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Abstract: Lower limb kinematics and kinetics during the landing phase of jumping might
change because of localized muscle fatigue. This study aimed to investigate the acute influence
of running-induced fatigue on the performance and lower limb kinematics and kinetics of a
countermovement jump. A running-induced fatigue protocol was applied to fifteen male subjects.
Participants were asked to perform three successful countermovement jumps before and after fatigue.
Kinematic and kinetic data were collected to compare any fatigue influences. Wilcoxon signed-rank
tests and paired-sample t-tests were used to analyze the data. Running-induced fatigue did not
significantly change vertical jump height and peak vertical ground reaction forces (GRF) during the
push-off and landing phases. Lower limb biomechanics significantly changed, especially kinematic
parameters. During the push-off phase, fatigue resulted in an increased ankle peak inversion angle,
knee minimal flexion angle, knee peak abduction angle, and hip peak flexion moment. In addition,
the range of motion (ROM) of the ankle and knee joints in the frontal plane was also increased.
Certain parameters decreased as a result of fatigue, such as the ankle peak internal rotation angle,
hip peak abduction angle, the ROM of the ankle joint in the sagittal plane, and ROM of the hip joint
in the frontal plane. During the landing phase, the peak inversion angle and peak external rotation
angle of the ankle joint, peak abduction angle of the knee and hip joint, ROM of the ankle joint in the
horizontal plane, ROM of the ankle and knee joint in the frontal plane were all increased as a result of
fatigue. The knee peak flexion moment and hip peak extension moment, however, were decreased.
Under fatigue conditions, lower limb kinetics and kinematics were changed during both the push-off
and landing phases. More attention should be focused on the landing phase and the last period of the
push-off phase due to potentially higher risks of injury. The findings of the current study may be
beneficial to athletes and coaches in preventing jumping related injuries.

Keywords: running-induced fatigue; joint angle; joint moment; jump height; countermovement jump

1. Introduction

Jumping is a fundamental physiological motion, which is used frequently in various sports.
In addition, analysis of jumping performance can evaluate lower limb strength as well as bilateral
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strength asymmetry [1]. The ability to jump is highly related to the performance of sports, including
volleyball, basketball, and high jump. Flight time is a commonly used method to calculate the vertical
jump height using simple computation. Vertical jump height calculated from flight time, however, has
been overestimated by 0.025 m compared to takeoff velocity [2]. Vertical jump height is also associated
with different jump types. Compared to the squat jump, the countermovement jump can increase the
vertical jump height more effectively [3,4]. Squat depth is another factor that influences maximum
vertical jump height achieved. In the experiment of Domire et al. [5], results indicated that jump height
did not change if the subjects jumped from a preferred or deep position, whereas a computer simulation
model demonstrated an increased jump height with increased squat depth. Practice to adapt the deeper
squat position might assist athletes in developing a larger range of motion, and thereby, improve
jumping performance. The effect of different stretching protocols on vertical jumping performance
is varied. Static stretching before a vertical jump appears to reduce the jump height, while dynamic
stretching contributes to a greater height obtained [6]. Knudson et al. also found that stretching could
decrease vertical jump performance, although the finding was not significant [7]. Metatarsal strapping
also appears to be another effective method to improve vertical jump performance [8].

Biomechanical parameters are different using the countermovement jump in jumpers with different
abilities. Good performers have demonstrated greater jump heights, and the joint moments, joint
power, and joint work of the three lower limb joints were increased [9]. Biomechanical assessments
of jump-landings were used to compare any differences between healthy athletes and athletes with
patellar tendinopathy [10,11]. The findings revealed that basketball athletes with patellar tendinopathy
displayed lower loading rates during stop-jump landing tasks [10]. During the push-off phase,
the triceps surae muscles, which include the gastrocnemius (GAS) and soleus (SOL) are the main
contributors to vertical support and propulsion [12]. The reduction in strength in the triceps surae
muscles can influence ankle power generation and change gait patterns [13]. The Achilles tendon, as an
energy provider, that plantarflexes the foot, propels the body forward as well as controls the behavior
of triceps surae [14]. When faced with rigorous cyclic loading, the Achilles tendon is subjected to a
greater risk of injury and fatigue-induced damage may contribute to tendon failure [15].

Biomechanical changes in the lower limbs are related to lower limb injuries. Foot pronation has
been proposed as a strong contributory factor for injuries [16,17]. Increased foot pronation alters the
biomechanical parameters in the ankle joint, including motion, moment, and power [18]. After mid
stance running, the static foot pronation of recreational runners is increased, which might indicate
increased lower limb joint loading [19]. Fatigue is an important risk factor to consider in the prevention
of injuries. Various fatigue protocols have been used to explore the changes in lower limb biomechanics
when fatigue occurs. The influence of fatigue on running biomechanics has focused on plantar
pressure [20], ground reaction forces (GRF) [21], kinematics, and kinetics of the lower limbs [22,23].
The effect of fatigue on hopping and jumping has mainly considered the landing phase [24-26].
The kinematics of the hip and knee joints did not significantly change following hip extensor fatigue
since increased gluteus maximus recruitment was observed to compensate for the decrease in hip
extensor strength [27]. During fatigue of the knee flexor and extensor muscles, participants were
asked to perform cutting movements after jump landings from different heights. Kim et al. [28] found
that the shock absorption provided by the knee joint decreased, while the ankle joint contribution
increased. Knee extensor fatigue resulted in lower vertical jump height, a reduction in impulse, and
jumping-landing kinematic changes in both male and female groups, especially under severe fatigue
conditions [29].

