foot strike angle (FSA; left              
column), knee valgus angle (VAL; middle column), and vertical impact velocity (VIV; right column).               
A) – C): Technique at baseline (PRE) and after feedback (POST). The left portion of each figure shows the technique at baseline (PRE) while the right portion shows the technique af-
ter feedback (POST). Red patches in the background represent values exceeding the respective technique variable’s cut-off. Dots represent individual legs, and dots with white edges 
represent means. To relate these values to each leg’s peak external knee abduction moment (pKAM), larger dots indicate higher pKAM, and black and red dots indicate legs below and 
above the pKAM cut-off, respectively. Gray-shaded areas represent the distribution density with horizontal lines indicating interquartile ranges and medians. 
D) – F): pKAM at baseline (PRE) and after feedback (POST). The left portion of each figure shows the pKAM at baseline (PRE) while the right portion shows the pKAM after technique 
feedback (POST). Red patches in the background represent values exceeding the pKAM cut-off. Dots represent individual legs, and dots with white edges represent means. To relate 
these values to each leg’s technique, larger dots indicate more unfavorable technique, and black and red dots indicate values below or in excess of the respective technique variable’s 
cut-off, respectively. Gray-shaded areas represent the distribution density with horizontal lines indicating interquartile ranges and medians. 
G) – I): Absolute changes in the resultant ground reaction force (GRF) at pKAM (vertical axis) and its frontal plane moment arm (horizontal axis). Larger dots indicate higher pKAM at 
baseline (PRE), and black and red dots indicate pKAM magnitudes below and above the pKAM cut-off, respectively. 

proach speed have been previously shown to explain a large 
proportion of the variance in pKAM.20 However, they did 
not differ between players showing consistently high and 
low pKAM across different sidestep cut complexities and 
are therefore potentially not part of a player’s automated 
motor program used across different game scenarios. Fur-
thermore, changes to these variables might have detrimen-
tal effects on performance27 and might therefore be unat-
tractive to players and coaches. Therefore, these variables 
were not part of the feedback variables of the present study. 
It is interesting to note that the foot strike angle (“toe land-
ing”) and knee valgus angle were also significant predictors 
of pKAM in the study by Kristianslund and colleagues.20 

Employing cut-off values as criteria for assessing tech-
nique improvements following feedback yielded improve-
ments in 68.3%, 25%, and 80% of the cases following FSA, 
VAL, and VIV feedback, respectively. However, even slight 

improvements in technique might have substantial effects 
on pKAM as evident with VAL feedback. Using the cut-
off values to assess technique enhancements resulted in 
the lowest percentage of improvement in that group, how-
ever, it demonstrated the highest pKAM at PRE and the 
highest relative (-17.1%) and absolute reductions in pKAM 
(-0.28 Nm/kg) at POST, highlighting the relationship be-
tween knee valgus angle and pKAM and the potential of the 
variable in reducing frontal plane knee joint loading. Look-
ing at average changes in technique from PRE to POST and 
neglecting cut-off values, the vast majority of players were 
able to improve their technique. However, the response to 
technique modifications as measured by pKAM is highly in-
dividual and reductions in pKAM were not always achieved 
when players adhered to feedback. This highlights the com-
plex interplay between feedback and technique variables 
and the potential to change whole-body dynamics. Yet, it 
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seems that the selected variables show great potential in 
reducing pKAM, and the effect might be magnified when 
used in combination. Considering that female players be-
tween the age of 15 and 19 have the highest incidence 
rate of ACL injury,32 coaches should stress sound technique 
early in the playing career. 

