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ABSTRACT
Badminton footwork has been characterised with jump-landing, cross step, side side and lunges, which 
requires movement agility to facilitate on-court performance. A novel badminton shoe design with 
systematic increase of lateral wedge hardness (Asker C value of 55, 60, 65, and 70) was developed and 
investigated in this study, aiming to analyse the dose–response effect of incremental wedge hardness on 
typical badminton footwork. Stance time and joint stiffness were employed to investigate the footwork 
performance, and the factorial Statistical non-Parametric Mapping and Principal Component Analysis 
(PCA) were used to quantify the biomechanical responses over the stance. As reported, shorter contact 
times (decreased by 8.9%–13.5%) and increased joint stiffness (in side step) of foot-ankle complex were 
found, suggesting improved footwork stability and agility from increased hardness. Time-varying differ
ences were noted during the initial landing and driving-off phase of cross and side steps and drive-off 
returning of lunges, suggesting facilitated footwork performance. The reconstructed modes of variations 
from PCA further deciphered the biomechanical response to the wedge dosage, especially during drive- 
off, to understand the improved footwork agility and stability.
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Introduction

Badminton is one of the most popular racquet sports, which has 
attracted millions of populations around the world 
(Phomsoupha & Laffaye, 2015; Yu & Mohamad, 2022). Due to 
the characteristics of high-intensity and intermittent motions as 
the fastest racquet sport (Alder et al., 2019; Phomsoupha & 
Laffaye, 2015), badminton playing populations showed signifi
cant benefits of improved overall health quality, a reduced ratio 
of all-cause and cardiovascular-disease mortality (Oja et al., 2017). 
An efficient on-court badminton performance was reported as 
the primary goal of both recreational and athletic cohorts (Mei 
et al., 2017), which required coordination of the upper extremity, 
torso, and lower extremity, and physical capability of fast, short- 
duration, and high-intensity power output (Alder et al., 2019; 
Manrique & González-Badillo, 2003; Ooi et al., 2009).

Efficient badminton footwork motions, such as jump- 
landing, orthogonal and diagonal lunges, cross and side 
steps, rapid cutting and turning, would assist the coordination 
of kinetic chain in the upper extremities with handwork and 
racket to hit shuttle and score (Phomsoupha & Laffaye, 2015; 
Valldecabres et al., 2020). As reported, excellent execution of 
footwork would enable rapid movement into the appropriate 
position for the shuttle returning (Kuntze et al., 2010; Yu & 

Mohamad, 2022). A recent study of on-court movements dur
ing the Badminton World Championship found that the diag
onal footwork across the court took up the main part among 
elite badminton players (Valldecabres et al., 2020), especially 
the lunges following the cross and side steps. The lunge foot
work was previously investigated as a particular interest to 
improve performance and prevent injury (Cronin et al., 2003; 
Lam et al., 2020; Lee & Loh, 2019; Mei et al., 2017). 
Consequently, specific factors, such as fatigue conditions 
(Herbaut & Delannoy, 2020; Valldecabres et al., 2020), athletic 
level (Mei et al., 2017), footwear design and property (Hong 
et al., 2016; Lam et al., 2017, 2018; Wei et al., 2009), physiologi
cal and motor demand (Cronin et al., 2003; Kuntze et al., 2010) 
were elaborated and discussed to achieve the goal.

Considering the high intensity and agility characteristics, 
certain properties of badminton footwear, such as impact 
absorption, upper elasticity (wrapping), midsole torsion, and 
outsole traction are required to facilitate performance improve
ment and injury prevention (Chen et al., 2022; Hong et al., 2016; 
Lam et al., 2017; Mei et al., 2014; Shen et al., 2022). Three key 
components, specifically shoe comfort, injury prevention, and 
performance, were proposed (Reinschmidt & Nigg, 2000) thus 
employed to evaluate sports shoes (Mei et al., 2014), with 
further highlighted features of lateral stability, torsion stiffness, 
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impact cushion, and traction to meet the demand of court 
sports shoes. In specifics, the lateral stability, defining as the 
ability to resist over supination or inversion in the foot-ankle 
complex (Reinschmidt & Nigg, 2000) and prevention of ankle 
sprain during cutting (Tik-Pui Fong et al., 2007), was a crucial 
property, considering the high ratio of diagonal footwork, such 
as side-step cutting and cross-step turnings, and lunges as 
documented in the literature (Kuntze et al., 2010; Lam et al.,  
2017; Mei et al., 2017; Valldecabres et al., 2020; Yu et al., 2021). 
Lateral stability was further combined with torsional stiffness, 
especially for the court sport shoes, to resist the twisting and 
over inversion and provide stable support during cutting or 
change of direction movements (Bagehorn et al., 2023; Graf & 
Stefanyshyn, 2013; Martin et al., 2023; Zifchock et al., 2017). 
A recent study on modulating the lateral midsole of badminton 
shoes to investigate the cutting (change of direction) perfor
mance found that higher ground reaction forces and shorter 
contact times with modified sole structure (Chen et al., 2022), 
may be a predictor of improved cutting performance on the 
court. While the study lacked a systematic analysis of dose– 
response effect from the lateral wedge design, which has been 
widely used in orthotics to revise foot malalignment (Telfer 
et al., 2013).