Previous studies have investigated lower limb biomechanical changes induced by fatigue, and
their research has mainly focused on the landing phase. Most fatigue protocols previously have
investigated localized muscle fatigue. Therefore, the purpose of this study was to determine the
influence of running-induced fatigue on performance characteristics and biomechanics of an entire
countermovement jump. We hypothesized that running-induced fatigue would lead to a reduction in
jump height and changes in lower limb kinematics and kinetics.
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2. Materials and Methods

2.1. Design

Each participant in our study visited the laboratory for one day only. The experimental
protocol was divided into three parts: pre-fatigue, fatigue protocol, and post-fatigue (Figure 1).
During pre-fatigue and post-fatigue, the lower limb kinematics and kinetics of the participants were
collected. A running-induced fatigue protocol was conducted between the pre- and post-fatigue
conditions. There were no intervals between the fatigue protocol and post-fatigue. This study complied
with the reporting guidelines of the Equator network.

Start position Step on Push off Flighting Landing Step off

O joint  a. Acquisition of kinematics and kinetics parameters b. Running-induced fatigue protocol

Figure 1. Illustration of the entire experiment. Sequence: (a) pre-fatigue, (b) fatigue protocol,
(a) post-fatigue.

2.2. Subjects

Prior to the study, the sample size was calculated using G*Power (effect size = 0.8, o level = 0.05,
power value = 0.9, trails: two). Fifteen male participants were recruited from students at Ningbo
University, and their information is presented in Table 1. They had a mean (SD) age of 23.93 (0.80)
years. Their mean (SD) height, mass, and body mass index (BMI) were 176.70 (2.75) cm, 73.93 (4.76) kg,
and 23.35 (1.22), respectively. Individuals were free of any foot deformities, which had been examined
by an experienced physician before conducting tests. Subjects with lower limb injuries or surgeries
within the previous six months were excluded. All the included subjects exercised more than three
hours per week and were defined as physically active. Furthermore, they all had normal foot arches
with 253.2 + 1.82 mm foot length and 87.4 + 1.35 cm leg length. Foot posture index (FPI) was assessed
and scored from —2 to 2 for each item with 6 items in total [30]. The subjects with FPI scores between
-5 and 5 were included in this study, which demonstrated normal foot postures [19]. The entire
selection process of the participants is outlined in Figure 2. All participants used their right legs in a
ball kicking task, and as a result, the right leg was deemed to be the dominant leg. Before the test,
all participants provided informed consent and were provided with details and objectives of this
study. Ethical approval for the study protocol was obtained from the Human Ethics Committee of
Ningbo University.
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Figure 2. Flow chart of participant selection. Note: FPI-foot posture index.

Figure 2 illustrates how the participants were selected. The descriptive features of the subjects are
presented in Table 1.

Table 1. Descriptive characteristics of participants.

Variables Mean SD
Age (year) 23.93 0.80
Weight (kg) 73.93 4.76
Height (cm) 176.70 2.75
BMI 23.35 1.22

Foot length (mm) 253.2 1.82
Leg length (cm) 87.4 1.35

Notes: BMI: body mass index; SD: standard deviation.

2.3. Experimental Procedures

Before formal experimentation, the weight and height of each subject were measured using a
stadiometer and a calibrated weighing scale. Assigned shoes were provided to reduce measurement
error. The experimental protocol was divided into three parts: pre-fatigue, fatigue, and post-fatigue.
During the pre-fatigue and post-fatigue phases, the kinetics and kinematics of the lower limbs were
captured synchronously. An eight-camera infrared Vicon motion capture system (Oxford metric Ltd.,
Oxford, UK) and a Kistler Force Platform (Model9281B, Winterthur, Switzerland) were used to collect
the kinematics and kinetic data with sampling frequencies of 200 Hz and 1000 Hz, respectively. To track
the motion of participants, twenty-one reflective markers, and six rigid marker clusters were attached
with adhesive tape, which is illustrated in Figure 3 [31]. Reflective markers were bilaterally placed
on the lower limbs and pelvis, which included the anterior superior iliac spines, iliac crests, greater
trochanters, lateral and medial femoral epicondyles, lateral and medial malleolus, distal interphalangeal
joint of the second toe, the first and fifth metatarsal heads, and the final marker was placed on the
joint space between the fifth lumbar and the first sacral spinous. In addition, six marker clusters were
bilaterally placed on the mid-thigh, mid-shank, and heel counter of the shoes with a self-adhering
bandage. All these preparations were done by the same experienced researcher. Before data collection,
the force platform was zero-leveled, and the definition of contact on the force platform was a value
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of vertical GRF surpassing 20 N. In both pre-fatigue and post-fatigue phases, all subjects were asked
to perform three successive trials. While performing the countermovement jump, participants were
informed to stand in a position facing the force platform. When the researcher gave the instruction to
start, the participants used their right foot to step on the force platform with his left foot following.
Subjects then performed the countermovement jump with the hands placed on the hip. When the
subjects completed the jumps, they stepped off the force platform and maintained an upright position.
If the left foot touched the force platform, the trial was not analyzed.

Figure 3. The placement of reflective markers and rigid clusters.

2.4. Running-Induced Fatigue Protocol

After collecting kinematic and kinetic data of the lower limb under the pre-fatigue condition,
participants were informed to start a running-induced protocol [32,33]. The 15-point Borg scale was
used to rate perceived exertion, and a Polar H10 was used to monitor heart rate. At the beginning of
the protocol, subjects ran on the treadmill at a speed of 6 km/h. Every two minutes, the speed was
increased by 1 km/h. Subjects started to run as soon as the treadmill speed facilitated the running pace
for the subjects. When the subjects scored 13 (somewhat hard) on the Borg scale, the speed of the
treadmill was not allowed to increase. When the subjects graded 17 (very hard) or reached 90% of
maximum heart rate, a further 2-minutes of running was noted for each participant. Following the
additional two minutes of running, the subjects were assumed to have reached volitional exhaustion.

