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Featured Application: 1. The kinematic and kinetic characteristics of the lunge maneuver were
gradually impaired in the fatiguing process. 2. Period IV (pre-drive-off) of the stance phase showed
the most significant fatigue response. 3. Improving the strength of the knee extensor is important for
the lunge maneuver, particularly in period IV. 4. It is important to improve the strength of hip
extensors for the lunge maneuver. 5. The analysis of waveform data is more useful for the assessment
of weak areas of the body and periods of motion.

Abstract: Fatigue is a major injury risk factor. The aim of this study was to investigate the effects of
fatigue on lunging during the fatiguing process. The lower extremity joint kinematics and kinetics of
fifteen male collegiate badminton players were simultaneously recorded by optical motion-capture
and force plate systems during lunging. In addition to statistical analyses of discrete variables,
one-dimensional statistical parametric mapping (SPM (1D)) was used to analyze the waveform
data. The hypotheses were that the biomechanics of lunging maneuvers would change during the
fatiguing process, and the fatigue effects would differ in different periods (I–V) of the stance phase
and in different joints. Results showed that the initial contact angles, peak angles, moments, power,
and time needed to reach the peak angles at the hip, knee, and ankle in the sagittal plane all decreased
post-fatigue. A continuous decreasing tendency was reflected in the moments and power of hip
and, in particular, knee joints (mostly p < 0.001). Period IV showed a significant fatigue response.
In conclusion, both discrete and waveform data illustrated the effects of fatigue, however, the results
of SPM (1D) analysis showed both the key period and body segments affected by the fatigue response.
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1. Introduction

Badminton, one of the most popular sports globally [1–4], is the fastest non-contact racket sport,
and requires a combination of strength, speed, and stamina. While playing this sport, players must
repetitively lunge, jump, and quickly change direction from a wide variety of positions. A previous
epidemiology study conducted in Ireland reported that badminton was the sport with the most
injuries [5]. Lower extremity injuries accounted for 43 to 86% of all injuries regardless of the nationality [6],
and overuse is considered the major reason [7,8]. Ankles and knees are the most injured sites [1,7,9],
particularly the knee joint [7,8]. Patellar tendinopathy [7] is the most common type of knee injury. As a
specific and often-used example of footwork [10,11], the repetitive lunge is a likely cause of patellar
tendinopathy, particularly for teenager players [3,12].
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Moreover, epidemiology studies have also shown that a higher badminton injury rate was found at
the end of a match or training [13], and higher rates have been found during training [7,14]. This could
be explained by a higher intensity of training routine [7], which may induce fatigue. Because fatigue
reduces the capacity of muscles to generate force, it may be an important factor causing injury.
In badminton, increased ankle sprain injuries were found to occur at the end of a training or match
session due to the accumulation of fatigue [6]. Due to fatigue caused by repeating the forward lunge,
the activity of the vastus lateralis, vastus medialis, and biceps femoris showed a significant change [15],
and knee injury risk was increased [16].

A number of studies [10,17–21] have investigated the biomechanical characteristics of the lunge,
particularly its stance phase, which is defined as the period of time from initial contact to final lift-off

from the ground by the dominant limb [10]. Ankle sprain [6] and patellar tendinopathy [14] may
occur during the stance phase. However, the relationship between the repetitive lunge and injury is
still not clear. A previous study examined the lunge under the condition of exhaustion to investigate
the fatigue effect on the knee [16]. A limitation of this study is that the changes of lunge motion
during the fatiguing process were ignored. Injury usually occurs at a certain time, instantaneously,
and the factors inducing injury are prolonged. However, we are unaware of any studies that have
investigated the biomechanical changes during the fatiguing process in badminton. Therefore, there is
a lack of objective data on lower joint kinematics and kinetics of the lunge during the fatiguing process,
which may provide essential insight into the understanding of the mechanism of injury.

