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Abstract
Objective  The purpose of this study was to determine 
the effect of fatigue level and sex on the range of motions 
of the lower extremities and impulses during the jump-
landing phase after performing bilateral fatiguing tasks.
Methods  In total, 41 healthy young adults volunteered 
for this study. Participants’ jump-landing trajectories 
were monitored using nine cameras, and ground reaction 
forces were measured using a force plate. Participants 
performed five maximal bilateral countermovement jumps 
as prefatiguing tasks. The fatiguing tasks consisted of 
maximal effort contractions of the knee extensor at 60°/s 
on a dynamometer until task failure, defined as the inability 
to reach 50% of the peak knee extension torque for three 
consecutive times. The post-task maximal bilateral jumps 
were immediately captured after the participants failed 
the fatiguing task. Participants were asked to perform this 
cycle again, performing the fatiguing contraction task until 
failure to reach 30% of the peak knee extension torque.
Results and conclusion  It was found that the knee 
joint was more extended in the post-30% fatiguing task, 
which was due to the reduction of the flexion angle of 
the hip and knee joints in response to fatigue level. The 
impulses for both sexes were reduced at the severe 
fatigue level. Fatigability altered jump-landing kinematics, 
jump heights and impulses in response to fatigue level. 
The post-30% fatiguing task elicited more fatigue than the 
post-50% fatiguing task.

Introduction
Jumping and landing movements are major 
skill components in sports as well as in human 
movement.1 These movements can provide 
an objective indication of maximal exercise 
capacity as well as the agility of the lower 
extremities.2 Jumping is a simple way to raise 
the centre of mass as high as possible using 
the exerted reaction force from the ground 
on the human body.3 The accompanying 
landing movement is associated with muscu-
loskeletal injuries, especially in the lower 
extremities.4

Muscle fatigue can be defined as an 
exercise-induced temporary reduction in 
the force and power production of the skel-
etal muscles.5 Muscle fatigue can occur 
in response to impaired muscle function, 
called peripheral fatigue, and a reduction 

in the neural drive from the central nervous 
system to the activated muscles, called central 
fatigue.5–7 Muscle fatigue can contribute 
to musculoskeletal injury, as well as reduce 
the time and energy efficiency in playing 
sports.8 9 Thus, several muscle fatigue studies 
have been conducted to determine associated 
injuries and to enhance sports performance 
during jumping and landing. Hunter10 
showed that muscle fatigue differs between 
sexes, with women having a relatively longer 
duration before reaching muscle fatigue 
via the peripheral fatigue mechanism after 
performing both maximal and submaximal 
isometric tasks.

Fundamentally, jump-landing performance 
is influenced by kinetic, kinematic and physical 
parameters, in addition to muscle fatigue.11 
However, it is unknown whether kinetic and 
kinematic differences due to fatigue level or 
sex occur during jump-landing when bilat-
eral fatigue is generated. The purpose of this 
study was to determine the effects of fatigue 
level and sex on the kinematic variables and 
impulses during jump-landing after bilateral 
fatiguing tasks. We hypothesised that vertical 
jump height, range of motions of the lower 
extremities and impulses when jump-landing 
would be different depending on the sex and 
muscle fatigue level of the subject. We also 
suspected that fatigability would be different 
in response to fatigue level.

What are the new findings?

►► Vertical jump height was related to fatigue level in 
both sexes.

►► Extension of the knee joint occurred in the 30% 
fatiguing task, and the flexion angle of the hip and 
knee joints was reduced in response to muscle fa-
tigue level.

►► Reduction of impulses occurred at severe fatigue 
levels for both sexes.

►► Fatigability was altered in response to fatigue level, 
with the post-30% fatiguing task generating more 
obvious fatigue than the post-50% task.
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Methods
Participants
Forty-one healthy young adults who exercise at least 3 
days a week (21 men, age: 20.5±0.9 years; 20 women, age: 
21.4±1.9 years) volunteered. Participants were excluded 
from the study if they had musculoskeletal injuries 
or surgery on their lower extremities within the last 6 
months.

Data collection
The marker trajectories data captured jump-landing 
using the three-dimensional motion analysis system of 
nine cameras (Vicon MX-T10; Oxford Metrics, Oxford, 
UK), with a sampling frequency of 100 Hz. The ground 
reaction force (GRF) was collected with a force plate 
(OR6-7, AMTI, Watertown, Massachusetts) at 2000 Hz. 
The marker trajectories data were captured using 
the Vicon Nexus software package (Oxford Metrics). 
Twenty-six retroreflective markers (with a diameter of 
14.0 mm) were placed according to the modified Plug-in 
Gait model of the Helen Hayes marker set.12 To reduce 
motion artefacts, all markers were secured with double-
sided tape and Kinesio tape.