Badminton shoes, as a unique functional footwear in court 
sports, should meet the demands of perceived comfort and 
sufficient support from the perspectives of biomechanical out
put, athletic performance, and injury prevention. Badminton 
footwear with a novel lateral wedge of systematically incre
mental hardness was developed in this study, which may assist 
the footwork stability and mechanical alignment of the foot- 
ankle complex during stance. This study was firstly aimed to 
investigate the dose–response influence of the incremental 
wedge stiffness on the biomechanical performance of typical 
badminton footwork, specifically, the forecourt lunges (of the 
right limb), and the diagonal side-step and cross-step footwork 
(of the left limb). It was hypothesized that the biomechanical 
parameters in the ankle and subtalar joints would change sig
nificantly with the systematically increased hardness of the 
lateral wedge in the midsole. The dose–response effect was 
further deciphered and quantified using advanced statistics of 
Factorial Statistical non-Parametric Mapping to check the sig
nificance (Trama et al., 2021) and Principal Component Analysis 
(PCA) (Yu, Mei et al., 2021) for the time-varying biomechanical 
parameters during stance.

Materials and methods

Participants

A total of 15 university-level male badminton players (age: 26 ±  
2.24 yrs, mass: 68.3 ± 4.5 kg, height: 1.76 ± 0.42 m, BMI: 22.13 ±  
0.66 kg/m^2, years of playing: 7 ± 0.66 yrs) were recruited for 
this study, following the inclusion criteria, (1) right-side domi
nant (as determined with the dominant hand for badminton 
racquet), (2) experience of participating the provincial 
University badminton competition (athletic level defined as 
the regional elite or national level division-II by the coach), 
and (3) preferred shoe size of 42 (EU) and foot length of 260  
± 5 mm (which is the same as the size of badminton footwear). 

The sample size was calculated using GPower v3.1 (Faul et al.,  
2007) with an ANOVA F test for repeated measures within 
factors of a lateral wedge with incremental hardness, with 
effect size (f) of 0.5, a-level of 0.05 and power value of 0.996. 
No lower extremity injuries or foot disorders were reported 
prior to six-month before the experiment for all badminton 
players. The study was approved by the ethics committee 
from the research institute in the University (RAGH20220518), 
and all participants were informed of the test objectives, pro
cedures, and requirements with written consent.

Footwear

The footwear employed for the biomechanical tests in this 
study was the Li-Ning YT-01 badminton shoe, with a uniform 
size of 42 (EU). As illustrated in Figure 1, a forefoot lateral 
wedge of irregular trapezoid shape in the midsole was 
designed with an incremental hardness of 60, 65, and 70 
(Asker C), compared to the currently standardised hardness of 
55 (Asker C). The rearfoot and forefoot stack heights were 34  
mm and 17 mm, respectively. The geometrical specifications of 
the lateral wedge included the lateral arc length of 75 mm, 
trapezoid with a lateral and medial length of 72 mm and 51  
mm (respectively), and width of 23 mm (one-third of the fore
foot width). The experimental shoes were identical in the mate
rials and upper design and are defined as LN55, LN60, LN65, 
and LN70 as per the Asker C hardness. The perception of shoe 
comfort was measured using a previously established 150 mm 
VAS (Visual Analogue Scale) scoring system (Mei et al., 2018; 
Mündermann et al., 2002), specifically including the Overall 
Comfort (1), Forefoot Comfort (2), Forefoot Upper Stability (3), 
Forefoot Wrapping (4), Midfoot Support (5), Forefoot Torsion 
(6), Forefoot Cushioning (7), Forefoot Lateral Stiffness (8), 
Weight (9), and Comprehensive Property (10).

Experimental protocol

The typical badminton footwork includes forehand and back
hand lunges to the right-forward (RF) and left-forward (LF) 
court and cross-step (CS) from the backhand rear court and 
side-step (SS) from the forehand rear court. More specific 
details of the four typical footwork and lab setup are illustrated 
in Figure 2. All participants are experienced badminton players 
with right-sided dominance for racquet-grasp and right leg 
performing lunges and left leg performing cross or side steps, 
as badminton footwork typically involves unilateral hand and 
foot (Yu & Mohamad, 2022; Yu et al., 2021). Specifically, all 
badminton players initiated the RF and LF lunges with a split 
step, stepping up the left foot, followed by the right leg and 
foot for lunges to the right forecourt or the left forecourt. The 
lunging stance includes heel landing, loading acceptance, and 
drive-off, which was defined according to a previous study 
(Kuntze et al., 2010). Players initiated the cross-step (CS) with 
an overhead clear in the backhand rear-court, chasse step, 
followed by crossing the left leg with heel landing, drive, and 
push-off, and finished with lunging of the right leg. The side- 
step (SS) was initiated with a clear in the forehand rear-court, 
chasse step, followed by side-stepping (cutting) the right leg 
with heel landing, drive, and push-off, and finished with 
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lunging of the right leg. Thus, the lower limb of interest for 
lunging footwork was the right side (RF, LF), and the side or 
cross -step footwork was the left side (SS, CS) in the current 
study.

