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Abstract

Badminton atypical actions and hitting movements often occur
during the game; therefore, many special footwork methods have
been developed to facilitate the rapid movements required to hit
the shuttlecock, including quick turning and jumping and quick
directional change movements. Studies have shown that the ma-
jority of badminton sport injuries occur in the lower extremity
joints of athletes. The purpose of this study was to investigate the
influences of hitting motion and unanticipated hitting direction on
landing mechanics after backhand lateral jump smashing and
landing to analyze joint stiffness and torque changes in three
lower extremity joints. Recruited sixteen badminton athletes.The
capture frequency of the Vicon Motion System (300Hz), Kistler
force platform (1500Hz) and Vicon Nexus Version 1.8.5 software
were used simultaneously to capture the kinematic and kinetic pa-
rameter of backhand side lateral jump smash footwork. The swing
actions were divided into two situations, shadow (footwork and
racket swinging practice without targets) and hitting (footwork
and stroke shuttlecock) actions, whereas the directions were di-
vided into directional and non-directional. Two-way repeated
measures ANOVA with the LSD correction was used to compare
the differences among the four conditions. The significance level
was set to a = 0.05. Results shown that, at the peak of torque, the
ankle plantar flexion of the non-directional shadow (p < 0.05)
were greater than that of directional shadow (p <0.05); meantime,
ankle torque change of non-directional shadow (p < 0.05) and di-
rectional hitting (p < 0.05) was lower than that of non-directional
hitting, but the non-directional hitting was larger compared to
non-directional shadow (p < 0.05) at the maximum vertical GRF.
The hip extension at peak of torque of directional hitting were
larger than that of non-directional shadow (p < 0.05). The shadow
actions hip flexion angle was larger than that of directional hitting
at initial contact, but the non-directional hitting hip abduction was
has the significant difference among all the conditioning. The hip
flexion angle of non-directional shadow was larger than that of
directional hitting (p < 0.05), the hip abduction angle of the non-
directional hitting was greater than that of non-directional shadow
(p <0.05) at the peak VGREF. Elite badminton players execute dif-
ferent training movements; the joint stiffness was in the same
state. In the hitting actions has greater ankle and hip joint torque
than shadow actions. The badminton player was change joint
range of motion to adjust lower limbs stiffness.

Key words: Lower extremity joint stiffness, internal joint torque,
footwork training, jump landing.

Introduction

Badminton is an open skill sport where the shuttlecock
can not touch the ground during the game. To hit the

shuttlecock successfully, players must rapidly change their
moving direction (Kuntze et al., 2010; Manrique and Gon-
zalez-Badillo, 2003; Shariff et al., 2009). Atypical actions
and hitting movements often occur during the game; there-
fore, many special footwork methods have been developed
to facilitate the rapid movements required to hit the shut-
tlecock, including quick turning and jumping and quick di-
rectional change movements. Studies have shown that the
majority of badminton sport injuries occur in the lower ex-
tremity joints of athletes (Goh et al., 2013; Reeves et al.,
2015). Badminton players most commonly face knee in-
jury, followed by back, ankle joint, thigh, and calf injuries
(Goh et al., 2013; Miyake et al., 2016; Reeves et al., 2015;
Yung et al., 2007). Injury of the anterior cruciate ligament
is the most common knee joint injury, and 70% of anterior
cruciate ligament injuries are noncontact injuries. The ma-
jor mechanisms of action for these injuries are landing ac-
tions and quick directional changes (Dai et al., 2015;
Wang, 2011).

Because badminton is a one-sided hitting sport, its
action characteristics will produce asymmetric phenom-
ena. Therefore, the lower limber joints mechanisms and
risks of injury in both of the forehand side and backhand
side are different (Kimura et al., 2012). Lower extremity
injuries in badminton players usually occur during jump
landing in a lateral (LL) or poster lateral direction (PL) on
the play court (Kimura et al., 2010; 2012; Shuhei et al.,
2018). During backhand lateral hitting, players will use the
rotation, flexion and extension of the torso to achieve the
best hitting position. Executing backhand lateral hitting
will produce larger hip joint abduction. It is considered that
this action strategy will increase the lower extremity joint
load (Kimura et al., 2012; Sasaki et al., 2018). Except for
studies on the different types of hitting positions, few stud-
ies have evaluated action strategies of the same hitting po-
sition in different action situations.