Additionally, discrete data (related, for example, to the peak angle) has traditionally been used
for statistical analysis to confirm the differences outlined above. However, it is worth noting that all
kinematic and kinetic variables are continuous variables with time. Furthermore, as mentioned above,
injury occurs partly due to the accumulation of changes. Thus, continuous data analysis may provide
other useful information. In recent years, one-dimensional statistical parametric mapping (SPM (1D))
has been accepted as an effective method to analyze waveform data [22]. Kinematic waveform data
of hip, knee, and ankle joints in three planes, measured in players with different levels, have been
analyzed by SPM (1D) [18,19]. However, to the best of the authors’ knowledge, no research has
investigated the fatigue response by analyzing the biomechanics waveform data of the lunge.

Consequently, the purpose of this study was to investigate the changes of lunge biomechanical
characteristics during the fatiguing process, from normal to fatigued states. To achieve this objective,
a repetitive forehand forward lunge to exhaustion was proposed as the fatigue protocol. The fatiguing
process was divided into sub-stages. In addition to the discrete data (ground reaction force (GRF),
lower extremity joint angles, range of motion (RoM), moments, and power), waveform data (GRF
and lower extremity joint angles, moments, and power) were also analyzed during different fatiguing
stages. The hypotheses are (i) both discrete and waveform data of lunge biomechanical characteristics
change significantly during the fatiguing process, especially post-fatigue; (ii) effects of fatigue vary with
different periods of the stance phase; and (iii) the lower limb joints have different fatigue responses.

2. Materials and Methods

2.1. Participants

Fifteen male collegiate badminton players (age: 21.1 ± 2.2 years; height: 1.81 ± 0.04 m; weight:
72.5 ± 8.4 kg; years of badminton training: 8.9 ± 3.5 years) were recruited for the study. All participants
were free from any injuries within the previous 3 months and did not take part in any high-intensity
training or competitions during the two days prior to the experiment. All participants were informed
of the procedures and requirements of the test, and written informed consent was obtained from
each participant. In addition, a questionnaire about anthropometrics, health status, injury history,
and physical activity level was completed. To minimize the potential effect of footwear, participants
wore badminton shoes and socks of the same brand and series. The study was approved by the ethics
committee of Beihang University (No. BM201900077).
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2.2. Experimental Protocol

The test was conducted on a simulated badminton court of the biomechanics laboratory. Prior to
the test, participants performed a familiarization of the forehand forward lunge and the study protocol,
which included 10 min warm-up; tests of heart rate (HR), blood lactate (BL), and Borg 6–20 rating
of perceived exertion (RPE); and a fatigue protocol. Considering the dependency of fatigue on the
task being undertaken [23,24] and the aim of this study, repeating the forehand forward lunge until
participants reached the state of exhaustion was proposed as the fatigue protocol [16]. More specifically,
a forehand forward lunge cycle was defined as lunging from the starting position using the dominate
limb with a sliding step, landing on the force plate positioned at the right front, hitting one shuttlecock,
and then moving backward to the starting position. The degree of fatigue was estimated by values
of HR [15], BL, and RPE [25], which were measured before (pre) and immediately after (post) the
fatigue protocol.

A system of 9 optoelectronic cameras (Oqus 300+ Series, Qualisys AB®, Gothenburg, Sweden) and
a Kistler mobile multi-component force plate (Type 9286A, Kistler, Kistler Instrument AG, Winterthur,
Switzerland), integrated into the walkway, were used to record the marker position and ground
reaction forces, and synchronized at 200 and 1000 Hz, respectively. According to the color atlas of
skeletal (CAST) landmark definitions of the lower leg [26], twenty-eight reflective markers (diameter:
18 mm) were attached to the lower extremity for dynamic motion capture. The locations included
anterior superior iliac spines, posterior superior iliac spines, thigh (markers cluster), shank (markers
cluster), calcaneus, hallux, and 2nd and 5th metatarsal head of the left and right lower extremity.
The markers on calcaneus, hallux, and 2nd and 5th metatarsal head were placed on the corresponding
anatomical location of the badminton shoes.

2.3. Data Analysis

The kinematic and force data were obtained by the optical motion-capture system and then
exported and saved as c3d files. Then, the hip, knee, and ankle joint angles, moments, power,
and ground reaction force (GRF) were calculated using visual 3D software (V5, C-Motion, Bethesda,
MD, USA). The raw kinematic data were filtered with a low-pass (Butterworth) filter with frequency of
20 Hz [10]. The threshold of the vertical ground reaction force (vGRF) data was set as 10 N.