Once confirming the typical badminton footwork, a lab- 
simulated badminton court facilitated with an 8-camera Vicon 
motion capture system and synchronously connected AMTI 
force plates, was set up for the biomechanical experiment to 
record the markers’ positions and ground reaction forces dur
ing badminton footwork (Mei et al., 2017; Yu et al., 2021). The 
data collection frequency was set at 200 Hz and 1000 Hz, 
respectively. The marker set model in this study included mar
kers to both acromion of the torso, bilateral ASIS and PSIS of the 
pelvis, 4-marker cluster to the lateral aspect of both thighs, 
medial and lateral knee epicondyles, 4-marker cluster to the 
lateral aspect of both shank, medial and lateral ankle malleoli, 
posterior calcaneus, anterior toe-tip, medial M1 and lateral M5 
of the bilateral lower limb. The model was employed and 
validated in our previous study of badminton directional lunges 
(Yu et al., 2021), and other similar data-driven musculoskeletal 
modelling studies (Mei et al., 2019; Rajagopal et al., 2016).

The lab setup included a badminton net and stick-hang 
shuttlecock in the target region for lunges, cross, and side- 
steps to mimic real court situations. The distance of preparing 
the position for the RF and LF lunges to the force plate was 2.5 
times the leg length of each participant (Yu et al., 2021). The SS 
and CS mimicked a real court distance as shown in Figure 2.

Prior to the data collection, badminton players were 
required to perform warm-up and lab court familiarisation 
practice with randomly selected footwear for 10 min. The four 
typical footwork was conducted as per the standard during 
training and visually supervised by an experienced coach. The 
approaching velocity was defined as the speed from initiated 
position to the foot contact of forceplate (Lam et al., 2017), 
which was manually controlled with stopping watch by the 
coach. During the experiment, all badminton players would 
randomly wear the four pairs of badminton shoes to conduct 
the footwork without informing the difference (single-blind). 
During the data collection, a static trial was firstly collected for 
each pair of badminton footwear, then performed the RF, LF, 
CS, or SS footwork in self-selected order. The interval time of 10  
min between each shoe pair was controlled to minimise fatigue 
influence. Marker trajectories and ground reaction forces from 
three successful trials for each footwork were collected with 
footwear of LN55, LN60, LN65, and LN70 for post-data 
processing.

Data processing

The target limb for RF and LF footwork was the right limb, and 
the target limb for CS and SS footwork was the left limb. This 
study aimed to investigate the influence of incremental lateral 
wedge hardness on badminton footwork performance. Thus, 
the stance phase, as a close chain, was focused to analyse the 

Figure 1. Illustration of LN55, LN60, LN65, and LN70 badminton footwear specifications, with an arc length of 75mm (lateral midsole wall), lateral length of 72mm, 
medial length of 51mm, and width of 23mm.
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contact times, joint angles, joint moments, and joint stiffness, 
which was defined from the threshold of 20N in vertical ground 
reaction force (Yu, Mei et al., 2021). The approaching velocity 
was also controlled with stopping watch as the biomechanical 
parameters are sensitive to velocity. The velocity was calculated 

using the resultant speed of the bilateral ASIS and PSIS markers 
in the pelvis.

The collected marker trajectories and ground reaction force 
data were visually inspected, and gap filling was performed 
with pattern fill in Vicon Nexus software. The raw data were 

Figure 2. Illustration of lab-simulated court setup (left) and the typical badminton footwork of RF, LF, CS and SS (right).
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then stored as C3D files for processing with customised Matlab 
script, to generate “trc” and “mot” files with a zero-phase fourth- 
order Butterworth low-pass filtered frequency at 6 Hz for mar
kers and 30 Hz for forces (Mei et al., 2019; Yu et al., 2021)

A musculoskeletal OpenSim model with upgraded knee 
abduction/adduction and internal/external rotation DoFs 
(degrees of freedom) was employed in this study for data 
processing as per a standardised pipeline (Rajagopal et al.,  
2016). The generic model was firstly scaled to match the 
anthropometrics of each participant with anatomically 
adjusted inertia and moment arms. Inverse kinematics was 
then performed to calculate joint angles of the hip, knee and 
ankle, which were then employed to compute the joint 
moments following the Inverse Dynamics algorithm. The joint 
stiffness was calculated using the change of moment (∆M) 
divided by the change of angles (or range of motion) (RoM) 
during stance.

Statistical analysis

Prior to statistical analysis, the discrete parameters, including 
the VAS scores of perceived shoe comfort, approaching velo
city, contact times, joint range of motion, and joint stiffness, 
were firstly checked with Shapiro–Wilk normality distribution, 
then repeated measures ANOVA were run with post hoc Tukey 
test. The results of VAS comfort are presented in the 
Supplementary Materials (1).

