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Rotational landing tasks have the potential to support screening methods for anterior cruciate ligament (ACL) 
specific injury risk. However, alterations in lower-limb kinematics and kinetics during rotational landings, and sex-
specific responses, are currently largely unexplored. This study, therefore, explored the differences in lower-limb kinematic 
and kinetic characteristics between rotational and straight landings, and the sex-specific responses to rotational landings. 
Thirty-six healthy team-sport athletes (eighteen males and eighteen females) performed straight bilateral and unilateral 
landings, and rotational (clockwise and counterclockwise) landings, from a box while lower-limb kinematics and ground 
reaction forces (GRFs) were recorded. Rotational landings were found to emphasise (p < 0.001) hip flexion angles at initial 
contact and peak vertical GRF. Differences between males and females (p < 0.001) were identified during rotational 
landings (but not straight landings) for peak ankle dorsiflexion and time to peak vertical GRF, with significant task-sex 
interactions. Compared to the bilateral landing, unilateral tasks affected the magnitude or highlighted sex-specific 
differences for nine and one biomechanical characteristics, respectively. Together, these outcomes provide further insights 
into lower-limb kinematic and kinetic responses to rotational landings. These findings offer additional support for the use 
of rotational, as well as unilateral elements, for ACL-injury risk screening practice.   
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Introduction 

Functional tasks, such as vertical landings 
and jumps, are widely used to screen for athletes at 
risk of common injuries. The aim of such screening 
approaches is to identify injury-related 
adjustments in biomechanical movement 
strategies. For example, altered lower-limb 
kinematics and kinetics during landing and 
jumping tasks, have been observed both prior to 
(Goerger et al., 2015) and after (Jones et al., 2025) 
occurrence of the anterior cruciate ligament (ACL) 
rupture, i.e., an injury with a high burden 
(incidence x severity) across various team-sports 
populations (Moses et al., 2012). Biomechanical 
screening of kinematic and kinetic variables during 

landing tasks has thus been widely employed to 
identify athletes at risk of ACL injury (either 
primary or secondary) (Hewett et al., 2005; 
Leppänen et al., 2017; Pedley et al., 2020). 
Nevertheless, current ACL-injury screening 
methods have been criticised for a lack of task 
sensitivity or specificity (Bahr, 2016; Krosshaug et 
al., 2016). Careful consideration of the aptness of 
landing tasks used for injury-screening purposes is 
thus essential. 

Large ACL strains and the consequent 
rupture are primarily caused by a combination of 
forces and moments (e.g., knee abduction 
moments in combination with anterior shear force) 
in multiple directions (Bates et al., 2019; Markolf et  
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al., 1995; Koga et al., 2010; Quatman et al., 2010). 
Given these multiplanar injury mechanisms of the 
ACL rupture, it is plausible that screening tasks 
should likewise be sufficiently inclusive of 
multiplanar movement, to highlight biomechanical 
deficiencies in at-risk individuals. Nevertheless, 
straight landing tasks (i.e., movement in the 
sagittal plane only) are still most commonly used 
in ACL-injury screening practice. Recent research 
has shown that the angle and the direction of 
rotational landings can substantially affect ACL-
injury related knee joint angles and moments in the 
sagittal and frontal plane (Kunugi et al., 2020; 
Sinsurin et al., 2013, 2017). In addition, 
biomechanical characteristics displayed during 
rotational landings have been shown to be 
sufficiently sensitive to differentiate between 
various types of athletes (Taylor et al., 2017). 
Accordingly, it has been suggested that rotational 
landing tasks are better suited to identify 
individuals at ACL-specific injury risk, compared 
to straight landings (Fox et al., 2016; Schweizer et 
al., 2022). However, exactly which kinematic or 
kinetic variables are emphasised during rotational 
landings is yet largely unexplored and requires 
further examination. 