The stance phase, from initial contact (heel strike) to final lift-off from the force-plate by the
dominant limb, was determined by the vGRF value. During this phase, there were three vGRF peaks,
namely, the initial impact peak (PF1) for heel strike transient, the secondary impact peak (PF2) for
impact loading, and the third impact peak (PF3) for drive-off. Based on the classification of previous
studies [10,20,21], five periods can be clearly identified in the stance phase: (I) initial contact (from heel
strike to PF1); (II) impact loading (from PF1 to PF2); (III) weight acceptance (from PF2 to peak knee
joint flexion angle (PAK)); (IV) pre drive-off (from PAK to PF3); and (V) drive-off (from PF3 to lift-off

from ground). In addition, the fatiguing process was divided into four stages according to the slope of
the HR–time curve. Six continuous lunging motions were assessed at the end of each stage, and the
kinematic and kinetic data of three lunge motions were then averaged and normalized for further
statistical analysis.

During the stance phase, the motion of lower extremity joints, particularly the knee, occurs primarily
in the sagittal plane. This contributes to the major knee joint biomechanical characteristics in badminton
research [10,21]. Based on the previous literature linked to the lunge in badminton [10,17–21,27],
we analyzed the impact peak; duration of five sub-stance phases; hip, knee, and ankle joint initial
contact angles; durations to peak angle; ranges of motion (RoM); peak angles; moments; and power in
the sagittal plane.
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2.4. Statistical Analysis

All variables of the fatiguing process were calculated during four sub-stages. The kinetic data were
normalized by body weight. All discrete variables were reported as mean ± standard deviation (SD),
and examined for normality using a Shapiro–Wilk test prior to statistical analysis. One-way repeated
measures ANOVA was used for the analysis of the influence of fatigue on the related parameters and
discrete biomechanical data. Paired t-tests were performed to identify the differences. All statistical
procedures were performed with SPSS 25 (IBM SPSS Statistics for Window, IBM Corp., NY, USA).
Additionally, the waveform data of joint angles, moments, and power in the sagittal plane were
analyzed (paired t-test) and plotted using one-dimensional statistical parametric mapping (SPM (1D)
(https://spm1d.org/)) in MATLAB (R2014b, Mathworks, Inc., Natick, MA, USA). In addition, prior to
statistical analysis, normality tests were performed for the waveform data with SPM (1D). The statistical
significance level was set at 0.05.

3. Results

3.1. Fatigue Protocol

After the fatigue protocol, the mean values of HR, BL, and RPE were greater than 185 beats/min,
14 mmol/L, and a score of 18, respectively. Results of repeated measurement indicated that HR, BL,
and RPE were all affected by the fatigue protocol (partial η2: 0.99, 0.876, and 0.994 respectively), and the
p values were all less than 0.001 (Table 1).

Figure 1 illustrates the HR–time curve (mean) of four participants throughout the fatigue protocol.
To divide the fatigue protocol into stages, time was normalized, the slope of the HR–time curve was
calculated, and four stages were distinguished, namely, P1 (0–10% duration of fatiguing process (D)),
P2 (10–30%D), P3 (30–60%D) and P4 (60–100%D).

Table 1. Values of heart rate (HR), blood lactate acid (BL), and rating of perceived exertion (RPE) pre-
and post-fatigue protocol (mean ± SD).

Mean ± SD 95% CI of the Difference

Pre Post ηp
2 Lower Upper t p

HR (beats/min) 78.2 ± 9.4 185.8 ± 9.1 0.99 −115.013 −100.32 −32.256 <0.001
BL (mmol/L) 3 ± 2.4 14.3 ± 3.1 0.876 −14.241 −8.543 −8.801 <0.001

RPE 6 ± 0 18.4 ± 1 0.994 −13.05 −11.784 −43.176 <0.001
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3.2. Kinematics of Lower Extremity Joints

In the sagittal plane, Table 2 shows that the hip, knee, and ankle initial contact angle (CAH, CAK,
CAA, respectively), peak angle (PAH, PAK, PAA, respectively), time to peak angle, and range of motion
(RoM) all decreased during the process of the fatigue protocol (from P1 to P4).