2.5. Data Processing

The entire countermovement jump in this study was separated into three parts, including push-off,
flight, and landing phases. Marker trajectories were processed by Visual 3-D software (version 3.26,
C-Motion Inc., Germantown, MD, USA) and were smoothed using a low-pass filter with a 10 Hz
cutoff frequency. The joint angles were calculated using an inverse kinematics algorithm, which
was conducted in Visual 3D. The calculation of joint moments was based on the calculated joint
angles and collected GRF, and an inverse dynamics algorithm was used to acquire the joint moments.
The kinematics and kinetics of the lower limbs in the push-off and landing phases were analyzed,
respectively, and the data for each phase were normalized to 100 frames. The vertical GRF were
normalized to body weight (BW). Kinematic variables of interest included peak joint angles as well as
the range of motion (ROM) of the ankle, knee, hip joints in three planes. Kinetic variables included
peak values for vertical GRF and peak joint moments of the ankle, knee, and hip joints, which were
normalized to the body mass of each participant. As for the flight phase, jump height was calculated
by the flight time to evaluate the jump performance according to Equation (1) [34,35].

9.80m-s~2 x flight time(s)
jump height(m) = s Xj;zg ime(s) (1)
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2.6. Statistical Analysis

Shapiro-Wilks tests were conducted to examine whether the variables obeyed normal distribution.
Some parameters were not normally distributed; therefore, Wilcoxon signed-rank tests were carried out
to evaluate the differences between pre- and post-fatigue. The differences between the other variables
between the two conditions were assessed by Paired sample ¢-tests. Mean and standard deviations
(SD) were used to describe the variables. All statistical analyses were performed using SPSS (version
25, SPSS, Chicago, IL, USA), with the significance level set at a p-value 0.05. Effect sizes (ES) (Cohen’s
d) were calculated by G*Power, and an ES between 0.2 and 0.5 was defined as small. Medium class
referred to an ES between 0.5 and 0.8, and an ES beyond 0.8 was defined as large [36].

3. Results

3.1. Jump Height

The jump heights for the pre- and post-fatigue conditions were 280.0(35.4) mm and 271.7(54.4) mm.
No significant differences in jump height were observed between the two conditions (p = 0.368,
ES =0.22).

3.2. Kinematics

3.2.1. Joint Angles during the Push-Off Phase

As shown in Table 2, differences were found between the pre-fatigue and post-fatigue conditions.
As for the ankle joint, the ROM in the sagittal plane of the pre-fatigue condition was significantly
different from that of the post-fatigue condition (p = 0.010, ES = 0.60). In the frontal plane, the peak
inversion angle and ROM were significantly larger when fatigue occurred (p = 0.004, ES = 0.64; p = 0.005,
ES = 0.39). In the horizontal plane, the peak internal rotation angle before fatigue was larger than the
angle after fatigue (p = 0.003, ES = 0.44). In the knee joint, significant differences were observed in
the sagittal and frontal planes. The maximal joint angle in the sagittal plane, the minimal joint angle,
and ROM in the frontal plane were increased under fatigue conditions (p = 0.026, ES = 0.73; p = 0.036,
ES = 0.64; p = 0.001, ES = 1.37). In the hip joint, the differences were only found in the frontal plane with
a decreased minimal joint ankle and ROM following fatigue (p = 0.005, ES = 0.43; p = 0.002, ES = 1.04).

3.2.2. Joint Angles during Landing Phase

Peak joint angles and ROM are presented in Table 3. The majority of the parameters which
significantly changed were larger under fatigue conditions, such as the peak inversion angle and ROM
of the ankle joint in the frontal plane (p = 0.003, ES = 0.65; p = 0.001, ES = 0.87), the peak external
rotation angle and ROM of the angle joint in the horizontal plane (p = 0.004, ES = 0.52; p = 0.005,
ES = 0.62), the peak abduction angle and ROM of the knee joint in the frontal plane (p = 0.032, ES = 0.64;
p = 0.000, ES = 1.60), but the peak abduction angle of the hip joint was smaller when fatigue occurred
(p =0.025, ES = 0.39).
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Table 2. Peak joint angles and range of motion (ROM) of pre-fatigue and post-fatigue during the push-off phase.

Joint Plane Pre Post
Max Min ROM Max Min ROM

Ankle (°) Sagittal 29.31 (5.17) —22.82 (5.81) 52.13 (3.32) * 30.02 (6.14) —-19.98 (3.30) 50.01 (3.73) *
Frontal 7.62 (2.55) * -9.02 (5.97) 16.64 (6.36) * 9.41 (3.03) * -9.63 (5.73) 19.04 (5.79) *

Horizontal 9.43 (6.69) * —5.57 (9.95) 15.00 (7.95) 6.07 (8.33) * —6.19 (6.83) 12.26 (2.31)

Knee (°) Sagittal -1.69 (2.19) * —97.40 (18.63) 95.70 (18.07) —4.44 (4.83) * —96.45 (26.96) 92.01 (24.53)
Frontal 8.12 (4.15) —3.08 (4.66) * 11.20 (2.07) * 11.12 (9.34) —8.30 (10.60) * 19.42 (8.24) *

Horizontal 9.48 (7.37) -9.28 (5.11) 18.76 (5.12) 10.89 (19.15) —8.76 (18.03) 19.65 (3.26)