Female athletes are well documented to 
sustain a higher rate of ACL injuries compared to 
males (Agel et al., 2005; Arendt and Dick, 1995; 
Waldén et al., 2011). Accordingly (and not 
surprisingly), landing biomechanics during 
common ACL-injury screening tasks are sex 
dependent (Beaulieu and McLean, 2012; 
Fagenbaum and Darling, 2003; Lephart et al., 2002). 
Between-sex differences in landing mechanics can, 
however, vary across different types of landings 
(Butler et al., 2013). Especially for key kinematic 
and kinetic ACL-injury risk factors, it is thus 
desirable if differences between male and female 
athletes can be appropriately highlighted by 
functional tasks used for injury screening. This 
ability to measure and monitor distinct between-
sex differences will enable adequate sex-specific 
(rather than generic) monitoring of ACL-injury 
risk, making the specificity of landing tasks an 
important consideration for injury-risk screening 
purposes. However, although it is likely that males 
and females respond differently to rotational 
landings, it remains to be determined if rotational 
landings can highlight sex-specific differences 
well.  

 

 
The effects of the rotational landing on 

lower-limb kinematics and kinetics, and sex-
specific responses, are currently largely 
unexplored. The aims of this study were, therefore, 
twofold: first, to explore the differences in lower-
limb kinematic and kinetic characteristics used for 
ACL-injury risk screening between rotational and 
straight landings, and second, to examine sex-
specific responses to rotational landings compared 
to straight landings. It was hypothesised that 
rotational landings would emphasise kinematic 
and kinetic factors typically examined for 
screening purposes and could highlight between-
sex differences in lower-limb biomechanics more 
adequately than straight landing tasks. 

Methods 
Participants 

A cohort of 36 healthy athletes (eighteen 
males: age 23 ± 2 yrs, body mass 72 ± 14 kg, body 
height 173 ± 6 cm; eighteen females: age 23 ± 3 yrs, 
body mass 56 ± 9 kg, body height 162 ± 5 cm) 
volunteered for this study. Participants were 
required to actively participate in team sports (e.g., 
soccer, basketball, volleyball) for at least three 
sessions per week (≥1 hour per session) and were 
free from musculoskeletal lower-limb injuries over 
a twelve-month period before participating. 
Participants were fully informed about the study’s 
purpose, procedures, and potential risks before 
providing their written informed consent to 
participate. The number of required participants 
was determined using an a priori power analysis 
in G*Power (v.3.1.9.7), which indicated that a 
sample size of 36 participants was sufficient to 
reliably detect a large effect size (ηp²) of 0.14 
(Cohen, 2013) with 95% power at a significance 
level (ɑ) of 0.003125 (i.e., 0.05/16; see below). All 
procedures complied with the 1964 Declaration of 
Helsinki and its later amendments and were 
approved by the Thammasat University Human 
Research Ethics Committee, Pathum Thani, 
Thailand (approval code: 073/2565; approval date: 
25 August 2022). 

Design and Procedures 

Upon arrival at the biomechanics 
laboratory, participants engaged in a warm-up 
routine consisting of lower-limb dynamic 
stretching exercises for ten minutes. After this, they 
completed three trials of four landing tasks:  
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straight bilateral and unilateral landings (BLs,  
ULs), and rotational unilateral landings in the 
clockwise (ULCW) and counterclockwise (ULCCW) 
directions. All participants were fully instructed in 
the required landing tasks and then allowed to 
practice and familiarise themselves with the 
movements. Landings were performed in 
randomised counterbalanced order. Participants 
performed BLs and ULs by standing on a jumping 
box (height: 0.3 m) with both hands on the iliac 
crest and dropping onto a ground-embedded force 
plate (0.6 x 0.4 m, Kistler Instrument AG, 
Winterthur, Switzerland) with both or one leg, 
respectively. Rotational unilateral landings were 
performed in clockwise (ULCW) and 
counterclockwise (ULCCW) directions. Rotational 
landings required participants to stand on the 
dominant leg with the knee extended and hands on 
the iliac crest, and perform a rotational landing 
from a jumping box, maintaining minimal knee 
bending, and landing on the center of the force 
plate with their dominant leg. The distance 
between the jumping box and the center of the 
force plate was 0.2 m. The preferred leg for ball 
kicks was referred to as the dominant leg. All four 
landing tasks are visually represented in Figure 1. 
During the landings, participants had their eyes 
open, they were instructed to look forward and 
balance as quickly as possible and hold the single-
limb stance for five seconds. Between each trial, 
participants rested for 30 s, and a five-minute rest 
interval was allowed between landing tasks. A trial 
was stopped and repeated if a participant's 
opposite foot touched the floor, if the foot moved 
after the landing or if the hands were used to 
regain balance.  