A player’s reaction ability is important movement
ability in badminton. Badminton players should possess
excellent selective reaction abilities to assist moving and
hitting on the court. Visual reception has a critical impact
on selective reaction. Dynamic vision is an important fac-
tor affecting the selective reaction of badminton players
(Loureiro Jr and Freitas, 2012). The players must rapidly
determine the hitting position after the opponent hits the
shuttlecock. It has been pointed out that the visual pro-
cessing system of excellent athletes is better than that of
general athletes (Berman, 1988; Abernethy and Neal,
1999; Laby et al., 2011). If players can predict the hitting
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position in advance during play, the moving load can be
reduced and the active hitting efficiency can be increased
to increase the chance of scoring. However, studies on bad-
minton have rarely used selective reaction as a variable to
investigate player performance and lower extremity load
and injury.

Joint torque and joint stiffness are important indica-
tors for evaluating lower extremity load and injury. Studies
that combine imaging and force plates can perform inverse
dynamics to estimate the joint torque. Previous studies
have shown that the magnitude of knee joint torque during
landing is closely associated with the mechanism of ante-
rior cruciate ligament injury (Chappell et al., 2002; Wang
et al., 2010; Yu et al., 2006). In addition to joint torque,
joint stiffness is also an important reference parameter.
Joint stiffness is the adjustment reaction of individuals to
the process of dynamic movement and environmental
changes. Therefore, joint stiffness is an important parame-
ter for evaluating sport performance and injury risks. Ex-
cessively high lower extremity stiffness during movement
may cause injuries to the skeletal system (Milner et al.,
2007), whereas an excessively low joint stiffness may in-
crease the risk of soft tissue injuries (Granata et al., 2002;
Williams et al., 2001). The calculation method of joint
stiffness combines joint angle changes and torques; there-
fore, the analysis of joint stiffness can be used to further
investigate sport performance and the mechanism of lower
extremity sport injuries.

Previous studies evaluating athletic performance
and sports injuries used badminton footwork action, but
previous studies have not yet analyzed the actual hitting
footwork action. If the actual hitting footwork action were
difference of the shadow action, will be reduced the effect
of the badminton footwork assessment. Inverse dynamics
analysis can more clearly evaluate the risk produced by the
action. In view of this, the purpose of this study was to in-
vestigate the influences of hitting motion and unanticipated

hitting direction on landing mechanics after backhand lat-
eral jump smashing and landing to analyze joint stiffness
and torque changes in three lower extremity joints.

Methods

Participants

Sixteen elite Taiwanese male badminton players was re-
cruited; all the players were right handed. All the partici-
pants had won in the quarterfinals of tournaments con-
ducted at the national level in Taiwan. The average age,
height, body weight, and experience in badminton of the
players were 21.1 + 1.9 years, 1.74 = 0.04 m, 68.4 + 6.7 kg,
and 10.5 £ 2.4 years, respectively. The participants re-
ported no history of surgery on the lower limbs or muscu-
loskeletal disorders in a span of 1 year prior to data collec-
tion. All procedures were approved by the Institutional Re-
view Board of Fu Jen Catholic University.

Instrumentation

Eight high-speed infrared cameras (Vicon MX-T20-S+,
Oxford Metrics, UK) were set up in the badminton court;
(Figure 1). The image capturing frequency was set at 300
Hz. In the court, the front edge of a Kistler force platform
(Kistler 9821, Kistler Instrument, Inc., Swiss) was embed-
ded 150 cm in front of the backcourt boundary. The lateral
edge of the platform was aligned with the service line set
for playing doubles. The capture frequency of the Kistler
force platform was set at 1500 Hz. The racket (Yonex) had
a string tension of 29 pounds. The participants used the
shuttlecock (Victor) and shoe (Yonex). Reflective markers
were affixed on the rackets and shuttlecocks. The markers
were used to determine the heights of the strokes. Vicon
Nexus Version 1.8.5 software were used simultaneously to
capture the kinematic and kinetic parameters while per-
forming the lateral jump smash footwork on the backhand
side.

Serve position
_120cm
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Figure 1. Experimental setup, with the force plate set on the backhand side. The subject starts in the start position area,
after starting, make a split step on the backhand side, then jumping and swing the racket. Subjects performed single-leg landing on

the force plate and returned to the starting position.
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Figure 3. Experimental actions, hitting action (footwork and stroke shuttlecock).

