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A B S T R A C T

Background: Young female floorball players are among the athletes at the highest risk of rupturing their anterior 
cruciate ligament in games and practices. Most anterior cruciate ligament injuries in female floorball occur in 
noncontact cutting situations. The primary aim of this study was to investigate association between knee 
biomechanics during a 90-degree cutting task and the risk for future non-contact anterior cruciate ligament 
injury in female floorball players.
Methods: Sixty-five female floorball players (median age 19.5 years; range 15–31) completed preseason testing 
and 2.5-year follow-up. The testing included marker-based three-dimensional motion analysis of a floorball- 
specific 90-degree cutting task. Players' movements were recorded by eight 300 Hz cameras, and ground reac
tion forces were captured by 1500 Hz force plates. Seven biomechanical variables were measured: knee valgus 
angle at initial contact, peak knee valgus angle, knee flexion angle at initial contact, peak knee flexion angle, 
peak knee abduction moment, peak knee flexion moment, and peak knee internal rotation moment. Anterior 
cruciate ligament injuries were recorded throughout the follow-up.
Findings: Ten ACL injuries occurred and were included in the analysis. No differences were observed in baseline 
biomechanical variables between players who sustained an ACL injury during follow-up and those who remained 
injury-free.
Interpretation: Knee valgus and flexion angles, and knee abduction, flexion, and internal rotation moments during 
the 90-degree cutting test were not associated with the risk of non-contact anterior cruciate ligament injury in 
female floorball players. The 90-degree cutting test developed for this study cannot predict ACL injuries in female 
floorball players.

1. Introduction

Floorball, a fast-paced team sport played on an indoor court (20 m ×
40 m) with synthetic or wooden floor, is a popular competitive sport 
among youth and adult females, specifically in Europe. In 2024, there 
were approximately 91,000 registered female floorball players 

worldwide, according to the International Floorball Federation (IFF). 
This marks an increase from 74,000 in 2023, reflecting the growing 
popularity of girls' and women's competitive floorball globally. The 
distribution of players varies by country: in 2024, Sweden led with about 
37,600 female players, followed by Finland (9000). Other countries with 
notable competitive female floorball communities include the Czech 
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Republic (7800), Switzerland (6900), Norway (5800), and Singapore 
(4900) (IFF, personal communication).

The game demands running and sprinting combined with quick de
celerations and cutting movements, which can place substantial stress 
on the knee joint. A floorball player can execute dozens of sharp cuts 
during a game, and these cutting maneuvers are common situations in 
which traumatic knee injuries, such as anterior cruciate ligament (ACL) 
injuries, may occur (Pasanen et al., 2008; Pasanen et al., 2018). Despite 
the popularity and growing participation in floorball, there is limited 
research focusing on the biomechanical risk factors that contribute to 
ACL injuries in female players. A better understanding of biomechanical 
risk factors for ACL injury is needed to inform the development of 
screening and prevention strategies for female floorball.

ACL injury is one of the most devastating injuries an athlete can 
sustain, frequently resulting in significant time loss from sport and long- 
term health consequences, such as increased risk of early osteoarthritis 
and obesity (Larsen et al., 1999; Lohmander et al., 2007; Myklebust 
et al., 2003; Suter et al., 2017; Whittaker et al., 2015). One of the most 
significant consequences of a primary ACL injury is the increased risk of 
suffering another ACL injury after returning to sport (Paterno et al., 
2014; Wiggins et al., 2016). After ACL reconstruction surgery, 81 % of 
athletes return to competitive sport (Ardern et al., 2014), and as many as 
20–30 % of female athletes who return to sport after an ACL injury 
sustain a second ACL injury, either in the ipsilateral or contralateral 
knee (Wiggins et al., 2016). Female athletes who undergo ACL recon
struction have a five times greater risk of a second ACL injury in the first 
two years after returning to sport, compared to healthy controls (Paterno 
et al., 2014).