Table 2. Kinematics variables in the four stages of fatiguing process (P1–P4) from pre- to post-fatigue
protocol in the sagittal plane (mean ± SD).

P1 P2 P3 P4 p

Joint angle at initial contact (◦)
CAH 46.08 ± 12.7 46.12 ± 10.32 42.2 ± 11.77 42.17 ± 11.77 c, d*, e*
CAK 13.11 ± 7.43 9.65 ± 7.55 7.82 ± 6.78 7.87 ± 6.09 a, b, c*
CAA 10.35 ± 8.05 6.81 ± 8.25 8 ± 8.47 6.42 ± 9.11

Peak joint angle (◦)
PAH 74.08 ± 11.94 73.3 ± 9.93 67.34 ± 11.74 67.84 ± 12.78
PAK 69.46 ± 8.77 65.43 ± 9.44 64.17 ± 10.26 62.46 ± 8.84 a*, b, c*
PAA −20.84 ± 5.7 −18.74 ± 5.2 −18.4 ± 4.9 −18.19 ± 6.55

Time to peak joint angle (%)
PAH 41.63 ± 6.59 42.13 ± 8.79 38.88 ± 7.55 36.75 ± 6.94
PAK 45.88 ± 6.51 38.63 ± 9.12 37.25 ± 10.44 33.63 ± 9.43 c*, f
PAA 14.13 ± 2.95 12.75 ± 2.82 12.38 ± 3.42 11.25 ± 2.71 a, b, c

Range of Motion (◦)
Hip joint 44.57 ± 10.44 39.16 ± 5.09 34.54 ± 6.85 38.67 ± 10.8

Knee joint 59.32 ± 7.31 56.63 ± 6.84 56.74 ± 7.95 55.07 ± 6.28 a, c
Ankle joint 34.11 ± 8.09 29.82 ± 9.46 34.92 ± 9.68 31.98 ± 8.23

Notes: CAH, CAK, and CAA: initial contact angle of hip, knee, and ankle joint, respectively; PAH, PAK, and PAA:
peak joint angle of hip, knee, and ankle joint, respectively. P1–P4: the 1st, 2nd, 3rd, and 4th stages of the fatiguing
process, respectively. a, a*: significant differences between P1 and P2 at 0.05 and 0.01 levels, respectively; b: significant
differences between P1 and P3 at 0.05 level; c: significant differences between P1 and P4 at 0.05 level; d*: significant
differences between P2 and P3 at 0.01 level; e*: significant differences between P2 and P4 at 0.01 level; f : significant
differences between P3 and P4 at 0.05 level.

At initial contact, a significant decrease was found for hip flexion (P1 vs. P4, p = 0.044; P2 vs. P3,
p = 0.009; P2 vs. P4, p = 0.003) and knee flexion (P1 vs. P2, p = 0.028; P1 vs. P3, p = 0.037; P1 vs. P4,
p = 0.004). Hip, knee, and ankle joints were all flexed (plantar-flexed) to the peak joint angle in less time.
There were statistically significant differences in the time to peak value for the knee joint (P1 vs. P4,
p = 0.009; P3 vs. P4, p = 0.012) and the ankle joint (P1 vs. P2, p = 0.036; P1 vs. P3, p = 0.021; P1 vs. P4,
p = 0.001). The significance values (p) of the knee joint RoM were 0.013 (P1 vs. P2) and 0.048 (P1 vs. P4).

3.3. Five Sub-Phases of the Stance Phase

Table 3 shows that significant differences existed in the duration of the sub-stance phases II, III, IV,
and V during the fatiguing process: durations were shorter for II (P1 vs. P3: p = 0.012), III (P1 vs. P4:
p = 0.041; P3 vs. P4: p = 0.005), and V (P1 vs. P3: p = 0.021; P1 vs. P4: p = 0.005), and longer for IV
(P1 vs. P2: p = 0.022; P1 vs. P3: p = 0.024; P1 vs. P4: p = 0.002; P2 vs. P4: p = 0.002; P3 vs. P4: p = 0.036).