This study was split into two sessions, with a 7-day interval 
between sessions. All participants attended a familiarisa-
tion session that involved biometric tests, measurement 
of the lower extremity joint centre and knee extension 
peak torque, and practice of the jump and landing. The 
participant’s dominant leg (ie, the leg used to kick a ball) 
was placed on the force plate, and then they performed 
the maximal bilateral countermovement jump with their 
hands on the hips and then landing back on the force 
plate.13 To test the knee extension peak torque, each 
participant was seated with the hip and knee angles at 85° 
and 90°, respectively, on a dynamometer (Cybex Humac 
Norm, CSMI, Stoughton, Massachusetts). Both lower legs 
were strapped to the distal end of the dynamometer arm, 
with the lateral epicondyle of the femur aligned with the 
axis of rotation of the dynamometer.

Knee extensor fatiguing contraction task
Participants rode a stationary bike at their preferred 
speed for 10 min and practised the jumps for a few times 
as a warm-up exercise for the lower extremities in order 
to reduce the risk of injury. Following this warm-up, the 
prefatiguing task, involving five maximal bilateral coun-
termovement jumps, was captured prior to starting the 
fatiguing contraction task. Participants then moved to 
the dynamometer to perform the fatiguing contraction 
task, which was similar to the method of testing the knee 
extension peak torque. Participants were asked to maxi-
mally extend their legs on the dynamometer to the full 
range of motion (0°–90°). The lower leg was then passively 
returned to the start position of 90° of knee flexion. The 
participants performed maximal effort contractions of 
the knee extensor at 60°/s until they failed to reach 50% 
of the previously measured peak knee extension torque 
for three consecutive times.14 After conducting the 50% 

fatiguing task, five maximal bilateral countermovement 
jumps were immediately conducted and captured (post-
50% fatiguing task). Participants were asked to perform 
this cycle again, performing the fatiguing contraction 
until failure for three consecutive times to reach 30% 
of the peak knee extension torque and the maximal 
jumps five times (post-30% fatiguing task). Among the 
five jumps and between the jump testing and fatiguing 
contraction task, participants conducted jump testing as 
soon as possible in an effort to minimise fatigue recovery 
after the fatiguing contraction task.14

Data analysis
Jump-landing data were interpreted as the average values 
of three successful trials in which participants landed on 
the force plate correctly from five bilateral jump-landing 
trials. Analysis of the jump-landing phase was carried 
out prior to the commencement of the fatiguing task 
to provide vertical jump heights as a baseline measure-
ment for comparisons. The vertical jump heights were 
calculated by subtracting the height of the pelvis centre 
of mass during the static position from the maximum 
height during the jump. This measurement was repeated 
after failure at 50% and 30% of peak torque was observed 
in the fatiguing task. The joint angles were calculated 
based on the Euler/Cardan angles in the flexion/
extension, adduction/abduction, and internal/external 
rotation order, namely y-x-z-axis rotation sequence. The 
kinematic and impulse data were filtered with a second-
order Butterworth low-pass filter with a cut-off frequency 
of 10 Hz and 25 Hz, respectively. Data were analysed from 
the initial contact to the maximum flexion angle at the 
ankle, knee and hip joints of landing. The initial contact 
was defined as the moment when >10 N of vertical GRF 
(Fz value) was exerted by foot contact on the force plate.

Statistical analysis
Statistical analysis was conducted using IBM SPSS Statis-
tics V.20. Results are expressed as mean±SD. After 
confirmation of normality using the Shapiro-Wilk test, 
we performed a two-way repeated measures analysis of 
variance to evaluate fatigue level (pre, 50% and 30%) 
and sex. For the post-hoc analysis, the difference between 
fatigue levels was evaluated using a one-way analysis of 
variance, with the p value adjusted for multiple compar-
isons, using the Bonferroni method, to 0.0167 (0.05/3). 
The difference between male and female participants was 
evaluated using an independent t-test analysis. Values of 
p<0.05 were considered significant.

Results
Baseline results
There was no difference between men and women in 
the knee extension peak torque normalised to body 
mass (men, 6.29±1.73 Nm/kg; women, 6.29±1.83 Nm/
kg, where t

39
=0.010, p>0.05). In addition, there was no 

sex-related or fatigue-related difference in the number of 
repetitions compared with baseline measurements (50% 
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Table 1  Baseline measurements

PET/BM
(Nm/kg)

50% NORs
(repetitions)

30% NORs
(repetitions)

Male 6.29±1.73 39.6±8.1 54.3±19.8

Female 6.29±1.83 36.0±6.0 53.6±17.8

t value 0.010 1.612 0.124

All data are presented as mean±SD.
The t values are the results of the independent t-test between 
male and female participants.
30% NORs, number of repetitions before decreasing to less than 
30% of the peak knee extension torque; 50% NORs, number of 
repetitions before decreasing to less than 50% of the peak knee 
extension torque; PET/BM, peak extension torque of the knee by 
body mass.