Hip (°) Sagittal 60.70 (19.42) -1.07 (3.82) 61.77 (20.90) 60.99 (23.88) 1.08 (4.48) 59.91 (21.10)
Frontal 3.71 (4.28) —9.38 (6.35) * 13.09 (3.13) * 3.79 (6.10) —6.47 (7.18) * 10.26 (2.23) *

Horizontal 6.45 (6.07) —7.36 (3.06) 13.81 (4.78) 8.34 (15.20) —5.36 (16.80) 13.70 (3.89)

Notes: pre: pre-fatigue; post: post-fatigue. * indicates a significant difference between pre- and post-fatigue.
Table 3. Peak joint angles and ROM of pre-fatigue and post-fatigue during the landing phase.
Joint Plane Pre Post
Max Min ROM Max Min ROM

Ankle (°) Sagittal 25.23 (6.33) —-16.58 (4.53) 41.80 (4.31) 25.83 (8.73) —15.10 (6.50) 40.93 (4.16)
Frontal 7.35 (4.33) * —6.86 (3.29) 14.20 (4.10) * 10.29 (4.67) * —7.45 (4.17) 17.75 (4.03) *
Horizontal 9.14 (6.31) -3.08 (5.11) * 12.22 (3.87) * 7.90 (9.68) —6.55 (7.88) * 14.45 (3.31) *

Knee (°) Sagittal —1.84 (2.55) —76.95 (27.27) 75.11 (27.84) —3.80 (4.96) —77.46 (35.40) 73.66 (33.08)
Frontal 6.63 (4.85) -1.87 (3.89) * 8.49 (2.41) * 9.32 (7.44) -5.75 (7.70) * 15.07 (5.27) *

Horizontal 8.66 (7.42) —6.31 (3.85) 14.98 (4.10) 8.35 (21.74) -7.31(20.43) 15.66 (3.01)

Hip (°) Sagittal 41.08 (27.17) —4.69 (6.25) 45.77 (30.61) 43.12 (34.20) —2.88 (5.92) 46.00 (33.65)
Frontal 3.22(1.97) —8.85 (5.45) * 12.07 (3.68) 4.62 (4.46) —6.65 (5.91) * 11.27 (1.83)

Horizontal 5.68 (6.02) —5.72 (4.43) 11.41 (5.13) 7.86 (15.01) -3.63 (14.30) 11.49 (4.41)

Notes: pre: pre-fatigue; post:

post-fatigue. * indicates a significant difference between pre- and post-fatigue.

70f13
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3.3. Kinetics

3.3.1. Joint Moments during the Push-Off Phase

The consecutive joint moments during the push-off phase are presented in Figure 4. Significant
differences were only found in the sagittal plane. The peak flexion moment of the knee joint before
fatigue was significantly larger (p = 0.031, ES = 0.87); besides, the peak flexion moment of hip joint
increased under the fatigue condition (p = 0.036, ES = 0.54).
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Figure 4. The joint moments between pre- (red solid lines) and post-fatigue (blue solid lines) during
the push-off phase. Shaded areas mean standard deviation. Black dotted boxes indicate significant
differences between the two conditions.

3.3.2. Joint Moments during Landing Phase

The consecutive joint moments during the landing phase are presented in Figure 5. In the sagittal
plane, the peak flexion moment of the knee joint, and the peak extension moment of the hip joint
significantly decreased when fatigue occurred (p = 0.047, ES = 0.60; p = 0.036, ES = 0.44).
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Figure 5. The joint moments between pre- (red solid lines) and post-fatigue (blue solid lines) during
the landing phase. Shaded areas mean standard deviation. Black dotted boxes indicate significant
differences between the two conditions.

3.3.3. Comparisons of Peak Vertical GRF

As is shown in the Table 4, no significant changes in peak vertical GRF were found between
pre-fatigue and post-fatigue conditions during two phases (p = 0.17, ES = 0.48; p = 0.88, ES = 0.03).

Table 4. Peak value of vertical ground reaction forces (GRF) in the push-off phase and landing phase.

Phase Condition =~ PVGRF(BW) 4 ES
Pre 1.23+0.13

Push-off Post 130 £ 016 0.17 0.48
. Pre 2.38 +0.79

Landing Post 2364050 088 0.03

Notes: Pre: pre-fatigue; Post: post-fatigue; PVGREF: peak vertical GRF; p: p-value; ES: effect sizes.

4. Discussion

The purpose of this study was to investigate the influence of running-induced fatigue on
performance and lower limb biomechanics of the countermovement jump. Different from our
assumptions, jump height was not significantly affected by running-induced fatigue. However, the
kinematics and kinetics of the lower limbs, as hypothesized, were significantly changed due to fatigue,
especially the kinematic parameters.

No significant differences were found in the jump height between pre- and post-fatigue conditions.
It seems that running-induced fatigue does not influence jumping performance. In previous studies,
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vertical jump height has been shown to be related to fatigue levels [29]. The fatigue protocols used
previously focused on the fatigue of the knee extensor. The interpretation may be that the reduced
strength of the knee extensor influenced the lower vertical jump height achieved. Knee extensor fatigue
influences several biomechanical variables during countermovement jumping, whereas the fatigue of
the knee flexor did not alter the kinetics and kinematics of the lower extremities [37]. The biomechanical
alternations in the lower limbs caused by fatigue were varied, which might partly be due to the
different fatigue levels and protocols. A decrease in vertical jump height was observed using a fatigue
protocol in one hundred drop jumps [38]. However, fatigue induced by running, as a long-term fatigue
protocol, may not be severe enough to fatigue the localized muscles which play a vital role in jumping
performance. Consecutive jumps were used as a fatigue protocol in a previous study, which focused on
landing biomechanics instead of jump height and the entire jump process [26]. Further research used
two different exercise-induced fatigue protocols, one of which required running at a constant speed
until subjects could not continue. In that study, only the landing phase was considered [39]. Our study
focused on the effects of running-induced fatigue on jump height and the entire physiological process
of the countermovement jump.