Due to the 1-dimensional feature, the waveform data of 
joint angles and moments were firstly interpolated with 
a cubic spline, registering into 101 data-point to represent the 
stance (100%) (Mei et al., 2021). Three trials of each footwork 
were averaged to avoid inter-trial variations for each player 
with four pairs of badminton shoes. Considering the time- 
varying features of angles and moments from the four condi
tions with different badminton shoes (LN55, LN60, LN65, LN70), 
a recently developed fctSnPM (factorial Statistical non- 
Parametric Mapping) (Trama et al., 2021), upgrading from 
SPM1d (Pataky, 2010), with the main advantage of not requir
ing data in a Gaussian distribution, was employed to check the 
statistical difference among the incremental lateral wedge 
hardness on footwork biomechanics. The effect size was firstly 
checked, followed by further post hoc tests with the Bonferroni 
correction of six comparison factors (with p = 0.05/6, 0.0083). 
There were several 10/a permutations for each test (Trama 
et al., 2021). The effect size (ES) was defined as trivial when 
smaller than 0.2, small when between 0.2 and 0.5, medium 
when between 0.5 and 0.8, and larger when greater than 0.8 
(Trama et al., 2023), and presented in the Supplementary 
Materials (2).

To further quantify the dose–response effect of incremental 
wedge stiffness, a statistical principal component analysis (PCA) 
was modelled for the time-varying joint angles and moments, 
to further reveal the influence of lateral wedge hardness on the 
biomechanical performance during typical badminton foot
work. In this study, the variations of main PCs and accumulation 
in percentage were presented, followed by presenting key 
variances in the upper (+) (95th percentile, high) and lower 
(▽) (5th percentile, low) limits of the first PC against the mean 
waveforms (Ramsay & Silverman, 2005; Warmenhoven et al.,  

2021; Yu; Mei et al., 2021). All the statistical analysis and model
ling was run using Matlab R2020a (The MathWorks Inc., MA, 
United States).

Results

Discrete parameters

The approaching velocity during the RF and LF lunges was 
recorded at around 2.0 m/s, while the approaching velocity 
during the CS and SS footwork was recorded at around 2.5 m/ 
s. The range of motion (ROM) in the ankle and subtalar joints 
showed no significance during the RF, LF, CS, and SS footwork 
with the badminton shoes of incremental lateral wedge hard
ness. While the perceived shoe comfort of the VAS scores in the 
10-item was included in the Supplementary Materials (1).

Figure 3 illustrated the comparison of stance time of typical 
footwork with mean, standard deviation, median, and quartiles. 
Specifically, the stance time (unit in second, 95% confidence 
interval, CI) during RF lunge was 0.66 ± 0.04 [95%CI: 0.64–0.67], 
0.66 ± 0.3 [95%CI: 0.64–0.7], 0.64 ± 0.04 [95%CI: 0.61–0.64], and 
0.61 ± 0.02 [95%CI: 0.6–0.62] for LN55, LN60, LN65, and LN70, 
respectively. Compared to the mean of LN55 and LN60, the 
stance time was reduced by 3.9% (LN65, p = 0.001) and 7.9% 
(LN70, p = 0.004).

As for the LF lunge, the stance time was 0.66 ± 0.04 [95%CI: 
0.62–0.69], 0.66 ± 0.03 [95%CI: 0.64–0.69%], 0.64 ± 0.02 [95%CI: 
0.62–0.65], and 0.6 ± 0.02 [95%CI: 0.59–0.62], respectively. 
Similarly, an approximate reduction of 4.2% (LN65, p = 0.021) 
and 8.9% (LN70, p = 0.0007) was found while comparing to 
LN55 and LN60 during stance.

As for the CS footwork, the stance time was 0.42 ± 0.03 [95% 
CI: 0.4–0.45], 0.41 ± 0.04 [95%CI: 0.39–0.43], 0.39 ± 0.03 [95%CI: 
0.37–0.42], and 0.37 ± 0.03 [95%CI: 0.35–0.39]. Compared to the 
mean of LN55 and LN60, an approximate reduction of 6.1% 
(LN65, p = 0.304) and 12.5% (LN70, p = 0.373) was observed.

The SS footwork, the stance time was 0.41 ± 0.03 [95%CI: 
0.39–0.43], 0.4 ± 0.02 [95%CI: 0.4–0.42], 0.37 ± 0.03 [95%CI: 
0.34–0.39], and 0.35 ± 0.03 [95%CI: 0.33–0.38]. An approximate 
reduction of 4.4% (LN65, p = 0.019) and 13.5% (LN70, p = 0.29) 
was found compared to the LN55 and LN60 during SS footwork.

In terms of the joint stiffness, the statistical significance was 
observed only during the SS footwork with incremental wedge 
hardness (Figure 4), without finding a difference from the other 
footwork. Specifically, the LN70 had greater ankle flexion- 
extension stiffness (4.98 ± 2.47, [95%CI: 3.03–7.71]) compared 
to LN65 (3.84 ± 1.57, [95%CI: 2.46–5.13], p = 0.021), LN60 (3.66  
± 1.22, [95%CI: 2.4–4.87], p = 0.014), and LN55 (3.62 ± 1.23, [95% 
CI: 2.68–4.34], p = 0.001), respectively. The subtalar joint stiff
ness of LN70 (2.34 ± 1.0, [95%CI: 1.58–3.2]) was greater than 
LN60 (2.01 ± 0.49, [95%CI: 1.67–2.49], p = 0.02) and LN55 (2.13  
± 0.59, [95%CI: 1.74–2.56], p = 0.013). The LN65 (2.39 ± 0.98, 
[95%CI: 1.79–3.27]) was also increased significantly compared 
to LN60 (p = 0.019) and LN55 (p = 0.021).