Experimental actions

This study analyzed lateral jump smash footwork actions
in four different badminton training situations. The swing
actions were divided into two situations, shadow (footwork
and racket swinging practice without targets, Figure 2) and
hitting actions (footwork and stroke shuttlecock, Figure 3),
whereas the directions were divided into directional and
non-directional. The directional actions of players belong
to the simple reaction state; non-directional actions are se-
lective reactions and are more similar to those in actual
competitions. For non-directional actions, the players per-
formed lateral jump smash actions after registering a light
signal or the serving direction. In this study, simulation of
the hitting situation was initiated by using a synchronous
light, where LED strip lights were installed on the left and
right sides of the net. During the execution of non-direc-
tional simulated hitting actions, lateral jump smash actions
were performed based on the direction indicated by the
light.

The initial position where the participants stood was
the center of the right side of the court. A shuttlecock was
served from the center line, 120 cm behind the left serving
line, toward the left side of the backcourt for the players to
hit. The placement of the serve was a block with one square
meter, and the height of the serve was the most distant point
of the fingertips (the height of the standing position with
both upper limbs extended upward) plus 45% to 55% of the
maximum vertical jump height plus 25 cm (the length of
the central shaft of a badminton racket). He stood and
served the shuttlecock at the specific serving location ac-
cording to the smash height of each player. A successful
movement meant that the placement after the maximum
jump smash by a player was necessarily in zone B (L370 *
W100 cm?) (Figurel).

Experimental procedures
Before this research was conducted, the experimental pro-
cedures and moves were explained to the participants and

signed informed consent forms. Once the subjects were fa-
miliar with the experimental tasks and understood the start
signals of the strokes. Additionally, the parameters of the
limbs and the most distant points of the fingertips were
measured. The most distant points of the fingertips were
measured with the subjects standing with both hands raised
to the extreme height and the feet separated by one shoul-
der width. Before the subjects performed the movement,
static data were collected as the subjects stood on the
Kistler force platform in the anatomical position. After the
subjects completed a voluntary warm-up and practiced the
experimental movements for five minutes, the heights of
two repetitions of autonomous maximum jump were meas-
ured. The greater height was recorded as the height of a
vertical jump. After the calculation of the serving height,
the servers were allowed sufficient practice to ensure the
consistency of the serving height. Once all the above prep-
arations were completed, the formal tests in this experi-
ment were conducted.

Data and statistical analyses

Synchronized trajectory and GRF were estimated using the
Nexus Version 1.8.5 Action Analysis System and the
Kistler force platform. The Visual3D (C-Motion, Rock-
ville, MD, USA) software was used to calculate the kine-
matic and kinetic parameters. Static files were used to
measure body weight and the angles of the lower-limb
joints. The angle of the lower-limb joints was defined as 0
degrees when the subjects statically stood in the anatomical
position. The data of the reflective markers were evenly
processed using a fourth-order low-pass Butterworth filter
set to 10 Hz. After the modules were set by inputting the
basic parameters of the participants, the angles of the lower
limb joints were calculated. The data of the Kistler force
platform were processed using a low-pass filter set at 40
Hz to avoid interference. Analysis of kinematics and ki-
netic parameters during landing impact phase. (Ward et al.,
2019). The joint stiffness calculation method was used



Hung et al.

267

peak value of the joint torque and the joint angle change
during landing phase. Subject's own weight as a basis for
normalization of joint stiffness. (Farley et al., 1998; Ward
etal., 2019).

Kjoint = AMjoint / A©joint

To examine the differences among comparisons,
two-way repeated measures ANOVA with LSD adjust-
ment was conducted in the IBM SPSS Package Software
22.0. The parameters in two situations, simulated hitting
actions (shadow) and hitting actions, whereas the direc-
tions were divided into directional and non-directional dur-
ing landing impact phase. The comparisons were 1) the
sagittal and frontal joint angle of the hip, knee, and ankle
at the initial contact (IC) of the landing phase; 2) the sagit-
tal and frontal joint angle and sagittal joint torque in the
hip, knee, and ankle at the maximum vertical ground reac-
tion forces (VGRF); 3) the sagittal joint angle ranges of
motion and joint torque in the hip, knee, and ankle during
initial contact (IC) to peak torque; 4) the maximum of hip,
knee, and ankle sagittal joint torque ; 5) The hip, knee, and
ankle joint stiffness during landing impact phase. The sig-
nificance level was set to a = 0.05.