ACL injuries are particularly common in pivoting team sports 
(Parkkari et al., 2008; Roos et al., 2017; Zuckerman et al., 2018), with 
most occurring without direct physical contact to the affected leg at the 
time of injury (Gopinatth et al., 2024). Female athletes participating in 
high intensity pivoting team sports like floorball, are affected by ACL 
injuries more often than their male counterparts (Hewett et al., 2006; 
Pasanen et al., 2018; Tranaeus et al., 2016).

The majority of previous cohort studies on ACL injury risk factors 
have focused on measuring athletes' movements and knee loading dur
ing double-leg drop jumps (Hewett et al., 2005, Krosshaug et al., 2016; 
Leppänen et al., 2017a, 2017b; Padua et al., 2015; Smith et al., 2012a, 
2012b). Only three prospective cohort studies have evaluated the link 
between athletes' movements and knee loading during sport-specific 
cutting tasks, and ACL injury risk. A study involving youth basketball 
and floorball players (Leppänen et al., 2021) examined whether knee 
biomechanics during a 180-degree pivot turn were associated with an 
increased risk of ACL injury. Compared to uninjured female players, 
those who sustained a noncontact ACL injury during follow-up had a 20 
% higher knee abduction moment (KAM) in the pre-season baseline 180- 
degree pivot turn test. Although this difference was likely clinically 
meaningful, it was not statistically significant due to the limited sample 
size, suggesting that further research is needed.

Another study (Zebis et al., 2022) investigated associations between 
hip and knee kinetics and kinematics during side-step cutting and the 
risk of ACL injury in youth soccer and handball players. The authors 
concluded that increased internal knee rotation angle and reduced hip 
flexion angle during side-cutting were associated with a future ACL 
injury. However, given that knee rotation angles are prone to mea
surement error and considering the explorative nature of this study, 
these results must be interpreted with caution. Mausehund and Kros
shaug (2024) examined if knee biomechanics during side-step cutting 
differ between female handball and soccer players with and without a 
history of ACL injury. Additionally, they aimed to assess whether 
biomechanical factors are linked to the risk of secondary ACL injury. 
Their results showed that female players with a history of ACL injury 
continued to unload their injured knee four years post-injury, while 
loading of the contralateral healthy knee was similar to that of their 
injury-free counterparts.

To date, no studies have investigated the kinematics and kinetics 
during a floorball-specific 90-degree cutting task and its relationship to 
future ACL injuries. Therefore, the primary aim of this study was to 
explore the association between knee biomechanics during a 90-degree 
cutting task and the risk of future noncontact ACL injury in female 
floorball players. The secondary aim was to assess whether knee 
biomechanical parameters during a 90-degree cutting task differ be
tween players with a history of ACL injury at baseline and those without 
an ACL injury history at baseline.

2. Methods

This study is part of a large prospective cohort study (PROFITS 
Study) investigating risk factors for lower limb injuries in team sports 
(Pasanen et al., 2015). The study protocol was approved by the Ethics 
Committee of the Pirkanmaa Hospital District, Tampere, Finland 
(R10169).

2.1. Participants

Four female floorball teams from the highest junior league (two 
teams; approximately 40 players) and adult's premier league (two teams; 
approximately 40 players) from Tampere, Finland were invited to 
participate in the study. All teams agreed to participate. Players with 
contracts with the participating teams, who were expected to play 
during the upcoming floorball season, were eligible to participate if they 
were able to fully engage in team practices and training at baseline. 
Players were excluded from the study if they had any health conditions, 
such as unhealed musculoskeletal injuries, concussions, or illnesses, that 
limited their ability to perform the baseline biomechanical testing.