Factorial statistical non-parametric mapping (fctSnpm)

In the current study, the dose–response effect on biomechanics 
in the foot-ankle complex was primarily investigated and 
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reported, while the statistics of the hip and knee joints are 
available in our online project repository, and the effect size 
(ES) waveforms are attached in the Supplementary Materials 
(2). Ankle dorsi and plantar flexion angles showed no difference 
in response to the increased lateral wedge hardness. The CS 
and SS reported statistical differences in the heel landing and 
foot push-off phases during stance (Figure 5). For the CS step, 
the wedge stiffness affected the ankle dorsiflexion angles dur
ing 0–12% (F = 4.54, p < 0.05) and 43–100% (F = 4.54, p < 0.05) 
of the stance. Specifically, LN55 and LN70 differed at 0–12% (p  
= 0.0083, t* = 5.09) and 46–100% (p = 0.0083, t* = 5.09), LN60 
differed at landing (1–5%) from LN65 (p = 0.0083, t* = 5.16), 
while LN60 and LN70 differed at 76–100% (p < 0.0083, t* =  
4.31), and LN65 and LN70 differed at 1–12% (p − 0.0083, t* =  
4.39) and 90–100% (p = 0.0083, t* = 4.39). As observed during 
SS footwork, difference during the 1–17% (F = 4.189, p < 0.05) 

and 54–100% (F = 4.189, p < 0.05) of stance was found, with 
significance observed between LN55 and LN60 at 13–18% (p =  
0.0083, t* = 4.02), LN55 and LN70 at 86–100% (p = 0.0083, t* =  
4.81), LN60 and LN70 at 1–16% (p = 0.0083, t* = 5.38) and 78– 
100% (p = 0.0083, t* = 5.38), and LN65 and LN70 at 1–8% (p =  
0.0083, t* = 4.58).

In terms of the ankle dorsi and plantar flexion moments 
(Figure 6), the incremental stiffness showed influence at 72– 
82% of LF (F = 5.18, p < 0.05), 1–4%, 9–13% and 31–86% of RF 
(F = 5.26, p < 0.05), 9–36%, and 67–94% of CS (F = 5.32, p < 0.05), 
and 16–19% and 35–46% of SS (F = 4.72, p < 0.05). In specifics, no 
significance was found between shoe conditions during the LF 
step, while during the RF step the LN55 and LN60 differed at 2– 
4% and 46–84% (p = 0.0083, t* = 4.26), LN55 and LN65 differed at 
36–81% (p = 0.0083, t* = 4.36), and LN55 and LN70 differed at 
44–84% (p = 0.0083, t* = 4.35). For the CS footwork, LN55 and 

Figure 3. Comparison of stance time during typical badminton footwork with incremental lateral wedge hardness, with highlighted mean values connected in blue 
lines, median values in black lines, minimal and maximal values, and 1st quartile and 3rd quartiles in box.

Figure 4. Illustration of ankle and subtalar joint stiffness during SS footwork with badminton shoes of incremental lateral wedge hardness.
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LN70 differed at 11–38% (p = 0.0083, t* = 4.02), and LN65 and 
LN70 differed at 11–20% and 69–83% (p = 0.0083, t* = 4.55). The 
LN55 and LN70 differed at 29–45% (p = 0.0083, t* = 4.305), and 
LN60 and LN70 differed at 16–25% (p = 0.0083, t* = 4.282) in the 
SS footwork.

While for the subtalar inversion and eversion angles (Figure 7), 
the increased wedge stiffness showed no significance in the LF 
step and inter-shoe differences, only subtle influence was found 
during 3–7% (F = 4.476, p < 0.05) of RF step without reporting 

inter-shoe differences. While the stiffness affected the subtalar 
angles during 3–37% and 92–100% of CS footwork (F = 3.854, p  
< 0.05), particularly between the LN70 and LN65 at 4–34% (p =  
0.0083, t* = 5.9). The incremental stiffness also affected the SS 
footwork during 42–82% (F = 3.574, p < 0.05), with specific differ
ences observed between LN55 and LN65 at 70–86% (p = 0.0083, 
t* = 3.494), LN55 and LN70 at 14–48% (p = 0.0083, t* = 4.157), 
LN60 and LN65 at 55–74% (p = 0.0083, t* = 3.103), and LN65- 
LN70 at 18–57% (p = 0.0083, t* = 3.497).