Only a limited number of studies have previously aimed 
at reducing pKAM following feedback on sidestep cutting 
technique.33,34 Benjaminse et al.33 investigated the imme-
diate effects of verbal instructions compared to visual feed-
back on kinematics and kinetics at peak frontal plane knee 
joint moment during unanticipated sidestep cutting in 
males and females while also investigating the retention of 
the new technique over time. While the authors found that 
males are more responsive to visual feedback and able to 
retain improvements in technique over a four-week period, 
the authors concluded that females might prefer a combi-
nation of visual and verbal feedback, as used in the pre-
sent study. Interestingly, frontal plane knee joint moments 
were unresponsive to either feedback strategy in both males 
and females. The results regarding the frontal plane knee 
joint loading are in contrast to those by Dempsey et al.34 

who used a six-week technique modification program tran-
sitioning from closed- to open-skills practice in male team 
sport athletes. In their study, athletes received a combina-
tion of oral and visual feedback twice a week including ref-
erence videos of athletes demonstrating the desired side-
step cutting technique to bring the stance leg closer to the 
midline of the body while keeping the torso upright and 
facing in the direction of travel. Using this approach, the 
authors successfully decreased frontal plane knee joint mo-
ments in both planned and unplanned sidestep cuts.34 

More research has focused on feedback interventions 
for jumping or landing tasks, with two systematic reviews 
shedding light on the topic.8,35 Armitano et al.35 and Neil-
son et al.8 synthesized the findings of these studies and 
reported that feedback can lead to reductions in vertical 
GRF and increases in knee flexion angles during various 
jump landing tasks. Furthermore, it has been observed that 
learning acquired through feedback can transfer to similar 
tasks.35 However, the transfer of newly acquired motor 
skills to sidestep cutting tasks has yielded conflicting re-
sults in the literature. In support of providing feedback spe-
cific to the movement that requires technique optimiza-
tion, a study utilizing a combination of oral and video 
feedback found no transfer of learning from drop jumps to 
sidestep cutting tasks.36 This suggests that feedback should 
be tailored to the specific movement pattern in order to 
facilitate effective skill transfer and improvement which is 
further highlighted by poor correlations between pKAM in 
drop jumps and sidestep cuts.37 In contrast, another study 
demonstrated that improved jump landing technique could 
be transferred to sidestep cutting when incorporating an 
external attentional focus and self-controlled feedback.29 

Nevertheless, it is important to acknowledge that these im-
provements related to increases in the range of motion of 
the knee flexion angle, which could potentially impact per-
formance negatively.27 

The secondary objective of the current study was to ex-
plore the underlying mechanisms responsible for changes 
in pKAM. FSA feedback significantly reduced the magnitude 
of the resultant GRF at pKAM, potentially due to the ankle 
plantar flexors acting as an additional damping element.28 

Differences in the resultant GRF and the frontal plane mo-
ment arm to the knee joint center from PRE to POST were 
not statistically significant after VAL and VIV feedback. 
However, the medium effect size for changes in the resul-
tant GRF after VIV feedback indicates potentially meaning-
ful improvements. Interestingly, in total, there were only 
three instances where both the resultant GRF and frontal 
plane moment arm increased simultaneously, indicating 
that the feedback interventions generally resulted in pos-
itive changes in at least one component of pKAM (Figure 
4G–I). However, it is important to note that the responsible 
mechanisms for pKAM changes showed high inter-individ-
ual variability. Future research might investigate whether 
the optimal feedback selection can be determined based on 
the main factor in driving pKAM alone, i.e., the resultant 
GRF or its frontal plane moment arm to the knee joint cen-
ter. 

Incorporating immediate feedback and outcome discus-
sions with players within long-term interventions might 
hold potential for enhancing player motivation and adher-
ence. For researchers, the implementation of immediate 
feedback and insights into the present state of the player 
serve as critical tools to verify the effectiveness of pre-
scribed interventions, allowing for adjustments to be made 
in a timely manner to optimize outcomes. Moreover, the re-
liance on technology becomes indispensable in the identi-
fication of players at risk and the differentiation between 
kinematic and kinetic improvements. Feedback based on 
visual assessments might fall short in inducing changes 
in kinetics unless given by experts,38 underlining the ne-
cessity for advanced technological solutions. These solu-
tions, however, must be user-friendly and efficient to ac-
commodate the practical constraints of time, manpower, 
and equipment associated with the present approach. Tran-
sitioning from lab-based setups to portable and cost-effec-
tive technological systems that enable on-field assessments 
would enhance the practical applicability of feedback inter-
ventions. This would democratize access to advanced train-
ing aids across different levels of sport and foster more 
evidence-based approaches to injury prevention and per-
formance optimization, ultimately bridging the gap be-
tween research findings and their application in real-world 
sports scenarios. 