Sixteen retroreflective markers were 
attached to each participant’s body, following the 
lower-limb Plug-in-Gait marker set (Vicon, 
Oxford, UK). During the landing tasks, three-
dimensional marker positions and ground reaction 
force (GRF) were recorded using nine motion 
capture cameras (BTS DX 5000, BTS 
Bioengineering, Milan, Italy) and a force plate (0.6 
x 0.4 m, Kistler Instrument AG, Winterthur, 
Switzerland) at a sampling frequency of 200 and 
1000 Hz, respectively. Smart tracker and Smart 
analyser software (v.1.10.445.0, BTS 
bioengineering, Milan, Italy) were used to track, 
digitise, and interpolate any missing marker-
trajectory data. Marker trajectories and GRF data  
 

 
were then exported to Visual 3D (v.2023.05.1, Has 
Motion Inc., Kingston, Ontario, Canada) for further  
processing. The three-dimensional marker 
trajectories and GRF were filtered using a 20-Hz 
lowpass Butterworth filter, after which inverse 
dynamics were used to estimate lower-limb joint 
moments. 

Initial contact (IC) of each landing trial was 
determined as the moment when the vertical 
ground reaction force exceeded 10 N. Several 
common kinematic and kinetic variables that have 
been used to assess ACL injury risk during 
landings were calculated (Bathe et al., 2023; 
Peterson and Green, 2023; Sadeqi et al., 2023). 
Kinematic variables included the hip, knee, and 
ankle joint angles, and knee angular velocity, in the 
sagittal and frontal planes at the moment of IC. 
Kinetic variables included the peak hip, knee, and 
ankle joint moments in the sagittal and frontal 
planes, and peak vertical GRF and time to peak 
vertical GRF (from IC). Peak vertical GRFs and 
joint moments were normalised to each 
participant’s body weight and body mass, 
respectively. In addition, knee joint stiffness was 
estimated as the ratio of changes in the joint 
moment and flexion between IC and the peak joint 
flexion moment during the landing (Maloney et al., 
2018; Serpell et al., 2012) according to the following 
formula: 
 K௞௡௘௘  ቀ୒୫ୢୣ୥ቁ = ௱ெೖ೙೐೐௱ఏೖ೙೐೐   

 

Statistical Analysis 

Statistical analyses were performed using 
IBM SPSS Statistics (v.30, SPSS Inc, Chicago, USA). 
Mean and standard deviation values for each 
kinematic and kinetic variable were determined 
across all trials and participants. The data 
distribution was assessed using Shapiro-Wilk tests. 
A mixed model ANOVA was used to assess the 
effect of sex (male vs. female) and task (BLs vs. ULs 
vs. ULCW vs. ULCCW). Post-hoc tests were conducted 
to identify the locations of significant effects. After 
Bonferroni correction, the level of statistical 
significance was set at α = 0.003125 (i.e., 0.05/16). 
For better comparability across studies (Knudson, 
2009), effect sizes were determined by calculating 
partial eta squared (ηp²). Effect sizes were 
categorized as small (ηp² = 0.01), medium (ηp² = 
0.06) or large (ηp² = 0.14) effects (Cohen, 2013). 
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Results 

A total of 432 successful landings were 
included in the analysis (108 BLs; 108 ULs; 108 
ULCW; 108 ULCCW). The hip was significantly more 
flexed (p < 0.001, ηp² = 0.18) and less adducted (p < 
0.001, ηp² = 0.13) at IC for females compared to 
males (Figure 2). Hip flexion was significantly 
increased in females for all unilateral landing tasks 
(p < 0.001), whereas hip adduction was 
significantly decreased in females for BLs, ULs, 
and ULCCW (p < 0.001). There was also a significant 
main effect of the task on hip adduction (p < 0.001, 
ηp² = 0.18) and flexion (p < 0.001, ηp² = 0.06). In 
addition, there was a significant interaction 
between sex and task for the hip flexion angle at IC 
(p = 0.003, ηp² = 0.05), with between-sex difference 
being larger for unilateral compared to the bilateral 
landing tasks. 