Figure 5. Factorial SnPM statistics of ankle dorsi (+) – plantar (-) flexion angles during LF, RF, CS and SS footwork with badminton shoes of incremental lateral wedge 
hardness (stiffness). Notes: highlighted regions of significant cluster in blue, and bicolour transverse bar of significance between two conditions with upper color larger 
than the lower.
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As illustrated in Figure 8, the difference in the subtalar 
joint moments was noted in the four typical badminton 
footwork, specifically in the LF step, the incremental stiff
ness of the lateral wedge showed a difference at 45–85% 
(F = 5.22, p < 0.05), and LN55 was smaller than LN70 during 
90–94% (p = 0.0083, t* = 5.5). The RF step showed 
a difference over the stance, during 1–5%, 5–11%, and 
18–85% (F = 5.4, p < 0.05). Subtalar moment of LN55 was 
smaller than LN60 (p = 0.0083, t* = 4.62) at 1–5% and 19– 

83%, smaller than LN65 (p = 0.0083, t* = 4.76) at 8–13% and 
23–70%, and smaller than LN70 (p = 0.0083, t* = 5.56) at 1– 
3%, 22–33%, and 42–81%. As for the CS footwork, the 
incremental stiffness showed effect during 4–38% and 
64–80% (F = 4.39, p < 0.05), with specific dose–response of 
a larger subtalar moment with LN55 than LN70 at 9–36% 
(p = 0.0083, t* = 5.08), LN60 was greater than LN70 at 9– 
20% (p = 0.0083, t* = 5.02), and LN65 was greater than 
LN70 at 10–27% (p = 0.0083, t* = 4.28). The incremental 

Figure 6. Factorial SnPM statistics of ankle dorsi (+) – plantar (-) flexion moments during LF, RF, CS, and SS footwork with badminton shoes of incremental lateral 
wedge hardness (stiffness). Notes: highlighted regions of the significant cluster in blue, and bicolor transverse bar of significance between two conditions with the 
upper color larger than the lower.
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stiffness had influence during 4–6%, 11–48%, and 97–100% 
of stance in the SS footwork (F = 5.69, p < 0.05). Difference 
between LN55 and LN65 was observed at 0–2%, 4–11%, 
and 14–20% (p = 0.0083, t* = 4.69), between LN55 and LN70 
at 15–18% and 26–44% (p = 0.0083, t* = 5.23), between 
LN60 and LN70 at 15–45% (p = 0.0083, t* = 5.17), and 
between LN65 and LN70 at 4–6%, 8–55%, and 97–100% 
(p = 0.0083, t* = 5.47).

Principal component analysis (PCA)

A PCA modelling was conducted to reduce the dimensionality 
of the joint motion (angles) and loading (moments) during 
typical badminton footwork with badminton footwear of incre
mental lateral wedge hardness. The mean angles and moments 
in waveforms, PC scores and variations of PC2 and PC3 were 
included in the Supplementary Materials (3). As observed from 
Figure 9, the main variances of ankle angles were observed in 

Figure 7. Factorial SnPM statistics of subtalar inversion (+) - eversion (-) angles during LF, RF, CS, and SS footwork with badminton shoes of incremental lateral wedge 
hardness (stiffness). Notes: highlighted regions of the significant cluster in blue, and bicolor transverse bar of significance between two conditions with the upper color 
larger than the lower.
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the LF (88.07%) and RF (76.78%) during stance with the upper 
limit over the lower limit as the increased wedge hardness. 
While key variations in the CS (85.45%) and SS (84.94%) foot
work showed similarity during the early half (10–50%) of the 
stance with a lower limit over the upper limit, and the later (50– 
100%) stance showed opposite.

The main modes (PC1) of variances in ankle moments 
explained 62.16% (LF), 61.98% (RF), 77.44% (CS), and 83.28% 
(SS) with increased wedge hardness (Figure 10). Specifically, 

the wedge hardness affected the ankle moments across the 
stance of the LF step with the upper limit over the lower 
limit, while the RF step showed the variance during 30– 
100% of the stance with the upper over the lower limit. 
Similarities of the upper over the lower limit were observed 
in the CS and SS footwork during 20–100% and 25–100%, 
respectively.

As for the subtalar angles (Figure 11), the similarity 
across the four typical footwork (LF, RF, CS, and SS) was 

Figure 8. Factorial SnPM statistics of the subtalar inversion (+) – eversion (-) moment during LF, RF, CS, and SS footwork with badminton shoes of incremental lateral 
wedge hardness (stiffness). Notes: highlighted regions of the significant cluster in blue, and bicolor transverse bar of significance between two conditions with the 
upper color larger than the lower.
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noted that the primary component (PC1) explained 
79.93% (LF), 86.1% (RF), 93.09% (CS), and 76.44% (SS), 
showing the upper limit over the lower limit as 
a response to increased lateral wedge hardness. While 
observing the subtalar moments (Figure 12), the PC1 
accounted for 70.87% (LF), 60.92% (RF), 69.08% (CS), and 

61.82% (SS) of variations. LF step had the upper limit over 
the lower limit across the stance, while RF had an upper 
limit over the lower limit during 20–100% of the stance. 
CS footwork had upper over the lower limit during 10– 
90%, while SS footwork had upper over lower limit during 
the entire stance.