Whether during the push-off phase or the landing phase, the main changes in kinematics happened
in the frontal plane. Furthermore, the knee joint angle increased, whereas the hip joint angle decreased.
During the push-off phase, the sagittal-plane of motion of the ankle joint decreased following the
fatigue intervention, which may be indicating that the movement of the ankle joint was limited. As the
triceps surae muscles are proposed to be related to ankle power generation and gait pattern during
the push-off phase, the reduction in the triceps surae muscular strength caused by fatigue might be
responsible for the ankle kinematics changes in this study [13]. This change would hamper the force
production of the lower limbs as well as vertical jump performance [40]. In the final period of the
push-off phase, the peak inversion angle under the fatigue condition was larger than that before fatigue,
and the foot was in plantar flexion. Combining these changes, the risk of ankle injuries was increased
under the post-fatigue condition [41]. Furthermore, fatigue might increase the injury risk to the Achilles
tendon which is crucial in propelling the body forward and plantarflexing the foot [15]. During the
landing phase, almost all differences between pre- and post-fatigue were increased joint angles, except
the peak abduction angle of the hip joint. As fatigue progressed, knee abduction increased during not
only the push-off phase but also during the landing phase. In addition, an increased frontal-plane
of motion of the knee joint also occurred. All these changes placed the individuals under a greater
risk of injuries to the anterior cruciate ligament (ACL) [42]. After prolonged running, foot pronation
increased which is an indicator of several running related injuries [19].

Regarding the kinetic changes under fatigue conditions, peak vertical GRF were not significantly
different, the peak knee flexion moment and peak hip extension moments were decreased during the
landing phase. Landing motions increased forces and moments to the lower limbs, and thus caused
the collapse of the lower extremities [43]. Compared to post-fatigue, the peak hip extensor moment
and peak knee flexor moment of pre-fatigue were increased, which indicated a stiffer landing [43].
Furthermore, a stiffer landing pattern might be beneficial in attenuating the high impulse loads [44].
Thus, we suspect that the landing pattern after fatigue might not be able to deal with the high impulse
loads and increased risk of injuries. In the current study, the peak vertical GRF were not influenced by
the intervention of running-induced fatigue. The peak extension moment of the knee joint was not
significantly affected by fatigue, which agreed with a previous study [45]. Fatigue caused increased
knee valgus moments, decreased knee flexion angles, and increased peak proximal tibial anterior shear
forces, resulting in increased injury risk of the ACL [45]. According to previous researches, the changes
in GRF during the fatigued motion were still controversial. Augustsson et al. [46] found that not
only the vertical and antero-posterior horizontal but also the resultant vector of these two forces were
decreased during the landing phase of single leg hopping as fatigue set in. James et al. [47] found
that fatigue resulted in greater peak values of GRF and loading rate, and these changes increased
the stress fracture injury risk. The type of fatigue protocols was the reason for the different changes
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in GRF. Different fatigue protocols influenced neuromuscular and kinematic landing performance
characteristics, while the magnitudes of GRF change remained uncertain [48].

While the results of this study interpreted the changes in lower extremities after running-induced
fatigue intervention, several inherent limitations should be acknowledged. First, only males were
included in this study. Therefore, the results were not appropriate to apply to female populations.
Once fatigued, females use a more quadriceps-dominant strategy compared to males [49]. Second,
we investigated jump height and the biomechanics of lower extremities when running-induced fatigue
occurred, which might help to provide insight into the performance related characteristics of the
basketball match. Further studies could use a fatigue protocol utilizing sprint performance, which may
be more related to basketball matches. Furthermore, participants were limited to physically active
males, and other athletes might present different lower limb biomechanical profiles. Another limitation
is that the FPI values were not measured post-fatigue. FPI values have been proven to contribute to
increased pronation after long distance running [19]. The changes in the FPI values post-fatigue might
be a potential influencing factor to the changes in lower limb biomechanics. Finally, only the peak values
of variables in three planes were analyzed, and further studies may incorporate further biomechanical
analysis considering greater detail and the investigation of more variables. Further research could also
consider investigation into changes in continuous values.

5. Conclusions

Injury risk to the Achilles tendon should be highlighted during the push-off phase when fatigue
occurs. The final period of the push-off phase also needs greater attention because of a higher ankle
injury risk compared to the pre-fatigue condition. During the landing phase, the increased valgus angle
and ROM of the knee joint in the frontal plane resulted in a higher risk of ACL injuries. The results
of this study should improve our understanding about the effects of running-induced fatigue on
countermovement jumping. The findings also provide valuable information that will help both athletes
and coaches minimize injuries.

Author Contributions: Conceptualization, P.Y., YM. and Z.G.; methodology, Z.G. and Y.G.; formal analysis,
PY, BI and Z.G,; investigation, P.Y.,, M.Y. and Z.G.; resources, B.I. and Y.G.; data curation, YM., Z.G. and B.I;
writing—original draft preparation, P.Y. and Y.M.; writing—review and editing, P.Y. and Y.M.; supervision, J.S.B.
and Z.G.; project administration, Y.G.; funding acquisition, J.5.B. and Y.G. All authors have read and agreed to the
published version of the manuscript.

