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Abstract:

Knee injuries represent a predominant reality in sports practice. Kinetic factors or gender seem to be determining
aspects for the onset of a knee injury. Currently, numerous studies have identified injury mechanisms suggesting
an increased risk of suffering an injury, with landings being a fundamental element for evaluation. However,
contributions regarding the analysis of kinetic factors during single-leg landings in non-professional athletes are
scarce. This study investigates the kinetic factors associated with non-traumatic knee injuries during unipodal
landings, focusing on gender differences and analyzing their disparities. A sample of 162 non-professional
participants engaged in physical activity underwent unipodal landings from a height of 30 cm, evaluating forces
and accelerations using a triaxial force platform and accelerometers. The analysis revealed nuanced findings
regarding ground reaction forces (GRF), mediolateral (ML), and anteroposterior (AP) forces. While no
significant differences were observed between men and women in vertical forces, women exhibited higher ML
force, which could indicate neuromuscular control issues or associations with knee varus and valgus.
Acceleration analysis highlighted comparable knee and ankle responses between genders, with women
demonstrating slightly higher knee acceleration. The study underscores the role of GRF, ML, and AP forces in
knee injury risk during landing, providing a comprehensive view of biomechanical aspects that may contribute to
increased injury incidence. Gender-specific dynamics and potential implications for injury prevention strategies
are analyzed. Further exploration is conducted on the kinetic differences found based on gender. This research
enhances our understanding of knee injury mechanisms and aids in adapting preventive measures for athletic
populations.
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Introduction

Non-traumatic knee injuries are associated with specific mechanisms and sports-related actions. Jump-
landing actions are triggering events for injuries commonly documented in the literature (Chia et al., 2022; Tait
et al., 2022). Individuals engaged in physical activity frequently perform various landing actions, including those
executed unilaterally. Some authors, such as Weinhandl et al. (2010), have identified these actions as having a
higher risk of injury, primarily due to specific kinetic characteristics described during single-leg jumps and
landings (Weinhandl et al., 2010).

In recent years, literature has highlighted the particular biomechanics during the landing phase, from the
initial ground contact to the moment of maximum force exerted against the ground, as moments of great
relevance for triggering knee injuries (Bencke & Zebis, 2011; Hewett et al., 2005). Authors such as (Awad et al.,
2021) reflected that landing with only one foot can determine the increased risk of knee injury, due to the
relationship that the force generated in the lower limb just at the moment of landing has with the varao or valgus
angle generated in the frontal plane. However, these authors did not relate the force generated against the ground
during landings. For their part, (Marotta et al., 2020) found a positive correlation between dynamic valgus and
activation of the anterior thigh musculature while subjects were dropped from a platform. Despite responding to
this positive correlation, the kinetic explanation of the injury mechanism could not be reflected.

To assess the risk of injury in landings, different heights have been identified as reliable methods for
analyzing injury risk. These heights have varied from 20 cm to 60 cm (Ali etal., 2014; Ford et al., 2003;
Hanzlikova & Hébert-Losier, 2020; Hébert-Losier et al., 2023; Kristianslund & Krosshaug, 2013; Saadat et al.,
2022). During these assessments, a number of kinetic outcomes must be integrated to better define the risk of
knee injuries during unipodal landings (Van Der Harst et al., 2007), including variables such as force at initial
contact or Vertical Ground Reaction Force (VGRF) (Chappell et al., 2002; Hewett et al., 2006; Ismail et al.,
2016; Yamazaki et al., 2010). However, other kinetic variables, such as forces in the mediolateral (Forcey ) and
anteroposterior (Fp) axes or acceleration, are scarce, even in comparisons between sexes.
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In this context, sex differences have been reported as a key element in the analysis of knee injury risk during
landings (Butler et al., 2013; Gehring et al., 2009; Holden et al., 2016; Lee & Shin, 2022; Nagano et al., 2007;
Zhang et al., 2023). Recently, a study unveiled the kinetic response in jump landings applied to specific gestures
such as the tennis serve (Mouritzio et al., 2024). Specifically, GRF was analyzed in the three axes, comparing the
results between men and women. However, the study exclusively contemplated the maximum peak force,
biasing the information on the peak force generated at the first contact with the ground (platform).