2.2. Cutting test

Players performed a 90-degree cutting test (floorball specific press
ing and cutting task) at the UKK Institute's three-dimensional (3D) 
motion analysis laboratory. The 90-degree cutting test was developed 
for this study by an international-level floorball coach (KP). The test 
started with the player standing six meters from the force plate with a 
floorball stick in her hands. One research assistant (A1) was standing 
three meters directly behind the force plate with a stick and the ball, and 
another research assistant (A2) was standing eight meters left or right of 
the A1. The player was instructed to run towards the A1 using game-like 
speed. As soon as the player was approaching the force plate, the A1 
passed the ball to the A2, and the player performed a 90-degree cut on 
the force plate to turn and run towards the direction that the ball was 
passed (Fig. 1, Fig. 2).

Players wore shorts, sports bras and floorball shoes when performing 
the test. Before the test, players' height, body mass, and knee and ankle 
widths were measured. One physiotherapist placed the reflective 
markers on all players according to a Plug-in Gait full body model (Vicon 
Nexus v1.7; Oxford Metrics, Oxford, UK). Lower body marker positions 
were the following: on the shoe over the second metatarsal head and 
over the posterior calcaneus, lateral malleolus, lateral shank, lateral 
femoral epicondyle, lateral thigh, anterior superior iliac spine, and 
posterior superior iliac spine. Players performed a 5-min cycling warm- 
up on a stationary bike, running trials, and change of direction trials 
before the 90-degree cutting test. Players were allowed to perform 1 to 3 
practice trials of the 90-degree cut, and three valid trials for both sides 
(left and right cut) were collected for each player. The test trials were 
accepted if the player performed the task as instructed with; (1) full 
effort and speed (visually evaluated), (2) the entire foot landed on the 
force plate, and (2) the markers stayed firmly on the player's skin 
throughout the trial. The mean of three trials per each cutting leg was 
used in the analysis.

Eight infrared, high-speed cameras (Vicon T40; Vicon, Oxford, UK) 
and two force plates (BP6001200; AMTI, Watertown, MA) were used to 
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record marker positions and ground-reaction force (GRF) data syn
chronously at 300 and 1500 Hz, respectively. A static calibration trial 
was conducted before the test to determine the anatomic segment co
ordinate systems. Marker trajectories were identified using Vicon Nexus 
software (Vicon Nexus v1.7; Oxford Metrics, Oxford, UK). Both move
ment and GRF were filtered using a fourth-order Butterworth filter with 
cutoff frequencies of 15 Hz. The contact phase was defined as the period 

when the unfiltered GRF exceeded 20 N.
Kinetics and kinematics of the outside knee (cutting leg) during each 

turn (right-turn = left knee; left-turn = right knee) were analyzed. To 
limit the number of variables tested, focus was on seven selected 
biomechanical variables of the knee (peak knee valgus and flexion an
gles; knee valgus and flexion angles at initial contact (IC); and peak knee 
flexion, abduction, and internal rotation moments) during the 90-degree 
cut. Kinematic and kinetic variables were calculated about an orthog
onal axis system located in the proximal segment of a joint (thigh). An 
open-source Python wrapping of Biomechanical ToolKit platform (BTK 
0.3) and a custom Python Version 3.7.4 script were used for reading and 
modifying the kinematic and kinetic 3D trajectories and force plate 
signals from the c3d files. The standard open-source Python library for 
scientific computing (NumPy 1.16.5) was utilized in the extraction of 
biomechanical variables from the imported raw time-series data vectors.

The within-session reliability of lower limb biomechanics during a 
cutting task in female team sport players, assessed using similar 3D 
motion analysis system and force plate setup, has been found to range 
from good to excellent: knee valgus angle at initial contact (ICC 0.92), 
peak knee valgus angle (ICC 0.95), knee flexion angle at initial contact 
(ICC 0.90), peak knee flexion angle (ICC 0.75), peak KAM (ICC 0.90), 
peak knee flexion moment (ICC 0.94), and peak knee internal rotation 
moment (ICC 0.89) (Mok et al., 2018).