Table 2  Results for vertical jump height (cm)

Pre Post-50% Post-30% F value† F value‡ Post-hoc

Male 44.8±4.9 40.8±4.9 38.0±5.6 53.471* (S) 58.896* 1>2>3

Female 32.9±3.1 31.6±3.2 31.4±3.3 61.940* (F) 8.490* 1>2,3

t value 9.278* 7.078* 4.687* 22.079* (S×F)  �

All data are presented as mean±SD.
The t values are the results of the independent t-test between male and female participants.
*P<0.05.
†F value, results of the two-way analysis of variance with repeated measures between sex (S) and fatigue level (F).
‡F value, results of the one-way analysis of variance with repeated measures within pre, post-50% and post-30% fatiguing tasks.

of peak knee extension torque: men, 39.6±8.1 Nm/kg vs 
women, 36.0±6.0 Nm/kg, where t

39
=1.612, p>0.05; 30% 

of peak knee extension torque: men, 54.3±19.8 Nm/kg 
vs women, 53.6±17.8 Nm/kg, where t

39
=1.612, p>0.05) 

(table 1).

Vertical jump height
Sex and fatigue level had a significant interactive effect 
on vertical jump height (F

2,78
=22.079, p<0.001), further 

to the main observed effects of sex (F
1,39

=53.471, p<0.001) 
and fatigue level (F

2,78
=61.940, p<0.001). Post-hoc anal-

ysis indicated that men had significantly higher jump 
heights than women at baseline as well as after the post-
50% and post-30% fatiguing tasks (t

39
=9.278, p<0.001; 

t
39

=7.078, p<0.001; t
39

=4.687, p<0.001, respectively). Addi-
tionally, the post-50% and post-30% fatiguing task data 
revealed significantly decreased jump heights in women 
compared with baseline values (F

2,38
=8.490, p=0.001). 

The jump height in men also decreased significantly in 
the following order: baseline, post-50% and post-30% 
fatiguing task causing the greatest reduction in jump 
height (F

2,40
=58.896, p<0.001) (table 2).

Range of motions of the ankle joint during jump-landing
The main effects of fatigue level were on the ankle 
flexion angle (F

2,78
=3.276, p=0.043). Post-hoc anal-

ysis indicated a significantly smaller dorsiflexion angle 
during the post-30% fatiguing task than at baseline or 
during the post-50% fatiguing task in men (F

2,40
=6.794, 

p=0.003). Fatigue level had no significant effect on the 

ankle flexion angle in women. There were no interactive 
effects between sex and fatigue level, and no effect was 
observed for sex alone (table 3).

Range of motions of the knee joint during jump-landing
The main effects of sex and fatigue level were on the 
knee flexion angle (sex, F

1,39
=5.437, p=0.025; fatigue 

level, F
2,78

=9.266, p<0.001). Post-hoc analysis indicated 
that women had a significantly greater knee flexion 
angle than men at baseline and during the post-50% 
fatiguing task (baseline, t

39
=2.102, p=0.042; post-50%, 

t
39

=2.371, p=0.023). During fatigue, the knee flexion 
angle was significantly greater in the post-50% fatiguing 
task than at baseline and the post-30% fatiguing task 
in women (F

2,38
=6.453, p=0.004). Fatigue level had no 

significant effect on the knee flexion angle in men. 
There were no interactive effects between sex and 
fatigue level. Fatigue level had a significant effect on 
the knee rotation angle (F

2,78
=9.475, p<0.001). Post-hoc 

analysis indicated that significantly greater internal 
rotation occurred during the post-30% fatiguing task 
than at baseline for both sexes (men, F

2,40
=6.092, 

p=0.005; women, F
2,38

=4.287, p=0.021). However, there 
were no significant interactive effects between sex and 
fatigue level (table 3).

Range of motions of the hip joint during jump-landing
The main effects of sex and fatigue level were on the 
hip flexion angle (sex, F

1,39
=5.391, p=0.026; fatigue level, 

F
2,78

=25.480, p<0.001). Post-hoc analysis indicated that 
women had a significantly greater hip flexion angle than 
men in the post-50% fatiguing task (t

39
=2.634, p=0.012). 