Although there was no main effect of sex 
on knee flexion or adduction at IC (Figure 2), 
during the rotational landings, females landed 
with a significantly more flexed (ULCW, ULCCW, p = 
0.003) and less adducted (ULCCW, p < 0.001) knee 
compared to males. Significant main effects for the 
landing task were found for knee flexion (p < 0.001, 
ηp² = 0.29) and adduction (p < 0.001, ηp² = 0.07) at 
IC. 

The ankle plantarflexion (p < 0.001, ηp² = 
0.33) and eversion (p < 0.001, ηp² = 0.16) angles at 
IC were both significantly affected by changes in 
the landing task (Figure 2), but not sex. There were 
significant increases in ankle plantarflexion 
between BLs and the unilateral landing tasks (p < 
0.001). 

Peak hip flexion moments were 
significantly affected by the landing task (p < 0.001, 
ηp² = 0.25), but not sex (Figure 3). Hip flexion 
moments were higher for all unilateral landings 
compared to bilateral landing (p < 0.001). The peak 
hip adduction moment was significantly affected 
by the landing tasks (p < 0.001, ηp² = 0.74) and 
increased from bilateral to unilateral landings, but 
did not differ between unilateral tasks or males 
and females.  

The type of the landing task significantly 
affected the peak knee flexion moments (p < 0.001, 
ηp² = 0.30) (Figure 3), with significant differences 
between BLs and all unilateral landings (p < 0.001), 
and ULs and ULCCW (p < 0.001). Peak knee 
abduction moments were significantly higher for 
females compared to males across tasks (p < 0.001,  
 

 
ηp² = 0.16). Moreover, a significant main effect for 
the landing task was found (p < 0.001, ηp² = 0.19), 
with significantly higher peak knee abduction 
moments for bilateral landings compared to 
unilateral tasks.  

Peak ankle dorsiflexion moments were 
significantly affected by the task (p < 0.001, ηp² = 
0.76) and significantly higher in males compared to 
females only for the two rotational tasks (p = 0.002, 
ηp² = 0.10) (Figure 3). There was also a significant 
interaction effect between the task and sex (p < 
0.001, ηp² = 0.81) for the ankle dorsiflexion 
moment, with greater between-sex differences in 
the rotational compared to the straight landings. 
Peak ankle eversion moments differed among all 
four landing tasks (p < 0.001, ηp² = 0.58), but not 
between sexes.   

Peak vertical GRF, time to peak vertical 
GRF, knee angular velocity at IC, and knee stiffness 
were all significantly affected by the landing task 
(p < 0.001) (Table 1). Knee stiffness was higher for 
the three unilateral landings, compared to the 
bilateral task, and higher for the ULCCW compared 
to ULs (p < 0.001). Peak vertical GRF was 
significantly higher in the two rotational landing 
tasks compared to both straight landings (p < 
0.001). There was a significant main effect of sex on 
the knee stiffness, but no interaction between sex 
and the landing task. Males presented a 
significantly longer time to peak vertical GRF (p < 
0.001) than females, but only during the clockwise 
rotational landing tasks. There were also 
significant interactions between sex and the task 
for peak vertical GRF and time to peak GRF (Table 
1), with differences between males and females 
being larger in the rotational compared to the 
straight landing tasks. 