Funding: This research was funded by the Key Project of the National Social Science Foundation of China
(19ZDA352), National Key R&D Program of China (2018YFF0300903), and K.C. Wong Magna Fund in
Ningbo University.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Impellizzeri, EM.; Rampinini, E.; Maffiuletti, N.; Marcora, S.M. A vertical jump force test for assessing
bilateral strength asymmetry in athletes. Med. Sci. Sports Exerc. 2007, 39, 2044-2050. [CrossRef] [PubMed]

2. Yamashita, D.; Murata, M.; Inaba, Y. Effect of Landing Posture on Jump Height Calculated from Flight Time.
Appl. Sci. 2020, 10, 776. [CrossRef]

3. Shu, Y; Sun, D.; Hu, Q.L.; Zhang, Y.; Li, J.S.; Gu, Y.D. Lower Limb Kinetics and Kinematics during Two
Different Jumping Methods. |. Biomim. Biomater. Biomed. Eng. 2015, 22, 29-35.

4. Bobbert, M.E,; Gerritsen, K.G.; Litjens, M.C.; Van Soest, A.]. Why is countermovement jump height greater
than squat jump height? Med. Sci. Sports Exerc. 1996, 28, 1402-1412. [CrossRef] [PubMed]

5. Domire, Z.].; Challis, ].H. The influence of squat depth on maximal vertical jump performance. J. Sports Sci.
2007, 25, 193-200. [CrossRef] [PubMed]

6. Hough, P.A; Ross, E.Z.; Howatson, G. Effects of dynamic and static stretching on vertical jump performance
and electromyographic activity. J. Strength Cond. Res. 2009, 23, 507-512. [CrossRef] [PubMed]

7. Knudson, D.; Bennett, K.; Corn, R.; Leick, D.; Smith, C. Acute effects of stretching are not evident in the
kinematics of the vertical jump. J. Strength Cond. Res. 2001, 15, 98-101.


http://dx.doi.org/10.1249/mss.0b013e31814fb55c
http://www.ncbi.nlm.nih.gov/pubmed/17986914
http://dx.doi.org/10.3390/app10030776
http://dx.doi.org/10.1097/00005768-199611000-00009
http://www.ncbi.nlm.nih.gov/pubmed/8933491
http://dx.doi.org/10.1080/02640410600630647
http://www.ncbi.nlm.nih.gov/pubmed/17127594
http://dx.doi.org/10.1519/JSC.0b013e31818cc65d
http://www.ncbi.nlm.nih.gov/pubmed/19204571

Appl. Sci. 2020, 10, 4319 12 0f13

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Zhang, Y.; Baker, J.S.; Ren, X.; Feng, N.; Gu, Y. Metatarsal strapping tightness effect to vertical jump
performance. Hum. Mov. Sci. 2015, 41, 255-264. [CrossRef] [PubMed]

Vanezis, A.; Lees, A. A biomechanical analysis of good and poor performers of the vertical jump. Ergonomics
2005, 48, 1594-1630. [CrossRef]

Harris, M..; Schultz, A.; Drew, M.K,; Rio, E.; Charlton, P.; Edwards, S. Jump-landing mechanics in patellar
tendinopathy in elite youth basketballers. Scand. |. Med. Sci. Sports 2019, 30, 540-548. [CrossRef]

Zhou, H.; Ugbolue, U.C. Is There a Relationship Between Strike Pattern and Injury During Running: A Review.
Phys. Act. Health 2019, 3, 127-134. [CrossRef]

Neptune, R.R.; Kautz, S.A.; Zajac, FE. Contributions of the individual ankle plantar flexors to support,
forward progression and swing initiation during walking. J. Biomech. 2001, 34, 1387-1398. [CrossRef]
Goldberg, E.J.; Neptune, R.R. Compensatory strategies during normal walking in response to muscle
weakness and increased hip joint stiffness. Gait Posture 2007, 25, 360-367. [CrossRef]

Orselli, M.I; Franz, J.R.; Thelen, D.G. The effects of Achilles tendon compliance on triceps surae mechanics
and energetics in walking. J. Biomech. 2017, 60, 227-231. [CrossRef]

Freedman, B.R.; Sarver, ].J.; Buckley, M.R.; Voleti, P.B.; Soslowsky, L.]. Biomechanical and structural response
of healing Achilles tendon to fatigue loading following acute injury. |. Biomech. 2014, 47, 2028-2034.
[CrossRef] [PubMed]

Richards, C.; Magin, P.; Callister, R. Is your prescription of distance running shoes evidence-based? Br. .
Sports Med. 2009, 43, 159-162. [CrossRef] [PubMed]

Nigg, B.M. The role of impact forces and foot pronation: A new paradigm. Clin. J. Sports Med. 2001, 11, 2-9.
[CrossRef]

Resende, R.A.; Pinheiro, L.S.; Ocarino, J.M. Effects of foot pronation on the lower limb sagittal plane
biomechanics during gait. Gait Posture 2019, 68, 130-135. [CrossRef]

Mei, Q.; Gu, Y.; Xiang, L.; Baker, ].S.; Fernandez, J. Foot pronation contributes to altered lower extremity
loading after long distance running. Front. Physiol. 2019, 10, 573. [CrossRef]

Garcia-Perez, J.A.; Perez-Soriano, P; Llana, S.; Martinez-Nova, A.; Sanchez-Zuriaga, D. Effect of overground
vs treadmill running on plantar pressure: Influence of fatigue. Gait Posture 2013, 38, 929-933. [CrossRef]
Christina, K.A.; White, S.C.; Gilchrist, L.A. Effect of localized muscle fatigue on vertical ground reaction
forces and ankle joint motion during running. Hum. Mov. Sci. 2001, 20, 257-276. [CrossRef]

Keith, R.W.; Rebecca, S.; Chris, A. Changes in Distance Running Kinematics with Fatigue. J. Appl. Biomech.
1991, 7, 138-162.