Figure 9. PCA modelling of ankle angles during LF, RF, CS, and SS footwork, with bar graphs highlighting the percentage explanation and accumulation, and 
contribution of the upper limit (‘+’) and lower limit (‘▽’) against the mean angle waveforms.
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Discussion

In the current study, badminton shoes with a novel lateral 
wedge design of incremental hardness (with a systematic 
increase from Asker C hardness of 55, 60, 65, and 70) were 
developed and tested while performing typical badminton 

footwork, which was aimed to improve footwork stability, agi
lity, and performance. As the findings indicated, decreased 
contact times during the stance of the LF and RF lunges and 
CS and SS footwork were observed, while increased joint stiff
ness in the ankle complex was reported. These may be 

Figure 10. PCA modelling of ankle moments during LF, RF, CS, and SS footwork, with bar graphs highlighting the percentage explanation and accumulation, and 
contribution of the upper limit (‘+’) and lower limit (‘▽’) against the mean moment waveforms.
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predictors of improved footwork performance. A further dose– 
response effect was quantified and reported via factorial SnPM 
statistical analysis, and certain instances of joint kinematics and 
kinetics were found, such as subtalar joint during initial landing 
and driving-off of CS and SS footwork, and mid-stance of RF 

and LF steps. The PCA modelling reported key components of 
variances as a response to the increased wedge hardness dur
ing specific instances over stance, such as variations of ankle 
angles across the stance of RF and LF steps but variances of 
subtalar angles in the later stance of CS and SS footwork. All 

Figure 11. PCA modelling of subtalar angles during LF, RF, CS, and SS footwork, with bar graphs highlighting the percentage explanation and accumulation, and 
contribution of the upper limit (‘+’) and lower limit (‘▽’) against the mean angle waveforms.
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these biomechanical parameters combined suggested a certain 
response to the incremental dose of lateral wedge hardness in 
badminton shoes.

Understanding the dose–response influence of sports foot
wear or orthotics on sports performance is challenging as the 

variant factors are difficult to control and standardise. Due to 
the manufacturing complexity and difficulty, previous studies 
mainly investigated the dose effect of orthotic insoles, which 
were relatively easier to fabricate. Several example of investi
gating the biomechanical response of flatfoot, pronated foot 

Figure 12. PCA modelling of subtalar moments during LF, RF, CS, and SS footwork, with bar graphs highlighting the percentage explanation and accumulation, and 
contribution of the upper limit (‘+’) and lower limit (‘▽’) against the mean moment waveforms.
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(rearfoot inversion or eversion), and knee osteoarthritis during 
walking or running gait were conducted to test the efficacy 
(Costa et al., 2021; Telfer et al., 2013; Zhang et al., 2022). 
Considering the inclined wedge design in orthotics, the realign
ment of the kinetic chain in the foot-ankle complex and lower 
extremity was obtained, thus showing promise in altering bio
mechanical performance. In terms of sports footwear, the novel 
design with a systematic increase of material hardness in the 
badminton shoes is the first study to investigate the dose– 
response effect, without changing wedge structure, geometry, 
and kinetic alignment. The quantification of discrete para
meters and time-varying parameters as biomechanical 
responses to the systematic dose was explicitly reported.

Footwork performance in badminton is often referred as the 
ability to execute steps with high agility, such as the ability to 
lunge and return to starting position or even the next motion 
(Cronin et al., 2003). Considering the consistent approaching 
velocity with literature (T. L.-W. Chen et al., 2022; Lam et al.,  
2018; Valldecabres et al., 2018), the stance time was taken to 
quantify the improved performance. Consequently, a maximal 
reduction of contact times was observed as hardness increased 
during the footwork of LF by 8.9%, RF by 7.9%, CS by 12.5% and 
SS by 13.5% while using LN70 compared to LN55 as example. 
The non-significant joint ROM across the different footwork and 
badminton footwear conditions suggested that agility and flex
ibility were not affected by the systematic increase of lateral 
wedge hardness. The joint stiffness was another evidence of 
improved joint stability as the systematic increase of wedge 
hardness (Jang et al., 2021), especially the significantly 
increased ankle and subtalar joint stiffness during the SS (side- 
step) footwork. Although no significance in the ROM was 
observed, the increased joint moments from SS footwork may 
enhance the joint stiffness. The execution of SS footwork in this 
study was similar to the cutting manoeuvres, which was docu
mented with a relatively high ratio of ankle inversion sprain 
(Bagehorn et al., 2023; Herbaut & Delannoy, 2020). The 
increased stability in the foot-ankle complex benefiting from 
the incremental wedge hardness may also be a predictor of 
improved footwork performance, due to the reduced deforma
tion of the midsole to prevent forefoot inversion and assist 
torsional support (Graf & Stefanyshyn, 2012). Considering the 
torsional stiffness, the increased hardness in the lateral wedge 
might change the property of torsional stiffness in the experi
mental footwear, which was not evaluated in this study. This 
may be due to that all participants reported no significance in 
the perceived torsion from the VAS, and they had similar ath
letic capability. However, while looking at the joint stiffness of 
the 1st and 3rd quartile, especially under the LN65 and LN70 
conditions, several athletes showed no response to the 
increased wedge hardness, suggesting the existence of respon
dent and non-respondent participants in the athletes. Whilst, 
the torsional properties were not provided in this study, it was 
proposed that future research may investigate the influence of 
providing appropriate footwear properties (i.e., torsional stiff
ness) based on the athletic and physical capability of each 
individual on athletic performance and injury risks.