Results

The results in this study showed (means + standard devia-
tions) that when players executed non-directional hitting
actions (-3.3 + 0.1) (Nm/kg), the plantar-flexion torque
peak value of the ankle joint was larger than that in direc-
tional shadow (-2.8 = 0.1) (Nm/kg) (p = 0.032) and non-
directional shadow (-2.9 £ 0.1) (Nm/kg) (p = 0.001). The
degree of torque change in the landing impact period also
exhibited the same result, showing that the value in non-
directional hitting actions (3.3 + 0.1) (Nmv/kg) was larger
than that in directional (2.8 = 0.1) (Nm/kg) (p =0.021) and
non-directional shadow (2.9 +0.1) Nm/kg) (p =0.001). At
the peak vertical ground reaction force, the plantarflexion
torque value in non-directional hitting actions (-3.1 + 0.1)
(Nm/kg) was larger than that in directional shadow actions
(-2.4 £0.1) (Nm/kg) (p = 0.014). However, the knee joint
parameters among all training situations did not show sig-
nificant differences. For the peak value extension torque in
hip joints, the value in directional hitting actions (4.3 = 0.3)
(Nm/kg) was larger than that in non-directional shadow ac-
tions (3.3 £0.4) (Nm/kg) (p = 0.038). At the torque of land-
ing, the hip joint flexion in directional shadow actions
(14.0 £ 0.8) (degree) (p = 0.020) and non-directional
shadow actions (14.7 + 1.1) (degree) (p = 0.018) was larger
than that in directional hitting actions (9.2 £ 1.4) (degree).
At initial contact the hip joint abduction angle, the value in
non-direction hitting actions (40.2 = 1.0) (degree) was
larger than that in directional hitting actions (35. % 1.1) (de-
gree) (p=0.003) and in directional (33.8 + 1.2) (degree) (p
=0.019) and non-directional shadow (32.7 + 1.2) (degree)
(p =0.001). At the peak vertical ground reaction force, the
hip joint flexion angle in non-directional shadow actions
(17.8 £ 1.7) (degree) was larger than that in directional

hitting actions (23.4 £+ 1.1) (degree) (p = 0.026). The hip
joint abduction angle in non-directional hitting actions
(40.0 = 1.4) (degree) was larger than that in non-directional
shadow actions (32.5 + 1.6) (degree) (p = 0.001).

Discussion

This study investigated the landing actions of badminton
players after they executed a lateral jump smash in differ-
ent situations. The results showed that the main impacts
were to the ankle and hip joints. The hitting actions in-
creased changes in the ankle joint torque and frontal sur-
face angle of the hip joint. Previous study results have
shown that the addition of the lateral element into jumping
actions affects the knee joint activity (Sinsurin et al., 2013).
In addition, a previous study showed that players would
perform one-leg landing after lateral hitting, which further
increased the unilateral lower extremity joint load (Yeow
etal., 2011).

Players must perform many jump hit actions in the
course of a badminton competition. Jump landing actions
result in a large impact and load in lower extremities. Many
previous studies have used biomechanical analysis to in-
vestigate jump landing actions, including several kinematic
and kinetic parameters such as joint angles and the ground
reaction force. Lower extremity joint stiffness is highly as-
sociated with sport performance and sport injury (Butler et
al., 2003; Granata et al., 2002; Hobara et al., 2010; Milner
et al., 2007; Shultz et al., 2010; Williams et al., 2001) and
is a presentation of dynamic results. Athletes use lower ex-
tremity joint changes to meet movement needs to regulate
the lower extremity joint load caused by the ground reac-
tion force. Studies have shown that the risk of lower ex-
tremity injuries in female athletes is higher than that in
male athletes. During the execution of jump landing ac-
tions, male athletes have higher hip joint and knee joint
stiffness than female athletes, and a higher lower extremity
joint stiffness can provide stability after landing (Hughes
and Watkins, 2008; Schmitz and Shultz, 2010). The lower
extremity stiffness found in this study was similar to previ-
ous study results on jump landing actions, showing that it
was the highest in the hip joint, followed by the knee joint
and ankle joint (Butler et al, 2003; Ward et al., 2019). How-
ever, the results showed that there was no significant dif-
ference in the joint stiffness of athletes among four training
situations. Joint stiffness is the result of interactions among
internal structures in the human body. The badminton play-
ers recruited in this study had received 10 years of special-
ized badminton training on average. The four training situ-
ations in this study were performed according to normal
training modes; therefore, players might have already
achieved a stable state in their action control and sport per-
formance. The results seen in this study might be the best
stiffness state adjusted and achieved by players to maintain
sport performance and avoid sport injuries.