Although the overall results of the study demonstrate 
the positive effects of feedback interventions, it is impor-
tant to acknowledge certain limitations. Firstly, the hier-
archical structure used for selecting feedback variables led 
to a reduced number of players receiving comprehensive 
feedback across all variables. The cut-off values utilized 
to determine the need for feedback were selected arbitrar-
ily, drawing from an existing dataset.22 It is important to 
clarify that these cut-offs were not intended to indicate 
injury risk levels, but rather, were conservatively chosen 
benchmarks aimed at evaluating the practicability of tech-
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nique adjustments. Furthermore, the hierarchical structure 
for variable selection primarily stemmed from the relevance 
of technique variables to cutting performance.27 Neverthe-
less, it is worth noting that performance predominantly re-
volved around ground contact times or time to complete a 
task, which may not be of highest importance in a maneu-
ver aimed at successful opponent passage. Instead, a more 
pertinent performance metric might be the successful de-
ception of the opponent into perceiving a contrary direc-
tion of movement. Secondly, although previous research39 

demonstrated good to excellent within-session and fair to 
good between-session reliability with three trials of the 
task, the optimal number of trials required to establish a 
stable movement pattern after feedback remains unclear. 
Thirdly, the risk of sustaining an ankle injury when modify-
ing the foot strike angle remains unknown. While a recent 
systematic review suggests that ankle plantar flexion might 
not play a crucial role in the occurrence of lateral ankle 
sprains,40 a combination of ankle plantar flexion and inver-
sion strains the anterior tibiofibular ligament and calcane-
ofibular ligament more than inversion alone.41 Therefore, 
caution is necessary when transitioning to a new cutting 
technique, especially for players with a history of lateral 
ankle sprains. It is possible that these players should focus 
on landing on the forefoot only during the early impact ab-
sorption phase while having the foot firmly planted during 
the main part of the cut. Alternatively, these players might 
benefit from other technique modifications. Next, the study 
did not investigate the long-term retention of the newly 
adopted technique or its transfer to unanticipated sidestep 
cutting scenarios. Although the knee valgus motion and 
vertical impact velocity have been proposed as components 
of a player’s inherent movement strategy during handball-
specific sidestep cuts with varying complexity,21 it remains 
unclear whether training designed to alter cutting tech-
nique in preplanned cuts automatically translates to com-
plex unplanned cuts. Lastly, it is important to acknowledge 
that the diverse nature of feedback approaches (visual, ver-
bal, self-guided, expert, etc.) and instructions (internally- 
or externally directed) was not specifically investigated in 

the present study. The selection and combination of these 
feedback modalities and instruction types potentially im-
pact the outcomes, however, exploring these factors was 
beyond the scope of the current study. 

To the authors’ knowledge, the current study represents 
a pioneering effort in the field as it is the first to employ 
augmented feedback immediately following a sport-specific 
task known for its high incidence of non-contact ACL in-
jury4 using an individualized approach while also uncov-
ering individual responses and mechanisms responsible for 
reductions in frontal plane knee joint loading. Future in-
vestigations should aim to examine the long-term reten-
tion of feedback effects and transferability to unanticipated 
sidestep cutting scenarios. Furthermore, possibilities for 
on-filed assessments should be explored. Additionally, fur-
ther research is needed to compare the effectiveness of in-
dividualized feedback approaches to generic approaches in 
optimizing technique and performance outcomes. Under-
standing the sustainability and generalizability of feedback 
interventions in different contexts will provide valuable in-
sights for sports practitioners, coaches, and researchers. 

CONCLUSION 

Individualized augmented feedback interventions show 
great potential in improving sidestep cutting technique in-
stantly. Consequently, these improvements contribute to a 
13.4% to 17.1% reduction in knee joint loading associated 
with ACL injury, while the adherence to the instructions 
and the underlying mechanism responsible for pKAM re-
ductions vary between targeted technique variables and 
players. Future studies may explore possibilities for indi-
vidualized on-field technique feedback using low-cost 
equipment. 
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