Despite literature contributions on the analysis of knee injury risk during landings, there is limited
evidence on the evaluation of knee injury risk during unipodal landings, including kinetic variables such as
forces in axes other than the vertical (FML and FAP), acceleration, and in relation to sex. Therefore, the aim of
this study was to assess kinetic factors as a key element in the risk of knee injuries during unipodal landings
based on sex.

Material & methods
Participants

The participants comprising the sample in this study were 162 voluntary individuals, including 40
women (Table 1). All subjects engaged in physical exercise for at least 30 minutes per day, a minimum of 3
hours per week. To be eligible for participation, individuals were excluded if they had experienced a lower limb
injury within the 6 months preceding the assessment. The study adhered to the principles of the Declaration of
Helsinki and received approval from the Ethics Committee of the University of Seville.

Table 1. Descriptive analysis
VARIABLES N=162 Men Women p
Sex 122 40
Age (years) 24 (£3) 25 (£2) 22 (£1) 110
Body Mass (Kg) 72.84 (£12.76) 76.92 (+£8.12) 65.36 (+4.52) .103
Height (m) 1.74 (£0.07) 1.80 (+£0.09) 1.63 (£0.06) .071
Body Mass Index | 23.78 (£2.86) 24.75 (£1.12) 21.34 (£2.12) .096
(Kg/m?)
Hours of  physical | 8.38 (+4.01) 8.79 (£3.96) 7.91 (£2.34) 101
activity  per  week
(h/week)
Data expressed as mean and SD
*p <0.05.

Procedure

Each subject performed a unipodal landing with their dominant foot from a height of 30 cm.
Participants placed their hands on their hips and, without further instructions, were instructed to fall forward.
Prior to this, a standardized warm-up was conducted, comprising 5 minutes of joint mobility exercises, and
including 10 landings for familiarization with unipodal landings. After the warm-up, a 2-minute interval elapsed
before the valid attempt for assessment was completed.

Measure: Kinetics
Kinetics

A triaxial force platform operating at a sampling rate of 1000 Hz (Kistler 9260 AA6, Winterthur,
Switzerland) was employed to assess unipodal landings. Specifically, the platform measured the Ground
Reaction Forces (GRF) in all three axes. PF1 was defined as the first Vertical Ground Reaction Force (VGRF),
while PF2 was defined as the VGRF. Additionally, mediolateral forces (Forcey;) were assessed as
anteroposterior forces (Forceap). In terms of acceleration, knee and ankle acceleration were evaluated using a
triaxial accelerometer (xyzPLUX; PLUX—Wireless Biosignals, Lisbon, Portugal), with two accelerometers
placed. Both accelerations were assessed in the vertical axis (ACCynggZ and ACCanki1gZ), mediolateral axis
(ACCkneeML and ACCankigML), and anteroposterior axis (ACCynggAP and ACCankigAP). The first
accelerometer was positioned on the lateral condyle of the knee, and the second on the lateral malleolus of the
ankle. Tape was used to secure the accelerometers to the skin. All signals underwent processing to eliminate
gravitational forces exerted on the accelerometer.

Statistical analysis

For the statistical analysis, jamovi software (www.jamovi.org) was employed. Firstly, the parametricity
of the variables was assessed using a Kolmogorov-Smirnov test. Each variable was represented by its mean and
standard deviation (SD), and statistical significance was set at p < 0.05. Differences between genders were
assessed using an independent samples t-test. Subsequently, the effect size was evaluated using Cohen's d
(Cohen, 1988), calculated by dividing the difference of means between groups by the pooled standard deviation
of both groups, taking into account the sample size. Effect sizes of 0.2 were considered small, 0.5 moderate, and
0.8 large.
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Results

The force during landings was assessed by first analyzing the total force exerted by participants,
measured in Newtons, and subsequently normalized by body weight (Table 2). In absolute terms, PF1 was
1306.14 (£204.69 N), while PF2 was 3310.43 N (+829.54).

The Mediolateral Force (ForceML) exhibited a value of 706.81 (£204.69 N), while the Anteroposterior
Force (ForceAP) recorded a value of 234.28 (£97.36 N).

Table 2. Descriptive analysis of force during landings.