2.3. Injury registration

After conducting the baseline tests, the players were followed for 2.5 
years, and all new ACL injuries were recorded. During the first follow-up 
year, two study physicians registered injuries by contacting the teams 
(team designate: coach or support team member) once a week to check 
possible new injuries (all time-loss injuries for the larger PROFITS 
study). During the final 1.5 study years, ACL injuries were registered by 
contacting the players twice with an automatic text message question
naire. A study physician or physiotherapist interviewed all injured 
players using a structured injury report form. This study included only 
ACL injuries without direct contact to the affected leg at the time of 
injury, confirmed through magnetic resonance imaging (MRI) and/or 
arthroscopy. Noncontact injury as defined in this study also include
d”indirect contact ACL injuries”, such as situations where a contact by 
other player or object may have occurred at the time of injury, but not 
directly to the injured leg, or where a contact may have occurred prior to 
the injury (Bahr et al., 2020; Olsen et al., 2004).

2.4. Statistical analysis

Statistical analyses were performed with SPSS (Version 29.0; SPSS, 

Fig. 1. The floorball-specific 90-degree cutting test.

Fig. 2. Screenshots from video footage of the floorball-specific 90-degree cut
ting test.
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Inc., Chicago, IL). Descriptive data are presented as means with standard 
deviations or medians with range, and frequences with corresponding 
percentages. For the analyses, players and legs were categorized into 
two groups: (1a) the new injury group and (1b) no new injury group 
(primary aim of the study); or (2a) the previous injury group and (2b) no 
previous injury group (secondary aim of the study). Independent- 
samples t-tests were used to compare group differences. Binary logistic 
regression analysis was used to identify the risk factors. Each potential 
biomechanical risk factor was analyzed in a separate model with non- 
contact ACL injury as a dependent variable and leg as a unit of anal
ysis. Previous ACL injury of either leg was included as an adjustment 
factor in the adjusted models. Statistical significance was set at p < 0.05. 
In order to detect strong associations between risk factors and injury, a 
minimum of 20 injury cases were needed for analysis (Bahr and Holme, 
2003).

3. Results

3.1. Player and injury characteristics

Altogether 65 players completed the baseline testing and 2.5-year 
follow-up. The median age of the players was 19 years (range: 15 to 
31). At the time of recruitment, 44 players (68 %) were competing in the 
adult league level (with some youth players participating in both adult 
and youth leagues), while 21 players (32 %) were in the youth league 
only. Seven players had a history of ACL injury at baseline. They all had 
completed their rehabilitation and were medically cleared to fully 
participate in floorball training and games.

During the 2.5-year follow-up, ten players sustained a new noncon
tact ACL injury, three of whom had a history of ACL injury at the 
baseline. Seven out of ten new ACL injuries were first-time injuries. 
Among the three injured players with a history of ACL injury at baseline, 
time to re-injury – defined as the time from the primary ACL injury to a 
subsequent ACL injury – ranged from 13 months to 4 years: 13 months 
(ipsilateral injury), 2 years 5 months (contralateral injury), and 4 years 
(contralateral injury). No statistically significant differences were 
observed in baseline demographics between players who sustained a 
new ACL injury (n = 10) during the follow-up and those who remained 
injury-free (n = 55). (Table 1).

3.2. Association between knee biomechanics and ACL injury risk

Risk factor analyses revealed no significant differences in baseline 
kinematic and kinetic variables between ACL injured and uninjured legs, 
as measured during the 90-degree cutting test (Table 2). Time series data 
for biomechanical variables are provided in the Supplementary File 
(Figs. S1–S5).

3.3. Biomechanical parameters during 90-degree cutting task in legs with 
and without a history of ACL injury

No significant differences were seen between previously injured and 
non-injured legs in kinematic or kinetic variables measured from the 90- 
degree cutting test (Table 3).

Table 1 
Comparison of baseline demographic characteristics between two groups: the 
new injury group (players with a new noncontact ACL injury during follow-up) 
and the no new injury group (players who stayed injury-free during follow-up).