3.4. Kinetics of Lower Extremity Joints

For the mean moments and power at the hip, knee, and ankle joints in the sagittal plane. Significant
differences were found for moments at the hip (the 1st peak, P1 vs. P4: p = 0.03; the 2nd peak, P1 vs. P4:
p = 0.01) and the knee (the 1st peak, P1 vs. P4: p < 0.001; the 2nd peak, P1 vs. P4: p = 0.01); power
generation at the hip (P1 vs. P3: p = 0.025; P1 vs. P4: p = 0.014) and knee (P1 vs. P2, P1 vs. P3, P1 vs. P4:
p < 0.001); and power consumption at the knee (P1 vs. P2: p = 0.029; P1 vs. P3: p = 0.009 and P1 vs. P4:
p < 0.001) (details in Figure 4a).

3.5. SPM (1D) of Kinematics of Lower Extremity Joints

For the four stages of the fatiguing process (P1–P4), Figure 2a illustrates the joint angle–time
curves in the sagittal plane (mean ± SD). SPM (1D) analysis results with significant differences are
illustrated in Figure 2b. At the hip, significant differences exist in the initial contact (I), impact loading
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(II), weight acceptance (III), and pre-drive-off (IV) phases (P2 vs. P3 (I and II: p = 0.01; III and IV:
p < 0.001); P2 vs. P4 (I–IV: p < 0.001)). At the knee, significant differences were found mainly in the
weight acceptance and pre-drive-off phases (P1 vs. P2 and P1 vs. P4: p < 0.001).

Table 3. Duration of five sub-phases (%) (mean ± SD).

P1 P2 P3 P4 p

Duration of Five Sub-Phases (%)
I (0-PF1) 3.88 ± 0.64 4 ± 0.93 4 ± 0.76 3.75 ± 0.71

II (PF1-PF2) 11.13 ± 2.75 8.63 ± 4.44 8 ± 3.55 8.88 ± 3.31 b
III (PF2-PAK) 30.88 ± 6.03 26 ± 7.11 25.25 ± 9.25 21 ± 9.3 c, f*
IV (PAK-PF3) 27.25 ± 10.69 36.5 ± 14.32 39.25 ± 17.17 43.38 ± 15.24 a, b, c*, e*, f

V (PF3-FO) 26.88 ± 5.57 24.88 ± 7.24 23.5 ± 7.23 23 ± 6.68 b, c*

Notes: PF1: initial impact peak (the 1st peak vertical ground reaction force, vGRF); PF2: secondary impact peak
(the 2nd peak vGRF); PF3: third impact peak (the 3rd peak vGRF); PAK: peak knee joint flexion angle. FO: foot off.
The stance phase was divided into five sub-phases (I–V) according to impact peak and PAK. P1–P4: the 1st, 2nd, 3rd,
and 4th stages of the fatiguing process, respectively. a, a*: significant differences between P1 and P2 at 0.05 and 0.01
levels, respectively; b: significant differences between P1 and P3 at 0.05 level; c, c*: significant differences between P1
and P4 at 0.05 and 0.01 levels, respectively; e*: significant differences between P2 and P4 at 0.01 level; f, f*: significant
differences between P3 and P4 at 0.05 and 0.01 levels, respectively.
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Figure 2. (a) Summary of the joint angles (mean ± SD) of lower limbs in the sagittal plane. (b) Results
with significant differences of one-dimensional statistical parametric mapping (SPM (1D)) for hip and
knee joint angles. Positive angles represent hip and knee flexion and ankle dorsi-flexion. P1–P4: the 1st,
2nd, 3rd, and 4th stages of the fatiguing process, respectively.
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3.6. SPM (1D) of Kinetics of Lower Extremity Joints

Figure 3 illustrates the vGRF waveform data of P1, P2, P3, and P4, and the results of SPM (1D)
analysis with significant differences, which are shown mainly in the pre-drive-off phases between P1
and P4 (p < 0.001).