Hip flexion angles were significantly smaller in the 
following order in both sexes: post-30%, post-50 and base-
line (men, F

2,40
=11.852, p<0.001; women, F

2,38
=14.313, 

p<0.001). However, there were no significant interactive 
effects between sex and fatigue level. The main effect of 
fatigue level on hip rotation angle (F

2,78
=20.127, p<0.001) 

was a significantly greater hip external rotation angle in 
both sexes during the post-30% fatiguing task compared 
with baseline (men, F

2,40
=9.782, p<0.001; women, 

F
2,38

=10.473, p<0.001). There were no significant inter-
active or main effects of sex on the hip rotation angle 
(table 3).
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Table 3  Range of motions of the ankle, knee and hip joints during jump-landing (°)

Pre Post-50% Post-30% F value† F value‡ Post-hoc

Ankle Dorsiflexion (+)/plantarflexion 
(−)

Male 59.39±6.51 60.43±7.47 56.46±6.97 3.615 (S) 6.794* 2,1>3

Female 61.53±6.30 62.91±4.96 62.39±7.83 3.276* (F) 0.525 ns

t value 1.064 1.248 2.561* 2.840 (S×F)

Eversion (+)/inversion (−) Male 4.23±2.14 4.19±1.98 4.18±1.94 0.983 (S) 0.033 ns

Female 3.61±1.68 3.53±2.01 3.69±2.37 0.083 (F) 0.103 ns

t value 1.018 1.058 0.731 0.098 (S×F)

Internal (+)/external rotation 
(−)

Male 22.22±6.78 22.12±6.76 21.55±6.74 1.208 (S) 0.332 ns

Female 23.56±5.17 24.76±6.11 23.63±5.87 1.075 (F) 1.553 ns

t value 0.712 1.308 1.054 0.608 (S×F)

Knee Flexion (+)/extension (−) Male 45.80±9.57 48.07±9.53 44.17±9.46 5.437* (S) 3.130 2>3

Female 52.86±11.86 55.65±10.92 49.98±9.84 9.266* (F) 6.453* 2>3

t value 2.102* 2.371* 1.929 0.334 (S×F)

Adduction (+)/abduction (−) Male 8.51±3.86 8.89±4.65 8.18±3.76 1.884 (S) 0.550 ns

Female 9.89±4.31 10.63±5.19 10.81±6.82 0.583 (F) 0.790 ns

t value 1.080 1.133 1.542 0.795 (S×F)

Internal (+)/external rotation 
(−)

Male 15.17±6.02 17.01±6.38 17.09±5.86 1.958 (S) 6.092* 3,2>1

Female 13.54±3.76 14.17±4.41 15.04±3.88 9.475* (F) 4.287* 3>1

t value 1.035 1.646 1.314 1.128 (S×F)

Hip Flexion (+)/extension (−) Male 22.92±9.85 17.08±9.91 14.68±8.91 5.391* (S) 11.852* 1>2>3

Female 30.10±14.20 26.01±11.76 20.67±11.66 25.480* (F) 14.313* 1>2>3

t value 1.889 2.634* 1.856 0.708 (S×F)

Adduction (+)/abduction (−) Male 4.66±1.82 4.47±1.70 4.38±1.71 0.043 (S) 0.219 ns

Female 4.60±1.63 4.69±1.63 4.48±1.57 0.258 (F) 0.144 ns

t value 0.102 0.407 0.192 0.111 (S×F)

Internal (+)/external rotation 
(−)

Male 8.92±2.69 7.52±3.17 6.17±2.87 0.034 (S) 9.782* 1>3

Female 8.76±3.10 7.34±3.39 6.07±2.52 20.127* (F) 10.473* 1>3

t value 0.183 0.168 0.117 0.005 (S×F)

All data are presented as mean±SD.
The t values are the results of the independent t-test between male and female participants.
*P<0.05.
†F value, results of the two-way analysis of variance with repeated measures between sex (S) and fatigue level (F).
‡F value, results of the one-way analysis of variance with repeated measures within pre, post-50% and post-30% fatiguing tasks.
ns, no significance.

Impulses during jump-landing
The impulses were analysed using vertical GRF (Fz 
value) that was normalised by body weight. The 
primary effects of fatigue level were observed in the 
jump-landing impulses (F

2,78
=7.916, p=0.001). Post-hoc 

analysis indicated that impulses during the post-30% 
fatiguing tasks were smaller than the baseline in men 
(F

2,40
=4.191, p=0.022). For women, jump-landing 

impulses were smaller during the post-30% fatiguing 
task than the post-50% fatiguing task (F

2,38
=3.759, 

p=0.032). However, sex and fatigue level had no signifi-
cant interactive effect (table 4).