VARIABLES Mean SD

PF1 (N/Kg) 18.14 5.92
PF2 (N/Kg) 45.72 8.69
Forceap (N/Kg) 3.23 1.19
Forcey (N/Kg) 9.84 2.68

Data expressed as mean and SD

PF1 (N/Kg) = Initial ground reaction force. PF2 (N) = Maximal Ground reaction force. Forceyy (N/Kg) =
Force in medio-lateral axe with respect to body mass. Force,p (N/Kg)= Force in antero-posterior axe with
respect to body mass.

Subsequently, data on landing force were obtained according to gender (Table 3). There were no
significant differences in the forces exerted in the vertical axis (PF1 and PF2) or ForceAP (p>0.05). However,
the effect size indicated a moderate gender-based effect in PF2 (d=0.604). Additionally, in ForceML, women
exhibited a significantly higher force compared to men (p=0.015).

Table 3. Descriptive analysis of force during landings according to sex.

VARIABLES Men Women p d-Cohen

PF1 (N/Kg) 17.50 (5.72) 20.08 (6.19) 0.426 0.442 (0.082-0.802)
PF2 (N/Kg) 44.48 (8.29) 49.58 (8.88) 0.830 0.604 (0.241-0.968)
Fuerza,p (N/Kg) 3.28 (1.27) 3.06 (0.87) 0.139 -0.186 (-0.543 — 0.172)
Fuerzay (N/Kg) 9.63 (2.80) 10.50 (2.17) 0.015* 0.591 (-0.032 — 0.686)

Data expressed as mean and SD

*p <0.05. d-Cohen = the effect size.

PF1 (N/Kg) = Initial ground reaction force. PF2 (N) = Maximal Ground reaction force. Forcey; (N/Kg) = Force in medio-
lateral axe with respect to body mass. Force,p (N/Kg)= Force in antero-posterior axe with respect to body mass.

The acceleration during landings is depicted in Table 4. Concerning the knee, the highest partial
acceleration was found in ACCKNEEML (2.34 + 1.51 g), while those in ACCKNEEAP (1.94 £ 1.55 g) and
ACCKNEEZ (1.99 £ 1.46 g) were very similar.

At the ankle, the highest partial acceleration found was ACCANKLEZ (3.95 + 0.81 g), while the lowest
was in ACCANKLEML (3.72 + 1.17 g). In the AP axis, a value of ACCANKLEAP was found to be 3.91 (£ 1.08
g).

Table 4. Descriptive analysis of 3-axis acceleration during landings.

VARIABLES Mean SD

ACCyneeML (g) 2.34 1.51
ACCkneeAP () 1.94 1.55
ACCyneeZ (2) 1.99 1.46
ACCrankieML (g) 3.72 1.17
ACCnkieAP (g) 3.91 1.08
ACCrankieZ (2) 3.95 0.81

Data expressed as mean and SD. ACCygnggML (g) = Acceleration in medio-lateral axe in knee.
ACCxnkLEAP (g) = Acceleration in antero-posterior axe in knee. ACCankgZ (g) = Acceleration in vertical
axe in knee. ACCankigML (g) = Acceleration in medio-lateral axe in ankle. ACCankigAP (g) =
Acceleration in antero-posterior axe in ankle. ACC nkieZ (g) = Acceleration in vertical axe in ankle.

The analysis of acceleration based on gender did not reveal significant differences between men and
women regarding partial acceleration in the knee or ankle during landings (Table 5).

Nevertheless, knee partial acceleration was slightly higher in women across all axes, particularly
noteworthy in ACCgnggAP, where a gender difference with a trend towards significance was observed

(p=0.051); meanwhile, in the ankle, only ACCnki gML was higher in women (3.85 + 1.22 g).
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Table 5. Descriptive analysis of acceleration in the 3 axes during landings according to sex.

VARIABLES Hombres Mujeres P d

ACCgneeML (g) 2.28 (1.46) 2.54 (1.67) | 0.155 0.172 (-0.186 — 0.529)
ACCkneeAP (g) 1.78 (1.46) 244 (1.73) | 0.051 0.431 (0.071 —0.791)
ACCyngeZ (8) 1.90 (1.42) 2.30 (1.58) | 0.150 0.274 (-0.084 — 0.632)
ACCrankieML (g) 3.67 (1.16) 3.85(1.22) | 0.642 0.543 (-0.204 — 0.511)
ACCanki AP (g) 3.94 (1.07) 3.81 (1.10) | 0.950 -0.121 (-0.478 — 0.237)
ACCrankieZ (8) 3.99 (0.79) 3.81(0.89) | 0.363 -0.221 (-0.579 — 0.137)

Data expressed as mean and SD.