Baseline Demographic 
Characteristic

New Injury (n =
10)

No New Injury (n 
= 55)

P- 
value

Age, y 18.7 (3.2) 19.6 (4.4) 0.52
Height, cm 168.1 (4.8) 166.2 (5.8) 0.34
Body mass, kg 63.9 (8.5) 63.0 (7.5) 0.74
BMI, kg/cm2 22.5 (2.1) 22.8 (2.8) 0.75
Playing experience at 

baseline, y
9.1 (2.0) 8.2 (3.4) 0.39

History of ACL injury, yes* 3 (30)a 4 (7) 0.07

Values are given as mean (SD).
* Values are given as number of players (%). ACL = anterior cruciate ligament.
a One ipsilateral, and two contralateral injuries.

Table 2 
Baseline biomechanical test results in two groups: the new injury group (legs 
with a noncontact ACL injury during follow-up) and the no new injury group 
(legs that remained injury-free throughout follow-up), along with odds ratios for 
each potential risk factor.

New 
Injury (n 
= 10)

No New 
Injury (n 
= 118a)

Mean 
(SD)

Mean (SD) Unadjusted OR 
(95 % CI)

Adjusted* OR 
(95 % CI)

Kinematic variables
Knee valgus angle 

at IC, degree 7.3 (7.4) 6.2 (7.3)
0.98 

(0.90–1.07)
0.99 

(0.91–1.07)
Peak knee valgus 

angle, degree
12.7 

(10.0) 12.1 (10.3)
1.00 

(0.93–1.06)
1.00 

(0.94–1.06)
Knee flexion angle 

at IC, degree
24.7 (8.0) 25.0 (6.8) 0.99 

(0.90–1.09)
1.00 

(0.91–1.10)
Peak knee flexion 

angle, degree
55.0 (9.4) 57.0 (9.0) 0.98 

(0.91–1.05)
0.98 

(0.91–1.05)

Kinetic variables
Peak knee 

abduction 
moment, Nm/ 
kg

1.16 
(0.62) 1.19 (0.49)

1.00 
(1.00–1.00)

1.00 
(1.00–1.00)

Peak knee flexion 
moment, Nm/ 
kg

2.79 
(1.04) 2.84 (0.53)

1.00 
(1.00–1.00)

1.00 
(1.00–1.00)

Peak knee internal 
rotation 
moment, Nm/ 
kg

0.39 
(0.20) 0.47 (0.24)

0.15 
(0.01–3.92)

0.16 
(0.01–4.87)

ACL, anterior cruciate ligament; IC, initial contact; SD, standard deviation; OR, 
odds ratio; CI, confidence interval.

a Two uninjured legs were excluded from the analysis due to technical errors 
during 3D motion capture data collection.

* Adjusted with previous ACL injury in either leg.

Table 3 
Comparison of baseline biomechanical test results between two groups: the 
previous injury group (legs with history of ACL injury at baseline) and the no 
previous injury group (legs with no history of previous ACL injury at baseline) 
using an independent samples t-test.

Previous 
Injury 
(n = 7)

No Previous Injury (n 
= 121)

Mean (SD) Mean (SD) P- 
value

Kinematic variables
Knee valgus angle at IC, degree 5.1 (12.4) 6.4 (7.0) 0.79
Peak knee valgus angle, degree 11.9 (17.1) 12.2 (9.8) 0.97
Knee flexion angle at IC, degree 22.3 (8.8) 25.1 (6.7) 0.29
Peak knee flexion angle, degree 55.8 (11.9) 56.9 (8.8) 0.76

Kinetic variables
Peak knee abduction moment, 

Nm/kg
1.01 (0.40) 1.20 (0.51) 0.33

Peak knee flexion moment, 
Nm/kg

2.55 (0.79) 2.85 (0.57) 0.17

Peak knee internal rotation 
moment, Nm/kg

0.44 (0.21) 0.47 (0.24) 0.72

IC, initial contact; SD, standard deviation; OR, odds ratio; CI, confidence 
interval.
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4. Discussion