Discussion 
This study explored the effects of 

rotational landings on lower-limb kinematics and 
kinetics, and the sex-specific responses to 
rotational compared to straight landings. It was 
hypothesised that rotational landings would 
emphasise kinematic and kinetic factors typically 
examined for ACL-injury screening purposes and 
could highlight between-sex differences in lower-
limb biomechanics more adequately than straight 
landing tasks. 
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Table 1. Sex and task effects for peak GRF, time to peak GRF, knee adduction velocity,  

and knee stiffness in all four landing tasks 

 Sex BLS ULS ULCCW ULCW 

p-value 
(ηp² ) 

Task 
effect 

Sex 
effect 

Interaction 
effect 

Peak GRF (BW) 
Male 

Female 
2.62 ± 1.03 
2.10 ± 0.69 

3.47 ± 0.81 
3.51 ± 0.68 

4.12 ± 1.28 
4.06 ± 0.83 

3.90 ± 0.87 
4.11 ± 0.85 

<0.01 
(0.37) 

0.34 
(0) 

0.02 
(0.02) 

Time to peak 
GRF (s) 

Male 
Female 

0.05 ± 0.01 
0.05 ± 0.01 

0.06 ± 0.01 
0.06 ± 0.01 

0.06 ± 0.01 
0.05 ± 0.01 

0.06 ± 0.01 
0.05 ± 0.01 

0.013 
(0.03) 

0.38 
(0) 

<0.01 
(0.04) 

Knee adduction 
velocity at IC 

(deg/s) 

Male 
Female 

87 ± 64 
66 ± 80 

72 ± 48 
63 ± 62 

63 ± 59  
64 ± 61 

55 ± 65 
40 ± 77 

<0.01 
(0.03) 

0.06 
(0.01) 

0.57 
(0.01) 

Knee stiffness 
(Nm/deg) 

Male 
Female 

2.3 ± 0.8 
1.7 ± 0.6 

2.9 ± 1.4 
2.2 ± 0.8 

3.3 ± 1.3 
2.6 ± 1.4 

3 ± 1.1 
2.3 ± 1.1 

<0.01 
(0.94) 

<0.01 
(0.88) 

0.99 
(0) 

BLs = straight bilateral landing, ULs = straight unilateral landing, ULCCW = counterclockwise unilateral landing, ULCW 
= clockwise unilateral landing, GRF = ground reaction force, IC = initial contact, ηp² = effect size 

 

 
Figure 1. The landing tasks performed were a) a straight bilateral landing (BLS),  
b) a straight unilateral landing (ULS), c) a clockwise unilateral landing (ULCW),  

and d) a counterclockwise unilateral landing (ULCCW). Preparation for the movement, 
initial contact with the ground, and the moment of maximum knee flexion, are shown  
in the first, second, and third columns, respectively. The fourth column shows the feet  

in contact with the box and the force plate during and throughout each of the four  
landing tasks. 
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Figure 2. Joint angles at initial contact in the sagittal (left column) and frontal (right column)  
planes of all four landing tasks for males (blue) and females (red). 

# significant main effect (p < 0.05) of sex; ## significant main effect (p < 0.01) of sex;  
** significant main effect (p < 0.01) of the task 
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Figure 3. Peak joint moments in the sagittal (left column) and the frontal (right column) plane  
of all four landing tasks for males (blue) and females (red). 

 # significant main effect (p < 0.05) of sex; ## significant main effect (p < 0.01) of sex;  
** significant main effect (p < 0.01) of task (p < 0.01) 

 
 
 

 
 

Two variables were found to be most 
sensitive to rotational landings, i.e., hip flexion 
angles were significantly higher at IC during ULCW 
and ULCCW compared to the straight unilateral 
landing task (Figure 2), and peak vertical GRF was 
greater during rotational landings compared to 
both straight landing tasks. These findings provide  

support for the first hypothesis and the notion that 
rotational landings can emphasise mechanical 
characteristics in the lower limbs and thus support 
the identification of individuals at an increased risk 
of ACL injuries (Fox et al., 2016; Schweizer et al., 
2022). Nevertheless, the effects of introducing 
rotational (multiplanar) elements in the functional  
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landing task were limited for other kinematic and 
kinetic characteristics. Rotational landings can thus 
be recommended as beneficial to be included for 
injury-risk screening practice, especially since both 
hip flexion at IC and peak vertical GRF are deemed 
to be of importance based on previous research 
(Kipp et al., 2011; Padua and DiStefano, 2009).  