Figure 4a illustrates the waveform data of the hip, knee, and ankle joint moments and power in
the sagittal plane (mean ± SD) in P1, P2, P3, and P4. SPM (1D) analysis results of moments and power
with significant differences are illustrated in Figure 4b,c, respectively. For hip and knee moments,
significant differences exist in the partial period of the pre-drive-off phase (IV) between P1 and P3
(p < 0.001), and in the IV phase between P1 and P4 (p < 0.001). Moreover, Figure 4c illustrates that
significant differences exist in the partial IV and drive-off (V) phases for hip power (P1 vs. P4: p < 0.05)
and knee power (P1 vs. P3: p < 0.001; P1 vs. P4: p < 0.001).

Appl. Sci. 2020, 10, x FOR PEER REVIEW 8 of 13 

 

 
 vGRF SPM (1D) 

v 
G

RF
 (N

/B
W

) 

  

 

  

 Stance (%) Stance (%) 

Figure 3. Vertical ground reaction force (vGRF) and results with significant differences of 
one-dimensional statistical parametric mapping (SPM (1D)). P1–P4: the 1st, 2nd, 3rd, and 4th stages 
of the fatiguing process, respectively. 

Figure 4a illustrates the waveform data of the hip, knee, and ankle joint moments and power in 
the sagittal plane (mean ± SD) in P1, P2, P3, and P4. SPM (1D) analysis results of moments and 
power with significant differences are illustrated in Figure 4b and Figure 4c, respectively. For hip 
and knee moments, significant differences exist in the partial period of the pre-drive-off phase (IV) 
between P1 and P3 (p < 0.001), and in the IV phase between P1 and P4 (p < 0.001). Moreover, Figure 
4c illustrates that significant differences exist in the partial IV and drive-off (V) phases for hip power 
(P1 vs. P4: p < 0.05) and knee power (P1 vs. P3: p < 0.001; P1 vs. P4: p < 0.001). 

 

Figure 3. Vertical ground reaction force (vGRF) and results with significant differences of one-dimensional
statistical parametric mapping (SPM (1D)). P1–P4: the 1st, 2nd, 3rd, and 4th stages of the fatiguing
process, respectively.

Appl. Sci. 2020, 10, x FOR PEER REVIEW 8 of 13 

 

 
 vGRF SPM (1D) 

v 
G

RF
 (N

/B
W

) 

  

 

  

 Stance (%) Stance (%) 

Figure 3. Vertical ground reaction force (vGRF) and results with significant differences of 
one-dimensional statistical parametric mapping (SPM (1D)). P1–P4: the 1st, 2nd, 3rd, and 4th stages 
of the fatiguing process, respectively. 

Figure 4a illustrates the waveform data of the hip, knee, and ankle joint moments and power in 
the sagittal plane (mean ± SD) in P1, P2, P3, and P4. SPM (1D) analysis results of moments and 
power with significant differences are illustrated in Figure 4b and Figure 4c, respectively. For hip 
and knee moments, significant differences exist in the partial period of the pre-drive-off phase (IV) 
between P1 and P3 (p < 0.001), and in the IV phase between P1 and P4 (p < 0.001). Moreover, Figure 
4c illustrates that significant differences exist in the partial IV and drive-off (V) phases for hip power 
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Figure 4. (a) Summary of joint moments and power (mean ± SD) of lower extremities in the sagittal
plane during the lunge. (b) Results with significant differences of one-dimensional statistical parametric
mapping (SPM (1D)) for hip and knee joint moments. (c) Results with significant differences of SPM
(1D) for hip and knee joint power. Positive moments represent hip and knee extensor and ankle plantar
flexor moments, and positive joint power indicates periods of power generation. P1–P4: the 1st, 2nd,
3rd, and 4th stages of the fatiguing process, respectively. a, a*: significant differences between P1
and P2 at 0.05 and 0.01 levels, respectively; b: significant differences between P1 and P3 at 0.05 level;
c, c*: significant differences between P1 and P4 at 0.05 and 0.01 levels, respectively.

4. Discussion

An increasing number of people now play badminton. Both athletes and recreational players
attempt to optimize their performance, thus increasing the risk of injury. Prevention of sports-related
injuries is an important challenge. Fatigue is a major factor causing injury. Consequently, this study
investigated the fatigue effects on a specific movement in badminton, i.e., the footwork associated with
the lunge, which is one of the most used and integral movements [10,11].