To further investigate the dose–response effect from the 
systematic increase of lateral wedge hardness, we employed 
a popular statistical analysis approach of factorial SnPM (Trama 

et al., 2021) and PCA (Yu, Mei et al., 2021) to quantify the 
difference and features in the time-varying parameters during 
stance. The ankle kinematics of LF and RF footwork showed no 
significance, suggesting that joint ROM and agility were not 
influenced and thus not limited by the wedge hardness. 
Differences were observed while conducting CS and SS foot
work, especially during initial landing and driving-off instances 
(Kuntze et al., 2010). While considering the landing patterns 
from lateral heel shifting to lateral forefoot, the differences 
were easily explained with increased wedge hardness in the 
lateral aspect of the midsole. The drive-off performance was 
improved with the stability in the ankle joint from the facili
tated lateral “wall” of badminton shoes with a novel design in 
this study. The ankle plantarflexion moment improved greatly 
during the drive-off phase as well in both LF and RF steps, 
suggesting that the systematically increased wedge hardness 
may assist the returning of lunge towards the starting position 
on the court to execute the next movement (Lee & Loh, 2019; 
Mei et al., 2017; Yu & Mohamad, 2022).

The subtalar joint, as an extension of the shank, played an 
important role in aligning the kinetic chain of the lower extre
mity, even the trunk and torso (centre of mass) (Huang et al.,  
2014; Lin et al., 2015). Particularly, a less subtalar eversion found 
in the LN70 may suggest more stable support during the initial 
landing with a lateral wedge in the CS footwork, which was 
observed during the push-off of SS footwork with lateral sup
port, similar to the cutting manoeuvres (Davis et al., 2009; Graf 
& Stefanyshyn, 2013). Another important finding of the subtalar 
moment during the drive-off of LF and RF steps should be 
noted, which may be explained by the above-mentioned plan
tarflexion moment. These changes may facilitate a rapid return 
to the starting position for the next movement and suggest 
improved footwork agility as responding to the systematically 
incremental wedge hardness. Smaller subtalar moments as 
observed with badminton shoes of greater wedge hardness 
during the CS and SS footwork, especially in the early half 
stance, may suggest fewer supination-pronation motions dur
ing landing and increased anti-torsional stiffness (Graf & 
Stefanyshyn, 2013; Stacoff et al., 1989).

Apart from the statistical inference and significance with 
the badminton shoes of incremental wedge hardness, the 
PCA modelling typically reduced the high dimensionality 
data, extracted, and reconstructed the key variances 
(Brandon et al., 2013), especially the angles and moments 
during stance. As observed, a systematic increase of the 
wedge hardness altered the magnitude (upper against lower 
limits) of ankle dorsi and plantar flexion angles and moments 
during LF and RF steps, apart from main variances during the 
RF driving-off return. These variances of ankle plantar flexion 
moments were also similar in the CS and SS footwork (angles 
shifted between lower and upper limits during drive-off), 
which suggested that the increased wedge hardness may 
assist the output of ankle plantar flexors moment to reduce 
the stance time for next execution and improve the footwork 
agility. Similar patterns of variances across stance were found 
in the subtalar angles but key variations of moments were 
observed during drive-off in LF and RF steps and initial till 
midstance of CS and SS footwork. Knowledge of the recon
structed principal component modes over the stance 
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highlighted incremental angle and moment responses to the 
systematic increase of wedge dose, which was employed to 
understand other biomechanical scenarios of force impact 
profiles (Yu, Mei et al., 2021), technique features (Navandar 
et al., 2022), fatigue influence (Bruce et al., 2017), and injuries 
mechanism (O’connor & Bottum, 2009).

Several limitations should be considered before acknowled
ging the findings of this study. Firstly, the acute response from 
an incremental dose of wedge hardness was investigated using 
musculoskeletal modelling. Badminton athletes may adapt to 
certain footwear conditions while executing footwork, and the 
muscular activation in the lower extremity, particularly the 
shank, was not analysed, which may reveal further response. 
Secondly, this study of badminton footwork was conducted and 
executed in a lab-simulated badminton court, without mimick
ing the real-scenario badminton competition with randomised 
movements and potential fatigue effect. Lastly, the modification 
in the lateral wedge might change the torsional stiffness of the 
footwear, which was not quantified in the current study. Noting 
that female players were not evaluated and the sex difference in 
athletic performance, both their biomechanics and demand for 
footwear material properties may be different. Future studies 
shall consider investigating the mechanical patterns of female 
athletes and design sex-specific footwear.

Conclusion

This study developed a novel badminton shoe with 
a systematic increase of lateral wedge hardness in the midsole. 
To our knowledge, it was the first study to investigate the dose– 
response effect on typical badminton footwork with quantifica
tion of discrete parameters (contact time and joint stiffness) 
and time-varying angles and moments during stance. Increased 
footwork agility and joint stability were found as the wedge 
increased, suggesting improved footwork performance. Further 
explicit differences and variances, such as initial landing and 
driving-off phases, may add up knowledge on the mechanism 
of contribution from incremental wedge hardness. The specific 
design and biomechanical profiles being documented and 
reported in this study may provide implications for future foot
wear to fulfil the functional demand of court sports.
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