Discussion
This study demonstrates the differences between men 
and women in responses to fatigue level of the knee 
extensor during jump-landing. The following are the 

main findings of this study: (1) vertical jump height is 
related to fatigue level in both sexes; (2) extension of 
the knee joint occurs more in the post-30% fatiguing 
task, and reductions in the flexion angle of the hip and 
knee joint occur in response to muscle fatigue level; 
(3) a reduction of impulses occurs at severe fatigue 
levels for both sexes; and (4) jump-landing kinematics/
impulses are altered in response to fatigue level, with 
the post-30% fatiguing task generating more obvious 
fatigue than the post-50% task. These findings are 
discussed in detail in the sections that follow.

Baseline measures and sex differences
No differences were observed between men and women 
with regard to the number of repetitions required to reach 
failure in the fatiguing tasks. The fatiguing protocol used 
in the present study can be related to the bilateral limb 
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Table 4  Impulses during jump-landing

Pre Post-50% Post-30% F value† F value‡
Post-
hoc

Impulse
(N/s)

Male 3.41±0.26 3.40±0.39 3.23±0.24 0.277 (S) 4.191* 1>3

Female 3.48±0.68 3.47±0.44 3.28±0.52 7.916* (F) 3.759* 2>3

t value 0.473 0.515 0.433 0.019 (S×F)

All data are presented as mean±SD.
The t values are the results of the independent t-test between male and female participants.
*P<0.05.
†F value, results of the two-way analysis of variance with repeated measures between sex (S) and fatigue level (F).
‡F value, results of the one-way analysis of variance with repeated measures within pre, post-50% and post-30% fatiguing tasks.

deficit (BLD) phenomenon.15–17 BLD is due to an insuf-
ficient neural input from the unilateral limb; therefore, 
more low-threshold motor units tend to be recruited 
when both limbs are contracting, resulting in a decline 
in force.18 However, force production can be sustained 
for a longer period of time because low-threshold motor 
units are recruited from the initial contraction up to 
the terminal contraction.19 In addition, women have a 
larger number of type I muscle fibres (which incorporate 
low-threshold motor units) than men.20 Our fatiguing 
protocol was based around bilateral contraction, which 
recruits more low-threshold motor units. Thus, failure of 
the task can occur faster than during unilateral fatiguing 
protocols. This could be one of the reasons why no inter-
actions between sex and fatigue level were observed. 
However, further research is needed to determine 
whether bilateral contraction results in faster task failure 
than unilateral contraction or to differences in time to 
task failure between sexes.

Range of motion characteristics of the lower extremities 
during jump-landing
In both sexes, a more extended knee joint was apparent 
in the post-30% fatiguing task. This was due to a reduced 
change in the flexion angle of the hip and knee joints during 
landing in response to fatigue level. We also observed more 
extended hip and knee joints as well as decreased ankle 
range of motion during jump-landing according to fatigue 
level in men. This indicated a diminished shock absorption 
capacity in the more extended joints, which was depen-
dent on sex and fatigue level as previously reported.21 The 
greater compressive impact load on the cartilage could 
afflict the soft tissues.22 Thus, this strategy was considered 
the effects of sex on knee joint control due to the quadri-
ceps fatigue during jump-landing.

The internal rotation angles of the knee joint were 
significantly affected by fatigue level. Specifically, the 
results showed that the greater the fatigue, the greater 
the internal rotation angle of the knee joint, although 
there was no interaction between sex and fatigue level. 
Previous studies have reported that a greater internal 
rotation angle of the knee joint is a risk factor for knee 
injury.23 As the increased internal rotation angle of the 
knee is dependent on fatigue level, it may be due to a 
malfunction in neuromuscular control, such as in the 

latter half of a sports match/game.4 Knee injuries due 
to neuromuscular fatigue could, therefore, be linked to 
alterations in the landing mechanics of the lower extrem-
ities. Thus, we suggest that the greater internal rotation 
angle of the knee joint due to more severely fatigued 
muscles should be addressed as a primary joint kinematic 
factor for knee injuries.

We also found that the higher jump height in men was 
due to the greater peak torque of men in maximal volun-
tary contraction than in women.24 Furthermore, the jump 
height decreased following severe fatigue levels in both 
sexes. This may be linked to a stiff landing as mentioned 
above. Fundamentally, to absorb shock during jump-
landing even though the jump height had decreased, a 
more flexed knee joint is required,25 whereas in our study 
men had more extended hip and knee joint during jump-
landing. Thus, a higher jump height with a stiff landing 
in men might pose a relatively higher risk of soft tissue 
injury despite the diminished jump height following 
severe fatigue levels.