Iguchi, J.; Tateuchi, H.; Taniguchi, M.; Ichihashi, N. The effect of sex and fatigue on lower limb kinematics,
kinetics, and muscle activity during unanticipated side-step cutting. Knee Surg. Sports Traumatol. Arthrosc.
2014, 22, 41-48. [CrossRef] [PubMed]

Orishimo, K.; Kremenic, L.]. Effect of fatigue on single-leg hop landing biomechanics. J. Appl. Biomech. 2006,
22,245-254. [CrossRef] [PubMed]

Brazen, D.M.; Todd, M.K.; Ambegaonkar, ].P.; Wunderlich, R.; Peterson, C. The Effect of Fatigue on Landing
Biomechanics in Single-Leg Drop Landings. Clin. J. Sport Med. 2010, 20, 286-292. [CrossRef] [PubMed]
Pappas, E.; Sheikhzadeh, A.; Hagins, M.; Nordin, M. The Effect of Gender and Fatigue on the Biomechanics
of Bilateral Landings from a Jump: Peak Values. |. Sports Sci. Med. 2007, 6, 77-84. [PubMed]

Hollman, J.H.; Hohl, J.M.; Kraft, J.L.; Strauss, J.D.; Traver, K.J. Effects of hip extensor fatigue on lower
extremity kinematics during a jump-landing task in women: A controlled laboratory study. Clin. Biomech.
2012, 27,903-909. [CrossRef]

Kim, Y,; Youm, C.; Son, M.; Kim, J.; Lee, M. The effect of knee flexor and extensor fatigue on shock absorption
during cutting movements after a jump landing. Knee 2017, 24, 1342-1349. [CrossRef]

Noh, B.; Youm, C.H.; Lee, M.; Park, H.; Son, M.; Kim, J. Effect of knee extensor fatigue level and sex on
bilateral jump-landing. BM] Open Sport Exerc. Med. 2020, 6, 1-7. [CrossRef]

Redmond, A.C.; Crosbie, J.; Ouvrier, R.A. Development and validation of a novel rating system for scoring
standing foot posture: The foot posture index. Clin. Biomech. 2006, 21, 89-98. [CrossRef]

Hannigan, J.J.; Pollard, C.D. Differences in running biomechanics between a maximal, traditional, and minimal
running shoe. J. Sci. Med. Sport 2020, 23, 15-19. [CrossRef] [PubMed]


http://dx.doi.org/10.1016/j.humov.2015.03.013
http://www.ncbi.nlm.nih.gov/pubmed/25863191
http://dx.doi.org/10.1080/00140130500101262
http://dx.doi.org/10.1111/sms.13595
http://dx.doi.org/10.5334/paah.45
http://dx.doi.org/10.1016/S0021-9290(01)00105-1
http://dx.doi.org/10.1016/j.gaitpost.2006.04.009
http://dx.doi.org/10.1016/j.jbiomech.2017.06.022
http://dx.doi.org/10.1016/j.jbiomech.2013.10.054
http://www.ncbi.nlm.nih.gov/pubmed/24280564
http://dx.doi.org/10.1136/bjsm.2008.046680
http://www.ncbi.nlm.nih.gov/pubmed/18424485
http://dx.doi.org/10.1097/00042752-200101000-00002
http://dx.doi.org/10.1016/j.gaitpost.2018.10.025
http://dx.doi.org/10.3389/fphys.2019.00573
http://dx.doi.org/10.1016/j.gaitpost.2013.04.026
http://dx.doi.org/10.1016/S0167-9457(01)00048-3
http://dx.doi.org/10.1007/s00167-013-2526-8
http://www.ncbi.nlm.nih.gov/pubmed/23666380
http://dx.doi.org/10.1123/jab.22.4.245
http://www.ncbi.nlm.nih.gov/pubmed/17293621
http://dx.doi.org/10.1097/JSM.0b013e3181e8f7dc
http://www.ncbi.nlm.nih.gov/pubmed/20606514
http://www.ncbi.nlm.nih.gov/pubmed/24149228
http://dx.doi.org/10.1016/j.clinbiomech.2012.07.004
http://dx.doi.org/10.1016/j.knee.2017.09.007
http://dx.doi.org/10.1136/bmjsem-2019-000660
http://dx.doi.org/10.1016/j.clinbiomech.2005.08.002
http://dx.doi.org/10.1016/j.jsams.2019.08.008
http://www.ncbi.nlm.nih.gov/pubmed/31501022

Appl. Sci. 2020, 10, 4319 130f 13

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

Koblbauer, LE,; Schooten, K.S.; Verhagen, E.A.; Dieen, ].H. Kinematic changes during running-induced
fatigue and relations with core endurance in novice runners. J. Sci. Med. Sport 2014, 17, 419-424. [CrossRef]
[PubMed]

Dierks, T.A.; Davis, 1.S.; Hamill, J. The effects of running in an exerted state on lower extremity kinematics
and joint timing. J. Biomech. 2010, 43, 2993-2998. [CrossRef]

Bosco, C.; Luhtanen, P.; Komi, P.V. A Simple Method for Measurement of Mechanical Power in Jumping.
Eur. J. Appl. Physiol. 1983, 50, 273-282. [CrossRef] [PubMed]