The primary aim of this study was to investigate whether biome
chanical variables measured during sport-specific 90-degree cutting task 
were associated with future noncontact ACL injuries in female floorball 
players. Our results showed that none of the seven suggested risk factors 
for ACL injury (knee valgus angle at IC, peak knee valgus angle, knee 
flexion angle at IC, peak knee flexion angle, peak KAM, peak knee 
flexion moment, and peak knee internal rotation moment) were asso
ciated with future noncontact ACL injury. Our secondary aim was to 
compare test outcomes between players with and without a history of 
ACL injury at the baseline. We found slightly lower KAMs in those with a 
history of ACL injury, although this difference was not statistically 
significant.

4.1. Novelty of current study

Our study was the first study to investigate associations between 
knee biomechanics during a floorball-specific 90-degree pressing and 
cutting task and noncontact ACL injury in female players. The novel 
sport-specific cutting test used in this study was designed to replicate the 
typical high-press situation commonly seen in floorball, where a 
defensive player runs towards the opponent's ball-carrier, applying 
pressure to limit their time and options, force errors, and potentially win 
the ball back. During these pressing actions, the defensive player per
forms sudden cuts in response to the ball-carrier's actions. Development 
and evaluation of sport-specific screening tests is crucial as the majority 
of ACL injuries occur during noncontact cutting and landing movements 
(Koga et al., 2010; Koga et al., 2011; Krosshaug et al., 2007; Lucarno 
et al., 2021; Olsen et al., 2004; Pasanen et al., 2018), and biomechanics 
and mechanical loads are key factors in injury occurrence (Koga et al., 
2010; Koga et al., 2011; Krosshaug et al., 2007).

Most previous prospective ACL injury risk factor studies have used 
double-leg drop-jump tests as screening tools (Hewett et al., 2005, 
Krosshaug et al., 2016; Leppänen et al., 2017a, 2017b; Padua et al., 
2015; Smith et al., 2012a, 2012b). However, ACL injuries commonly 
occur during more complex landing and cutting movements, where the 
load is mainly placed on one leg at the time of injury (Koga et al., 2010; 
Koga et al., 2011; Krosshaug et al., 2007; Lucarno et al., 2021; Olsen 
et al., 2004). Research has also shown that knee loading is significantly 
greater during game-like cutting movements compared to controlled 
drop-jump landings (Kristianslund and Krosshaug, 2013). As a result, 
simple double-leg drop-jumps may not provide reliable insights into ACL 
injury risk in pivoting sports. Screening tests should focus on movements 
that closely resemble game situations, during which noncontact ACL 
injuries may occur. To date, only three previous prospective cohort 
studies have investigated the kinematics and kinetics of sport-specific 
cutting tasks and their association with ACL injury risk. These previ
ously evaluated movement tasks included a 180-degree pivot turn 
(Leppänen et al., 2021) and side-step cut (Mausehund and Krosshaug, 
2024; Zebis et al., 2022). Our study was the fourth prospective cohort 
study evaluating the link between cutting kinematics and kinetics and 
ACL injury risk in female athletes.

4.2. Cutting biomechanics

When comparing our 90-degree cutting test to previously evaluated 
cutting tasks, we observed slight differences in the biomechanics in the 
frontal and sagittal planes, but no differences in transverse plane. The 
peak knee valgus angle obtained in our study (Table 2) was considerably 
lower than Leppänen et al. (2021) found using the 180-degree pivot 
turn. In our study, the peak knee valgus angles were 12.7◦ (new injury 
group) and 12.1◦ (no new injury group), whereas during the 180-degree 
turn, the valgus angles were 16.1◦ (new injury group) and 13.8◦ (no new 
injury group). Additionally, the peak KAM magnitudes differed slightly 
between our 90-degree cut and the 180-degree pivot turn (1.16 Nm/kg 

and 1.19 Nm/kg vs. 1.3 Nm/kg and 1.1 Nm/kg, respectively). Our re
sults indicate that a wider 90-degree cutting angle results in lower knee 
loading compared to 180-degree turns, and this is consistent with pre
vious research showing that sharper cutting angles increase knee 
loading by increasing KAM (Schreurs et al., 2017).