Impulses during jump-landing
The impulses for both sexes were diminished following the 
fatiguing tasks compared with baseline, with the post-30% 
fatiguing task having the greatest effect. This leads us to 
suggest that severe fatigue levels are related to the recruit-
ment threshold of motor units in the knee extensors. In 
a previous study, regression analysis of the average motor 
unit firing rate versus the recruitment threshold relation-
ship showed that as the muscle became more fatigued, the 
y-intercept decreased and the slope became shallower.26 
Motor unit firing rates have been reported to be inversely 
proportional to the recruitment threshold.26 As this study 
demonstrated, this could lead to earlier-recruited motor 
units and higher motor unit firing rates when the muscle 
is fatigued, known as the ‘onion skin’ scheme.27 28 This 
might occur due to the increased excitation of the motor 
neurons with greater firing variability.29–32 This effect 
compensates for changes in the mechanical characteristics 
of the muscles that occur during fatigue.33 As the post-30% 
fatiguing task elicited more fatigue, there was a bigger 
effect on the performance. Therefore, we speculated that 
this was related to decreased impulses during landing due 
to low-threshold motor units and increased motor unit 
firing rates at the severe fatigue level.
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Limitations
This study and its experimental design have a few limita-
tions that should be considered when interpreting the 
results. First, some of the results, especially the rotation 
angle of the hip joint in the post-50% fatiguing task, were 
greater in the post-30% fatiguing task. We speculate that 
this could be due to a recovery in the force production 
between fatiguing tasks and moving to the jumping task, 
as previous studies have reported,34 despite efforts to mini-
mise the time between tasks. Second, this study did not 
directly measure the motor firing behaviour because the 
lower extremity muscles do not possess surface electro-
myographic (EMG) signals. Moreover, this study measured 
the jump height to confirm the effects of fatigue instead 
of measuring the lower limb muscle activities using EMG. 
Third, only the dominant leg was placed on the force plate 
despite participants performing the bilateral countermove-
ment jump. However, this should only result in minimal 
impact on the reliability of the data because muscle fatigue 
was elicited with both legs strapped to the dynamometer 
arm.

Conclusion
This study investigated the range of motions of the lower 
extremities and impulse changes during jump-landing 
related to different bilateral fatigue levels and sex. The 
results of this study showed differences in the range of 
motion of the knee and hip joints, as well as the landing 
impulse, for both sexes and muscle fatigue levels. This 
indicates that fatigability altered jump-landing kinematics, 
jump heights and impulses for both sexes in response to 
fatigue level. The post-30% fatiguing task elicited more 
fatigue than the post-50% fatiguing task. This study may 
provide insights into preventing lower limb injuries due to 
high fatigue levels.

Acknowledgements  The authors would like to thank the biomechanics laboratory 
members at Dong-A University for their assistance with data collection.

Contributors  BN, CHY and ML were involved in the conception and design of the 
study and in the interpretation of data. BN was responsible for initial writing and 
drafting of the manuscript, which was reviewed by all authors. All authors approved 
the final version to be submitted.

Funding  This work was supported by a Dong-A University research fund.

Competing interests  None declared.

Patient consent for publication  Not required.

Ethics approval  This study was approved by the Dong-A University Institutional 
Review Board, and was carried out in accordance with the Declaration of Helsinki 
and the ethical guidelines for human subjects of the Institutional Review Board of 
Dong-A University. After reading all the details of the study, participants gave their 
informed consent.

Provenance and peer review  Not commissioned; externally peer reviewed.

Data availability statement  Data are available in a public, open access 
repository. There are no data in this work. Data are available upon reasonable 
request. Data may be obtained from a third party and are not publicly available. 
No data are available. All data relevant to the study are included in the article or 
uploaded as supplementary information.

Open access  This is an open access article distributed in accordance with the 
Creative Commons Attribution 4.0 Unported (CC BY 4.0) license, which permits 
others to copy, redistribute, remix, transform and build upon this work for any 
purpose, provided the original work is properly cited, a link to the licence is given, 

and indication of whether changes were made. See: https://​creativecommons.​org/​
licenses/​by/​4.​0/.

ORCID iDs
Byungjoo Noh http://​orcid.​org/​0000-​0002-​6292-​6189
Chang Hong Youm http://​orcid.​org/​0000-​0001-​7574-​5259

References
	 1	 Davis DS, Briscoe DA, Markowski CT, et al. Physical characteristics 

that predict vertical jump performance in recreational male athletes. 
Phys Ther Sport 2003;4:167–74.