*p <0.05. d-Cohen = the effect size.

ACCyneeML (g) = Acceleration in medio-lateral axe in knee. ACC sk AP (g) = Acceleration in antero-posterior
axe in knee. ACCynkieZ (g) = Acceleration in vertical axe in knee. ACCnk gML (g) = Acceleration in medio-
lateral axe in ankle. ACCankipAP (g) = Acceleration in antero-posterior axe in ankle. ACCankieZ (g2) =
Acceleration in vertical axe in ankle.

Dicussion

Analyzing the forces that the knee withstands during jump landings provides crucial information about
the load the joint must absorb. Kinetics has been a key aspect in knee injury analysis, with GRF being a
frequently associated factor in triggering injuries to this joint (Sun et al., 2023; Zebis et al., 2008). According to
Nigg (2001), VGRF will trigger a series of circumstances that favor the injury process, such as a decrease in
control of the joint at the moment of ground contact (Nigg, 2001). Regardless of the accompanying variable,
VGREF has undoubtedly been the most reported in the literature as a kinetic component related to the triggering
of lower limb injuries (Abién et al., 2008; Dai et al., 2019; Ueno et al., 2020; Zahradnik et al., 2014).

In this study, this force was evaluated along with the forces exerted in the ML and AP axes. While it
seems that higher values of ML force are related to an increase in knee valgus or varus (Chen et al., 2022),
higher values in the AP force could be related to an increase in tibial translation and, therefore, a greater risk of
ACL injury (Wang et al., 2022) (Wang et al, 2022).

Furthermore, kinetics during landings has also been studied in the literature as a risk factor for knee
injury. It has been described that the greatest risk after landing from a jump or fall is described by PF1 and PF2.
Thus, Pflum et al. (2004) described that during the first 25% of the amortization time is when the risk of knee
injury increases, and during this period, both PF1 and PF2 appear (Pflum et al., 2004). This makes it essential to
know both variables to study knee behavior during landings. As reflected by Abian et al. (2008), when
normalizing VGRF by body weight, one of the threshold values for the risk of knee injury is above 10 times
body weight (BW) during landings (Abian et al., 2008). Our results do not exceed this reference value during the
descriptive phase (4.67BW =+ 0.88). However, these values can be affected depending on the type of landing
described. Thus, focusing on unipodal landings, our results are similar to those found by Blackburn and Padua
(2008), who found average values of 5.1BW in monopodal landings from a height of 60 cm (Blackburn &
Padua, 2008). The slight differences from our results could be due to protocol differences, hand position, or
differences in the height from which the fall was initiated.

During landings, gender differences suggested that women exhibited a higher vertical force, although
not significant, in both PF1 (12.85%) and PF2 (10.29%) after landing. These data align with findings by James et
al. (2004) and Hewett et al. (2005) (Hewett et al., 2005; James et al., 2004). These authors indicated that the
vertical component of force was higher in women, which may be related to an increased risk of injury in females.
One possible explanation for this phenomenon could be that women do not exhibit good landing technique,
maintaining a more upright position during descent (Blackburn & Padua, 2008), and making direct contact with
the entire surface of the foot instead of landing first with the forefoot and then with the hindfoot. During this
movement, the most critical moment for the ACL in landing coincides with PF2, and it is during this period that
the ligament bears the greatest load (Pflum etal., 2004). Additionally, although not significant, our study
reflected that women reported greater knee extension (and therefore straightening) than men during landings,
supporting the previous explanation and potentially influencing a higher risk of injury for women.