Additionally, peak knee flexion angles in our study (new injury 
group: 55.0◦; and no new injury group: 57.9◦) slightly differed from 
those during the 180-degree pivot turn (63.3◦ and 62.6◦), indicating that 
players in our study performed the 90-degree cut with slightly straighter 
knees compared to those performing the 180-degree pivot turn. We also 
observed higher peak flexion moments in this current study (2.79 Nm/ 
kg and 2.84 Nm/kg) compared to Leppänen et al. (2021) (2.1 Nm/kg 
and 2.3 Nm/kg). During a sport-specific side-cut in female handball 
players, Zebis et al. (2022) found even greater knee flexion moments in 
both groups (3.1 Nm/kg and 3.1 Nm/kg). A previous study by Schreurs 
et al. (2017) showed that sharper cutting angles result in lower knee 
flexion moments, supporting these findings from our 90-degree cut, 
Zebis et al.'s (2022) side-step cutting, and Leppänen et al.'s (2021) 180- 
degree pivot turn. Furthermore, cutting speed affects knee biome
chanics, including knee flexion angles and moments (Dai et al., 2019); 
however, we did not measure cutting speed in our study.

We also compared test outcomes between players with and without a 
history of ACL injury. We found slightly lower KAM in those with a 
history of ACL injury (Table 3), although this difference was not statis
tically significant. This finding is consistent with a recent study on 
handball players (Mausehund and Krosshaug, 2024), which showed that 
female players with a history of ACL injury exhibited lower knee 
abduction loading during cutting movements. This may be due to 
rehabilitation training after their previous ACL injury, or it could indi
cate that they did not perform the test with full effort due to their injury 
history.

4.3. Cutting biomechanics and ACL injury risk

In the current study, we observed no differences in the baseline 
cutting biomechanics between those who sustained a new ACL injury 
during the 2.5-year follow-up and those who remained injury free. This 
suggests that ACL injuries cannot be predicted solely by cutting tech
nique but rather by an interaction of multiple factors. The etiology of 
ACL injuries is multifactorial, with various factors contributing to the 
risk of non-contact injury (Hewett et al., 2006; Smith et al., 2012a, 
2012b), including biomechanics and mechanical loads (Koga et al., 
2010; Koga et al., 2011; Krosshaug et al., 2007). Other factors could 
include a smaller cross-sectional area and reduced strength of the ACL 
(Stijak et al., 2014), variations in the tibial plateau and tibial slope 
(Hashemi et al., 2010), static knee valgus misalignment (Kamatsuki 
et al., 2025), or an overuse state with lower load tolerance due to 
excessive game and training volume (McClean et al., 2024). Addition
ally, external factors such as surface friction (Olsen et al., 2003) may 
increase the load during what would typically be considered “safe cut
ting biomechanics.”

4.4. Limitations

The main limitation of our study was the small sample size and low 
number of ACL injuries. This study was part of a larger cohort study 
investigating risk factors for lower limb injuries in female and male team 
sport athletes, with power estimations were made for the larger study 
rather than this current analysis. Although our results may have been 
affected by low statistical power, it is likely that factors with strong 
associations would have been detected. In addition, other risk factor 
studies with low number of ACL injuries have been published (Hewett 
et al., 2005; Leppänen et al., 2021; Uhorchak et al., 2003; Vauhnik et al., 
2008; Zebis et al., 2022). Investigating biomechanical ACL injury risk 
factors is highly resource-demanding and time-consuming, making it 
unlikely that any single study will capture the entire picture. Thus, it is 
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essential to publish findings from smaller biomechanical studies, even 
with their limited power, as they enhance our knowledge of ACL injuries 
and can be utilized in future pooled analyses.