	 2	 Aragón-Vargas LF, Gross MM. Kinesiological factors in vertical 
jump performance: differences among individuals. J Appl Biomech 
1997;13:24–44.

	 3	 McNair PJ, Prapavessis H. Normative data of vertical ground 
reaction forces during landing from a jump. J Sci Med Sport 
1999;2:86–8.

	 4	 Hawkins RDet al. The association football medical research 
programme: an audit of injuries in professional football. Br J Sports 
Med 2001;35:43–7.

	 5	 Gandevia SC. Spinal and supraspinal factors in human muscle 
fatigue. Physiol Rev 2001;81:1725–89.

	 6	 Kent-Braun JA, Fitts RH, Christie A. Skeletal muscle fatigue. Compr 
Physiol 2012;2:997–1044.

	 7	 Gandevia SC, Allen GM, McKenzie DK. Central fatigue. In: Fatigue. 
Boston, MA: Springer, 1995: 281–94.

	 8	 Anandacoomarasamy A, Barnsley L. Long term outcomes of 
inversion ankle injuries. Br J Sports Med 2005;39:e14.

	 9	 Kellis E, Kouvelioti V. Agonist versus antagonist muscle fatigue 
effects on thigh muscle activity and vertical ground reaction during 
drop landing. J Electromyogr Kinesiol 2009;19:55–64.

	10	 Hunter SK. Sex differences and mechanisms of task-specific muscle 
fatigue. Exerc Sport Sci Rev 2009;37:113–22.

	11	 Dowling JJ, Vamos L. Identification of kinetic and temporal 
factors related to vertical jump performance. J Appl Biomech 
1993;9:95–110.

	12	 Guide, Vicon Plug-in Gait Product. Foundation Notes Revision 2.0. 
In: For use with plugin gait version 2.0 in Vicon nexus, 2010.

	13	 Cámara J, Grande I, Mejuto G, et al. Jump landing characteristics in 
elite soccer players with cerebral palsy. Biol Sport 2013;30:91–5.

	14	 Fagenbaum R, Darling WG. Jump landing strategies in male and 
female college athletes and the implications of such strategies for 
anterior cruciate ligament injury. Am J Sports Med 2003;31:233–40.

	15	 Bobbert MF, de Graaf WW, Jonk JN, et al. Explanation of the 
bilateral deficit in human vertical squat jumping. J Appl Physiol 
2006;100:493–9.

	16	 Howard JD, Enoka RM. Maximum bilateral contractions are 
modified by neurally mediated interlimb effects. J Appl Physiol 
1991;70:306–16.

	17	 Kuruganti U, Murphy T, Pardy T. Bilateral deficit phenomenon and 
the role of antagonist muscle activity during maximal isometric 
knee extensions in young, athletic men. Eur J Appl Physiol 
2011;111:1533–9.

	18	 Spiegel KM, Stratton J, Glendinning DS, et al. The influence of age 
on the assessment of motor unit activation in a human hand muscle. 
Exp Physiol 1996;81:805–19.

	19	 De Luca CJ, Contessa P. Biomechanical benefits of the onion-skin 
motor unit control scheme. J Biomech 2015;48:195–203.

	20	 Hunter SK. Sex differences in human fatigability: mechanisms and 
insight to physiological responses. Acta Physiol 2014;210:768–89.

	21	 Lafortune MA, Lake MJ, Hennig EM. Differential shock transmission 
response of the human body to impact severity and lower limb 
posture. J Biomech 1996;29:1531–7.

	22	 Hargrave MD, Carcia CR, Gansneder BM, et al. Subtalar pronation 
does not influence impact forces or rate of loading during a single-
leg landing. J Athl Train 2003;38:18.

	23	 Hewett TE, Myer GD, Ford KR. Anterior cruciate ligament injuries in 
female athletes: Part 1, mechanisms and risk factors. Am J Sports 
Med 2006;34:299–311.

	24	 Baudry S, Klass M, Pasquet B, et al. Age-related fatigability of 
the ankle dorsiflexor muscles during concentric and eccentric 
contractions. Eur J Appl Physiol 2007;100:515–25.

	25	 Wikstrom EA, Powers ME, Tillman MD. Dynamic stabilization time 
after isokinetic and functional fatigue. J Athl Train 2004;39:247.

	26	 De Luca CJ, Hostage EC. Relationship between firing rate and 
recruitment threshold of motoneurons in voluntary isometric 
contractions. J Neurophysiol 2010;104:1034–46.