Considering the task dependency of fatigue, a repeated forehand forward lunge, until reaching
exhaustion, was proposed as the fatigue protocol, which was subdivided into four stages (P1, P2,
P3, and P4) according to the slope of the heart rate (HR)–time curve. After the protocol, the mean
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values of HR, blood lactate (BL), and rating of perceived exertion (RPE) increased significantly at the
significance level of 0.001; in particular, the mean HR was greater than 185 beats/min, the mean BL
value was greater than 14 mmol/L, and the mean RPE score was greater than 18, indicating that all
participants were fatigued. At P1, the first stage of the fatigue protocol, all participants were in a
pre-fatigue state and, at P4, the final stage of the fatigue protocol, they were fatigued. In addition,
according to previous studies [10,20,21], the first, second, and third impact peak (PF1, PF2, and PF3)
and knee flexion peak angle (PAK) were used to subdivide the lunge stance phase into initial contact
(I: 0-PF1)), impact loading (II: PF1-PF2), weight acceptance (III: PF2-PAK), pre drive-off (IV: PAK-PF3),
and drive-off (V: PF3-end) periods. Then, statistical analyses were undertaken for both discrete and
waveform kinematic and kinetic data in the sagittal plane, in which the largest movements occurred,
comparing not only the pre- and post-fatigue states, but also the four stages of the fatiguing process.

The results supported the hypothesis that the biomechanical characteristics of the lunge change
significantly during the fatiguing process. At the initial contact time, participants exhibited a more
“erect” posture for the lunge, which is usually observed by coaches, and was shown as less hip and knee
flexion, and ankle dorsi-flexion. Less dorsi-flexion at the foot strike has been found for recreational
players with a relative lack of muscle power compared to national-level badminton athletes [19].
In the lateral jump performed in badminton, Herbaut et al. [27] found a decreased plantar-flexion
angle at the foot strike post-fatigue. These changes may be induced by muscle fatigue caused by
repeated stretch-shortening. Furthermore, the range of motion (RoM) of hip, knee, and ankle joints
was decreased due to the fatiguing process.

Smaller peak joint angles were found at hip, knee, and ankle joints in the sagittal plane, particularly
at the knee joint (with significant differences between P1 and the other three stages of the fatiguing
process). After fatigue, a decrease in the knee peak angle was also found by Valldecabres et al. [16],
however, no significant difference was found. The discrepancy may be due to the participant’s sports
level [24]. The decrease in the peak angle could be explained by the decrease in joint moments (details
in Figure 4). There were significant differences in peak joint moments at the hip and knee extensor
(P1 vs. P4: hip (p = 0.03), knee (p < 0.001)). A similar relationship was illustrated by Fu et al. [19]
between professional and amateur badminton players; that is, professional players with greater muscle
strength and better performance showed higher knee and ankle joint moments. Additionally, a shorter
time was taken to flex to the peak angle, with significant decreases in time shown at the knee and ankle.
This may be caused by impaired control due to fatigue. This can also be explained in this study by the
decrease in joint moments and power.

In addition to the angles, the durations of the four sub-stance phases (II–V) changed during the
process of the fatigue protocol. The shorter durations of II and III indicate that less time was taken
to reach PF2 and PAK, respectively; that is, due to the fatiguing process, the participant placed his
foot flat and flexed his knee more quickly. This is consistent with the increased ankle plantar flexor
and knee flexor moments in the present study (Figure 4a), and with the opinion that fatigue reduces
the capacity of muscles to generate force. The most significant increase was found in the IV phase
(pre-drive-off), increasing from 27.25 ± 10.69% stance to 43.38 ± 15.24% stance. Significantly decreased
hip and knee peak power in this phase provided sufficient support for this change. Less power was
generated for players for the drive-off. Kuntz et al. [10] indicated that a hop style lunge generates
higher peak vertical force during loading. In this study, three participants used the hop style at the
final stage of the fatigue protocol. The change of lunge style may be a strategy to generate more power
for driving-off and returning to the starting position [14].