It is also possible that true differences in biomechanics among these 
players were not captured due to inaccuracies in the measurement 
methods. While 3D motion analysis is considered the gold standard, it 
can still be subject to errors, often originating from differences in marker 
placement (Mok et al., 2015) and skin artifacts (Leardini et al., 2005; 
Miranda et al., 2013; Stagni et al., 2005). In 3D analysis, measuring 
valgus angles is generally more accurate than assessing knee rotations, 
however, both measurements can be affected by soft tissue artifacts. 
Joint moments, on the other hand are known to be more accurate, and 
reliable (Mok et al., 2018), due to the high accuracy of force plates, 
which is the main determinant for these calculations. However, joint 
kinetics is also dependent on joint center estimation, which is dependent 
on accurate marker placement. To minimize marker placement errors, 
we used the same physiotherapist, trained to position the markers 
consistently according to our protocol.

Another limitation is the time frame used in the analyses. ACL in
juries typically occur approximately 40 ms after IC (Koga et al., 2010), 
which is also when peak KAM tends to occur (Kristianslund et al., 2014). 
In our study, we analyzed peak values during the contact phase up to the 
point where the unfiltered GRF exceeded 20 N. The results might differ 
slightly if the peak values had been measured within the first 100 ms 
after IC. However, based on the observed mean and median time points 
for peak values in both the new injury and no new injury groups, this is 
unlikely to have significantly influenced the findings. We also observed 
late peak KAMs in both groups (Supplementary file: Figs. S1–S5), which 
supports the validity of the current analysis.

In addition, our novel sport-specific cutting task had some weak
nesses. If the task is not sufficiently challenging, it may not reveal the 
true risky movement patterns that players would demonstrate during 
actual gameplay. Some study participants struggled with approach 
speed, which could have prevented them from executing the task with 
full effort. Players were instructed to complete the trials at full game-like 
speed, but it seemed to us that some of them still did not run with full 
effort. Others had difficulty with performing a sharp cutting task as 
intended, resulting in a lack of clear deceleration and cutting, as they 
simply ran through the test. Therefore, the 90-degree cutting task 
developed for this study may not accurately capture the relevant aspects 
of actual risk situations in a game. Finally, players' cutting technique 
was assessed only once prior to the 2.5-year follow-up. Over such a long 
period, especially among youth players, their movement techniques and 
biomechanics may change.

Due to these limitations, future studies on risk factors for noncontact 
ACL injuries should aim to recruit a larger number of players, with 
extended follow-up, and closely monitor their cutting biomechanics at 
multiple time points. Furthermore, assessing players' biomechanics 
through a variety of sport-specific cutting tests would be beneficial. 
These tests should be performed with clear, full-effort cuts to closely 
replicate the maneuvers executed during actual game play.

4.5. Strengths

The key strengths of this study include its prospective study design, a 
2.5-year follow-up period, complete injury data – with all participants 
tested at the baseline completed the full follow-up – and inclusion of 
only MRI and/or arthroscopy-confirmed ACL injuries in the analysis. 
Furthermore, the use of 3D motion analysis with force platforms, despite 
its limitations (mentioned above), further strengthens the study 
(Klöpfer-Krämer et al., 2020).

5. Conclusions

This is the first study to investigate knee biomechanics during a 
sport-specific pressing and cutting task in female floorball players, and 

its association with future noncontact ACL injury. None of the biome
chanical variables – knee valgus and flexion angles, and knee abduction, 
flexion, and internal rotation moments – measured during the 90-degree 
cutting test were associated with an increased risk of ACL injury. 
Therefore, the 90-degree cutting test developed in this study cannot be 
used as a screening tool for predicting ACL injuries in female floorball 
players. However, this study provides novel insights into knee biome
chanics during a sport-specific cutting maneuver, providing a deeper 
understanding of the movement characteristics in female floorball 
players. These findings offer valuable contributions to future research 
exploring cutting biomechanics and ACL injury risk in cutting and piv
oting sports.
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