The ability to identify between-sex 
differences is essential to enhance understanding 
of the current ACL injury-rate disparities between 
males and females (Agel et al., 2005; Arendt and 
Dick, 1995; Waldén et al., 2011). Knee flexion 
angles at IC were higher and ankle dorsiflexion 
moments lower for female athletes in both 
rotational landing tasks, but not the straight 
landing tasks, with a significant task-sex 
interaction for the latter. Likewise, between-sex 
differences in the hip adduction angle (ULCCW), the 
knee abduction angle (ULCCW), and time to peak 
GRF (ULCW; significant interaction), and the ankle 
eversion moment (ULCW) were only identified 
during a rotational landing task, but not during 
straight landings. These results support our second 
hypothesis and indicate that rotational landings 
have the capacity to highlight lower-limb 
kinematic and kinetic differences between males 
and females, which cannot be identified during 
straight landings. However, it should be noted that 
this capacity applies to a limited number of 
biomechanical characteristics only, the number of 
which is further reduced when interaction effects 
are considered. Previous research has 
demonstrated that ankle moments (Tait et al., 2022) 
and peak GRF timing (Miranda et al., 2013), the 
two variables for which we observed a significant 
interaction, may be associated with either 
increased knee loading or previous ACL injury, 
suggesting rotational landings can help identify 
sex-specific differences in biomechanical 
characteristics related to ACL injury. 

Besides an emphasis on several ACL-
injury related and sex-specific characteristics, our 
results indicate distinct relevance of the unilateral 
nature of landings. For example, landing 
characteristics were found to be significantly 
higher (hip flexion and adduction moment, knee 
flexion moment and stiffness, ankle plantarflexion 
angle, and dorsiflexion and eversion moment) or 
lower (knee flexion angle and abduction moment) 
for all unilateral landing tasks compared to the 
bilateral task, but no or minimal differences were  
 

 
observed between straight and rotational 
unilateral landings. Similarly, all unilateral landing 
tasks (but not the bilateral task) revealed 
significant differences between males and females 
for the hip flexion angles at IC, with no between-
unilateral differences found. Since ACL injuries are 
known to primarily occur during unilateral 
landings across a wide range of sports (Cochrane 
et al., 2007; Della Villa et al., 2020; Koga et al., 2010; 
Olsen et al., 2004), unilateral tasks have previously 
been suggested as key movements to be included 
in ACL-injury risk screening practice (Fox et al., 
2016; Schweizer et al., 2022). The present study 
thus provides additional support for the use of 
unilateral rather than bilateral landing tasks, which 
can be further complemented by including 
rotational elements. 

Several limitations of the presented work 
and avenues for further research need to be 
highlighted. First, this work employed a lower-
limb Plug-in-Gait marker set, which has limited 
ability to accurately assess movement in the 
transverse plane. Future studies may seek to 
further examine the effects of rotational landings 
on, e.g., internal knee rotation using a full six-
degree-of-freedom marker set. Second, to achieve a 
successful rotational landing, participants had to 
perform a minor hop of the box rather than a 
slightly more passive drop, as was possible during 
the straight landing tasks. Although participants 
were carefully instructed to reduce the required 
hop of the box and visually assessed during each 
trial, this discrepancy between tasks may have 
contributed to slight variations in movement 
strategies during the landing task execution. Third, 
only a limited number of rotational tasks were 
included in the present exploration, which can 
explain that not all kinematic and kinetic variables 
were (substantially) affected by the rotational 
component. Additional, and possibly more 
challenging, multiplanar rotational landing tasks 
(e.g., including larger rotations) or conditions (e.g., 
landing from greater heights) may help further 
emphasise common ACL-injury risk factors and 
between-sex differences during landings. 

Conclusions 
This study explored distinct kinematic and 

kinetic adjustments to rotational landings and sex-
specific responses, with the purpose of informing 
ACL-injury risk screening practice. Rotational  
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landings emphasised specific biomechanical 
characteristics (hip flexion at IC and peak vertical 
GRF) and between-sex differences (peak ankle 
dorsiflexion and time to peak vertical GRF). 
Moreover, our results demonstrate and further 
reinforce the importance of implementing  
 

 
unilateral landings as functional tasks used for 
injury screening. Together, these outcomes 
provide additional support for the use of 
rotational, as well as unilateral elements, for ACL-
injury risk screening. 
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