	27	 de Luca CJ, LeFever RS, McCue MP, et al. Behaviour of human 
motor units in different muscles during linearly varying contractions. 
J Physiol 1982;329:113–28.

https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
http://orcid.org/0000-0002-6292-6189
http://orcid.org/0000-0001-7574-5259
http://dx.doi.org/10.1016/S1466-853X(03)00037-3
http://dx.doi.org/10.1123/jab.13.1.24
http://dx.doi.org/10.1016/S1440-2440(99)80187-X
http://dx.doi.org/10.1136/bjsm.35.1.43
http://dx.doi.org/10.1136/bjsm.35.1.43
http://dx.doi.org/10.1152/physrev.2001.81.4.1725
http://dx.doi.org/10.1002/cphy.c110029
http://dx.doi.org/10.1002/cphy.c110029
http://dx.doi.org/10.1136/bjsm.2004.011676
http://dx.doi.org/10.1016/j.jelekin.2007.08.002
http://dx.doi.org/10.1097/JES.0b013e3181aa63e2
http://dx.doi.org/10.1123/jab.9.2.95
http://dx.doi.org/10.5604/20831862.1044223
http://dx.doi.org/10.1177/03635465030310021301
http://dx.doi.org/10.1152/japplphysiol.00637.2005
http://dx.doi.org/10.1152/jappl.1991.70.1.306
http://dx.doi.org/10.1007/s00421-010-1752-8
http://dx.doi.org/10.1113/expphysiol.1996.sp003978
http://dx.doi.org/10.1016/j.jbiomech.2014.12.003
http://dx.doi.org/10.1111/apha.12234
http://dx.doi.org/10.1016/S0021-9290(96)80004-2
http://www.ncbi.nlm.nih.gov/pubmed/12937467
http://dx.doi.org/10.1177/0363546505284183
http://dx.doi.org/10.1177/0363546505284183
http://dx.doi.org/10.1007/s00421-006-0206-9
http://www.ncbi.nlm.nih.gov/pubmed/15496994
http://dx.doi.org/10.1152/jn.01018.2009
http://dx.doi.org/10.1113/jphysiol.1982.sp014293


7Noh B, et al. BMJ Open Sp Ex Med 2020;6:e000660. doi:10.1136/bmjsem-2019-000660

Open access

	28	 De Luca C, Erim Z. Common drive of motor units in regulation of 
muscle force. Trends Neurosci 1994;17:299–305.

	29	 Tracy BL, Maluf KS, Stephenson JL, et al. Variability of motor unit 
discharge and force fluctuations across a range of muscle forces in 
older adults. Muscle Nerve 2005;32:533–40.

	30	 Kornatz KW, Christou EA, Enoka RM. Practice reduces motor unit 
discharge variability in a hand muscle and improves manual dexterity 
in old adults. J Appl Physiol 2005;98:2072–80.

	31	 Negro F, Holobar A, Farina D. Fluctuations in isometric muscle 
force can be described by one linear projection of low-

frequency components of motor unit discharge rates. J Physiol 
2009;587:5925–38.

	32	 Barry BK, Pascoe MA, Jesunathadas M, et al. Rate coding is 
compressed but variability is unaltered for motor units in a hand 
muscle of old adults. J Neurophysiol 2007;97:3206–18.

	33	 Adam A, De Luca CJ. Firing rates of motor units in human vastus 
lateralis muscle during fatiguing isometric contractions. J Appl 
Physiol 2005;99:268–80.

	34	 Carroll TJ, Taylor JL, Gandevia SC. Recovery of central and 
peripheral neuromuscular fatigue after exercise. J Appl Physiol 
2017;122:1068–76.

http://dx.doi.org/10.1016/0166-2236(94)90064-7
http://dx.doi.org/10.1002/mus.20392
http://dx.doi.org/10.1152/japplphysiol.01149.2004
http://dx.doi.org/10.1113/jphysiol.2009.178509
http://dx.doi.org/10.1152/jn.01280.2006
http://dx.doi.org/10.1152/japplphysiol.01344.2004
http://dx.doi.org/10.1152/japplphysiol.01344.2004
http://dx.doi.org/10.1152/japplphysiol.00775.2016

	Effect of knee extensor fatigue level and sex on bilateral jump-­landing
	Abstract
	Introduction﻿﻿
	Methods
	Participants
	Data collection
	Knee extensor fatiguing contraction task
	Data analysis
	Statistical analysis

	Results
	Baseline results
	Vertical jump height
	Range of motions of the ankle joint during jump-landing
	Range of motions of the knee joint during jump-landing
	Range of motions of the hip joint during jump-landing
	Impulses during jump-landing

	Discussion
	Baseline measures and sex differences
	Range of motion characteristics of the lower extremities during jump-landing
	Impulses during jump-landing
	Limitations

	Conclusion
	References