Furthermore, considering the time continuity of biomechanical variables of the lunge motion,
one-dimensional statistical parametric mapping SPM (1D) was used to analyze the biomechanical
waveform data in the sagittal plane. Most of the joint angle, moment, and power waveforms decreased
consistently during the process of the fatigue protocol (among P1, P2, P3, and P4). Significant differences
were found in the hip and knee joint angles, mainly in the pre-drive-off phase (IV) (most p values were
less than 0.001). The results support the hypothesis that the fatigue effects were different in the five
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periods of the lunge. Moreover, these results support the view that lunge characteristics change due
to fatigue.

Taking into account the joint moments, both the hip and knee joints showed a significant response
to the fatigue protocol. Significant differences were found between P1 and P3 in part of the period of IV,
and between P1 and P4 in IV. The hip moments had a larger effective scope. However, there were only
significant differences in the hip power between P1 and P4. For knee power, the significant differences
were seen between P1 and P3, and also between P1 and P4, with a larger effective scope of the period.
This indicates that the significant decrease in joint power occurred earlier and was mostly evident at
the knee; that is, the fatigue responses manifested mostly at the knee joint. This result is consistent with
a previous epidemiology study that reviewed musculoskeletal injuries among Malaysian badminton
players, which reported that the majority of injuries sustained by players were due to overuse, primarily
of the knee [7]. Another study [28] suggested that the rapidly changing eccentric/concentric work of
the quadriceps in the varying degree of knee flexion was probably associated with patellar tendon
injury. This may be why patellar tendinopathy is the most common injury of lower limbs among
badminton players, and this result also supports our third hypothesis. Coaches and players should
pay more attention to the training of the knee, and particularly the knee extensors.

Additionally, a comparison indicates that the discrete and waveform results are consistent.
There are significant differences in CAH (P2 vs. P3), CAK (P2 vs. P4), PAK (P1 vs. P2; P1 vs. P4),
knee peak moment (P1 vs. P4), hip peak power (P1 vs. P4), and knee peak power (P1 vs. P3; P1 vs. P4).
In addition, significant differences were shown in these periods of stance phase in the discrete data.
The results of SPM (1D) analysis clearly provided more information, indicating the period rather than a
point of time in the fatigue response. This is also helpful in identifying the key body segments affected
by fatigue. Thus, it is important for coaches and players to design a corresponding training program to
improve the technique and muscle strength. Moreover, the results of SPM (1D) can provide support
for monitoring of training.

Considering the key findings of this study, a few limitations should be noted when interpreting the
results. First, the participants were male badminton players with at least 8 years of special badminton
training. Results may differ for players of different levels, ages, and gender, thus studies of players with
a range of abilities and ages, including female players, should be considered. Second, all tests were
conducted on a simulated badminton court. Third, the sample size was limited. Fourth, the changing
slope of the HR–time curve was used to subdivide the fatiguing process. However, it is not sufficient
to explain the status of fatigue. Electromyography (EMG) data might be more suitable and could
be used in future work. Finally, although joint moments and power allow further assessment of
the functional contribution of the joints, EMG and musculoskeletal system simulations would help
understand movement changes during the fatiguing process.

5. Conclusions

This study investigated the changes in the kinematic and kinetic characteristics of lunge footwork
during the fatiguing process. To the best of our knowledge, this study was the first to subdivide the
fatiguing process and analyze the changes among different sub-stages. It was also the first study to
use one-dimensional statistical parametric mapping (SPM (1D)) to analyze the effect of fatigue on
the lunge footwork in badminton. Statistically significant differences were found in both the discrete
and waveform data. Moreover, these differences were shown not only between pre- and post-fatigue,
but also among other sub-stages.

Overall, the results presented in this study confirm that period IV of the stance phase is more
sensitive to fatigue than the other periods. In addition, the training program should focus on muscular
strengthening of the knee extensor, particularly in period IV. It is also important to improve the strength
of hip extensors. Furthermore, although the results show consistent changes between the discrete and
waveform data, findings from this study highlight that results of SPM (1D) are more useful for the
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assessment of weak areas of the body and periods of motion. This information may contribute to the
future design and development of training plans and to the monitoring of training.
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