Yu, P; Xiang, L.; Liang, M.; Mei, Q.; Baker, ].S.; Gu, Y. Morphology-Related Foot Function Analysis:
Implications for Jumping and Running. Appl. Sci. 2019, 9, 3236. [CrossRef]

Xiang, L.; Mei, Q.; Fernandez, J.; Gu, Y. A biomechanical assessment of the acute hallux abduction
manipulation intervention. Gait Posture 2020, 76, 210-217. [CrossRef]

Rodacki, A.L.E; Fowler, N.E.; Bennett, S.J. Vertical jump coordination: Fatigue effects. Med. Sci. Sports Exerc.
2002, 34, 105-116. [CrossRef]

Skurvydas, A.; Dudoniene, V.; Kalvénas, A.; Zuoza, A. Skeletal muscle fatigue in long-distance runners,
sprinters and untrained men after repeated drop jumps performed at maximal intensity. Scand. |. Med.
Sci. Sports 2002, 12, 34-39. [CrossRef]

Zhang, X.; Xia, R.; Dai, B.; Sun, X.; Fu, W. Effects of exercise-induced fatigue on lower extremity joint
mechanics, stiffness, and energy absorption during landings. J. Sports Sci. Med. 2018, 17, 640-649.

Koyama, K.; Kato, T.; Yamauchi, J. The Effect of Ankle Taping on the Ground Reaction Force in Vertical Jump
Performance. J. Strength Cond. Res. 2013, 28, 1411-1417. [CrossRef]

Martin, R.L.; Davenport, T.E.; Paulseth, S.; Wukich, D.K.; Godges, ]J.J. Ankle Stability and Movement
Coordination Impairments: Ankle Ligament Sprains. ]. Orthop. Sports Phys. Ther. 2013, 43, A1-A40.
[CrossRef]

Hewett, T.E.; Myer, G.D.; Ford, K.R,; Paterno, M.V,; Quatman, C.E. The 2012 ABJS Nicolas Andry Award:
The sequence of prevention: A systematic approach to prevent anterior cruciate ligament injury. Clin. Orthop.
Relat. Res. 2012, 470, 2930-2940. [CrossRef] [PubMed]

Devita, P.; Skelly, W.A. Effect of landing stiffness on joint kinetics and energetics in the lower extremity.
Med. Sci. Sports Exerc. 1992, 24, 108-115. [CrossRef] [PubMed]

Moisan, G.; Mainville, C.; Descarreaux, M.; Cantin, V. Unilateral jump landing neuromechanics of individuals
with chronic ankle instability. J. Sci. Med. Sport 2019. [CrossRef] [PubMed]

Chappell, D.J. Effect of Fatigue on Knee Kinetics and Kinematics in Stop-Jump Tasks. Am. |. Sports Med.
2005, 33, 1022-1029. [CrossRef]

Augustsson, J.; Thomee, R.; Linden, C.; Folkesson, M.; Tranberg, R.; Karlsson, J. Single-leg hop testing
following fatiguing exercise: Reliability and biomechanical analysis. Scand. ]. Med. Sci. Sports 2006, 16,
111-120. [CrossRef]

James, R.C.; Dufek, ].S.; Bates, B.T. Effects of Stretch Shortening Cycle Exercise Fatigue on Stress Fracture
Injury Risk During Landing. Res. Q. Exerc. Sport 2006, 77, 1-13. [CrossRef]

Jiang, C. The Effect of Basketball Shoe Collar on Ankle Stability: A Systematic Review and Meta-Analysis.
Phys. Act. Health 2020, 4, 11-18. [CrossRef]

Padua, D.A.; Arnold, B.L.; Perrin, D.H.; Gansneder, B.M.; Granata, K.P. Fatigue, Vertical Leg Stiffness,
and Stiffness Control Strategies in Males and Females. . Athl. Train. 2006, 41, 294-304.

@ © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1016/j.jsams.2013.05.013
http://www.ncbi.nlm.nih.gov/pubmed/23790535
http://dx.doi.org/10.1016/j.jbiomech.2010.07.001
http://dx.doi.org/10.1007/BF00422166
http://www.ncbi.nlm.nih.gov/pubmed/6681758
http://dx.doi.org/10.3390/app9163236
http://dx.doi.org/10.1016/j.gaitpost.2019.11.013
http://dx.doi.org/10.1097/00005768-200201000-00017
http://dx.doi.org/10.1034/j.1600-0838.2002.120107.x
http://dx.doi.org/10.1519/JSC.0000000000000260
http://dx.doi.org/10.2519/jospt.2013.0305
http://dx.doi.org/10.1007/s11999-012-2440-2
http://www.ncbi.nlm.nih.gov/pubmed/22744203
http://dx.doi.org/10.1249/00005768-199201000-00018
http://www.ncbi.nlm.nih.gov/pubmed/1548984
http://dx.doi.org/10.1016/j.jsams.2019.11.003
http://www.ncbi.nlm.nih.gov/pubmed/31784236
http://dx.doi.org/10.1177/0363546504273047
http://dx.doi.org/10.1111/j.1600-0838.2005.00446.x
http://dx.doi.org/10.1080/02701367.2006.10599326
http://dx.doi.org/10.5334/paah.48
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Design 
	Subjects 
	Experimental Procedures 
	Running-Induced Fatigue Protocol 
	Data Processing 
	Statistical Analysis 

	Results 
	Jump Height 
	Kinematics 
	Joint Angles during the Push-Off Phase 
	Joint Angles during Landing Phase 

	Kinetics 
	Joint Moments during the Push-Off Phase 
	Joint Moments during Landing Phase 
	Comparisons of Peak Vertical GRF 


	Discussion 
	Conclusions 
	References