A similar relationship can be found in the AP axis since these values have shown a strong relationship
with the risk of injuries during landings, as they have been strongly associated with tibial translation and,
therefore, an increase in the force that the ACL bears (Nagano et al., 2007; Yeow et al., 2011). Based on our
results, it could be observed that men present higher values than women, although these differences were not
significant (p=0.139). Our data align with the results of authors as Sell et al. (2007) Sell, Ferris, Abt, Tsai,
Myers, Fu et al. (2007), who also reflected that men exhibited higher AP force than women, even though in their
study, the landing was preceded by a two-footed jump (Sell et al., 2007). These differences in this axis could be
precisely due to greater knee flexion by men, which increases the force in the sagittal axis, and this is related to a
reduction in the risk of injury compared to women (Vanmeerhaeghe et al., 2008). Although it will be discussed
later, our results also showed that women landed with a greater extension angle than men, which is in line with
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what Vanmeerhaeghe et al. (2008) described, supporting the theory of an increased risk of injury in women
based on these evaluated parameters.

Furthermore, our data shows that ML force in women was significantly higher than in men (p=0.015)
during landings. Although in studies like those of van der Harst et al. (2007) (Van Der Harst et al., 2007), it was
argued that it is difficult to find relevant studies comparing ML force between men and women after a jump
landing, the differences found could be preceded by a lack of neuromuscular control in the frontal plane, causing
an increase in ML force and knee valgus (Vanmeerhaeghe et al., 2008).

While force variables have been studied in the literature as indicators of increased risk of knee injury
during landings, an innovative element of this study is providing data on the partial acceleration variable in all
three spatial axes for both the knee and ankle. In recent years, triaxial acceleration has been classified as an
innovative element that could provide researchers with relevant information in the preventive role of injuries
(Zaffagnini et al., 2014). The benefits of this technology probably lie in its price (much cheaper than force
platforms) and its size, allowing it to adhere to the ankle and knee without bothering the athlete and ensuring the
ecological validity of the analysis.

Regarding landings, the results presented in this study are similar to those reported in a previous study
by our group (Safiudo et al., 2012), where an AP knee acceleration of 1.5-1.7g was found. However, they
showed a lower ML knee acceleration than in the present study (1.3-1.5g). This difference may be because the
study provided subjects with instructions on landing technique, which was not the case in this protocol. As
Tillman et al. (2004) indicate, depending on the landing technique, biomechanical values will be different, so
standardizing the protocol completely should be taken into account in future interventions (Tillman et al., 2004).

Finally, literature has reflected the partial knee acceleration and compare the dominant foot with the
non-dominant foot in subjects with ACL reconstruction and others injured in the same structure who have not
been operated on (Setuain et al., 2015). These authors suggest that subjects who were injured and underwent
ACL surgery have a greater vertical partial knee acceleration than those who were not operated on during
landing. The authors indicate that this could be due to functional and biomechanical alterations in the operated
group compared to the non-operated group, associating these alterations with asymmetries between limbs. In our
study, biomechanical variables were not studied between the two limbs of each subject. However, in the gender
comparison, women showed a higher but not significant AP knee acceleration than men during landing, with
values similar to those of the previously mentioned study. This could indicate that women in the present study,
with values higher than those of men (17.39%), present biomechanical alterations that predispose them to knee
injuries during landings.

Conclusions

In conclusion, the analysis of forces exerted on the knee during jump landings provides valuable
insights into the potential risks and mechanisms associated with knee injuries. GGRF play a pivotal role,
triggering circumstances that favor injury processes, such as a loss of joint control during ground contact.
Despite the variability in accompanying factors, VGRF consistently stands out in the literature as a key kinetic
component linked to lower limb injuries.

The evaluation of forces in the ML and AP axes adds a nuanced perspective. Higher ML forces seem
associated with increased knee valgus or varus, while elevated AP forces may imply a greater risk of knee injury
through increased tibial translation.

Kinetics during landings, specifically focusing on PF1 and PF2, emerges as a critical factor influencing
the risk of knee injury. Gender differences in landing dynamics highlight potential vulnerability in women, who
exhibit higher vertical forces and greater knee extension during landings. This may be attributed to suboptimal
landing techniques, characterized by a more upright posture and direct whole-foot contact, potentially increasing
the risk of knee injuries.

In summary, this study contributes significant insights into the multifaceted biomechanical aspects of
knee injuries during jump landings, emphasizing the importance of comprehensive kinetic and acceleration
analyses. Understanding gender-specific differences and the impact of previous ACL interventions enhances our
ability to develop targeted preventive strategies for knee injuries in athletic populations.

Conflicts of interest: Not applicable.
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