When the players performed actual hitting, there
were smaller hip joint flexion angles at the torque of land-
ing and at the torque of the peak value of the vertical
ground reaction force. The results showed that the landing
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pattern of the players after hitting presented a stiffer land-
ing strategy. Previous studies analyzing the jump landing
actions of different genders showed that female athletes
and athletes with fatigue presented smaller hip joint flex-
ion. The results suggested that a stiffer landing strategy
might increase the lower extremity load and increase the
incidence of injury (Bisseling et al., 2007; Schmitz et al.,
2007). Furthermore, the previous study showed that the hit-
ting action resulted in a larger hip joint extension internal
torque, because the passive torque produced at the impact
stage was to avoid the collapse effect (DeVita and Skelly,
1992). The peak value of the extension of the internal
torque of hip joints occurred at the landing impact period,
which confirmed that hitting actions caused larger hip joint
loads.

In addition to differences in sagittal angles and tor-
ques, the results in this study showed that the hip joint ab-
duction angle in hitting actions was larger than that in
shadow actions at the torque of landing and at the torque of
the peak vertical ground reaction force. Previous studies on
sport injuries in badminton analyzed the backcourt bilateral
shadow actions and showed that the backhand side had
larger hip joint abduction and knee joint valgus angles.
Therefore, players were considered to have a higher risk of
knee joint injury during backhand side shadow actions (Ki-
mura et al., 2012; Sasaki et al., 2018). However, this study
showed that there were larger hip joint abduction angles
after backhand side hitting actions, but there was no ac-
companied increase in the knee joint valgus angle. This
might be caused by the different genders. The subjects in
this study were male badminton athletes. However, previ-
ous badminton studies targeted female athletes for the ac-
tion analyses. The lower extremity Q angle might be dif-
ferent due to the influence of gender. Previous studies also
showed that females had larger knee joint valgus angles
during the execution of the same action (Hughes et al.,
2008; Hughes et al., 2010). Players in this study did not
have larger knee joint valgus angles after hitting; however,
overly large hip joint abduction angles might cause the pro-
duction of knee joint valgus torque. The overly large knee
joint valgus torque was also an important mechanism af-
fecting anterior cruciate ligament injury (Hughes et al.,
2010).

The ankle joint is the first lower extremity joint to
receive the impact of the ground reaction force during ex-
ecution of landing actions. The ankle joint during landing
plays an important role in the stabilization of posture and
balance maintenance (Lee and Lin, 2007). If the ankle joint
has a poor impact absorption ability, loads to the knee and
hip joints may increase. In addition, previous studies found
that when a lateral element in jump landing actions is pre-
sent, the knee joint activity is affected, increasing the risk
of lower extremity joint injury (Norcross et al., 2010). The
current study showed that the peak value of the ankle joint
passive torque, the ankle joint torque at the torque of the
peak vertical ground reaction force, and the torque varia-
tion levels of players in the execution of non-directional
hitting actions were larger than that in shadow actions. Be-
cause this study analyzed lateral jump smash actions and
landing actions, the increase in the ankle joint passive
torque after hitting was consistent with previous study

results showing that the ankle joints of players should bear
larger impacts in non-directional hitting actions. The re-
sults showed that if players could effectively predict the
hitting direction, the lower extremity load could be effec-
tively reduced. Selective reaction training could be added
to routine practice to increase the judging ability of players
to further reduce the lower extremity joint load and in-
crease sport performance.

Conclusion

Elite badminton players execute different training move-
ments the joint stiffness was similar. However, when the
peak hip joint and ankle joint passive torques in the hitting
actions were higher than those in shadow actions, a larger
lower extremity joint load was produced in order to stabi-
lize the center of gravity and enable the players to rapidly
change directions. The results showed that the ankle joint
and hip joint load increased when players executed hitting
actions.
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Key points

e In different training situations will exhibit the same
joint stiffness, because badminton player was change
joint range of motion to adjust lower limbs stiffness.

e From the joint angle and joint torque, the hitting ac-
tion will have a greater risk of injury and high lower
extremity load.
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